
1 3

Arch Toxicol (2017) 91:1871–1890
DOI 10.1007/s00204-016-1839-z

ORGAN TOXICITY AND MECHANISMS
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mitochondrial membrane potential in 7-day differentiated 
H9c2 cells after a 12-h incubation. However, energetic 
pathways were affected in a different manner after MTX 
or NAPHT incubation. ATP increased and lactate lev-
els decreased after a 24-h incubation with MTX, whereas 
for the same incubation time and concentrations, NAPHT 
did not cause any significant effect. The increased activ-
ity of ATP synthase seems responsible for MTX-induced 
increases in ATP levels, as oligomycin (an inhibitor of 
ATP synthase) abrogated this effect on 5  µM MTX-incu-
bated cells. 3-Methyladenine (an autophagy inhibitor) was 
the only molecule to give a partial protection against the 
cytotoxicity produced by MTX or NAPHT. To the best of 
our knowledge, this was the first broad study on NAPHT 
cardiotoxicity, and it revealed that the parent drug, MTX, 
caused a higher disruption in the energetic pathways in a 
cardiac model in  vitro, whereas autophagy is involved in 
the toxicity of both compounds. In conclusion, NAPHT is 
claimed to largely contribute to MTX-anticancer proper-
ties; therefore, this metabolite should be regarded as a good 
option for a safer anticancer therapy since it is less cardio-
toxic than MTX.

Abstract  Mitoxantrone (MTX) is an antineoplastic agent 
used to treat several types of cancers and on multiple scle-
rosis, which shows a high incidence of cardiotoxicity. 
Still, the underlying mechanisms of MTX cardiotoxic-
ity are poorly understood and the potential toxicity of its 
metabolites scarcely investigated. Therefore, this work 
aimed to synthesize the MTX-naphthoquinoxaline metabo-
lite (NAPHT) and to compare its cytotoxicity to the parent 
compound in 7-day differentiated H9c2 cells using pharma-
cological relevant concentrations (0.01–5  µM). MTX was 
more toxic in equivalent concentrations in all cytotoxicity 
tests performed [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 
tetrazolium bromide reduction, neutral red uptake, and 
lactate dehydrogenase release assays] and times tested (24 
and 48 h). Both MTX and NAPHT significantly decreased 
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Abbreviations
ATP	� Adenosine triphosphate
DiO6	� 3,3′-Dihexyloxacarbocyanine iodide
DMEM	� Dulbecco’s modified eagle medium
DMSO	� Dimethyl sulphoxide
FBS	� Foetal bovine serum
FU	� Fluorescence units
h	� Hours
HPLC	� High-performance liquid chromatography
HRP	� Horseradish peroxidase
k	� Retention factor
LDH	� Lactate dehydrogenase
min	� Minutes
MTT	� 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetra-

zolium bromide
MTX	� Mitoxantrone
m	� Multiplet
NADH	� Nicotinamide adenine dinucleotide reduced 

form
NAPHT	� Naphthoquinoxaline
NR	� Neutral red
NMR	� Nuclear magnetic resonance
PBS	� Phosphate-buffered saline
RA	� Retinoic acid
s	� Singlet
SD	� Standard deviation
SDS	� Sodium dodecyl sulphate
t	� Triplet
TLC	� Thin-layer chromatography
UV	� Ultraviolet

Introduction

Cancer is one of the most concerning health issues world-
wide. Still, it is no longer considered a death sentence, as 
the 5-year survival has been largely increasing in the last 
few years (Allemani et  al. 2015). Over 3.45 million new 
cases of cancer (excluding non-melanoma skin cancers) and 
1.75 million deaths were registered in Europe in 2012, with 
breast and prostate cancers counting for more than 800,000 
new cases (Ferlay et al. 2013). Mitoxantrone (MTX) is an 
antineoplastic agent belonging to the family of the syn-
thetic anthracenediones (Ehninger et  al. 1990), and it was 
originally synthesized in 1979. The main difference in the 
chemical structure of MTX compared with anthracyclines 
is the replacement of the amino sugar on the anthracyclines 
with aminoalkylalcohol chains (Pratt et al. 1986). The syn-
thesis of MTX aimed to create a molecule with the same 

anticancer efficacy of doxorubicin, but without its car-
diotoxic effects. Even so, clinical data have demonstrated 
that the cardiotoxicity of MTX is still a major concern for 
patients receiving intensive and/or prolonged therapy with 
this anticancer agent (Avasarala et al. 2003; Coleman et al. 
1984; Ehninger et al. 1990; Seiter 2005). Currently, the rec-
ommended maximum lifetime cumulative dose of MTX is 
140  mg/m2, with 2.6–13  % of patients developing cardiac 
toxicity at this or higher cumulative doses (Seiter 2005). The 
clinical cardiotoxicity of MTX includes decreased left ven-
tricular ejection fraction, congestive heart failure, ischaemic 
chest pain, arrhythmias, and conduction abnormalities on 
the electrocardiogram (Albini et al. 2010; Carver and Desai 
2010; Menna et al. 2008). So far, the exact mechanisms of 
cardiotoxicity have been unknown and pharmacological 
preventive therapy does not exist.

The metabolism of several anticancer drugs seems to have 
an important role in their cardiotoxicity. Metabolites of dox-
orubicin, cyclophosphamide, and 5-fluorouracil have known 
cardiotoxic proprieties, as demonstrated both in in vivo and 
in in vitro models (Reis-Mendes et al. 2015). Although the 
role of metabolism on MTX cardiotoxicity is still poorly 
understood, we have previously demonstrated that MTX 
metabolism is partially responsible for its cardiotoxic-
ity in non-differentiated H9c2 cells (Rossato et  al. 2013a). 
The structure of the toxic metabolite (or metabolites) was 
not identified in that work. Only 20–32 % of the adminis-
tered dose of MTX is excreted within the first 5 days (urine 
6–11  %, faeces 13–25  %). From the material recovered in 
the urine, 65 % is unchanged MTX and the remaining 35 % 
are MTX metabolites. The major MTX metabolites iso-
lated from the urine of MTX-treated patients are mono- and 
dicarboxylic acids, resulting from oxidation of the terminal 
hydroxyl groups on the side chains (Blanz et al. 1991; Chic-
carelli et  al. 1986). These metabolites were tested for their 
anticancer proprieties, and they were ineffective against P388 
leukaemia in mice (Chiccarelli et al. 1986). Another impor-
tant MTX metabolite is its cyclic metabolite, a naphthoqui-
noxaline (NAPHT) that is a product of the biotransformation 
of MTX in vivo in humans, pigs, and rats (Blanz et al. 1991). 
Studies suggest that this metabolite has a significant role in 
the pharmacological anticancer activity of MTX (Feofanov 
et al. 1997b; Mewes et al. 1993; Panousis et al. 1994, 1997). 
Moreover, NAPHT was found in the heart of male Wistar 
rats 24 h after a single 7.5 mg/kg MTX administration (Ros-
sato et al. 2013a), thus demonstrating that this metabolite can 
be retained in the heart, as it happens with MTX (Ehninger 
et  al. 1990). So far, its cardiotoxic potential has not been 
thoroughly evaluated. To the best of our knowledge, only one 
study was performed with this metabolite in neonatal cardio-
myocytes and limited data were obtained (Shipp et al. 1993), 
not allowing strong and translational conclusions regarding 
its role on MTX-induced cardiotoxicity.
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As the data concerning MTX and its metabolites are 
scarce, this work aimed to compare the cytotoxicity of 
MTX and its metabolite NAPHT, obtained by chemical 
synthesis, in an in vitro cardiac model, differentiated H9c2 
cells and to determine whether that metabolite is or not a 
major contributor for MTX’s cardiotoxicity.

Materials and methods

Materials

The rat cardiomyocyte-derived H9c2 cell line was obtained 
from the European Collection of Cell Cultures [H9c2 cell 
line from rat (BDIX heart myoblast), from Sigma-Aldrich 
(USA)]. Materials for cell culture were obtained from the 
following sources: the protein assay kit Bio-Rad RC DC 
was purchased from Bio-Rad Laboratories (USA); all plas-
tic sterile material used in cell culture was obtained from 
Corning-Costar (USA); phosphate-buffered saline (PBS) 
and penicillin/streptomycin were obtained from Biochrom 
(Germany); foetal bovine serum (FBS), Hanks’ balanced 
salt solution, and Dulbecco’s phosphate-buffered saline 
were purchased from Gibco (UK). Other compounds, 
namely MTX dihydrochloride (MTX, ≥97 % purity), per-
oxidase from horseradish (Type II), trypan blue solution 
(0.4  %), sodium pyruvate, potassium dihydrogen phos-
phate, dipotassium hydrogen phosphate, Triton X-100, Dul-
becco’s modified eagle medium (DMEM)—high glucose, 
sodium bicarbonate, dimethyl sulphoxide (DMSO), oligo-
mycin, retinoic acid (RA), neutral red (NR) solution, etha-
nol, trypsin solution, 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyl tetrazolium bromide (MTT), hydrochloric acid, 
sodium dodecyl sulphate (SDS), buthionine sulphoximine, 
β-nicotinamide adenine dinucleotide (NADH), N-acetyl 
cysteine, Ac-Leu-Glu-Thr-Asp-al (Ac-LETD-CHO), cas-
pases 8 and 9 inhibitor, l-carnitine, 3-methyladenine, Hoe-
chst 33258, paraformaldehyde, ethidium bromide, acridine 
orange, cycloheximide, 3,3′-dihexyloxacarbocyanine iodide 
(DiO6), bovine serum albumin, luciferase from Photinus 
pyralis (firefly), d-luciferin sodium salt, glycine sodium 
salt, tris-base, potassium hydrogen carbonate, and adeno-
sine triphosphate (ATP) were obtained from Sigma-Aldrich 
(USA). Hydrogen peroxide (H2O2) 30  % (Perhydrol®), 
acetic acid glacial 100 %, ethylenediamine tetra acetic acid 
(EDTA), and perchloric acid were purchased from Merck 
(Germany). The solvents used were pro-analysis or high-
performance liquid chromatography (HPLC) grade prod-
ucts from Sigma-Aldrich, Chem-Lab NV, Merck, VWR 
Chemical or Panreac Quimica Sau. Compound purifica-
tions were performed by chromatography flash cartridge 
using silica gel reverse-phase (RP)-18 (Grace Resolv®) and 
preparative thin-layer chromatography (TLC) using Merck 

silica gel HPLC60 RP-18 (GF254) plates purchased from 
Merck (Germany).

Methods

Synthesis and purification of the mitoxantrone metabolite 
naphthoquinoxaline

To a solution of MTX dihydrochloride (100  mg, 
0.19  mmol) in 16  mL of sodium acetate buffer (pH 6), 
horseradish peroxidase (HRP) and Perhydrol® (1:1; 20 µL) 
were added, and the solution was magnetically stirred 
for 30  min at room temperature. The reaction was moni-
tored by TLC [methanol/ammonia 0.25 %] and stopped by 
the addition of diluted hydrochloric acid. After filtration 
(0.2  µm, Millipore), the solvent was evaporated under a 
stream of nitrogen.

The crude product was purified by preparative col-
umn chromatography with silica C18 (3 g), using a gradi-
ent of methanol:aqueous solution of ammonia 1  % (5:5) 
until 100  % of methanol alkalinized with an aqueous 
solution of ammonia (25  %). The fractions eluted with 
methanol:aqueous solution of ammonia 1 % (7:3) contain-
ing NAPHT were gathered and the solvent evaporated, fur-
nishing a purple solid. This product was further purified 
by solid-phase extraction with a cation exchange cartridge 
Discovery® DSC-SCX, with a sulphonic acid moiety fol-
lowing the steps: elution with methanol (10 mL) followed 
by solution of methanol/ammonia 1 % (10 mL); the alka-
line fractions were collected and the solvent evaporated 
under reduced pressure to afford a purple solid correspond-
ing to the compound NAPHT. The melting point of the 
product was obtained in a Köfler microscope. The infra-
red spectra were obtained in KBr microplate in a Fourier 
transform infrared spectroscopy spectrometer Nicolet iS10 
from Thermo Scientific with Smart OMNI-Transmission 
accessory (Software OMNIC 8.3) (cm−1). 1H nuclear mag-
netic resonance (NMR) spectra were taken in DMSO-d6 
at room temperature, on a Bruker Avance 300 instrument 
(300.13  MHz for 1H). Chemical shifts were expressed in 
δ (ppm) comparatively to tetramethylsilane as an inter-
nal reference. Coupling constants were reported in hertz 
(Hz). Mass spectra were obtained by high-resolution mass 
spectrometry (HRMS) on a APEX III mass spectrometer, 
recorded as electrospray ionization mode in Centro de 
Apoio Científico e Tecnolóxico á Investigation (CACTI, 
University of Vigo, Spain).

HPLC analysis of the synthetic products was performed 
in a Spectrasystem P4000 Autosampler 3000, Thermo 
Fisher Scientific™ (USA), equipped with a diode array 
detector ultraviolet (UV) 8000, and using a C18 column 
(5  µm, 150  mm ×  4.6  mm I.D.) from Fortis BIO Tech-
nologies (Cheshire, UK). The injected volume was 10 μL, 
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and the mobile phase was monitored at 254  nm. Chrom-
Quest™ 5.0 software, version 3.2.1, Thermo Fisher Sci-
entific™ (USA) managed chromatographic data. A linear 
gradient from 10 to 80 % of eluent B within 30 min (elu-
ent A: 0.1 % aqueous solution of trifluoroacetic acid; elu-
ent B: 100 % methanol) was used at a constant flow rate of 
0.5 mL/min. All samples were dissolved in methanol and 
filtered through a hydrophilic Durapore-GV membrane of 
0.45-mm pore size (Millipore) before injection. The reten-
tion factor (k) was determined as [k = (tR–t0)/t0], and t0 was 
considered to be equal to the peak of the solvent front.

Cell culture experimental protocols

The toxicological evaluation of MTX and NAPHT was car-
ried out in vitro, using differentiated H9c2 cells. H9c2 cells 
correspond to a cell line isolated from the ventricular part of 
a thirteenth-day rat heart embryo (Kimes and Brandt 1976). 
H9c2 cells were maintained in a myoblast proliferative phe-
notype in the presence of complete medium: DMEM with 
high glucose supplemented with 10 % FBS and antibiotics 
(100  units/mL penicillin and 100 μg/mL streptomycin) at 
37  °C with 5  % CO2. Cell passaging was done by trypsi-
nization. All experiments were carried out before the cells 
reached 70–80 % confluence (Ruiz et al. 2012), and the cell 
line was used between passage 15 and 30.

Differentiation into a “cardiac-like” phenotype was 
accomplished using culture medium supplemented with 1 % 
FBS and RA 10 nM (medium changed every 2 days; Pereira 
et  al. 2011; Ruiz et  al. 2012). The morphological changes 
and decreased proliferation rate caused by the differentia-
tion protocol were assessed by phase-contrast microscopy 
and the fluorescent nuclear dye, Hoechst 33258.

For incubation experiments with MTX or its metabolite, 
cells were seeded in a density of 24,000 cells/mL. The cells 
were incubated with the drugs, after the 7-day differentiation 
protocol described above. MTX was dissolved in PBS; thus, 
control wells were exposed to the same volume of PBS that 
was used in the drug wells. NAPHT was dissolved in DMSO, 
and the maximum concentration per well of DMSO used was 
0.1 % v/v; therefore, the vehicle DMSO was used in control 
cells in all the experiments performed with NAPHT.

Microscopic evaluation of the cells

Phase‑contrast microscopy  Cell cultures were assessed 
morphologically either to confirm differentiation or to eval-
uate the effect of the drugs by phase-contrast microscopy 
at selected time-points in a Nikon Eclipse TS100 equipped 
with a Nikon DS-Fi1 camera (Japan).

Hoechst nuclear staining  Hoechst staining was used to 
assess differentiation and to evaluate the effect of the drugs 

on differentiated H9c2 cells. To assess the effect of differen-
tiation in the cellular multiplication, H9c2 cells were seeded 
in 48-well plates and differentiated or not for 7 days. On the 
7th day, cells (differentiated or not) were fixed in 4 % para-
formaldehyde (10 min, 4 °C) and washed 3× with PBS con-
taining calcium and magnesium. Cells were then stained with 
the nuclear dye Hoechst 33258 (final concentration 5 µg/mL) 
for 10 min at 37 °C (protected from light), after which they 
were washed with PBS containing calcium and magnesium 
(3×) at room temperature. Cells were examined in a Nikon 
Eclipse TS100 equipped with a Nikon DS-Fi1 camera using a 
fluorescent filter (λexcitation maximum = 346 nm and λemission maxi-

mum = 460 nm) (Soares et al. 2013). To determine the effect of 
MTX or NAPHT on nuclear morphology, differentiated cells 
were incubated with these compounds, and at the end of the 
incubation period, they were treated as previously described 
for the Hoechst nuclear staining (Soares et al. 2013).

Ethidium bromide and  acridine orange staining  The 
fluorescent DNA-intercalating dyes ethidium bromide and 
acridine orange are suitable for the microscopic morpho-
logical discrimination between necrotic and apoptotic cell 
death. Ethidium homodimers do not penetrate intact cellular 
membranes. Therefore, ethidium bromide only intercalates 
with nucleic acids if the outer cellular membrane is disin-
tegrated. In contrast, the fluorescent cationic dye acridine 
orange diffuses through intact membranes of live cells and 
largely accumulates in acidic vesicles (Capela et al. 2013). 
After the incubation of cells with MTX or NAPHT, the 
medium was removed and the protocol was done according 
to what was previously described (Capela et al. 2013). Cells 
were examined in a Nikon Eclipse TS100 equipped with a 
Nikon DS-Fi1 camera, using a standard fluorescein filter 
(λexcitation = 485 nm and λemission = 525 nm).

Cytotoxicity tests

Lactate dehydrogenase (LDH) kinetic leakage assay  After 
the 24- or 48-h exposure, cell viability was evaluated by 
measuring membrane integrity. The quantification of LDH 
activity was made using a spectrophotometric method, 
based on the reversible reduction of pyruvate to lactate in 
the presence of β-NADH, as described before (Capela et al. 
2006). Cell death was quantified by the percentage of LDH 
released to the medium over total LDH. Total LDH activity 
was determined after adding 20 μL of Triton X-100 5 % to 
each well followed by a 30-min incubation at 37 °C.

Viability assays with caspases 8 and 9 inhibitor, Ac-
LETD-CHO (200 and 100 μM; Shi and Shen 2008), the 
antioxidant N-acetyl cysteine (1 mM; glutathione precursor 
and reactive species scavenger; Martins et al. 2013; Rossato 
et al. 2013b), buthionine sulphoximine (50 μM; inhibitor of 
gamma-glutamylcysteine synthetase; Ferreira et  al. 2013), 
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l-carnitine (2  mg/mL; mitochondrial enhancer that acts as 
a carrier for fatty acids across the inner mitochondrial mem-
brane for subsequent β-oxidation; Rossato et  al. 2013b), 
3-methyladenine (2.5  mM; autophagy inhibitor; Soares 
et al. 2014) were performed. These compounds were added 
1  h prior to cells’ exposure to MTX 2 μM. For NAPHT 
experiments with N-acetyl cysteine (1 mM), this later com-
pound was added 1 h prior to the addition of NAPHT 2 μM.

MTT reduction assay  The MTT assay was done to evalu-
ate the cytotoxicity of MTX and NAPHT in differentiated 
H9c2 cells. This colorimetric assay relies mostly on the abil-
ity of mitochondrial complexes (or other dehydrogenases) 
to convert the soluble yellow tetrazolium dye, MTT, into 
an insoluble blue formazan product that can be measured 
at 550 nm (Costa et al. 2009b). After the incubation period, 
culture media was removed and the protocol was done 
according to what was previously described (Capela et al. 
2006), with cells being incubated at 37 °C for 4 h with MTT 
(final concentration 500 μg/mL). The percentage of MTT 
reduction of control/vehicle cells was set to 100 %, and the 
effects resulting from the incubation with MTX or metabo-
lite were expressed as the percentage to the respective con-
trol or vehicle cells. The MTT test was also done to evalu-
ate the effect of cycloheximide (10 μg/mL), a glutarimide 
antibiotic that blocks the translation of messenger RNA on 
cytosolic, 80S ribosomes, but does not inhibit organelle pro-
tein synthesis (Gupta et al. 2006), and oligomycin (5 µM), 
an inhibitor of mitochondrial ATP synthase (Rossato et al. 
2013b) towards MTX cytotoxicity. Cycloheximide and oli-
gomycin were added 30 min before MTX.

Neutral red (NR) lysosomal uptake assay  The amount of 
NR dye incorporated into the cells represents their lysoso-
mal functionality, as this dye easily penetrates viable cell 
membranes and accumulates in lysosomes (Soares et  al. 
2013). At the end of the incubation time, the amount of 
NR cellular uptake was determined as previously described 
by us (Soares et  al. 2013). Absorbance was measured at 
540 nm, in a 48-well plate reader [Biotech Synergy HT (VT, 
USA)], and results were compared to control/vehicle wells 
whose mean values were set to 100 % (Soares et al. 2013).

Moreover, the NR test was done to access the effects of 
3-methyladenine (2.5 mM) and oligomycin (5 µM) on cells 
before the exposure to MTX (and also 3-methyladenine in 
the case of NAPHT) in differentiated H9c2 cells. 3-Methy-
ladenine was added 1  h before MTX (or NAPHT), while 
oligomycin was added 30 min before MTX.

Evaluation of mitochondrial potential

The evaluation of the mitochondrial potential was done 
according to Freitas et al. (2013), with some modifications. 

Briefly, after the 7-day differentiation protocol, cells were 
incubated for 12 h with MTX or NAPHT and subsequently 
incubated for 30  min at 37  °C with DiO6 (35  nM/well). 
Also, a well in each condition was tested without any DiO6 
to evaluate whether any component of the medium or drugs 
tested had any residual fluorescence that could interfere 
with the readings being done. After the 30-min incubation 
time, the cells were washed twice with warm PBS with 
calcium and magnesium. Photographs were taken in a fluo-
rescent microscope (Nikon Eclipse TS100 equipped with a 
Nikon DS-Fi1 camera) with the standard fluorescein filter 
(λexcitation = 485 nm and λemission = 520 nm), and fluores-
cence was quantified in a plate reader (BioTek Instruments, 
Powerwave X, USA). The results were expressed as arbi-
trary fluorescence units (FUs).

Determination of cellular ATP levels

For this assay, H9c2 cells were seeded in 6-well plates. 
The ATP levels were evaluated in differentiated H9c2 cells 
incubated for 24 h with 2 and 5 μM of MTX or NAPHT. 
Moreover, the ATP levels were assessed following MTX 
incubation for 24  h, with a 30-min pre-incubation with 
oligomycin.

Subsequently to the incubation period, the medium 
was discarded and cells were washed with cold PBS with 
calcium and magnesium (750  μL/well). Cells were then 
scrapped with new cold PBS containing calcium and mag-
nesium, and 2  wells per each condition were gathered. 
Cells were centrifuged at 5,000  rpm, 4  °C, for 10  min, 
and the supernatant was rejected. Two hundred μL of 
cold 5 % perchloric acid was added to the pellet, vortexed, 
and centrifuged at 13,000  rpm, for 10  min, at 4  °C. The 
acidic supernatant obtained was collected for ATP deter-
mination and placed at −80  °C. The pellet was stored at 
−20  °C and used for protein evaluation. ATP levels were 
assessed by a bioluminescence reaction with the firefly 
luciferin–luciferase system, as previously described (Costa 
et al. 2007). The levels of ATP were expressed as nmol of 
ATP per amount of protein or as % of control after protein 
normalization.

Determination of glucose, lactate and alanine levels 
in H9c2 cells medium

The levels of glucose and lactate were determined by 
proton nuclear magnetic resonance (1H NMR) in the cel-
lular medium after MTX and NAPHT incubation for 
24 and 48  h. The medium of control/vehicle, MTX and 
NAPHT-incubated cells was removed and immediately 
frozen. Each NMR sample consisted of 160 µL of super-
natant and 40  µL of 2  mM sodium fumarate solution in 
D2O, used as an internal standard. 1H NMR spectra were 
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acquired in a 600 MHz Varian Spectrometer equipped with 
a 3-mm inverse detection NMR probe. Spectrum acqui-
sition parameters included a 30° radiofrequency excita-
tion pulse, a 3-s acquisition time (24 k points covering a 
sweep width of 8 kHz), and a pre-acquisition delay of 7 s, 
which included a 3-s water saturation delay, for allowing 
complete nuclei relaxation for quantification purposes. 
Each spectrum consisted of a total of 32 accumulations 
to achieve adequate signal to noise. A 0.2-Hz exponen-
tial multiplication function and zero filling were applied 
to the free induction decay (FID) before Fourier transfor-
mation using the NutsPro™ (AcornNMR Inc., Freemont, 
USA). Energetic metabolite concentration was made by 
spectral deconvolution of the glucose-H1α (doublet at 
δ = 5.22 ppm), and lactate-CH3 (doublet at δ = 1.33 ppm) 
resonances and subsequent comparison with the fumarate 
resonance (singlet δ = 6.50 ppm).

Protein determination

Protein content was determined by the Bio-Rad RC 
DC protein assay kit, according to the manufacturer’s 
instructions.

Statistical analysis

The data are presented as mean ± standard deviation (SD) 
of different independent experiments. Statistical analyses 
were carried out by the nonparametric ANOVA (Kruskal–
Wallis test) followed by the Dunn’s post hoc test once a sig-
nificant p was achieved. When the distribution was normal, 
one-way ANOVA was performed followed by the Tukey’s 
post hoc test. Statistical significance was considered with 
p values <0.05. All statistical analysis was done using the 
GraphPad Prism 6 software program (USA).

Results

Synthesis and structure determination of the 
mitoxantrone metabolite naphthoquinoxaline

The synthesis of the MTX metabolite was accomplished 
through the HPR-catalysed H2O2 oxidation of MTX, and 
the major product isolated from this reaction is depicted 
in Fig.  1a. With the enzymatic oxidation of MTX, several 
derivatives could be observed by chromatographic analysis; 
however, the purified derivative isolated and identified was 
NAPHT, already proposed as a two-electron oxidized product 
of the peroxidase-catalysed H2O2 oxidation of MTX (Bruck 
and Bruck 2011; Fig. 1b). First attempts to purify the crude 
product using normal-phase chromatography were unsuccess-
ful due to the retention of MTX derivatives in the stationary 

phase. Thus, procedures involving reverse-phase and/or ion 
exchange chromatography that have shown great versatility 
and ability for retaining and separating a variety of charged 
polar compounds were used for the isolation of NAPHT (See 
“Methods” section).

Analysis of the reaction mixture by HPLC indicated that 
the majority of MTX reacted after 30 min. The calculated 
HPLC yield for the product NAPHT (considering their areas 
as MTX) was 85 %, while the precursor MTX, at that time-
point, represented 2 % of the total product (Fig. 2a). MTX 
and NAPHT show similar spectral features between 200 and 
300 nm, but slight differences were observed in the visible 
range (Fig.  2b, c, respectively). MTX shows absorbance 
maxima at 609 and 660 nm as previously reported (Bruck 
and Harvey 2003); NAPHT revealed absorbance maxima at 
584, 633 nm and a shoulder at 550 nm, which was previ-
ously described for this two-electron oxidized metabolite 
(Kolodziejczyk et al. 1988; Reszka and Chignell 1996).

The structural elucidation of NAPHT was established 
by HRMS, infrared, and by NMR techniques. The HRMS-
ESI gave for NAPHT the accurate molecular mass of 
442.18469 and the molecular formula C22H26N4O6. These 
data suggested that the isolated compound NAPHT corre-
sponded to 8,11-dihydroxy-4-(2-hydroxyethyl)-6-[[2-[(2-
hydroxyethyl)-amino]-ethyl]-amino]-1,2,3,4,7,12-hexahy-
dronaphtho-[2,3-f]-quinoxaline-7,12-dione. The following 
data were obtained: NAPHT, 97 % purity by HPLC-diode 
array detector; melting point 112–115 °C (methanol); infra-
red spectroscopy (KBr) υmax: 3443, 2925, 1631, 1602, 1560, 
1541, 1458, 1385, 1340, 1248; and HRMS (ESI+) m/z 
calculated for C22H26N4O6: 442.1852, found: 442.18469. 
The 1H NMR data (DMSO-d6, 300.13 MHz) of MTX and 
NAPHT are presented in Table 1. The multiplicity and cou-
pling constants of the protons observed in the 1H NMR 
spectrum of MTX showed the existence of two symmetri-
cal 1,4-disubstituted aromatic rings, the signals of the pro-
tons of the hydroxyl and amine groups and of the aliphatic 
chains. In turn, the 1H NMR spectrum of NAPHT showed 
a different pattern for substitution in one of the aromatic 
rings, while the proton signals of methylene groups, charac-
teristic of the linear aliphatic lateral chain, were maintained. 
The presence of the piperazine ring with C-5/C-6 of the aro-
matic ring of the anthraquinone is evidenced by the lack of 
H-6 signal and the presence of a singlet corresponding to 
H-7 and of two aromatic protons, corresponding to H-2 and 
H-3 (for numbering of structures see Table 1).

Differentiation decreased cell division and changed 
morphological characteristics of H9c2 cells

The differentiation protocol was conducted with medium 
supplemented with 1  % FBS and 10  nM RA for 7  days. 
Cells came to resemble the cardiac phenotype after the 
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7-day differentiation protocol: cell division was dramatically 
reduced, while the cellular density was substantially higher 
in undifferentiated cells cultivated for 7 days with 10 % FBS 
medium without RA, as verified by the Hoechst 33258 stain-
ing and morphological evaluation (data not shown). Also, the 
cell bodies of differentiated cells became smaller and fusiform 
when compared to undifferentiated cells that exhibit a large 
and flat cell body. Overall, differentiated cells established a 
more organized network bearing a more cardiac-like morphol-
ogy, as shown by phase-contrast morphology (Fig. 3a).

Mitoxantrone causes higher cellular damage 
in differentiated H9c2 cells than does its 
naphthoquinoxaline metabolite

H9c2 cells were incubated with MTX (2 or 5  μM), as 
described in Methods section (Fig.  3a–c). After a 24-h 

incubation, phase-contrast microscopy revealed cell death, 
with intensifying features of cell death with increasing MTX 
concentration (Fig. 3b, c). In particular, H9c2 cells exposed to 
5 μM of MTX showed signs of membrane integrity loss and 
substantial decreases in cell number (Fig. 3c). No significant 
signs of nuclear alteration were found by Hoechst staining at 
24 h, when compared to control (Fig. 3d–f).

Ethidium bromide/acridine orange staining was also 
used: living cells appear with a regular-sized green fluo-
rescent nucleus, as shown in control H9c2 cells in Fig. 3g. 
The number of cells largely decreased with increased MTX 
concentration, but cells present in the field maintained a 
green nucleus, although with evident cytoplasmatic injury 
(Fig. 3h, i).

At 48  h, the cell injury was progressively higher in 
MTX-incubated cells as observed in all photographs and 
stainings performed (data not shown).

A

B

Fig. 1   a Isolated product of the incubation of MTX with horseradish 
peroxidase (HRP) was NAPHT. b Proposed mechanism for the for-
mation of NAPHT after the oxidation of MTX. The proposed mecha-
nism for the formation of NAPHT establishes the reaction to proceed 
via a two-electron oxidation of the phenylenediamine substructure I 

to the formation of the highly reactive quinone II. The non-protonated 
form IV of the equilibrium reacts by an intramolecular attack of the 
basic amino group of the side chain with the electrophilic centre at 
C-6 of MTX radical cation III. Subsequent oxidation of the cyclized 
radical V led to the formation of NAPHT
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H9c2 cells were also incubated with NAPHT (2 or 
5  μM). Phase-contrast microscopy, after a 24-h incu-
bation, revealed concentration-dependent cell injury 
(Fig.  4b, c). A decrease in cell number was observed 
(Fig. 4b, c), although lower than observed for MTX. No 

apoptotic nuclei were observed (Fig. 4e, f) after Hoechst 
staining. At 48 h, the cell injury increased in the NAPHT-
incubated cells (data not shown), but it was still lower 
than observed in MTX-incubated cells in the same incu-
bation time.

Fig. 2   Representative HPLC 
chromatograms [λ = 254 nm, 
in a C18 column, linear gradient 
from 10 to 80 % of eluent B 
within 30 min (eluent A: 0.1 % 
aqueous solution of trifluoro-
acetic acid; eluent B: 100 % 
methanol)] of 6.63 mg/mL 
solution of the crude product 
[MTX (k = 5.1) and NAPHT 
(k = 6.3)] (a). UV spectra of 
MTX (b) and of the isolated 
product, NAPHT (c)
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Ethidium bromide/acridine orange staining was also 
used to evaluate NAPHT effects on H9c2 cells. Vehicle-
incubated H9c2 cells showed regular-sized green fluores-
cent nucleus (Fig. 4g). The NAPHT-incubated (2 or 5 µM) 
cells show green nucleus, although with signs of cytoplas-
matic injury (Fig. 4h, i).

Mitoxantrone and its metabolite produce time‑ 
and concentration‑dependent mitochondrial 
dysfunction in differentiated H9c2 cells, although less 
pronounced in the metabolite

The MTT reduction test was done at 2 time-points (24 and 
48 h) using several MTX concentrations (0.01–5 µM). At 
24 h, MTX (0.1 µM) already caused significant cytotoxicity 
when compared to control cells (Fig. 5a). At 48 h, as can 
be seen in Fig. 5b, the MTX-elicited cytotoxicity was even 
higher, when compared to control and to the same concen-
trations in the earlier time-point evaluated. Similar results 
were seen with other concentrations, with a time-dependent 

increase in cytotoxicity. The 0.01 µM concentration showed 
no cytotoxicity when compared to control at both time-
points evaluated.

The ability of NAPHT to interfere with MTT reduction 
was also evaluated at 2 time-points (24 and 48 h) using sev-
eral NAPHT concentrations (1–5 µM). At 24 h, 2 and 5 µM 
of NAPHT caused cytotoxicity when compared to vehicle, 
whereas 1  µM NAPHT did not cause significant cytotox-
icity (Fig. 6a). At 48 h, NAPHT caused even higher cyto-
toxicity (Fig. 6b). The vehicle (DMSO 0.1 % v/v) did not 
cause any significant change when compared to control 
cells.

Mitoxantrone caused a greater loss of cellular 
membrane integrity than did its naphthoquinoxaline 
metabolite

The ability of MTX to cause cell membrane disruption was 
tested by measuring LDH in the extracellular medium at 
2 time-points (24 and 48  h) using several concentrations 

Table 1   1H NMR data of MTX 
and NAPHT

Values in ppm (δH) relative to Me4Si as an internal reference. J values are in Hz

s Singlet, t triplet, m multiplet

1-OH 13.44, s, 2H 8-OH 14.36, s, 1H

4-OH 11-OH 13.56, s, 1H

5-NH 10.41, brs, 2H 2-NH 10.95, s, 1H

8-NH 6-NH 11.34, s, 1H

H-2 7.65, s, 2H H-9 7.00–6.97, m, 2H

H-3 H-10

H-6 7.19, s, 2H H-5 6.19, s, 1H

H-7

4′-OH 5.34, brs, 2H 4′′-OH 4.96, s, 1H

4′′-OH 5.34, brs, 2H 2′-OH 4.66, s, 1H

H-1′ 3.89–3.87, m, 2H H-1′′ 3.72, m, 4H

H-1′′ H-1

H-2′ 3.69–3.66, m, 4H H-2′′ 3.63, m, 4H

H-2′′ H-4

H-3′ H-3′′ 2.89, t, 4H

H-3′′ H-1′

H-4′ 3.07–3.05, m, 2H H-2′ 2.69, t, 4H

H-4′′ H-4′′
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(0.01–5  µM). At 24  h, only the three highest concentra-
tions of MTX (1, 2 and 5  µM) caused significant loss of 
cellular membrane integrity when compared to control cells 
(Fig. 5c). At 48 h, MTX caused a higher cellular toxicity 
(Fig.  5d). The other concentrations showed no significant 
cytotoxicity in this test.

The ability of NAPHT to cause cell death was also 
tested at 2 time-points (24 and 48 h) and with several con-
centrations (1–5  µM). At 24  h, all the concentrations of 
NAPHT (1, 2 and 5 µM) tested caused significant cellular 
membrane integrity loss when compared to vehicle cells 
(Fig. 6c). After 48 h, NAPHT caused a significant decrease 
in cellular integrity (Fig.  6d). The vehicle (DMSO 0.1  % 
v/v) did not cause any significant change in viability when 
compared to control cells.

Mitoxantrone caused a higher lysosome uptake 
dysfunction in differentiated H9c2 cells than does its 
metabolite

The lysosomal uptake of NR was evaluated after MTX 
incubation at two time-points. The highest concentrations 
of MTX (1, 2 and 5 µM) caused a substantial impairment 
of lysosomal uptake of NR when compared to control cells. 
That cytotoxicity was concentration- and time-dependent 
(Fig. 5e, f).

Lysosomal uptake of NR was evaluated after 24-h or 
exposure to several concentrations of NAPHT (1–5  µM). 
At 24 h, the two highest concentrations of NAPHT (2 and 
5  µM) substantially impaired lysosomal uptake of NR 
when compared to vehicle-incubated cells (Fig.  6e) and 

Fig. 3   Phase-contrast microphotographs (a–c), Hoechst 33258 (d–f) 
and ethidium bromide and acridine orange (g–i) stainings. Phase-
contrast microscopy of control (a), MTX 2 μM (b), MTX 5 μM (c) 
differentiated H9c2 cells incubated for 24  h. Fluorescence micros-
copy (Hoechst 33258 staining) of control (d), MTX 2 μM (e), MTX 

5 μM (f) differentiated H9c2 cells incubated for 24 h. Fluorescence 
microscopy (ethidium bromide and acridine orange) of control (g), 
MTX 2 μM (h), MTX 5 μM (i) differentiated H9c2 cells incubated 
for 24 h. Images are representative of three independent experiments 
(scale bar represents 100 μm)
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that cytotoxicity was further increased after a 48-h incuba-
tion (Fig. 6f). The vehicle (DMSO 0.1 % v/v) did not cause 
any significant change in this parameter, when compared to 
control cells.

Mitoxantrone and its naphthoquinoxaline metabolite 
caused concentration‑dependent early mitochondrial 
dysfunction

Assessment of mitochondrial membrane potential in dif-
ferentiated H9c2 cells incubated with MTX or NAPHT 
for 12 h was performed. Lower levels of fluorescence were 
observed after MTX treatment when compared to control 
cells, suggesting that depolarization of mitochondrial mem-
brane potential occurred. This depolarization was concen-
tration dependent (Fig. 7d). NAPHT also caused significant 

dose-dependent decreases in mitochondrial membrane 
potential after a 12-h incubation (Fig. 7h).

Mitoxantrone significantly increased intracellular 
ATP levels and lactate levels in H9c2 cells media 
in a concentration‑independent manner, whereas 
its metabolite did not significantly change those 
parameters

To understand whether MTX elicited any effects in cel-
lular energetic parameters, intracellular ATP levels, cel-
lular glucose and lactate levels in the media were deter-
mined in H9c2 cells exposed to MTX or NAPHT. At 
24  h, MTX increased the ATP levels (Fig.  8a), the intra-
cellular ATP levels being about 41.10  ±  5.65  nmol/
mg protein in 2  µM MTX and 44.63  ±  8.80  nmol/mg 

Fig. 4   Phase-contrast microphotographs (a–c), Hoechst 33258 (d–f) 
and ethidium bromide and acridine orange (g–i) stainings. Phase-
contrast microscopy of vehicle (a), NAPHT 2 μM (b), NAPHT 5 μM 
(c) in differentiated H9c2 cells incubated for 24  h. Fluorescence 
microscopy (Hoechst 33258 staining) of vehicle (d), NAPHT 2 μM 
(e), NAPHT 5 μM (f) in differentiated H9c2 cells incubated for 24 h. 

Fluorescence microscopy (ethidium bromide and acridine orange) of 
vehicle (g), NAPHT 2 μM (h), NAPHT 5 μM (i) in differentiated 
H9c2 cells incubated for 24 h. DMSO (final concentration of 0.1 % 
v/v) was used as vehicle. Images are representative of three independ-
ent experiments (scale bar represents 100 μm)
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protein in 5  µM MTX-incubated cells when compared to 
16.87 ±  1.54  nmol/mg protein for the control group. At 
24 h, the levels of glucose on the cellular medium did not 
change after MTX exposure (Fig. 8c). However, MTX sig-
nificantly changed the lactate levels in the cellular medium 
as can be seen in Fig. 8e. At 48 h, the glucose levels did 
not change with MTX treatment, while the levels of lactate 
were still significantly lower after MTX incubation when 
compared to control cells (data not shown).

To study whether NAPHT had any effect on cellular 
energetic, several parameters were assessed in H9c2 cells 
exposed to NAPHT for 24 h, namely intracellular ATP, and 
glucose and lactate levels in the cellular medium. At the 

NAPHT concentrations (2 and 5 μM) and in the 24 h time-
point, no changes were detected in any of the mentioned 
parameters (Fig. 8b, d, f). Furthermore, at 48 h the medium 
glucose or lactate levels did not change after NAPHT incu-
bation (data not shown).

Oligomycin exacerbated MTX‑induced cytotoxicity 
and prevented the increase in ATP in MTX‑incubated 
cells

Acknowledging the increase in intracellular ATP levels 
after MTX exposure and the fact that oligomycin interferes 
mostly with the mitochondrial complex V (ATP synthase), 

Fig. 5   Mitochondrial dys-
function evaluated by MTT 
reduction assay (a, b), cellular 
viability evaluated using the 
LDH leakage assay (c, d) (% of 
extracellular LDH/total LDH), 
and the NR uptake assay (e, 
f) in differentiated H9c2 cells 
incubated with 0.01, 0.1, 1, 2 
and 5 μM of MTX for 24 (a, 
c, e) and 48 h (b, d, f). Results 
are presented as mean ± SD of 
five independent experiments 
(total of 30 wells). Statistical 
analyses were performed using 
the Kruskal–Wallis test, fol-
lowed by the Dunn’s post hoc 
test (*p < 0.05; ***p < 0.001; 
****p < 0.0001 vs. control; 
##p < 0.01; ####p < 0.0001 vs. 
0.01 µM; $p < 0.05; $$p < 0.01; 
$$$$p < 0.0001 vs. 0.1 µM; 
&&p < 0.01; &&&p < 0.001; 
&&&&p < 0.0001 vs. 1 µM; 
+p < 0.05 vs. 2 µM)
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the effect of oligomycin on MTX-induced cytotoxicity after 
a 24-h incubation was assessed. In the MTT reduction assay, 
the incubation of cells with oligomycin alone most likely led 
to a compensatory effect on complexes I and II; therefore, 
oligomycin per se had similar values (98.36 ± 11.91 %) to 
control (100.00 ± 5.05 %). However, when cells were pre-
incubated with oligomycin, the cytotoxicity caused by MTX 
largely increased as seen in Fig.  9a. The NR uptake test 
showed similar results, since oligomycin 5 µM significantly 
increased the cytotoxicity of either the lower (2 µM) and the 
highest (5 µM) MTX concentrations tested (Fig. 9b) after a 

24-h incubation. However, in this cytotoxicity test, oligomy-
cin per se decreased NR uptake ability of H9c2 cells, result-
ing in values of 33.82 ± 11.89 % when compared to control 
values of 100 ± 12.23 %.

To assess whether ATP synthase activity was involved in 
the increase in ATP levels caused by MTX, H9c2 cells were 
pre-incubated with oligomycin (Fig.  9c) and compared to 
control levels of ATP (100 ± 51.66 %). It was clear that the 
increase of 443.7 ± 95.45 % caused by exposure to 5 µM 
MTX for 24 h was significantly lower in 5 µM MTX + oli-
gomycin-incubated cells (43.21 ± 59.23 %) (Fig. 9c).

Fig. 6   Mitochondrial dysfunc-
tion evaluated by MTT reduc-
tion assay (a, b), cellular viabil-
ity evaluated using the LDH 
leakage assay (c, d) (% of extra-
cellular LDH/total LDH), and 
NR uptake assay (e, f) (% of 
vehicle) in differentiated H9c2 
cells incubated with 1, 2 and 
5 μM of NAPHT for 24 h (a, c, 
e) and 48 h (b, d, f). Results are 
mean ± SD of five independ-
ent experiments (30 wells) (e, 
f) or 6 independent experi-
ments (35–36 wells) (a–d). 
Statistical analyses performed: 
(d, e) Kruskal–Wallis test, 
followed by the Dunn’s post 
hoc test or (a, b, c, f) ANOVA 
test, followed by the Tukey’s 
post hoc test (*p < 0.05; 
**p < 0.01; ***p < 0.001; 
****p < 0.0001 vs. vehi-
cle; #p < 0.05; ##p < 0.01; 
###p < 0.001; ####p < 0.0001 vs. 
1 µM; $$p < 0.01; $$$p < 0.001; 
$$$$p < 0.0001 vs. 2 µM). 
DMSO (final concentration of 
0.1 % v/v) was used as vehicle
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3‑Methyladenine, an autophagy inhibitor, partially 
protected against lysosomal uptake dysfunction caused 
by mitoxantrone and naphthoquinoxaline

3-Methyladenine is used to inhibit and study the mecha-
nism of autophagy (lysosomal self-degradation) and cell 
death. At 24 h, 3-methyladenine was able to partially pre-
vent the cytotoxicity caused by 2  µM MTX, through the 
NR uptake assay (data not shown). At 48  h, 3-methylad-
enine also protected against MTX-induced cytotoxicity, 
as can be seen in Fig. 10a. However, in the LDH leakage 
assay, 3-methyladenine was not able to counteract the 2 µM 
MTX-induced cell death at 48 h (data not shown). The use 
of 3-methyladenine at 2.5 mM per se did not cause any tox-
icity when compared to control cells at either time-point 
evaluated or cytotoxicity test performed.

Other pharmacologically active molecules were also 
tested to determine possible mechanisms of MTX cyto-
toxicity. Cells were pre-incubated with buthionine sulph-
oximine (50 µM), an inhibitor of gamma-glutamylcysteine 
synthetase, or N-acetyl cysteine (1 mM), a glutathione pre-
cursor and reactive species scavenger, to access whether 
the glutathione intracellular values would alter the cyto-
toxicity caused by MTX. Neither buthionine sulphoximine 
nor N-acetyl cysteine attenuated the cell death elicited by 
the 48-h incubation of 2 µM MTX (data not shown). Also, 
neither l-carnitine (2  mg/mL), a carrier for fatty acids 
across the inner mitochondrial membrane, nor the caspase 

inhibitor (100 or 200 µM) afforded any significant protec-
tion regarding the 48-h exposure to 2 µM MTX (data not 
shown). Moreover, cycloheximide (10  µg/mL), a protein 
synthesis inhibitor, also did not prevent the MTX-induced 
cytotoxicity in H9c2 cells at 48  h in the MTT reduction 
assay (data not shown).

The pre‑incubation with N‑acetyl cysteine increased 
cell death caused by naphthoquinoxaline, whereas 
3‑methyladenine partially protected H9c2 cells 
against its induced cytotoxicity

To assess the role of autophagy on NAPHT-induced cyto-
toxicity, the lysosomal uptake of NR was evaluated in 
cells exposed to 2  µM NAPHT and 3-methyladenine. At 
48  h, 3-methyladenine caused a partial protection against 
NAPHT-induced cytotoxicity (Fig. 10b).

Moreover, N-acetyl cysteine, at 1  mM, increased cell 
death caused by 2 µM NAPHT, at 48 h (Fig. 10c). The use 
of N-acetyl cysteine per se at 1 mM did not cause signifi-
cant change in cellular viability when compared to vehicle-
incubated cells (DMSO 0.1 % v/v).

Discussion

This work, to the best of our knowledge, is the first to make 
a broad study of MTX cytotoxicity in differentiated H9c2 

Fig. 7   Images of mitochondrial transmembrane potential of control 
cells (a), 2 (b) and 5 (c) µM MTX-incubated differentiated H9c2 cells 
for 12  h and images of mitochondrial transmembrane potential of 
vehicle cells (e) and differentiated H9c2 cells after incubation with 2 
(f) and 5 (g) µM NAPHT for 12 h. Images are representative of three 
independent experiments (scale bar represents 100  µm). Results of 
fluorescence (arbitrary units) in differentiated H9c2 cells incubated 
with 1, 2, and 5 μM of MTX (d) or 1, 2, and 5 μM of NAPHT (h) 

for 12 h are presented as mean ± SD of five independent experiments 
(total of 22 wells) for MTX or six independent experiments (total of 
28 wells) for NAPHT. Statistical analyses were performed using the 
Kruskal–Wallis test, followed by the Dunn’s post hoc test (*p < 0.05; 
**p  <  0.01; ****p  <  0.0001 vs. control/vehicle; $$$$p  <  0.0001 vs. 
1 µM; &p < 0.05; &&p < 0.01 vs. 2 µM). DMSO (final concentration 
of 0.1 % v/v) was used as vehicle for NAPHT-exposed cells
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cells and to perform a wide range of evaluations concerning 
the metabolite, NAPHT. Extensive concentration-dependent 
cytotoxicity caused by MTX affected mitochondrial and 
energetic pathways, namely with up-regulation of ATP syn-
thase activity, decreased lactate in the media, and mitochon-
drial membrane potential depolarization at different time-
points. Most importantly, the NAPHT metabolite of MTX, 
often linked to MTX’s pharmacological anticancer proprie-
ties, was less cardiotoxic in this in vitro model when using 
equimolar concentrations. Even so, both molecules share the 
potential ability to activate autophagy in this cellular model.

The most commonly used cytotoxicity assays were 
employed to assess MTX toxicity in vitro. The results obtained 
are complementary and allow a better characterization of the 

putative cytotoxic mechanisms involved, because of the dif-
ferent natures of each assay (Fotakis and Timbrell 2006). 
Cells incubated with MTX (0.01–5  µM) showed time- and 
concentration-dependent cytotoxicity, and the NR assay was 
the most sensitive for MTX-induced cytotoxicity. In the work 
carried out by Rossato and co-workers, several MTX con-
centrations and time-points were tested using undifferenti-
ated H9c2 cells as the in vitro model (Rossato et al. 2013b). 
With the differentiated H9c2 cells used in the present study, 
we observed that at 24  h, 1  µM MTX caused significant 
decreases in the cells’ viability (64.08 ±  8.26  %), whereas 
in the study by Rossato, the same concentration did not lead 
to significant cell death in undifferentiated H9c2 cells at the 
same time-point and using the same assay, the LDH leakage 

Fig. 8   ATP intracellular levels 
(a, b), glucose (c, d) and lactate 
(e, f) medium levels. Results 
of ATP levels in differentiated 
H9c2 cells incubated with 2 and 
5 μM of MTX (a) or NAPHT 
(b) for 24 h are expressed in 
nmol ATP/mg protein and are 
presented as mean ± SD of 
six independent experiments. 
Results of glucose (c, d) and 
lactate (e, f) medium levels 
after a 24-h incubation of 2 
and 5 μM MTX or NAPHT 
are expressed in mM and are 
presented as mean ± SD of 
nine independent experiments 
(14 wells) for MTX and four 
independent experiments for 
NAPHT (4 wells). DMSO (final 
concentration of 0.1 % v/v) was 
used as vehicle in NAPHT-
incubated cells. Statistical 
analyses were performed using 
the ANOVA test, followed 
by the Tukey’s post hoc test 
(***p < 0.001; ****p < 0.0001 
vs. control)
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assay (Rossato et al. 2013b). Also, at the higher concentration 
and longer time-point (5 μM at 48 h), we observed increased 
cell death when compared to undifferentiated H9c2 cells. 
Despite the lower cellular division rate in differentiated cells, 

MTX was more cytotoxic for the cells with the cardiac phe-
notype; thus, MTX does not act only on cellular division and, 
in fact, its cytotoxicity appears to be phenotype-specific. In 
our work, when using the MTT reduction assay, the cytotox-
icity observed apparently was lower than what was observed 
in the study by Rossato et al. (2013b). Actually, the differen-
tiated cells have substantial lower proliferation rate, whereas 
undifferentiated H9c2 cells are rapidly dividing cells (Ros-
sato et al. 2013b); this fact largely influences the results, since 
the values obtained in the MTT reduction assay are the result 
of the ratio of values to control cells whose values largely 
increase in rapidly dividing cells. Moreover, to the best of our 
knowledge, there are no previous studies using the NR uptake 
assay in H9c2 cells (differentiated or not) exposed to MTX. 
This assay was the most sensitive for the MTX-induced tox-
icity in differentiated H9c2 cells, when compared with the 
MTT reduction and the LDH leakage assay, thus showing 
lysosomes as a new putative cellular target of MTX toxicity.

A common feature of MTX and other topoisomerase II 
inhibitors is apoptosis promotion, and several works clearly 
demonstrate that MTX is a pro-apoptotic agent, when 
using caspase 3 activity assay (Rossato et al. 2013b), or by 
DAPI staining, Western blot cytochrome c release, and the 
TUNEL assay (Kluza et al. 2004). These studies used µM 
range concentrations and undifferentiated H9c2 cells, while 
in our work, no apoptotic signs were observed in 7-day dif-
ferentiated H9c2 cells. It seems clear that the presence of 
MTX in fast dividing cells promotes apoptosis, whereas 
in our study using 7-day differentiated cells, no signs of 
apoptosis, evaluated by Hoechst and ethidium bromide/
acridine stainings, were seen at the time-points tested. Still, 
the MTX-induced mitochondrial toxicity seems independ-
ent of the cellular model. In the present study, lower levels 
of mitochondrial membrane potential resulting from a 12-h 
exposure to MTX were observed, suggesting the depolari-
zation of mitochondrial membrane. This depolarization was 
concentration-dependent. In non-differentiated H9c2 cells, 
and using other time-points, MTX caused both hyperpolari-
zation and depolarization (Kluza et al. 2004; Rossato et al. 
2013b). The mitochondrial changes, including variations in 
mitochondrial membrane potential, are key events during 
drug-induced apoptosis; however, the caspase inhibitor was 
not able to decrease the MTX-induced cytotoxicity, and, as 
mentioned, no signs of apoptosis were observed.

The cardiotoxicity of MTX has often been linked to its 
mitochondrial toxicity (Kluza et  al. 2004; Rossato et  al. 
2013b, 2014). In fact, we observed that depolarization of 
mitochondrial membrane is a rapid phenomenon in MTX-
incubated cells, as seen after a 12-h incubation. However, 
at 24 h, the levels of ATP in the surviving MTX-incubated 
cells increased, as a result of the increase in ATP synthase 
activity. Therefore, the mitochondrial depolarization may 
be transient or the increase in ATP synthase activity by 

Fig. 9   Mitochondrial dysfunction evaluated by MTT reduction 
assay (a), NR uptake assay (b) and % of ATP (c) levels in differenti-
ated H9c2 cells incubated with 2 and 5 μM of MTX for 24 h with 
or without the ATP synthase inhibitor, oligomycin (5 µM final con-
centration). a % MTT reduction results are presented as mean ± SD 
of 6–7 independent experiments (24–28 wells). b % NR uptake assay 
results are presented as mean ±  SD of 3 independent experiments 
(12 wells). c % of control ATP levels was obtained of 6–8 independ-
ent experiments. Statistical analyses performed: a, b Kruskal–Wallis 
test, followed by the Dunn’s post hoc test or c ANOVA test, followed 
by the Tukey’s post hoc test (*p < 0.05; **p < 0.01; ***p < 0.001; 
****p < 0.0001 vs. control; ##p < 0.01; ###p < 0.001; ####p < 0.0001 
vs. oligomycin; $$p  <  0.01; $$$p  <  0.001; $$$$p  <  0.0001 vs. 2  µM 
MTX; &p < 0.05; &&&&p < 0.0001 vs. 5 µM MTX)
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itself causes cellular depolarization. The increase in cardiac 
ATP synthase activity after MTX was already observed 
in  vivo in rats exposed to MTX (Rossato et  al. 2014). In 
addition, when pre-incubating with oligomycin, an ATP 
synthase inhibitor, we showed that ATP levels decreased 
significantly in the 5  µM MTX condition, which also 
resulted in an increase in the MTX-induced cytotoxicity 
observed. Then, we can assume that the increase in ATP 
levels may be an adaptation response, functioning as an 
attempt to guarantee the cells’ survival.

After cellular uptake, glucose is activated and through 
glycolysis a molecule of glucose is degraded in a series of 
enzyme-catalysed reactions to yield pyruvate and NADH/H+ 
in the cytosol. Also, lactate can be converted into pyruvate, in 
a reversible catalysed reaction in the cytosol. In the mitochon-
dria, pyruvate undergoes oxidation to acetyl-CoA that enters 
the tricarboxylic acid cycle where NADH/H+ and FADH2 
are generated. These electron donors enter the electron trans-
porter chain to form ATP and water (Costa et al. 2009b). In 
the present work, MTX decreased lactate levels, presum-
ably due to increased conversion of lactate to pyruvate. The 
increase in pyruvate levels may contribute to the altered mito-
chondrial status, namely the increase in ATP synthase activ-
ity. The increase in ATP synthase activity was conceivably 
responsible for the dissipation of mitochondrial membrane 
potential that can be even more pronounced if accompanied 
by malfunction of other mitochondrial complexes. In fact, in 
the heart of MTX-treated rats, the mitochondrial complexes, 
depending on the time-frame of animal sacrifice after the 
same cumulative dose of MTX, have different behaviours 
regarding their activity (Rossato et al. 2014).

Another type of cell death induced by MTX was identi-
fied in the present work. Actually, autophagy seems at least 
partially involved in MTX-induced toxicity in this cellular 
model. Autophagy is characterized by the formation of vacu-
oles in the cytoplasm of cells that are dying with the degrada-
tion of cytoplasmatic components within lysosomes (Soares 
et al. 2014). It is known that MTX is able to largely accumu-
late within the cells cytoplasm, increasing several fold over 
its extracellular concentrations (Feofanov et al. 1997a; Smith 
et  al. 1992). Moreover, MTX has lysosomotropic proprieties 
on cancer cells (Dietel et  al. 1990; Ndolo et  al. 2012). Lys-
osomes sequester lipophilic amine drugs, like MTX, through 
a non-enzymatic and non-transporter mediated process. Lipo-
philic amine drugs with weak-base properties readily diffuse 
across cell membranes at physiologic pH via passive diffu-
sion. However, upon entry into acidic lysosomes and later into 
endosomes, they undergo protonation and are hence entrapped 
in lysosomes in their cationic state (Goldman et al. 2009). The 
involvement of autophagy in MTX-induced cardiotoxicity 
has never been reported; even so the cytoplasmatic vacuoliza-
tion has been described in the heart after MTX administration 
to mice (Dores-Sousa et al. 2015), and in vitro in neonatal rat 
cardiomyocytes exposed to MTX (Shipp et al. 1993). Nonethe-
less, the nature of those vesicles was not characterized in those 
works. Presently, we were able to observe several dark vacuoles 
in the surviving cells incubated with MTX, and the autophagy 
inhibitor used, 3-methyladenine, was able to give a partial pro-
tection in the NR assay. The lack of total reversion shows that 
other mechanisms are involved in MTX cytotoxicity.

Data regarding MTX metabolism are very scarce 
(Reis-Mendes et  al. 2015), and information on MTX’s 

Fig. 10   a NR uptake (% of vehicle) in differentiated H9c2 cells incu-
bated with 2  μM of MTX, 3-methyladenine (3-MA) 2.5  mM and 
3-MA + MTX for 48 h. b NR uptake assay (% of vehicle) in differ-
entiated H9c2 cells incubated with 2 μM of NAPHT, 3-MA 2.5 mM 
and 3-MA +  NAPHT for 48  h. c Cellular viability at 48  h evalu-
ated by the LDH leakage assay (% of extracellular LDH/total LDH) 
in differentiated H9c2 cells incubated with 2  μM of NAPHT and 
N-acetyl cysteine (NAC), an antioxidant, at 1 mM. DMSO (final con-

centration of 0.1 % v/v) was used as vehicle for NAPHT. Results are 
mean ± SD of 7 independent experiments (42 wells) in a, of 5 inde-
pendent experiments (30 wells) in b and 4 independent experiments 
(total of 24 wells) in c. Statistical analyses performed: a Kruskal–
Wallis test, followed by the Dunn’s post hoc test or b, c ANOVA test, 
followed by the Tukey’s post hoc test (**p < 0.01; ****p < 0.0001 
vs. vehicle; $$$p < 0.001; $$$$p < 0.0001 vs. 3-MA or NAC; &p < 0.05; 
&&p < 0.01; &&&&p < 0.0001 vs. 2 µM MTX or NAPHT)
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metabolites and their cardiotoxicity is practically non-
existent, with only one work already published (Shipp 
et  al. 1993). In the present study, we synthesized the 
MTX metabolite, NAPHT, since it is not commercially 
available. That synthesis was undertaken by an HRP cat-
alysed H2O2 oxidation. Several derivatives were observed 
by chromatographic analysis of the crude product, and 
one purified derivative was isolated and identified as 
NAPHT. The enzymatically catalysed oxidation of MTX 
by HRP/H2O2 has already been demonstrated in other 
works (Reszka et  al. 1986; Kolodziejczyk et  al. 1988; 
Bruck and Bruck 2011), but only in a very few works was 
the isolation NAPTH achieved and partially character-
ized by 13C NMR and liquid chromatography-mass spec-
trometry. In the study by Blanz et al. (1991), NAPHT was 
isolated by preparative HPLC from the urine of a patient, 
and it was characterized by tandem mass spectrometry 
and UV–visible spectroscopy. The proposed mechanism 
for the formation of NAPHT (seen in Fig. 1b; Blanz et al. 
1991) established the reaction to proceed via a two-elec-
tron oxidation of the phenylenediamine substructure I to 
the formation of the highly reactive quinone II. The non-
protonated form termed IV of the equilibrium reacts by 
an intramolecular attack of the basic amino group of the 
side chain with the electrophilic centre at C-6 of MTX 
radical cation. Subsequent oxidation of the cyclized radi-
cal V led to the formation of NAPHT. Herein, with the 
purification methods used, it was possible to obtain a 
high-purity NAPHT product that allowed further toxico-
logical evaluation.

As mentioned previously, works focusing on NAPHT 
are very scarce and do not usually involve the potential 
cardiotoxic effects (Feofanov et  al. 1997a, b; Panousis 
et  al. 1994, 1997). NAPHT, like MTX, is distributed 
throughout the cytoplasm of K562 cells (Feofanov et  al. 
1997a, b). In fact, Feofanov and colleagues demonstrated, 
in living K562 cells, that MTX and NAPHT are presum-
ably localized within mitochondria or at least in their 
proximity (Feofanov et al. 1997a). Also, NAPHT formed 
by the oxidation of MTX by activated human neutrophils 
is able to bind to DNA (Panousis et al. 1997). Regarding 
its cytotoxicity, when isolated neonatal rat heart myo-
cytes were exposed for 3  h to NAPHT (followed by a 
72-h free drug period), it was revealed that the metabolite 
had circa 20 times lower cytotoxicity than MTX to myo-
cytes (Shipp et  al. 1993). Indeed, we also observed that 
MTX was more cytotoxic than the metabolite NAPHT, 
although they share similar features, like early mitochon-
drial depolarization. Additionally, both MTX and NAPHT 
seem to activate autophagy, as the inhibitor, 3-methylad-
enine, partially reverted the observed cytotoxicity. The 
chemical nature of these molecules, namely their com-
mon characteristics as hydrophobic weak bases, seems to 

influence the activation of that pathway (Zhitomirsky and 
Assaraf 2015). On the other hand, NAPHT did not change 
the energetic parameters in the differentiated H9c2 cells 
after a 24-h exposure period. Interestingly, NAPHT had 
its cytotoxicity increased after the pre-incubation with 
N-acetyl cysteine, a powerful antioxidant. It is known that 
small amounts of oxidative stress can create a state of pre-
conditioning that increases cell chances of survival (Costa 
et  al. 2009a). Although the mechanisms are not clear so 
far, the N-acetyl cysteine seems to impair the pre-condi-
tioning state elicited by NAPHT in differentiated H9c2 
cells; therefore, their co-incubation elicits a higher cell 
death.

In conclusion, this work is the first to make a broad study 
of MTX in differentiated H9c2 cells and to perform a wide 
range of evaluations with one of its most relevant metabo-
lites in humans, NAPHT. Most importantly, the NAPHT 
metabolite of MTX, often associated with the pharma-
cological anticancer proprieties of MTX, was shown to 
be less cardiotoxic in this in  vitro model. If proven that 
NAPHT has similar anticancer properties and lower cardio-
toxicity when compared to MTX, it should be regarded as 
an interesting option as a safer anticancer drug.
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