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Abstract

ABSTRACT

Mitoxantrone (MTX) is a chemotherapeutic agent that emerged as an alternative to
anthracycline therapy. However, the use of MTX is also related to late cardiotoxicity
whose mechanisms remain largely unknown. Thus, the present thesis aims to highlight
the underlying mechanisms involved in the MTX-induced cardiotoxicity, namely the effects
related to mitochondria and metabolism, using in vivo and in vitro models. The in vitro
models employed in the present work were hepatic S9 fractions and mitochondria, both
isolated from Wistar male adult rats and H9c2 culture cells. The Wistar rat was the in vivo
model used.

MTX (concentrations from 10nM to 100uM) elicited a time- and concentration-
dependent cytotoxicity in H2c9 cells. Two therapeutic concentrations (100nM and 1uM)
and three time-points were selected (24, 48, and 96h) for further studies. Both MTX
concentrations caused a significant increase in caspase-3 activity at 24h. Significant
decreases were observed in the total and reduced glutathione levels only in MTX 100nM
at 96h, however neither alterations in oxidized glutathione, nor increases in
malondialdehyde levels were observed in any time or concentrations tested. On the other
hand, changes in the intracellular ATP levels, mitochondrial membrane potential, and
intracellular calcium levels were observed in both concentrations and all time-points
tested. Noteworthy, for the first time, decreased levels of ATP-synthase expression and
activity and increases in the reactive species generation were observed at 96h in both
MTX working concentrations. However, neither the radical scavenger N-acetylcysteine nor
the mitochondrial function enhancer L-carnitine prevented MTX cytotoxicity.

As evidenced by the in vitro study in H9c2, MTX causes cytotoxicity in therapeutic
concentrations, then, the following approaches aimed to disclosure the principal
mechanisms of MTX-induced toxicity, mainly focusing on MTX metabolism and MTX-
induced mitochondrionopathy. The metabolic studies started with the use of hepatic S9
fractions isolated from rats incubated for 4h with MTX (100uM), whose products were
analyzed through liquid chromatography coupled with mass spectrometry. After a 4h
incubation, the MTX content was 35% lower and five metabolites were identified: an
acetoxy ester derivative never described before, two glutathione conjugates, the MTX
monocarboxylic acid derivative, and the MTX naphtoquinoxaline. Noteworthy, the
presence of MTX and of the naphtoquinoxaline metabolite was also evidenced in vivo in
liver and heart after 7.5mg/kg MTX-administration in rats. Then, the potential cytotoxic
effects of MTX and MTX plus metabolites were evaluated in the H9c2 cells after 24h

incubation with MTX alone and MTX after S9 metabolization. The cytotoxicity caused by
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Abstract

MTX plus metabolites was higher than that observed in the H9c2 cells incubated with non-
metabolized MTX group. Moreover, the co-incubation of MTX with CYP450 and CYP2E1
inhibitors partially prevented the cytotoxicity observed in the MTX groups incubated with
H9c2 cells, highlighting that the metabolism of MTX is relevant for its undesirable effects.
However, increases in caspase-3 activity caused by MTX incubation were not prevented
by co-incubation with CYP450 or CYP2E1 inhibitors in this cell model.

To evaluate the cardiac mitochondrial toxicity of MTX, male Wistar rats were treated
with three cycles of 2.5mg/kg MTX at day 0, 10, and 20. One treated group was
euthanized on day 22 (MTX22) to evaluate early MTX cardiac toxic effects while the other
was euthanized on day 48 (MTX48), to allow the evaluation of MTX late effects. MTX
treatment caused a reduction in relative body weight gain in both treated groups with no
significant changes in water and food intake. Increased cardiac relative mass was
observed in MTX22 group and microscopic changes suggestive of dilated cardiomyopathy
were evident in both treated groups. Considering mitochondrial effects, it was shown, for
the first time that MTX induced an increase in the activity of both complex IV and complex
V in MTX22 group, while the decrease in the complex V activity was accompanied by the
reduction of ATP content in the MTX48 rats. Despite the MTX-induced cardiotoxicity
evidenced in our study, we also observed hematotoxicity and direct hepatotoxicity upon
this MTX administration regimen.

In summary, this thesis highlights the relevance of CYP450- and CYP2E1-mediated
metabolism to the MTX-induced cytotoxicity. Moreover, it was shown that energetic crisis
observed after MTX incubation/administration acts as a possible key factor in the cell
injury. MTX presents the potential to cause mitochondrionopathy as demonstrated both by

in vivo and in vitro approaches.

Keywords: Mitoxantrone. Metabolism. Cardiotoxicity. Mitochondrionopathy.
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Resumo

RESUMO

A mitoxantrona (MTX) é um agente antineoplasico que foi sintetizado com o intuito
de ser uma alternativa a terapia com antraciclinas. Contudo, o uso clinico da MTX
também tem sido associado ao desenvolvimento de cardiotoxicidade tardia, a exemplo do
que €& observado na terapia com antraciclinas. Os mecanismos envolvidos na
cardiotoxicidade descrita ndo foram ainda devidamente elucidados. Assim, os estudos
desenvolvidos no ambito desta tese tiveram como objetivo esclarecer os principais
mecanismos associados a cardiotoxicidade induzida pela MTX, nomeadamente no que
diz respeito a influéncia do seu metabolismo e os efeitos adversos cardiacos ao nivel
mitocondrial, recorrendo a modelos in vivo e in vitro. Os modelos in vitro utilizados nestes
trabalhos foram as fragbes S9 hepaticas e mitocdndrias, ambas isoladas de ratos Wistar
adultos e a linha celular imortalizada H9c2. O rato Wistar foi o modelo in vivo utilizado.

As células H9c2 foram incubadas com diferentes concentracées de MTX (10nM a
100uM) por 24, 48, 72, ou 96h, observando-se uma citotoxicidade dependente da
concentragdo e do tempo de incubacao. Selecionou-se para os estudos subsequentes
duas concentragdes de MTX consideradas clinicamente relevantes (100nM e 1uM) e trés
tempos de incubacao (24, 48, e 96h). Ambas as concentragbes de MTX causaram
aumentos significativos na atividade da caspase-3 apds 24h de incubagao. Apds 96h,
observou-se ainda uma reducéo significativa nos niveis intracelulares de glutationa total e
reduzida, mas apenas com a concentracdo de 100nM de MTX. Contudo, ndo foram
observadas alteragdes nos niveis de glutationa oxidada ou nos niveis de malondialdeido
em nenhuma concentragdo e tempo de incubacgao testados. Por outro lado, observou-se
alteracdes nos niveis intracelulares de ATP, assim como o aumento do potencial de
membrana mitocondrial e dos niveis intracelulares de calcio em todos os tempos
avaliados. Observou-se, ainda, pela primeira vez, que a MTX nas concentragcbes
selecionadas e apos 96h de incubacgdo, originou uma diminuicdo da expressao e da
atividade da ATP sintetase, acompanhada pelo aumento na formacao de espécies
reativas. Contudo, nem a co-incubagao com N-acetilcisteina (um captador de espécies
reativas) ou com a L-carnitina (um potenciador da fun¢cdo mitocondrial) preveniu a
citotoxicidade induzida pela MTX nestas células.

Os estudos metabdlicos foram realizados incubando MTX (100uM) com fragdes S9
isoladas de figado de ratos Wistar adultos. Ao fim de 4h de incubagédo, os produtos do
metabolismo da MTX foram extraidos e analisados utilizando cromatografia em fase
liquida acoplada com detetor de massa. Apés 4h de incubagcdo com as fragcdes S9

hepaticas, o conteudo de MTX foi 35% inferior a quantidade inicialmente adicionada ao
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sistema. Além disso, cinco metabolitos foram identificados: um acetoxi éster nunca antes
descrito, dois conjugados com glutationa, um derivado do acido monocarboxilico e o
derivado naftoquinoxalinico da MTX. De realcar que a presenca da MTX e do seu
derivado naftoquinoxalinico também foi detetada in vivo nos figados e coragdes de ratos
tratados com 7.5mg/kg de MTX. De seguida, os efeitos citotoxicos da MTX sem qualquer
metabolismo e da MTX apés biotransformacao obtida através destas incubacgbes foram
avaliados atraves da incubagdo por 24h com as células H9c2. A citotoxicidade causada
pela MTX em presencga de seus metabolitos foi significativamente maior que a observada
nas ceélulas incubadas apenas com MTX. A co-incubagdo de MTX com os inibidores do
metabolismo mediado pela CYP450 e CYP2E1 preveniu parcialmente a citotoxicidade,
provando que o metabolismo da MTX é relevante para os seus efeitos téxicos. Contudo,
0 aumento na atividade da caspase-3 observada apos 24h de incubagdo com a MTX
(100nM e 1uM) nao foi prevenido pela co-incubagdo com os inibidores da CYP450 ou
CYP2E1.

Para avaliar a toxicidade cardiaca mitocondrial in vivo exercida pela MTX,
utilizamos como modelo animal ratos machos Wistar tratados com trés ciclos de MTX
(2.5mg/kg) nos dias 0, 10 e 20. Um dos grupos tratados com MTX foi eutanasiado no dia
22 (MTX22) para avaliar os efeitos cardiotoxicos da MTX logo apos o seu ultimo ciclo. O
outro grupo foi eutanasiado no dia 48 (MTX48) a fim de avaliar os efeitos cardiotoxicos
tardios causados pelo farmaco. O tratamento com MTX causou uma redugdo no aumento
de massa corporal relativa nos dois grupos que receberam MTX, alteragdo que néo foi
acompanhada por mudangas nos consumos de agua e ragcao. Observou-se, também, um
aumento na massa relativa dos coragdes no grupo MTX48 e alteragbes microscédpicas
compativeis com cardiomiopatia dilatada nos dois grupos. A administracdo de MTX
causou um aumento na atividade dos complexos IV e V mitocondriais no grupo MTX22 e
uma diminuigdo na atividade do complexo V mitocondrial, acompanhada pela redugao
nos niveis cardiacos de ATP no grupo MTX48. Foi ainda possivel observar efeitos toxicos
hematolégicos e uma possivel hepatotoxicidade direta causada pela administracdo de
MTX neste modelo animal e condigbes experimentais.

Em conclusao, este estudo contribuiu para demonstrar a relevancia do metabolismo
mediado pela CYP450 e CYP2E1 para os efeitos cardiotoxicos relacionados com a MTX.
Além disso, observou-se que um dos principais mecanismos de cardiotoxicidade da MTX
envolve o estabelecimento de uma falha energética, conforme demonstrado através dos

efeitos toxicos mitocondriais observados nos modelos in vivo e in vitro utilizados.

Palavras-chave: Mitoxantrona. Metabolismo. Cardiotoxicidade. Toxicidade

mitocondrial.
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Outline of the Thesis

OUTLINE OF THE THESIS

The present thesis is divided into four main sections:

e Part |I: General introduction

In this section, a review on the existing literature about mitoxantrone is presented,
in order to provide a good basis for understanding the objectives and the obtained
results of the experimental studies. The general introduction is subdivided in two
subchapters. The description of the main objectives is included in the second

subchapter.

e Part Il: Experimental section

This section is subdivided into two subchapters: one regarding the material and
methodologies employed in the studies presented in this thesis and the other

concerning the manuscripts published in the scope of the present thesis.

e Part lll: Discussion and Conclusions

In this section, the integration of the results obtained in all the studies of this thesis
is performed. The discussion of their potential relevance and their connection with
existing scientific reports is also addressed here. Moreover, part Il includes the

main conclusions taken from the work performed in this thesis.

e Part IV: References

In this final part, all the references of the literature that were used in the

introduction, material and methods, and discussion sections are listed.
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General Introduction

I.1. Historic context

Mitoxantrone (MTX) is a chemotherapeutic agent that belongs to the
anthracenedione chemical group (Figure 1). This chemical group comprises naturally
occurring quinones present in plants or animals that due to their intense color were used
as dyes since ancient times (1). Despite the lack of antitumor activity of many naturally
occurring quinones, the anthracycline antibiotics doxorubicin and daunorubicin, which
contain the anthracenedione ring framework in their tetracyclic chromophore part are
ranked as one of the most effective anti-cancer drugs ever developed (1-4). However,
due to the serious toxicity presented and difficulties experienced in the synthesis of
anthracycline, molecules with only the anthracenedione group seemed to be a good
alternative to be explored as anticancer drugs (1). In fact, structural variations conducted
in the laboratory resulted in active bis-substituted aminoanthracenedione derivatives with
significant antitumor activity such as ametantrone (1,5). Trying to increase the antitumor
activity of these compounds, structural variations resulted in the MTX molecule in 1979
(1,6-8).

Figure 1: Chemical structure of MTX. The chromophore ring is highlighted in red.

The chemical synthesis of MTX involves the reaction of leuco-1,4,5,8-tetra-
hydroxyanthraquinone with 2-[(2-aminoethyl)amino]ethanol. The product of this reaction is
further aromatized with chloranil (9). Nowadays, MTX is a medicine supplied as a dark-

blue solution in vials, containing 2mg/ml (Novantrone® or mitoxantrone dihydrochloride).
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[.2. MTX chemical aspects

MTX is a crystalline, hygroscopic blue powder with melting point of 160-162°C or
203-205°C (for the dihydrochloride form) (9). It is sparingly soluble (from 30 to 100 parts of
solvent for one part of solute) in water, slightly soluble (from 100 to 1,000 parts of solvent
for one part of solute) in methanol, and practically insoluble (more than 10,000 parts of
solvent for one part of solute) in organic solvents such as acetone, acetonitrile, and
chloroform (9,10).

In aqueous solution, MTX presents a relevant adsorption to materials such as glass
and filters (1). Moreover, MTX reacts with sodium metabisulfite and EDTA (10). Solutions
containing MTX are stabilized by the addition of 0.5% ascorbic acid (10). Additionally,
MTX is stable in spiked whole blood for 3-6 hours (h) if samples are kept on ice and in
plasma samples for at least 24h (10,11). After reconstitution with 0.9% sodium chloride or
5% dextrose, MTX is stable for at least 48h (1).

I.3. Therapeutic uses

MTX is a Food and Drug Administration (FDA) approved chemotherapeutic agent in
the treatment of malignances such as myelogenous acute leukemia and prostate cancer
and in the treatment of multiple sclerosis (secondary progressive, progressive relapsing,
or worsening relapsing-remitting) to reduce neurologic disability and/or frequency of
clinical relapses (2,12,13). Furthermore, MTX is also used in the treatment of acute
lymphoid leukemia and as an initial approach in adults for the treatment of acute non-
lymphocytic leukemia (which can include myelogenous, promyelocytic, monocytic and
erythroid acute leukemia), bone marrow transplant, breast cancer, head and neck cancer,
liver carcinoma, malignant lymphoma, non-Hodgkin’s lymphoma, ovarian cancer, and
solid tumors (12).

In general, MTX chemotherapy protocol in humans consists on the administration of
MTX for 30 minutes (min) via continuous infusion (1,9). The usual doses and dosing
regimen for MTX indications are summarized on Table 1. It is important to note that the
chemotherapy schedule might be individually adjusted taking into account the disease
progression and the clinical condition of the patient, especially when the optimal dose and
timing is not defined, as it occurs in the non-FDA labeled indications (12). In these
situations, many intravenous (i.v.) administration regimens and intervals are described in
the literature, namely a single dose every 28 days, 24h infusion, continuous infusion over

five or 21 days, three times a day, five times a day, weekly and even high dose regimen
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for refractory lymphoma employing 90mg/m? MTX were already described (1,14).
Moreover, the safety and effectiveness parameters of most MTX uses in pediatric patients
are not well established, but in such patients presenting solid tumor configuration, the
recommended dose is 5 to 8mg/m?/week i.v. or an alternative dosing regimen of 18 to

20mg/m? i.v. every three to four weeks (12).

Table 1: MTX usual adult dose regimen protocols.

Disease Dose regimen protocol References
Acute myeloid leukemia Induction phase: 12mg/m?/day i.v. on days one to (12)
three in combination with cytarabine

(100mg/m?/day) as continuous i.v. 24h infusion on
days one to seven; if leukemia persists, a second
induction course of 12mg/m?/day i.v. for two days
in combination with cytarabine (100mg/m?) daily as
continuous i.v. 24h infusion on days one to five
may be given; 12mg/m?/day i.v. over 30min on
days one, three, and five with cytarabine
(25mg/m?) once as an i.v. bolus followed by
100mg/m?/day as a continuous i.v. infusion for 10
days and etoposide (100mg/m?) i.v. over 1h on
days one to five

Consolidation phase: 12mg/m?/day i.v. on days
one and two in combination with cytarabine (100
mg/m?/day) as continuous 24h i.v. infusion on days
one to five; 12mg/m?/day i.v. over 30min for three
days (on days four to six) with cytarabine
(500mg/m?) i.v. over 2h every 12h on days one to

six
Multiple sclerosis 12mg/m? i.v. every three months (12,15)
Prostate cancer 12 to 14mg/m? i.v. every 21 days (2,12)
Metastatic breast cancer and Monotherapy: First dose of 14mg/m? iv. This (16)
non-Hodgking’s lymphoma, administration might be repeated after 21 days if
hepatoma blood counts return to normal/acceptable values.

Patients presenting myelosupression at the
beginning of treatment may receive a lower dose
of 2mg/m?2.

Combined therapy: 10 to 12mg/m? as the initial
dose.

In acute myeloid leukemia, the induction phase is the first course of treatment and it
aims to induce total remission, which is characterized by the absence of blasts in the
peripheral blood and the presence of < 5% blasts in bone marrow smears (17). After
reaching this stage, the consolidation phase aims to maintain the total remission. Thus, in
the referred acute myeloid leukemia treatment, the antimetabolic agent cytarabine is
commonly associated to MTX, as described in the Table 1. Another drug associated to

MTX to deal with cancer relapse or refractory to conventional primary chemotherapy is
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etoposide (16). Recently, a prospective multicenter phase two trial assessed a novel
regimen protocol for T-cell prolymphocytic leukemia based on induction by fludarabine
(25mg/m?/day, i.v., on days one through three), MTX (8mg/m?/day, i.v., on day one), and
cyclophosphamide (200mg/m?/day on days one and three, repeated on day 28), up to four
cycles, followed by alemtuzumab in the consolidation phase (30mg i.v. three times weekly
for a maximum of 12 weeks) (18).

It is also important to point that, due to the toxicity profile of MTX, its dose regimen is
limited to the maximum cumulative dose of 140mg/m? (2). Due to the apparent increased
susceptibility of multiple sclerosis patients to cardiotoxicity, some authors state that
maximum cumulative dosage in multiple sclerosis patients might be defined as 100mg/m?
(19,20). Furthermore, MTX administration is not recommended in patients with a baseline
neutrophil count of less than 1500 cells/mm? (unless the patient is receiving MTX for the
treatment of acute nonlymphocytic leukemia) (12). Moreover, in patients with hepatic
impairment, the dosage adjustment is necessary and in patients with multiple sclerosis
presenting this condition, MTX use is not indicated (12). All these aspects are discussed

in more detail in the next sections.

I.4. Pharmacological action mechanisms

MTX is a deoxyribonucleic acid (DNA) intercalating agent that causes single and
double breaks in the DNA by the stabilization of a complex formed between DNA and
topoisomerase Il (1,2,21). The planar electron-rich chromophore group of MTX (Figure 1)
is essential for its ability to intercalate in the DNA strains (21). This interaction is
completed by electrostatic interactions of MTX side chains with the anionic exterior of the
DNA (1,21). As a consequence, MTX inhibits the DNA replication, the ribonucleic acid
(RNA) transcription, and also promotes the cell cycle arrest (1,22). Moreover, epigenetic
effects of MTX were evidenced using purified isolated histones. The incubation with MTX
(0.1-100puM) demonstrated the high affinity of MTX to histone H1 and core histone
proteins, suggesting an additional target of this drug (23).

Due to its immunosuppressive capacity, MTX is also employed to suppress active
inflammation preventing myelin and axonal damage observed in multiple sclerosis (15).
MTX induces short- and long-term immunosuppressive effects leading to the induction of
apoptosis in antigen-presenting cells and the induction of cell lysis, which results in
reduced levels of blood leukocytes and inhibition of the proliferation of all types of immune
cells (15,24). MTX inhibits lymphocytes (T cells and B cells) activity and suppresses the

expression of pro-inflammatory molecules such as prostaglandin, C-reactive protein,
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cytokines (TNF-a, IL-1B, IL-6, IL-12, and IL-23), and lipopolysaccharide induction of nitric
oxide production by astrocyte (1,15,25). The clinical effects of MTX in multiple sclerosis
are suggested to last up to one year after the end of treatment (15,24). As a
consequence, a reduction in the neurological disability and/or the frequency of clinical

relapses is expected (2).

I.5. Pharmacokinetics

I.5.1. Absorption and distribution

The i.v. route is the preferential via of MTX administration (1,26). Intravenously
administered MTX rapidly disappears from plasma due to the distribution to highly
perfused organs in humans and laboratory animals (1,26). The MTX distribution half-life is
about 15min (1,26) and studies are consistent to report very high volumes of distribution
associated to MTX therapy (1,2,14,26). Thus, in humans, the best fit for the plasma-
concentration curve is reached in a 3-compartment model (1). In patients with refractory
lymphoma, after 30min i.v. infusion (15mg/m? or 90mg/m?), the mean maximum MTX
plasma concentrations were about 1.5 and 12uM, respectively. The volume of distribution
at steady state (486 + 254L/m?) was shown to be independent of the dose (14). Firstly, the
concentration in peripheral cells is higher than plasmatic levels (1,14). In cancer patients,
35 days after a single i.v. dose of 12mg/m? C'4-labeled MTX, the wide distribution volume
of MTX was corroborated (26). The tissues that present higher MTX content were the liver
(1140ng/g wet tissue), soon followed by pancreas (1040ng/g wet tissue), thyroid (958ng/g
wet tissue), spleen (733ng/g wet tissue), heart (716ng/g wet tissue), stomach (555ng/g
wet tissue), lymph node (432ng/g wet tissue), kidney (312ng/g wet tissue), lung (276ng/g
wet tissue), small intestine (173ng/g wet tissue), and bone marrow (78ng/g wet tissue)
(26). From the best of our knowledge, there are no data regarding pharmacokinetic
parameters of MTX orally administered in humans because it is not intended for use as an
oral medication (26).

In animal models, when administered intramuscularly, significant amounts of MTX
remain at the muscular tissue used in the administration. For example, in dogs, 16.2% of
the intramuscular administrated MTX dose (0.37mg/kg) persisted at the injection site for
ten days (26). In mice, the single intramuscular administration of MTX at doses 0.3mg/kg
and 3mg/kg resulted in the intramuscular retention of 17.6% and 8.9% of MTX,
respectively, for at least 24h (26). Besides being an erratic pathway for MTX

administration, the intramuscular via should be avoided because there is increased risk of
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extravasation with consequent tissue necrosis when MTX is injected into a muscle,

subcutaneously, or into spinal cord (2,15). Thus, in humans, this via is irrelevant.

[.5.2. Metabolism

MTX metabolism has been evaluated through in vivo and in vitro studies. It was
already described in human, pig, and rat (27). Regarding in vitro protocols, studies using
exogenously added isolated enzymes, such as NADPH cytochrome P450 reductase
(28,29), peroxidase enzyme systems (27,30), primary cultures of hepatocytes isolated
from rats, rabbits, and humans (31), microsomes, and cytosol fractions isolated from rat
liver (32) were performed.

The metabolism of MTX involves phase |, phase Il, and phase lll reactions. MTX
main metabolic products are the naphtoquinoxaline metabolite (Figure 2) and its
respective oxidation products, MTX mono- and dicarboxilic derivatives, and MTX
conjugated with reduced glutathione (GSH) and glucuronic acid. Regarding the
interspecies variability, mono- and dicarboxylic acid derivatives of MTX are major products
of human and rabbit hepatic metabolism, while in rats they are residual (27,31).

Concerning phase | reactions, the oxidoreductive metabolism of MTX is mediated by
the microsomal system and/or peroxidase enzymes such as human neutrophil
myeloperoxidase (33,34). Chemically, the position of the hydroxyethylamino group on the
chromophore ring produces steric hindrance, impairing the one-electron reductase-
mediated metabolism of MTX (35). Thus, MTX possess a lower one-electron reduction
potential compared to others analogues (35). Hence, since the one-electron reduction of
MTX is not facilitated, the preferential pathway of MTX metabolism is the two-electron
reduction (33,36,37), which generates more stable products when compared to the semi-
quinone radicals produced by one-electron reduction (33).

As already mentioned, oxidative metabolism of MTX is of great interest since its
byproducts seem to be involved in the MTX cytotoxic action (33,36,37). This hypothesis is
supported by the observation that MTX has particular effectiveness in tumors with high
contents of peroxidases and that the cellular sensitivity to MTX damage is proportional to
cell metabolic skills (27,30,37). Additionally, the inhibitory effect of MTX (5uM) on cell
growth in hepatoma cells (HepG2) was prevented after the blockage of cytochrome P450
metabolism by the co-incubation with metyrapone (MTP) (0.5mM) (33). In another study,
the inhibition of cytochrome P450 metabolism with the same inhibitor (MTP 1mM) in the
same cell line (HepG2) and in rat isolated hepatocytes resulted in the total loss of MTX-
induced cytotoxicity, even with high doses of MTX (200 to 400uM incubated for 4 and 9h),
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leading the authors to assume that, without suffering metabolism, MTX has a negligible
toxic effect in those models (37). Accordingly, in a human breast cancer cell model, the
co-incubation of MTP (0.5mM) also prevented the cytotoxicity observed with MTX (5 to
200uM) (36).

Still regarding oxidative metabolism of MTX, it was suggested that epoxide
hydrolase might contribute to MTX detoxification since its inhibition leads to increased
MTX cytotoxicity. Thus, it suggests that at least one toxic relevant metabolite of MTX is an
epoxide (33).

The main studies aiming to elucidate the chemical structures of MTX metabolites
are summarized on Table 2. Until now, the most pharmacological relevant MTX oxidation
product is the naphtoquinoxaline metabolite (Figure 2), which presents cytotoxic features
(37,38).This metabolite was already identified in human, rat, and pig after MTX

administration (27).
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General Introduction

Phase Il metabolism enzymes are protagonists in the MTX detoxification process,

namely the conjugation with GSH and glucuronic acid (1,27,32,37).

oH o HN"™

OGN

OH O HN

Figure 2: Chemical structure of 8,11-dihydroxy-4-(2-hydroxyethyl)-6-[[2-[(2-
hydroxyethyl)amino]ethyl]Jamino]-1,2,3,4,7,12-hexahydronaphto-[2-3]-quinoxaline-7-12-
dione or naphtoquinoxaline, the main bioactive metabolite of MTX.

Efflux transporters are often recognized as phase Il metabolism (39,40). MTX is
substrate of the adenosine 5'-triphosphate (ATP)-binding cassette G2 (ABCG2)
transporter or breast cancer resistance protein (BCRP), which works as a multidrug
resistance pump (41). Furthermore, a study using a BCRP and P-glycoprotein inhibitor
(GF-120918 10mg/kg, administered via jugular vein cannula) co-administered to rats
receiving MTX (2mg/kg, administered via jugular vein cannula) demonstrates that BCRP
or P-glycoprotein, or both, elicit an important role in the MTX biliary excretion (42). In fact,
MTX is described as a substrate of BCRP, although, its transport via P-glycoprotein
occurs in a minor extent (42). It is an important observation as in cancer treatment, the
drug extrusion is associated to the resistance to MTX therapy, thus, currently several
studies are focused on the development of new formulations/vehicles or functionalized

nanoparticles to overcome drug resistance (43).

[.5.3. Elimination

The redistribution of the MTX sequestered in the tissues back to the plasma and its
elimination from the body is a slow process (26). Indeed, the long-term pharmacological
and even toxicological effects attributed to MTX might be related to its long cellular
residence time and its strong affinity for cellular macromolecules and membranes (35,44).
The majority of excretion studies are designed measuring the radioactivity in the urine and
feces after MTX labeled administration instead of identifying the metabolites chemical

structures (1). In humans and laboratory animals, biliary excretion is the main elimination
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route of unchanged MTX and its conjugated metabolites, although, less amounts can be
found in urine (1,26,37,42,45).

|.6. Adverse effects

As an aggressive chemotherapy drug, MTX treatment has been associated to
several undesirable effects, such as myelosupression, nausea, vomiting, diarrhea,
mucositis, and hepatotoxicity (1,9,12,46). Myelosupression manifests as severe
neutropenia, and sometimes the administration of colony stimulating factors such as
filgrastim or sargramostim is recommended. Blood transfusion may be needed in patients
presenting severe thrombocytopenia, anemia, or hemorrhage (12). MTX is classified as a
drug with low emetic risk (47). However, the management of MTX-induced nausea and
vomiting is done with dexamethasone and metoclopramide (47). MTX has a high
extravasation risk, being a vesicant agent (2). If extravasation occurs, the infusion must be
discontinued and the affected area should be elevated (12).

The most concerning MTX adverse effect is the late cardiotoxicity due to its life-
threatening risk (2,13), followed by the hematotoxicity and hepatotoxicity, due to their high
frequency (2,9,12). Due to their relevance, since they can limit the therapy, these MTX-
related toxicities will be addressed separately in independent sub-sections.

The mean lethal dose (LDsp) of MTX in experimental animals was set at 5mg/kg in
rats, 10mg/kg in mice, and 10mg/m? in beagle dogs (9,48). As already stated, besides the
symptoms commonly related to chemotherapy, namely nausea, fatigue, diarrhea,
alopecia, anorexia, and mucositis, the toxic effects associated with MTX treatment include
hematotoxicity (2,9), significant hepatotoxicity (9,49), and serious and (sometimes

irreversible) cardiotoxicity (2,9,20,46).

[.6.1. MTX-induced cardiotoxicity

MTX was produced with the goal to overcome the cardiotoxicity observed with
anthracyclines such as doxorubicin, the prototype of the group. However, MTX has been
also reported as cardiotoxic in humans, affecting up to 18% of treated patients
(2,13,50,51).

The majority of MTX-induced cardiotoxicity manifests as congestive cardiac failure
characterized by the reduction left ventricular ejection fraction (LVEF) (13). Other cardiac
disturbances such as tachycardia, dysrhythmias, and chest pain were also reported as

MTX cardiac side effects (12). In cancer treatment, risk factors for the development of
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MTX-related cardiotoxicity include previous treatment with anthracyclines, mediastinal
radiotherapy, pre-existing cardiovascular disease, and cumulative doses superior to
140mg/m? (2,13). Additionally, patients presenting LVEF < 50% cannot receive MTX
(13,52). Thus, monitoring the cardiac function is recommended after a cumulative dose of
80mg/m? (2). A reduction of about 10% in the LVEF baseline associated with an absolute
LVEF value less than 50% should be viewed with concern and cessation of MTX therapy
is recommended (13,52,53). The main limitation of this approach is its low sensitivity to
detect cardiotoxicity at early stage. Monitoring based only in the LVEF values do not allow
preventive strategies since it detects myocardial damage only when a functional
impairment has already occurred (53). Hence, measurement of cardiac troponin has
proven to help the early identification of patients susceptible to develop myocardial
dysfunction and cardiac events (53).

Despite the most common manifestation of MTX-induced cardiotoxicity is decrease
in LVEF, less frequent symptoms are disturbances of heart rhythm (12,54). The 2h
incubation of isolated guinea pig ventricular myocytes with MTX (30uM) induced a time-
dependent prolongation of action potential duration occasionally accompanied by early
after depolarization (55), which can contribute to the proarrhythmic effect attributed to
MTX. Additionally, in the same study, it was demonstrated that the same MTX working
concentration (30uM) caused the depression of both inward rectifier potassium current
and delayed rectifier potassium current (which can induce torsades de pointes), the
blockage of 93% the muscarinic-gated receptor potassium current evoked by 1uM
carbamylcholine incubation, while it did not affect the L-type calcium channels (55).

Regarding human reports, a female patient, 55 years old, presenting a relapse of
acute myelogenous leukemia was admitted to reinduction therapy with MTX (10mg/m?,
i.v.) and etoposide (100mg/m?, i.v.), daily, for five doses. About 22min after her fifth dose,
the patient presented chest tightness and bradycardia, which was reverted with the
discontinuation of the drug. She was rechallenged twice in a monitored setting and the
symptoms recurred (54). It is important to point out that this patient was subjected to a
previous regimen of chemotherapy months before, namely an induction chemotherapy
(cytarabine, etoposide, and idarubicin in a cumulative dose of 36mg/m?) followed by the
consolidation phase with high dose of cytarabine. Furthermore, other medications that the
patient received in that moment included acyclovir, ciprofloxacin, allopurinol, granisetron,
potassium chloride, magnesium sulfate, and lorazepam. Thus, possibly, the previous
anthracycline therapy contributed to the cardiotoxic reaction observed in this patient (54).

Patients with multiple sclerosis seem more susceptible to cardiac adverse effects
due to the higher frequency of low baseline LVEF observed in untreated patients

compared to individuals without multiple sclerosis (13,46). In these patients, the
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cardiotoxicity occurs at a median of 7.2 cycles of MTX (12mg/m?, every three months,
cumulative dose of 86.4mg/m?) (19), but it can occur before. In a prospective study, 28
multiple sclerosis patients treated with MTX were subjected to a LVEF evaluation before
receiving the fourth cycle of MTX. The results revealed that, at that moment, five patients
(17.8%) already underwent a significant decline in their baseline LVEF (13). It suggests
that MTX-cardiotoxicity could be evident at lower doses and earlier in multiple sclerosis
patients (46) and thus, such patients treated with MTX should be followed warily. The
monitoring of cardiac function includes a baseline echocardiogram followed by
echocardiograms at one and two years and even every cycle of MTX (19). Conservative
authors claim that the maximum cumulative dosage in such patients might be defined as
100mg/m? (19,20). Therefore, in multiple sclerosis, the use of MTX is recommended only
in cases of very aggressive multiple sclerosis, presenting increased disability, frequent
and severe relapses, and many active inflammatory lesions (20).

In multiple sclerosis, MTX treatment frequently induces clinical asymptomatic
reduction of baseline LVEF, which is counteracted, returning to normal values, after MTX
end of therapy (19,20,56,57). In a review of clinical data from 18 multiple sclerosis
patients who received MTX dosage (12 patients received 12mg/m?; two patients received
10mg/m?, two patients started with 15mg/m? and were kept with cycles of 8mg/m?, two
patients started with 15mg/m? and were gradually lowered to 12 and 8mg/m?) and interval
cycles (12 patients followed the conventional three months interval, two patients
alternated three and two months courses, one patient performed three cycles with three
months interval, three cycles of four months and the last three cycles of two months
intervals, and the last three patients followed a one month interval course) depending on
the clinical response and side-effects. Cardiac LVEF decrease was observed in all MTX
treated patients, but only two cases presented severe LVEF decrease (LVEF<55%,
considered below the normal values). These patients received only two drug infusions and
were advised to discontinue the therapy although they were clinically asymptomatic.
Following this procedure their LVEF returned to normal values (56).

In a retrospective review of 128 patients with multiple sclerosis treated with MTX
standard protocol (using as top limit the cumulative dose of 120mg/m?), it was observed
that until the end of the study (median follow-up duration of 14 months), 18 (14%) patients
developed de novo cardiotoxicity evidenced by decreased LVEF (46). Of these patients,
only three (17%) recovered to normal in the next assessment, six had no further follow-up,
and two remained altered until the end of the study (46).

In a single center, open-label, non-randomized study, 42 secondary progressive
multiple sclerosis patients were divided in two groups: control (n=11, receiving no

treatment) and MTX (n=31, receiving 12mg/m? infusion every three months up to a
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maximum cumulative dose of 120mg/m?) (20). Ten patients from the MTX group
prematurely finished the study due to cardiac complications (heart palpitations, pulmonary
edema, and tachycardia). These cardiac complications were classified as severe
(decrease of 10% or more from the LVEF baseline) in six patients. However, the post-trial
cardiac surveillance, which continued for up two years, revealed that 48% of the total MTX
patients presented decreases in the LVEF, that followed by a post-treatment recovered to
normal cardiac function (20).

In another open-label study with 23 multiple sclerosis patients receiving 12mg/m? at
three month intervals (up to a maximum cumulative dose of 140mg/m?) only one patient,
representing 4.3% of the studied population, presented asymptomatic left ventricular
hypokinesia and reduced LVEF, which was also reverted after the end of therapy (57).
This lower cardiotoxicity incidence might be related to the reduced number of patients.

A retrospective study reviewing 41 multiple sclerosis patients who received MTX
previously (12mg/m? at three month intervals), evidenced that 9% presented decline
greater than 20% from baseline LVEF and 7% patients had decline greater than 10% from
baseline LVEF (19). Of patients re-evaluated off-study, all presented improvements in
LVEF, also demonstrating that, although the MTX-induced cardiotoxicity is a concern, it
may be not permanent if the therapy is conducted with regularly monitoring and
interruption is in place adequately (19).

There are few studies trying to elucidate the mechanisms involved in the MTX-
induced cardiotoxicity. Frequently, regarding that the clinical manifestations of MTX-
cardiotoxicity are similar to those observed to doxorubicin, it was believed that both
compounds shared the mechanisms involved in their cardiotoxicity (29,58). However,
other studies suggest that the mechanisms are dissimilar (50,59). Considering that the
purpose of the present thesis is to contribute to the elucidation of the mechanisms related
to MTX-cardiotoxicity, mechanistic studies will be discussed in more details in the

Discussion section.

1.6.2. MTX-induced hepatotoxicity

The occurrence of abnormalities in the liver function during the treatment of complex
diseases such as cancer and multiple sclerosis can be catastrophic. In fact, it may
compromise treatment and even, as a consequence of impaired metabolism, contribute to
MTX toxicity (60). In humans, the MTX-induced hepatotoxicity manifests as transient
increases in the serum bilirubin concentration and in the activity of hepatic enzymes,

occurring in about 15% of treated patients (12mg/m?) (9,15).
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There are few studies focusing on the hepatotoxicity of MTX and it is still unclear
whether the hepatic disturbances elicited by MTX are due to a direct hepatotoxic effect or
are a consequence of cardiac failure. The hepatotoxicity was observed in mice treated
with a single dose of MTX (15mg/kg), which hepatic injury was considered more intense
compared to the hepatic lesion promoted by doxorubicin in the same dose and model
(49). Existing data demonstrate that oxidative stress is involved in the hepatic injury
caused by MTX (33,37,49). A study with HepG2 cell line and rat hepatocytes suggested
that the cytotoxic effect of MTX depends on prior oxidation mediated by CYP450 (37). The
incubation of MTX (100uM) with HepG2 cells for 6h promoted a slight decrease in the
GSH levels (33) that is in accordance with what was found in mice, where decreases in
the hepatic antioxidant defenses after MTX treatment were also observed (49). In fact,
four days after the intraperitoneal (i.p.) injection of a single dose of MTX (15mg/kg),
intense signals of hepatic lipid peroxidation, diminished activity of hepatic superoxide
dismutase, catalase, and glutathione peroxidase, and depletion of the hepatic retinol and
GSH contents were observed (49). In the same study, hepatic histopathologic results
showed intense hydropic vacuolization of the cytoplasm, necrotic areas, picnosis, and
nuclear lysis (49).

As mentioned above, in vitro studies suggest that the oxidative biotransformation
influences MTX toxicity (33,36,37). Hence, the liver is the main destiny of MTX
accumulation in humans (26) and, as already described, is also in charge of the MTX
detoxifying process through phase Il metabolism (1). Thus, it is not surprising that patients

presenting hepatic disturbances are prescribed with lower dose of MTX (15).

1.6.3. MTX-induced hematotoxicity

As already addressed, after administration MTX is rapidly attracted to blood cells,
causing immediately its hematological effects (1). In fact, concerns were raised since the
observation that, 1h after MTX infusion, its concentration in leukemic cells is ten times
higher than in plasma and 350 times higher after 2-5h (9). On the other hand, MTX
depressor effects among blood cells, namely macrophage, T and B cells proliferation
justify its use in the treatment of multiple sclerosis (51).

MTX presents a potential hematotoxicity which can limit and even cause the
cessation of therapy (9,61). Firstly, the administration of MTX only can be supported after
hematological screening: patients with baseline neutrophil counts < 1,500 cells/mm3
should not receive MTX (51). The hematotoxicity of MTX involves myelosuppression that

manifests mostly as leukopenia, thus being its main dose-limiting effect (9,61). Low
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hemoglobin (Hb) levels were observed in 21 of 139 (15%) multiple sclerosis patients
treated with MTX (12mg/m?, i.v., monthly for three months until reaching the cumulative
dose of 120mg/m?) (46). The same study observed that anemia was associated with
increasing dose and that only women manifested this condition (46). In a study employing
high dose regimens (40 to 80mg/m?) by i.v. 15min administration, the myelosuppression
was universal (62), which is in agreement with the high frequency associated with MTX
treatment (2,9,24). In a phase |l clinical trial, 93% advanced breast cancer patients who
received MTX (starting dose of 10mg/m?) associated with paclitaxel (175mg/m?)
presented leukopenia, which was considered severe in 67% of the patients (63). The
administration of MTX (38mg/m?), via i.p., demonstrated that the observed leukopenia is
transient since white blood cell (WBC) counting returned to normal values within 7 days
(61). Curiously, patients treated with higher dose regimens tend to present a faster blood
count recovery (2). Nonetheless, WBC should be carefully monitored since in severe
cases of leukopenia, complications such as sepsis and other infections can occur (64).

During MTX pharmacological use, thrombocytopenia also occurs, but in a lesser
extent than neutropenia (9). In most cases, neutropenia and thrombocytopenia are mild
(2). Monitoring hematological parameters during MTX-therapy is recommended and drug
discontinuation or dose reduction may be warranted with neutrophil counts < 1,000
cells/mm?3 or other signals of strong myelosuppresion (51). However, in spite of the
relevance of MTX-induced myelotoxicity, patients treated with MTX require fewer median
platelet (PLT) transfusions and are treated with fewer median days of i.v. antibiotics
compared to those that received other chemotherapy drugs such as daunorubicin (2).

In MTX-treated patients undergoing autologous bone marrow transplantation, the
time of transplant has to be carefully assessed depending on the dose and individual
pharmacological profile. It is an important observation since MTX treatment increases the
risk of delayed hematopoetic function recovery (14).

Consistent with the long accumulation and sustained efficacy of MTX, the
hematotoxicity of MTX also can emerge after the end of treatment (15). In fact, the most
serious hematologic manifestation is the development of MTX-associated leukemia, which
is also related with other topoisomerase Il inhibitors (2). The mechanism involved in the
secondary leukemia is still being debated. One hypothesis is that the chromosomal breaks
related to perturbations in the topoisomerase Il cleavage-religation equilibrium post
topoisomerase Il inhibition can lead to DNA recombination and the resulting translocations
are responsible for the leukemogenesis (65). The most common chromosomal
translocations related to the topoisomerase Il inhibitors-induced leukemia involve

rearrangements in the gene mll, chromosome 11q23 (2,17,65).
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The occurrence of secondary leukemia is related to familiar history of neoplasia, the
concomitant use of other anti-cancer drugs, chemotherapy doses and regimen, and
individual immunological condition (17). In most cases, patients develop secondary acute
myelogenic leukemia, however, some patients develop acute lymphoblastic leukemia (2).
The pattern of acute myelogenic leukemia related to topoisomerase Il inhibitors treatment
is characterized by a short latent period (usually one year) and it is not associated with a
myelodysplastic phase prior to its manifestation (2,17). Trying to avoid the associated
leukemia in multiple sclerosis patients, MTX administration is not recommended in
patients with previous history of leukemia (15). However, the use of MTX in the treatment
of multiple sclerosis has been accompanied by reports of leukemia associated to MTX
therapy in patients without previous diagnosis of hematological disorders (2,51). Thus,
considering the long-term hematological disturbances, blood cell counts should be

continued even after the cessation of MTX therapy (15).
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Il. General objective

In the Introduction section, the therapeutic actions of MTX (as an antineoplastic
agent and in the treatment of multiple sclerosis) and the limitations related to its adverse
effects and toxicity (cardiotoxicity, hepatotoxicity, and hematotoxicity) were focused in
detail. Noteworthy, several case reports were presented evidencing the potential MTX-
induced cardiotoxicity (20,46,52,54). However, the mechanisms underlying this toxicity are
still not fully elucidated, as will be described in more detail in the Discussion section.

The general objective of the present thesis was to contribute to the clarification of
the mechanisms involved in the MTX-induced cardiotoxicity. Additionally, in this work, it
was intended to highlight the relevance of MTX metabolic pathways and the mitochondrial
role in that process. Finally, it was intended to correlate the effects and mechanisms
studied in in vitro systems (cellular fractions, organelles, and cell line cultures) to those

observed in in vivo model (adult male Wistar rats).

II.1. Specific objectives:

) Evaluation of MTX mechanisms of cytotoxicity, through the assessment of viability,
oxidative stress, energetic, and mitochondrial parameters after MTX incubation in a
cardiomyoblast model (H9c2 cells).

o Evaluation of the in vitro mitochondrial toxicity through the assessment of
mitochondrial membrane potential, ATP synthase expression and activity after MTX
incubation with H9c2 cells.

o Evaluation of the direct mitochondrial toxic effect through the assessment of
mitochondrial membrane potential after MTX incubation with cardiac mitochondria isolated
from male Wistar rats.

o Evaluation of the in vivo cardiotoxicity through the assessment of cardiac optic and
transmission electron microscopy, cardiac protein, glutathione, and ATP levels after the
administration of three cycles of MTX to male Wistar rats.

o Ex vivo evaluation of mitochondrial toxicity through the measurement of
mitochondrial membrane potential and complex IV and V activities of the respiratory chain
of cardiac mitochondria isolated from male Wistar rats treated with three cycles of MTX.

o Evaluation of the metabolic profile of MTX through the identification of the
metabolites generated after the incubation of MTX with hepatic S9 fractions isolated from

rats.
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) Evaluation of the contribution of MTX metabolism to its cardiotoxicity using
in vitro promoted metabolism coupled to cytotoxic assays in H9c2 cell line.

) Evaluation of the in vivo MTX cumulative sub-chronic toxicity through the
assessment of biochemical parameters evaluating cardiac, hepatic, and renal
function, hematological parameters, and hepatic measurements (microscopy,
hepatic glutathione and ATP levels) after the administration of three cycles of MTX

to male Wistar rats.
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Experimental Section

In the present section, all experimental models and protocols employed in this thesis

will be addressed.

ll1.1. Brief considerations on the experimental models and

concentrations used in the studies

I11.1.1. In vitro models

In the present thesis, three in vitro models were used, namely hepatic S9 fractions,
the HO9c2 cell line, and isolated mitochondria from heart of adult rat. In general, the in vitro
models have some advantages when mechanistic studies are being performed (66). It is
well known that the detection of cardiovascular injury at the cellular level can be
complicated by interactions between adjacent cells of different types, metabolism of the
toxic agent under investigation, and by alterations in the concentration of the xenobiotic at
the cell-body fluid interface (67). Thus, an important advantage of in vitro models is to
allow a better control of the surrounding environment (66), which is imperative in the
assessment of cardiotoxicity since humoral, neuronal, and endocrine influences are
commonly considered confounding factors in the evaluation of cardiotoxicity in vivo (68).
Another feature is the fact that in vitro studies involve the sacrifice of fewer animals

compared to in vivo approaches, evidencing an ethical advantage (66).

I11.1.1.1. Hepatic S9 fractions isolated from adult male Wistar rat

The hepatic S9 fraction is the supernatant obtained after liver homogenization and
centrifugation at 9,000g for 20min in a suitable medium (100mM phosphate buffer, pH
7.4). The greatest advantage of this model is the fact that it contains the cytosol (with
most of the enzymes responsible for the phase Il metabolism, such as glutathione-S-
transferases and some enzymes responsible for phase | metabolism, as cytosolic epoxide
hydrolase) and microsomes (containing enzymes of phase | metabolism such as CYP450
isoforms and UDP-glucuronosyl transferases responsible for phase Il metabolism) (69—
71). Hence, liver S9 fractions are reported as the most representative sub-cellular in vitro
system to study metabolism because it allows the study of the main biotransformation
phases at the same time (71), being much more illustrative of a real situation than studies
using isolated enzymes or microsomes (69,71). Indeed, S9 fractions can be considered a
classic model since it is commonly used in the pharmaceutical industry coupled to Ames

test in order to evaluate the possible mutagenic effect after bioactivation of pre-genotoxic
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compounds (72-74). Moreover, procedures involved in liver S9 fractions isolation and
incubation steps are rapid, do not require sophisticated equipment, are easy to perform in
laboratory settings, and allow the study of several conditions with a single animal.

In the study using hepatic S9 fractions isolated from male Wistar rats presented in
this thesis (Manuscript 1), the animals used received phenobarbital 0.2% in drinking water
for one week prior to the excision of the livers. This approach aims to induce enzymes
involved in the MTX metabolism (32,75) and was adopted due to the difficulties to
simulate in vitro MTX oxidoreductive metabolism, being commonly used by other authors
(28,31-33). In fact, phenobarbital induces CYP450-induced metabolism as well as other
enzymatic systems present in the S9 fractions, namely epoxide hydrolase, UDP-

glucuronyl transferases, and glutathione-S-transferases (76).

111.1.1.2. H9¢2 cell line

Permanent cell lines are frequently used as a model for many cell types (77).
However, immortal cardiac cell lines have been difficult to establish because of the
heterogeneity of cells present in heart tissue, the inability of isolated cardiomyocytes to
multiply in culture, and the low frequency of cardiac tumors necessary to create cell lines
(77,78). The studies presented in the Manuscripts | and Il on the next section were
conducted in the H9c2 cellular model. This clonal muscle cell line derived from embryonic
rat heart tissue was established in 1976 by Kimes and Brandt. It was obtained through
selective serial passage from BDIX rat cardioblasts (79).

Morphologically, H9c2 cells are spindle-shaped cells. The dividing myoblasts are
large, flat, and their nuclei contain from two to four spherical or lobed nucleoli (78,79). The
structures and organelles that can be observed in the H9c2 cells are: microtubules
(sometimes arranged as a dense network), vacuoles, lysosomes, pinocytotic vesicles,
basement membrane, ribosomes, cell surface enlarged by microvilli, and a rich content of
mitochondria and rough endoplasmic reticulum (78,79). Golgi cisternae are found near the
cell nucleus and caveolae are absent (78). At low densities, H9c2 cells organize
themselves avoiding close contact (Figure 3 A). On the other hand, when they reach
confluence, they arranged themselves in linear parallel arrays, maintaining these

characteristics at continual passages (Figure 3 B) (79).
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Figure 3: Phase contrast micrographs of H9c2 cells. A) at low densities; B) at confluence
(79).

Binding studies for 1,4-dihydropyridine demonstrated H9c2 heart-specific features
(78). Additionally, after reaching confluence, H9c2 cells express an L-type calcium current
characterized by a slow time course of inactivation, unitary conductance properties, and
sensitivity to organic calcium channel blockers, typical characteristics of cardiac cells
(78,80). Moreover, at least 2 distinct potassium channels and a nonspecific cation channel
were described (80). Densely culture conditions seems to optimize calcium channel
expression, since when cells are in the proliferative phase, these channels are sparse
(80). However, if H9c2 cells are allowed to reach confluence, the myoblastic population
becomes depleted faster (81). In order to prevent this inconvenient, cell cultures used in
this thesis were kept at 70-80% confluence. The H9c2 cells also have features of skeletal
muscle, namely the tendency of myoblasts to form myotubes, the synthesis of muscle-
specific creatine phosphokinase isoenzyme when the mononucleated myoblasts fuse, and
the expression of nicotinic receptors (79).

The pattern of membranous signal-transducing G-proteins found in the H9c2 cells
shows all characteristics of striated muscle cells (78). They contain two forms of the Gs a-
subunit, two forms of the Gia-subunit, and, as adult rat cardiomyocytes, they lack Go
subunit (78). H9c2 cells also contain 1 and (. adrenoreceptors and respond to
acetylcholine stimulation (81,82). Regarding caveolin, a major structural protein of
caveolae involved in the AMPc signaling, it was demonstrated that caveolin-1 mRNA
expression is similar in H9c2 cells and in canine hearts (83). However, the mRNA of
muscle-specific subtype caveolin-3 is abundantly expressed in cardiac tissues while
poorly in the H9c2 cells (83). Decreased levels of caveolin-3 expression were associated
with the development of cardiac hypertrophy since caveolin-3 regulates the inhibition of
cell growth and proliferation in the heart (84). Recently, a study comparing the response
patterns after hypertrophic stimulation in primary cardiomyocytes from neonatal rat heart

and in the H9c2 cell line demonstrated that both models showed almost identical
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hypertrophic responses (85). Hence, it was concluded that H9¢c2 cells are a reliable model
for the study of drug-induced hypertrophy with the ethical advantage of being an animal-
free protocol, in opposition to neonatal cardiomyocytes (85).

In the present study, we used the H9c2 cells in the undifferentiated state. In this
condition, the embryonic-derived H9c2 cells are more reliant on glycolysis accordingly
with the fetal phenotype (86). This cellular model expresses thyreoglobulin at the mRNA
and protein level. That is an important regulator of cardiac function and cardiovascular
hemodynamics (87).

Significant levels of peptidylglycine a-amidating monooxygenase, which catalyzes
the formation of bioactive a-amidated peptides from glycine precursors, are found in the
H9c2 myoblasts. This observation suggests the ability of H9c2 to make bioactive a-
amidated hormones and neuropeptides, however, the activity of this enzyme is lower than
in atrium tissues (88). Although the role of peptidylglycine a-amidating monooxygenase in
the heart tissue is not fully elucidated, it seems that amidated peptides have a crucial role
in the early stages of cardiac development (88).

Furthermore, these myoblasts express multiple CYPs at comparable levels to those
expressed in the rat heart. CYP1A1 and CYP1B1 are constitutively expressed in both
H9c2 cell line and rat heart, CYP2B1, CYP2B2, CYP2E1, CYP2J3 are expressed in the
H9c2 cells at different degrees but in comparable levels to rat heart, and CYP2A1,
CYP3A1, CYP3A2 are not expressed either in H9c2 cells or in the rat heart (89). Hence,
regarding their metabolic competence, H9c2 cells have been considered a valuable in
vitro model to study cardiac drug metabolization and the metabolic capacity of the heart
(89).

In conclusion, in spite of the H9c2 cellular model characteristics of muscle cells, it
preserves several elements of cardiac cells, namely the electrical and hormonal signal
pathways (78,79). Thus, this in vitro model has been widely accepted as a feasible model

to study cardiotoxicity (90-93).

111.1.1.3. Cardiac mitochondria isolated from male Wistar rat

Mitochondria are responsible for supplying between 80-90% of total ATP produced
in the cell (94). Due to the high energetic demand in the cardiac muscle, mitochondria
occupy 20-30% of cell volume, being the highest distribution of these organelles found in
the cardiomyocytes, showing mitochondria relevance for the cardiac performance (94—
96). Thus, given their importance, one of the main objectives of this thesis was to

investigate mitochondria as a target for the MTX-induced cardiotoxicity. For this purpose,
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cardiac mitochondria isolated from male Wistar rats were used. Similarly, this model was
already employed in the evaluation of the doxorubicin-induced mitochondrionopathy (97—
99).

111.1.2. In vivo model

For the in vivo studies, the laboratory animal model used was Rattus novergicus.
This animal species is recognized as the most widely in vivo model used in medical
research and, in toxicology, the rodent species of choice (100,101). The advantages of
working with rats comprises the easier monitoring of their physiology, and, in many cases,
the physiology is resembled to human conditions (100). Additionally, other advantages
include metabolic similarities to humans, their relatively docile nature, short life span, short
gestation period, and the large database of rat nutrition, diseases, and general biology
(101). Regarding cardiovascular system, the rat is considered an excellent model,
especially for stroke and hypertension (100). This animal model has been widely used in
the assessment of chemotherapy-induced cardiotoxicity (102,103). Another advantage is
that the size of the rat enables both the easy manipulation of the animal in laboratory
conditions and serial blood draws (100).

Adult male Wistar rats (Charles River Laboratories, Barcelona, Spain) were housed
in cages, with a temperature- and humidity- controlled environment. Food and water were
provided ad libitum and animals were subjected to a 12h light-dark cycle. Animal
experiments were approved by the Ethics Committee of the Faculty of Pharmacy, Porto
University, Portugal (protocol number 9/04/2013). Housing and experimental treatment of
the animals were in accordance with the Guide for the Care and Use of Laboratory
Animals from the Institute for Laboratory Research.

In the experiments presented in the Manuscripts Il and IV, one week prior the
experiment, animals were acclimatized in the cages and then were distributed into three
groups (five animals per group): control, MTX22, and MTX48. Animals were treated by i.p.
via with three cycles, (5ml/kg), of saline solution (0.9% NaCl) (control) or MTX 2.5mg/kg
(MTX22 and MTX48) on day 0, 10, and 20. The MTX treated groups reached a total
cumulative dose of 7.5mg/kg on day 20, as represented in Figure 4. The regimen of
administration (one cycle every ten days) was performed aiming to simulate the
chemotherapeutic cycles that comprise several administrations. The interval of ten days
was defined taking into account the life cycle of the rat and the clinical conditions
observed in pilot studies. The MTX22 group suffered euthanasia on day 22, in order to

assess the MTX-induced cumulative damage 48h after the last cycle of treatment. MTX48
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group suffered euthanasia on day 48, 28 days after the last cycle of treatment, with the

objective to evaluate late cumulative responses.

Control
Saline solution 7.p.

MTX 22 MTX 48
J cycles of 2.5 ma/kg MTX i p.

o o o
o - | o
3 7 ¥z
(m] a a o

Cycle 1 Cycle 2 Cycle 3

Figure 4: Graphic representation of the in vivo experiment design performed in
Manuscript Il and IV.

During the experiment, daily clinical evaluations of all animals were performed by
the veterinary doctor of the team. The parameters evaluated were piloerection,
dehydration, hemorrhage and diarrhea, motor function (tone and movement coordination),
breathing (rate and depth, gasping), mucosal color (pale, cyanotic), and clinical signals of
abdominal pain. The individual weight and consumption of food and water were also
recorded every day until the day 30. On the day of euthanasia, animals were anesthetized
with xylasine/ketamine (10mg/kg/100mg/kg) and blood was collected through cardiac
puncture.

The in vivo metabolic study presented in the Manuscript | was also performed
aiming to verify the presence of MTX metabolites in liver and heart after MTX i.p.
administration to male Wistar rats. Three animals received a single dose of 7.5mg/kg of
MTX i.p., and were euthanized 24h after treatment under anesthesia with
xylasine/ketamine (10mg/kg/100mg/kg). The livers and hearts were excised and MTX and
its metabolites were extracted as described in the Manuscript | to the LC-diode array

(DAD)/electrospray ionization interface (ESI)-MS analysis.

32

Day 48



Experimental Section

111.1.3. MTX concentrations and doses

The human conventional doses of MTX are summarized in the Table 3. The mean
maximum plasma concentrations in humans after a 15mg/m? or a 90mg/m? 30min infusion
of MTX are about 1.5 and 12uM, respectively (14). Considering tissue levels, it is well
known that MTX is extensively distributed and largely accumulates in heart tissue (104). In
humans, MTX is detected in the organism for a long period, reaching the amount of
716ng/g wet weight in the heart even 35 days after a single dose (12mg/m?) (26),
evidencing the cardiac accumulation of MTX.

Considering MTX plasma and tissue concentration levels, the MTX working
concentrations were selected in order resemble therapeutically relevant concentrations.
Thus, for the in vitro evaluation of the cytotoxic effects upon H9c2 cells, time and
concentration response curves were performed using the low MTX concentrations of
10nM, 100nM, 1uM, 5uM, 10uM, 50uM, and 100uM. Afterward, given the cytotoxic profile
in this model, experiments were performed using the MTX selected concentrations of
100nM and 1uM.

Table 3: MTX conventional dose for FDA approved therapeutic indications in humans.

Maximum cumulative

Therapeutic indication MTX dose d References
ose

Acute myeloid leukemia 12mg/m?/Day 140mg/m? (2,12)

Prostate cancer 12mg/m? i.v. every three months 140mg/m? (2,12)

Multiple sclerosis 12 to 14mg/m? i.v. every 21 days 100mg/m? (12,19,20)

Regarding the in vivo experiment, the dose was also calculated considering
previously pilot studies employing three cycles of 2.5mg/kg, 5mg/kg, and 10mg/kg. The
body surface area of the rats was also considered in order to correlate the dose in this
species with the human top limit of MTX doses. Thus, the majority of experiments were
performed using three cycles of MTX 2.5mg/kg (7.5mg/kg as cumulative dose), which
corresponds to 16mg/m? of a rat weighing 2409, by allometric relationship. The metabolic
in vivo study was conducted using the single dose of 7.5mg/kg, administered via i.p., in
order to correlate with the total cumulative dose used in the in vivo study of the MTX-

induced cardiotoxicity and to reach the limit of detection of the analytical method used.
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[11.2. Methods

[l1.2.2. Evaluation of the metabolic profile of MTX using hepatic S9
fractions by LC-DAD/ESI-MS

The metabolic profile of MTX was evaluated using hepatic S9 fractions isolated from
male Wistar rats (32). Three tubes were incubated and further analyzed in order to assess
MTX metabolism:

e Blank tube: control supplemented S9 fractions (without MTX), in order to

evaluate possible matrix interferences;

e Control tube: 100pM MTX + 1mM NADPH + 4mM GSH (without the S9

fractions), in order to rule out the possibility of artifact formation;

e Sample: supplemented S9 fractions + 100uM MTX, in order to assess the MTX

metabolism at times 0 and 4h.

At 0 and 4h, after samples collection, methanol was added (ratio of 1:4 methanol) in
order to precipitate the proteins and to extract MTX and the metabolites. Methanol was
evaporated under nitrogen flow and the residue was re-suspended in 200ul phosphate
buffer saline (for cytotoxicity evaluation) or in 200yl methanol (for LC-DAD/ESI-MS
analysis). The experimental protocol of S9 fractions isolation, protein quantification,
incubation conditions, and LC-DAD/ESI-MS analysis are described in details in

Manuscript .

[11.2.3. Cytotoxicity assays

The cytotoxicity assays employed to evaluate the toxic effects of MTX in the H9c2
cells were the lactate dehydrogenase release (LDH) assay (which correlates with the loss
of cell membrane integrity) and the reduction of the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay (which can be used as a mitochondrial viability

index since it measures mostly the action of mitochondrial dehydrogenases).

34



Experimental Section

111.2.3.1. LDH leakage Assay

At the end of incubation period (24, 48, 72, and 96h), cellular damage was
quantitatively assessed by the evaluation of cell membrane integrity through the
measurement of LDH release by means of a kinetic photometric assay. The % of viability
was evaluated considering the % of LDH released over the total LDH from the complete
lysis of the cells (artificially promoted by the addition of triton X-100). The absorbance was

measured at 340 nm in a multi-well plate reader (BioTech Instruments, Vermont, US).

[11.2.3.2. MTT reduction assay

The cytotoxic effects of MTX after the incubation period (24, 48, 72, and 96h) were
assessed also through the reduction of MTT assay as previously described (105).The
reduction of the MTT assay can be used as a mitochondrial viability index since it
measures mostly the action of mitochondrial dehydrogenases (106).

Trying to prevent or counteract the observed cytotoxicity of MTX, potential protective
studies were performed by co-incubating the agents with MTX (100nM and 1uM) at 37 °C
for 96h. The protective agents employed were: a) the reactive species scavenger and
GSH precursor N-acetylcysteine (NAC) (1mM), b) the energetic function enhancer L-
carnitine (1mM), c¢) the CYP450 inhibitor MTP (0.5mM), and the CYP2E1 inhibitor diallyl
sulfide (DAS) (150uM) (105).

[11.2.4. Caspase-3 activity assay

Caspase-3 is a cysteine protease involved in apoptosis, being activated by both
intrinsic and extrinsic pathways (107). Caspase-3 activity was assessed after 24h
incubation with MTX (100nM and 1uM) in H9c2 cells through the method previously
described (108). The CYP450 inhibitor MTP (0.5mM) and the CYP2E1 inhibitor DAS
(150uM) were used to possible counteract the activation of caspase-3 caused by MTX
(105) (Manuscript I).
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[11.2.5. Evaluation of oxidative stress

[11.2.5.1. Evaluation of reactive species generation

Early and late generation of reactive species was evaluated in the H9c2 cells after
incubation with MTX (100nM and 1uM) using two different probes, dihydrorhodamine
(DHR) (100uM) (108) or dichlorodihydrofluorescein diacetate (DCFH-DA) (10uM)
(109,110). Both are non-fluorescent probes that undergo intracellular oxidation to their
respective fluorescent products in the presence of reactive species such as peroxynitrite,
and hydroxyl radical (108,111,112). The experimental protocol is described in detail in the

Manuscript II.

[11.2.5.2. Measurement of intracellular total glutathione (GSHt), GSH,
and oxidized glutathione (GSSG) levels

The glutathione status was evaluated after incubation with MTX (100nM and 1uM) in
the H9c2 cells. It was also evaluated in liver and heart of male Wistar rats after the
administration of MTX (3 cycles of 2.5mg/kg). The glutathione status was assessed by the
5,5-dithio-bis(2-nitrobenzoic) acid (DTNB)-GSSG reductase recycling assay, as previously
described (113,114), and the experimental protocols are described in Manuscript Il, 1lI,
and IV.

[11.2.5.3. Evaluation of lipid peroxidation

Malondialdehyde is the most used marker of lipid peroxidation (115). The main
method employed to the malondialdehyde quantification is the thiobarbituric acid (TBA)
reactive substances (TBARS) assay (116,117). However, this methodology is not specific
since TBA also reacts with a variety of compounds such as sugars, aminoacids,
aldehydes, and bilirubin, generating colorimetric interferences (116). Thus, trying to
counteract this problem, we employed a previously validated HPLC/UV method, with
minor adaptations, which presents an extraction step employing butanol that reduces the

interferences, being more reliable (116). The protocol is described in the Manuscript II.
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I11.2.6. Evaluation of the energetic function

111.2.6.1. Measurement of ATP levels

ATP determinations were performed after incubation with MTX (100nM and 1uM) in
the H9c2 cells and in vivo (liver and heart), after the administration of MTX (three cycles of
2.5mg/kg) to male Wistar rats. The ATP levels were measured through the

bioluminescence test (118), as described in Manuscript Il, lll, and IV.

[11.2.6.2. Evaluation of the ATP synthase expression

ATP synthase expression was evaluated in the H9c2 cells after incubation with MTX
through western immunoblot (119). The experimental conditions are described in details in

the Manuscript Il.

[11.2.6.3. Evaluation of the ATP synthase activity

The activity of ATP synthase in the H9c2 cells was indirectly determined by analysis
of the inorganic phosphate (Pi) released from ATP hydrolysis (119) (experimental protocol

described in the Manuscript Il).

111.2.6.4. Blue native polyacrylamide gel electrophoresis (BN-PAGE)

separation of cardiac mitochondria membrane complexes of MTX-treated rats

The respiratory chain complexes from cardiac mitochondria of MTX treated rats
(three cycles of 2.5mg/kg) were evaluated. Mitochondrial isolation and BN-Page

separation of the respiratory chain complexes are described in the Manuscript Ill.

[11.2.6.5. In-gel activity of mitochondrial complexes IV and V after
MTX treatment

The in-gel activity of cardiac mitochondrial complexes IV and V of control or MTX
treated rats (three cycles of 2.5mg/kg) were evaluated. The in-gel activity of complexes IV

and V were determined using the methods previously described (95) (Manuscript IlI).
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[11.2.6.6. Cardiac mitochondrial DNA quantitation in MTX treated rats

Cardiac mitochondrial DNA of control or MTX treated rats (three cycles of 2.5mg/kg)
were quantified using the Qubit® dsDNA BR assay kit. Samples were read in a Qubit® 2.0
Fluoremeter and results are expressed as the ratio between the mitochondrial DNA

concentration and heart mass.

[11.2.7. Evaluation of the mitochondrial membrane potential after in

vivo and in vitro treatment with MTX

Cardiac mitochondria from control and MTX48 rats were isolated for the assessment
of the late and cumulative effects induced by MTX towards the mitochondrial membrane
potential. Moreover, an in vitro study with mitochondria isolated from control rat heart (not
treated with MTX) was also performed in order to assess the direct MTX-induced effects
in the mitochondrial function after incubation with MTX (10nM, 100nM, and 1uM).

The evaluation of the mitochondrial function was performed through the
measurement of the mitochondrial membrane potential and it was assessed using an ion-
selective electrode to measure the distribution of the tetraphenylphosphonium (TPP*), as
described before (120) (Manuscript Il1).

[11.2.8. Flow cytometry analysis

Intracellular calcium measurements and the evaluation of the mitochondrial
membrane potential in the H9c2 cells were determined through flow cytometry using the
Fluo-3 AM (10uM) and TMRM (20nM) fluorescent probes, respectively, following the

experimental protocols described in the Manuscript II.

[11.2.9. Heart and liver preparation for light and transmission electron

microscopy

Heart and liver of MTX treated rats were microscopically evaluated through light and
transmission electron histology (121). Samples were processed as described in detail in

the Manuscript Il and V.
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[11.2.10. Plasma biochemical analysis

Plasma parameters of control and both MTX treated rats (three cycles of 2.5mg/kg)
were evaluated. On the day of euthanasia, blood was collected into heparinized tubes.
Plasma levels of albumin, total proteins, I1gG, IgM, IgE, C3 and C4 complement, total and
conjugated bilirubin, aspartate transaminase (AST), alanine transaminase (ALT), alkaline
phosphatase, transferrin, ferritin, iron, cholesterol, triglycerides, glucose, amylase,
creatinine, urea, uric acid, potassium, sodium, calcium, C-reactive protein, as— antitrypsin,
O-glutamyltranspeptidase (GGT), and LDH, creatine kinase (CK), CK-MB, and lactate
were evaluated in duplicate on an AutoAnalyzer (PRESTIGE® 24i, PZ Cormay S.A.) using

the respective kits and following the manufacturer instructions.

[11.2.11. Hematological analysis

Hematologic parameters of control or MTX treated rats (three cycles of 2.5mg/kg)
were evaluated. On the day of euthanasia, blood samples (using EDTA as anticoagulant)
were collected and processed in order to obtain whole blood. We evaluated the
erythrocyte count, Hb concentration, hematocrit (HCT), hematimetric indexes — mean cell
volume (MCV), mean cell hemoglobin (MCH), mean cell hemoglobin concentration
(MCHC), red cell distribution width (RDW), PLT, plateletcrit (PCT), platelet distribution
width (PDW), mean platelet volume (MPV), and WBC count, by using an automated blood
cell counter (Sysmex K1000, Hamburg, Germany). Differential leukocyte count was
performed on blood smears stained according to Wright (122). Reticulocyte count was
performed by microscopic counting on blood smears after vital staining with new
methylene blue (Reticulocyte stain, Sigma-Aldrich, St Louis, MO, USA).

I11.2.12. Total protein quantification

Except when otherwise specified, the protein levels were determined by Lowry
method (123). Samples were suspended in NaOH 0.3M and protein content were

evaluated spectrophotometrically using a microplate reader (750nm) (114).

111.2.13. Statistical analysis

Results are presented as means * standard deviation. The evaluations of the rat

relative body weight gain and the consumptions of food and water were followed daily.
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Thus, the statistical analysis was performed using repeated measures ANOVA followed
by the Student Newman Keuls post hoc test. In the other experiments, statistical
comparisons between groups were performed with One-Way ANOVA (in case of normal
distribution) or Kruskal-Wallis test (one-way ANOVA on ranks — in case distribution is not

normal). Significance was accepted at p values <0.05.
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Abstract Mitoxantrone (MTX) is an antitumor agent that
canses cardiotoxicity in 18 % patients. The metabolic
profile of MTX was assessed after incubation of 100 uM
MTIX with hepatic 89 fraction isolated from rats. The
presence of MTX and its metabolites was also assessed
in vivo through the analysis of liver and heart extracts of
MTX-treated rats. The cytotoxic effects of MTX and MTX
metabolites were evaluated in the H9¢2 cells after 24-h
incubation with MTX alone and MTX + metabolites. The
influence of CYP450- and CYP2E1-mediated metabolism
for the cytotoxicity of MTX was assessed after 96-h
incubation with MTX (100 nM and 1 pM) in the presence/
absence of CYP430 or CYPZE] inhibitors. After 4-h
incubation in supplemented S9 fraction, the MTX content
was 35 % lower and 3 metabolites were identified: an
acetoxy ester derivative (never described before), two
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glutathione conjugates, a monocarboxylic acid derivative,
and the naphtoquinoxaline, the later commonly related to
MTX pharmacological effects. The presence of MTX and
naphtoquinoxaline metabolite was evidenced in vivo in
liver and heart of MTX-treated rats. The cytotoxicity
caused by MTX 4 metabolites was higher than that
observed in the H9c2 cells incubated with non-metabolized
MTX group. The co-incubation of MTX with CYP450 and
CYP2E1 inhibitors partially prevented the cytotoxicity
observed in the MTX groups incubated with H9¢2 cells,
highlighting that the metabolism of MTX is relevant for its
mndesirable effects. The naphtoquinoxaline metabolite is
described in heart and liver in vivo, highlighting that this
metabolite accumulates in these tissues. It was demon-
strated that MTX P450-mediated metabolism contributed
to MTX toxicity.

Keywords Mitoxantrone - Metabolism - Bioactivation -

LC/MS - 89 fraction - Cardiotoxicity

Abbreviations

DAD Photodiode array

DAS Diallyl sulfide

DMEM Dulbecco’s modified eagle’s medium

DMSO Dimethyl sulfoxide

ESI Electrospray ionization interface

GSH Reduced glutathione

LC Liquid chromatography

MS Mass spectrometry

MTT 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolinm bromide

MTP Metyrapone

MTX Mitoxantrone

B-NADPH jB-Nicotinamide adenine dinucleotide
phosphate
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Introduction

Mitoxantrone {MTX) is an anticancer drug synthesized in
the end of 1970s as an alternative to anthracyclines therapy
{Canal et al. 1993). It has been largely used in the treatment
of solid tumors, acute leukemia, lymphoma, prostate, and
breast cancer (Seiter 2003) and, more recently, in the active
forms of relapsing—remitting or secondary progressive
multiple sclerosis (Neuhaus et al. 2006). Despite its broad
utilization, MTX is potentially cardiotoxic (Seiter 20053,
Avasarala et al. 2003).

The pharmacological activity of MTX is based on the
ability to intercalate its planar electron-rich chromophore
group in the DNA and to allow electrostatic interactions of
its side chaing with the phosphate moiety of DNA (Ehn-
inger et al. 1990). Furthermore, MTX causes single and
double breaks in DNA by stabilization of a complex
formed between DNA and topoisomerase 11 (Ehninger
et al. 1990; Seiter 2005). As a consequence, MTX inhibits
DNA replication, RNA transcription, and also affects the
cell cycle at various stages (Khan et al. 2010; Ehninger
et al. 1990).

The oxidoreductive metabolism of MTX has a signifi-
cant role on its antitumor effects. MTX has particular
effectiveness in tumors with high contents of peroxidases
(Briick and Briick 2011; Blanz et al. 1991), and it was
verified that the inhibitory effect of MTX on cell growth
was prevented by inhibiting the activity of cytochrome
P450 mixed oxidase function in a human hepatoma-derived
cell line (Duthie and Grant 1989). Similar results were
obtained with a rat hepatocytes model (Mewes et al. 1993)
and with human breast cancer cells (Li et al. 1995). Phorbol
ester-stimulated human neutrophils can bioactive MTX
through myeloperoxidase metabolism, and the gemnerated
metabolites can form adducts with DNA (Panousis et al.
1997). Furthermore, it was already demonstrated that a
synthetic cyclic metabolite of MTX, the §,11-dihydroxy-4-
(2-hydroxyethy}-6-[[2-[(2-hydroxyethyl)amino]ethyl]
amino]-1,2,3,4,7,12-hexahydronaphto-[2-3]-quinoxaline-7-
12-dione or naphtoquinoxaline metabolite, causes cellular
damage in neonatal cardiomyocytes isolated from rats
(Shipp et al. 1993). This metabolite was already described
as an in vive MTX biotransformation product in humans,
pigs, and rats (Blanz et al. 1991). With the exception of the
study mentioned above (Shipp et al. 1993), to the best of
our knowledge, there are no studies relating the bioprod-
ucts of MTX with its most serious undesirable effect: the
late irreversible cardiotoxicity {Avasarala et al. 2003).

Pharmacokinetic studies showed that after intravenous
administration, MTX has a rapid distribution followed by a
slow elimination phase characterized by an extensive
accumulation in highly perfused organs in humans and
laboratory animals (Ehninger et al. 1990; Batra et al. 1986).

@ Springer
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The metabolism of MTX involves the oxidation through
the microsomal system and/or peroxidase enzymes such as
neutrophil myeloperoxidase (Duthie and Grant 1989;
Panousis et al. 1997). Moreover, the phase 11 metabolism
has a relevant role in the MTX detoxification process,
namely the conjugation with reduced glutathione {GSH)
and glucuronic acid (Ehninger et al. 1990). Considering the
interspecies variability, the main metabolic difference
between rats and humans is that mono and dicarboxylic
acid derivatives of MTX are major bioproducts of human
metabolism, while in rats, they are residual (Blanz et al.
1991; Richard et al. 1991).

The difficulty to reproduce the oxidoreductive metabo-
lism of MTX in in vitro conditions is extensively reported
{(Wolf et al. 1986; Richard et al. 1991, Basra et al. 1985,
Kostrzewa-Nowak et al. 2007; Fisher and Patterson 1992,
Fisher et al. 1993). Because of that, some authors use
exogenously added isolated enzymes such as NADPH
cytochrome P450 reductase (Kostrzewa-Nowak et al. 2007,
Novak and Kharasch 1985) and peroxidase enzymes sys-
tem (Blanz et al. 1991; Briick and Briick 2011) in order to
circamvent this limitation. Nevertheless, from all in vitro
methods, these are the less realistic ones. There are also
metabolic studies employing more representative systems,
namely using primary cultures of hepatocytes isolated from
rats, rabbits, and humans (Richard et al. 1991), micro-
somes, and cytosol fractions isolated from rat livers (Wolf
et al. 1986). The referred studies use HPLC/UV methods to
detect and quantify the metabolites (Richard et al. 1991,
Wolf et al. 1986), which limit the analysis due to the low
sengitivity of UV detector and do not allow the structural
elucidation of the metabolites. Alternative methods use
liquid scintillation counting equipped with a radioactive
flow detector (Richard et al. 1991), which is not commonly
available in the majority of analytical laboratories and
requires the undesirable use of labeled compounds.

We present herein a study that aims to assess the con-
tribution of MTX metabolism to its cardiotoxicity. The
metabolic profile of MTX was studied using the hepatic S9
fraction from phenobarbital-induced animals, which are
considered a representative hepatic model for this purpose
as it contains both phase I and IT enzymes involved in the
MTZX metabolism (Brandon et al. 2003; Jia and Lin 2007).
The MTX metabolites were separated by liquid chroma-
tography (L.C) coupled with a UV-VIS photodiode array
detector (DAD) and accurately identified by electrospray
ionization interface (ESI) mass spectrometry detector (MS)
that possess a higher sensitivity and accuracy. The cyto-
toxic effects of MTX metabolites and the influence of
CYPA50 and CYP2El metabolism in the cytotoxicity of
MTX were evaluated in the H9c2 cells, a valuable car-
diomyoblast in vitro model (Zordoky and El-Kadi 2007).
An in vivo study was also performed in order to investigate
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whether the MTX metabolites previously found in vitro
were also present in the liver and heart of rats after MTX
intraperitoneal administration.

Materials and methods
Chemicals

All chemicals and reagents were of analytical grade. MTX
hydrochloride, GSH, reduced [B-nicotinamide adenine
dinucleotide phosphate (p-NADPH), metyrapone (MTP),
diallyl sulfide (DAS), and 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide (MTT) were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Methanol, dimethyl
sulfoxide (DMSQO), and formic acid were obtained from
Merck (Darmstadt, Germany).

Dulbecco’s modified eagle’s medium (DMEM) with
4,500 mg/L glucose and GlutMAX™, fetal bovine serum
FBS, trypsin (0.25 %)—EDTA (1 mM), and antibiotic
(10,000 U/ml penicillin, 10,000 g/ml. streptomycin} were
obtained from Gibco Laboratories (Lenexa, KS, USA).

Animals

Adult male Wistar rats {Charles River Laboratories, Bar-
celona, Spain) weighing 300-350 g were used. The ani-
mals were acclimated, housed in cages, with a
temperature- and humidity-controlled environment. Food
and water were provided ad libitum, and animals were
subjected to a 12-h light—dark cycle. Animal experiments
were licensed by Portuguese General Directory of Veter-
inary Medicine. Housing and experimental treatment of
the animals were in accordance with the Guide for the
Care and Use of Laboratory Animals from the Institute for
Laboratory Research. The experiments complied with
current Portuguese laws.

Isolation of the hepatic S9 fraction

The animals used for the hepatic S9 fraction isolation
received phenobarbital 0.2 % in drinking water for 1 week
prior to the excision of the livers, in order to induce
metabolism (Wolf et al. 1986). All the animals were
monitored, and no signals of toxicity were observed.

The animals were killed through cervical dislocation.
The livers were excised, washed with 100 mM phosphate
buffer, pH 7.4 (in order to remove the excess of blood),
dried, and weighed. Livers were homogenized in 100 mM
phosphate buffer, pH 7.4 (1 g/4 mL of buffer), and cen-
trifuged 9,000x g, 20 min, 4 °C. The supernatant contains
the S9 fraction. All steps were carefully performed on ice.

An aliquot was used to quantify the protein levels by
Lowry method (Rossato et al. 2011, Lowry et al. 1951).

Evaluation of the metabolic profile of MTX

Prior to the incubations, the protein density of the S9 fraction
was adjusted to contain 4 mg/ml in 100 mM phosphate
buffer, pH 7.4 (Wolf et al. 1986). Samples were supple-
mented with 1 mM NADPH and 4 mM GSH, as previously
reported (Wolf et al. 1986). The incubations were carried out
using 100 pM MTX, at 37 °C, for 4-h. Aliquots of this mix
were taken at the mcubation times 0 and 4-h. One blank tube
containing control supplemented S9 fraction (without MTX)
was also incubated and further analyzed in order to evaluate
possible matrix interferences. One tube containing only
160 uM MTX + 1 mM NADPH + 4 mM GSH (without
the 89 fraction) was also evaluated in order to rule out the
possibility of artifacts formation.

At 0 and 4-h, methanol was added to the samples (ratio
of 1:4 methanol) in order to precipitate the proteins and to
extract MTX and the metabolites. Samples were centri-
fuged at 16,000xg, 5 min, 4 °C, and the supernatant was
dried under nitrogen flux. The residues were re-suspended
in 200 pl. of methanol and analyzed by LC/DAD-ESI/MS
or in 100 pl. phosphate saline buffer for the assessment of
cytotoxicity (in detail addressed below).

The incubations with 89 fraction were independently
performed in 3 different days with S9 fraction isolated
from 3 different animals.

In vivo metabolic study

A study using male Wistar rats was performed in order to
verify the presence of MTX metabolites in liver and heart.
Three animals received a single dose of 7.3 mg/kg of
MTX, via intraperitoneal, and were killed 24-h after
treatment. The animals were amesthetized with xilasin/
ketamine (10 mg/kg/100 mg/kg) and were killed after
diaphragm rupture. The livers and hearts were excised and
processed as previously described (An and Morris 2010),
with minors adaptations. Briefly, the organs were homo-
genized with 0.1 M citric buffer containing 100 mg/ml.
ascorbic acid, pH 3.0. MTX, and its metabolites were
extracted after the sequential addition of sulfosalicylic acid
(50 pl., final concentration of 3 %) and acetonitrile
(150 pL) to the tissue homogenate {200 pL). Samples were
centrifuged at 16,000xg, 10 min, 4 °C, and the superna-
tant was dried under nitrogen flux. The residues were
re-suspended in 200 pl. methanol and analyzed by 1.C/
DAD-ESI/MS, as described below. Control organs {from
animals that did not receive MTX) were also evaluated in
order to assess matrix interferences.
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LC-DAD/ESI-MS analysis

A Finnigan Surveyor series L.C, equipped with Lichrocart
Purospher® Star reversed-phase column (25 cm x 4.6 mm
immer diameter, 5 pM, C18), was used. The samples were
analyzed using aqueous 0.5 % (v/v) formic acid as solvent
A and acetonitrile as solvent B (Briick and Briick 2011}.
The pH of the mobile phase was set to 3.0 with formic acid.
The gradient profile was 90 % (v/v) A/10 % (v/v) B for
1 min and, subsequently, the percentage of acetonitrile was
ramped linearly to 80 % B over a time span of 20 min
{Briick and Briick 2011). The analysis was done at a flow
rate of 0.5 mL/min. The sample injection volume was
25 ul.. The chromatographic column was stabilized with
the initial conditions for 10 min. Double-online detection
was done by a DAD and MS detectors. The MS detector was
a Finnigan LCQ DECA XP MAX (Finnigan Corp., San
Jose, CA, USA) quadrupole ion trap equipped with atmo-
spheric pressure ionization source, using ESI. The vaporizer
and the capillary voltages were 5 kV and 4 'V, respectively.
The capillary temperatare was set at 325 °C. Nitrogen was
used as both sheath and auxiliary gas at flow rates of 90 and
35, respectively (in arbitrary units). Spectra were recorded
in positive ion mode between m/z 250 and 1,100.

Comparison of the cytotoxic effects of non-metabolized
MTX and MTX metabolites in H3c2 cells

The H9c2 cell line was a generous gift from Dr. Vilma
Sardao, Center for Neurosciences and Cellular Biology,
University of Coimbra, Portugal. Cells were cultured in
DMEM supplemented with 10 % fetal bovine serum,
106 U/mL of penicillin, and 100 U/mL of streptomycin in
75 cm” tissue culture flasks at 37 °C in a humidified
atmosphere of 5 % CO;, 95 % air atmosphere. Cells were
fed every 2-3 days and sub-cultured once they reached
70-80 % confluence (Sardio et al. 2009a, b).

Cells were seeded at a density of 35,000 cells/ml in
48-well plates (final volume of 250 uL; about 8,000 cells/
cm”) and were allowed to grow for 2 days. On the day of
experiment, the medium was replaced and cells were
divided into four groups (six-well per group): {(a) control
group {(without treatment), (b) matrix group {the previously
4-h incubated S$9 liver fraction enriched with 1 mM
NADPH and 4 mM GSH), (c) MTX + metabolites group
{the product of 4-h incubation of 89 liver fraction + 1 mM
NADPH 4 4 mM GSH + 100 pM MTX)}, and (d) non-
metabolized MTX group (89 liver fraction + 1 mM
NADPH + 4 mM GSH + 100 pM MTX, on time 0 of
incubation). The presence/absence of metabolites in the
groups {c¢) and (d), respectively, was confirmed by LC/
DAD-ESI/MS prior to the incubations. The cytotoxic
effects were assessed afier 24-h incubation period at 37 °C
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through the reduction in MTT assay (described in more
detail below). Three independent experiments were per-
formed {with cells seeded on different days and incubated
with samples obtained from S9 fraction isolated from 3
different animals).

Assessment of the protective effect of the co-incubation
of MTX and P450 cytochrome metabolism inhibitors
in H9¢2 cells

The CYP450 inhibitor MTP (0.5 mM) (Duthie and Grant
1989; Mewes et al. 1993; Li et al. 1995) and the CYP2E1
subtype inhibitor DAS (150 uM) (Pontes et al. 2010) were
co-incubated with MTX (100 nM and | pM) at 37 °C for
96-h. MTP was dissolved in DMSO; thus, a group with
only the vehicle (DMSO 0.1 %) was also included. The
potential protective effect of metabolism inhibitors in the
cytotoxicity of MTX was assessed through the MTT assay.

MTT reduction assay

The cytotoxicity upon H9c2 cells was assessed through the
reduction of MTT. At the end of incubation period, the
medium was removed and the cells were washed with
phosphate saline buffer, pH 7.4, followed by the addition of
fresh cell culture medium containing 0.5 mg/l. MTT and
incubated at 37 °C in a humidified, 5 % CO;, 95 % air
atmosphere for 4-h. After this incubation period, the cell
culture medium was removed and the formed formazan
crystals were dissolved in 100 % DMSO. The absorbance
was measured at 550 nm in a multi-well plate reader
(BioTek Instruments, Vermont, US). The percent of the
MTT reduction relative to control cells was used as the
cytotoxicity measure (Silva et al. 2011).

Statistical analysis

Results are presented as mean £ standard deviation
{(n = 18 per condition out of 3 independent studies). Since
the MTT results passed the normality test, a parametric test
was used. One-way ANOVA was performed to compare
means of different groups followed by the Student—New-
man—Keuls post hoc test. Statistical significance was
accepted at p values <0.05.

Results

Metabolic profile of MTX after incubation
with supplemented rat hepatic 89 fraction

It was possible to demonstrate the metabolism of MTX
using hepatic 89 fraction isolated from adult rats
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supplemented with 1 mM NADPH and 4 mM GSH. Asg
shown in the Fig. 1, the MTX has a retention time of about
15 min. After 4-h incubation of the MTX with the sup-
plemented 89 fraction, a significant decrease of about 35 %
in the MTX peak area was observed, highlighting MTX
metabolism in this in vitro system. Moreover, after 4-h, 5
additional chromatographic peaks were present and were
numerically identified on the LC-DAD/ESI-MS chro-
matogram (Fig. 1). The peaks 1 and 3 were present in small
amounts in time 0, their areas increasing at time 4-h. The
peaks 2, 4 (trace), and 5 were only found after the 4-h
incubation period (Fig. 1). In Fig. 2, the UV-VIS DAD
spectral properties of MTX and its metabolites are pre-
sented, showing that all metabolites identified still possess
the tricyclic planar chromophore group.

Data about the retention times, the MS fragmentation
pattern, and the proposed structure of MTX and its metab-
olites are summarized on Table 1. MTX was unequivocally
identified on the basis of its already described UV-VIS
spectral features (Fig. 2) (Ehninger et al. 1990) and its
parent molecular ion mass ([M + H]1} at m/z 445 (Briick
and Briick 2011). The metabolite 5, the naphtoquinoxaline,
was also already reported (Blanz et al. 1991; Briick and
Briick 2011}, and it has UV-VIS spectrum with maximam
absorbance at 583 and 634 nm (Fig. 2). Tts parent molecular
ion mass (M + HI")is m/z443. Both MTX and metabolite
5 have the same MS/MS daughter fragmentation derived
from cleavages on the side chain: m/z 358 for MTX
and m/z 336 for metabolite 5 (M + H'Y] — CH, =
CHNH,CH,CH,OH), and m/z 384 for MTX and m/z 382 for
metabolite 5 (M + H'] — NH,CH,CH,OH].

Fig. 1 Overlap of LC/DAD-
ESI/MS chromatograms of time
0- and 4-h incubation of rat
hepatic 8% fraction (4 mg/mL)
with 100 pM MTX + 1 mM

NADPH + 4 mM GSH 340 000 -

UAU
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The metabolites 1 and 2 are probably the MTX conju-
gates with one and two molecules of GSH, resulting in the
parent molecular ion mass (M + H]™) at ms 750
{metabolite 1) and ([M + H]™) at m/z 1,055 (metabolite 2)
(Table 1), the same parent molecular ion previously
described for these metabolites (Blanz et al. 1991).
Regarding metabolite 1, the same pattern of fragmentation
of parent ion 750 was obtained (m/z = 477 and m/z = 621)
{(Supplementary data). However, considering the metabo-
lite 2, the fragmentation of the ion at m/z 1,033 results in
fragments (m/z 845 and 775) different from those found in
the study performed by Blanz and co-workers (m/z 926 and
797) (Table 1). Thus, the occurrence of structural rear-
rangements or the insertion of the GSH molecules in other
positions is possible. Metabolite 1 presents maximum
absorbance peaks at 619 and 673 nm, and metabolite 2
presents maximum absorbance peaks at 613 and 661 nm
(Fig. 2). The LC/DAD-ESI/MS analysis does not allow a
conclusion about the site of GSH conjugation. However,
we propose the GSH adduct on the dihydroxybenzene part
of MTX molecule for metabolite 1 based on the previous
work of Mewes and co-workers, which elucidated GSH
conjugates chemical structure through two-dimensional
"H-"3C-heteronuclear multiple-bond connectivity NMR
technique (Mewes et al. 1993).

The metabolite 3 presents an UV—VIS spectrum similar
to MTX (Fig. 2}. Its mass spectrum (Table 1) showed a
parent molecular ion mass ([M + HI™) at m/z 503 and MS/
MS fragmentations with m/z 442 (M + H]"-NH,CH,
CH,OH) and 416 ([M + H]T-CH,=CHNH,CH,CH,OH).
The parent ion suggests that this compound has a
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Fig. 2 UV-VIS spectral data (between 240 and 700 nm) of MTX and
its metabolites after 4-h incubation with rat hepatic S% fraction
supplemented with 1 mM NADPH + 4 mM GSH. The metabolites

CH3COO— group introduced in the original molecule of
MTX (Table 1).

Metabolite 4 was found as a trace (Fig. 1), and it pre-
sents maximum absorbance at 610 and 658 nm (Fig. 2).
Due to the small amount of this compound, the only
information given by the mass spectrum was the parent ion
(IM + H]1) at m/z 455. Based on these data, we proposed
for metabolite 4 the chemical structure presented on
Table 1. A compound with the same molecular ion mass
was previously described and associated with the oxidative
metabolism of MTX (Briick and Briick 2011).

The analysis of the blank sample (containing only the
supplemented 89 fraction, without the addition of MTX)
revealed no relevant interferences from the matrix on the
retention times of interest. Similarly, no peaks were
observed at the same retention times in the sample con-
taining only 100 pM MTX + 1 mM NADPH + 4 mM
GSH (without the 89 fraction) {data not shown).

Metabolic profile of liver and heart extracts
of MTX-treated male rats

The metabolic profile was determined in vivo through the
evaluation of liver and heart extracts of rats that received
7.5 mg/kg of MTX 24-h before. MTX and its metabolites
were extracted and concentrated as described in the
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number designations are in accordance with the chromatogram
showed in Fig. 1

“Materials and methods™ section and analyzed through
LC/DAD-ESI/MS. Control liver and heart extracts were
also analyzed in order to determine matrix interferences.
More attention was given in the search and identification of
the metabolite 5 due to its known pharmacological activity
{Briick and Briick 2011; Shipp et al. 1993).

In the liver extracts of the animals treated with MTX
(Fig. 3a), it was possible to observe the presence of MTX,
with a retention time of about 15 min, and 7 additional
peaks when compared to control livers (data not shown).
All the compounds identified in the chromatogram as
metabolites of MTX are compounds that absorb radiation
between 300 and 700 nm. At the retention time of
18.16 min, it was identified the metabolite 5 due to its UV—
VIS spectrum characteristics and the MS fragmentation
(data not shown). Further structural identification of the
other metabolites was not possible due to the huge back-
ground presented in the analysis. The metabolites that have
the retention times of 13.21 and 13.70 min possess a UV—
VIS spectrum profile similar to the metabolite 1, with
maximum absorbance in the visible region set at 619 and
673 nm {data not shown). The metabolite with the retention
time of 14.04 min has the same absorbance peaks in the
visible region of the metabolite 4, namely 610 and 658 nm
{data not shown). The metabolites with the retention times
of 14.62, 15.39, and 15.79 min have a UV-VIS spectrum
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Table 1 Proposed chemical structure, retention times, and mass spectrum of MTX and its metabolites obtained through LC-DAD/ESI-MS after

4-h incubation of 100 uM MTX in supplemented S% fraction

Compound  Chemical structure Retention time (LC/MS) (min}  MS parent-ion mass [m/z] MS/MS daughter ions [m/z]
MTX NH 15.01 445 384 4 358
o o M +
= =2
‘ e ‘ =
OH o HN\/\NH/\\/OH
1 e NH 13.74 750 621 4 477
GSHLFI'"_’ l*PJ
aH § HN\\/\NH/\JUH
2 ™ 14.10 1,055 845 4+ 775
o o N TS e gy
(LT
OH g HN H
RN sk
3 - 15.61 503 442 4 416
CH © e o
o A
GO
OH o HN\/\ /\\/OH
NH COOCH;
4 oH |D HN/\ o 17.86 455 -
SOSREN
i =~ "N
OH o HN\) OH
18.28 443 382 4 356

with absorbance set at 610 and 661 nm, which are the
absorbance maximum peaks of metabolite 3 and MTX.

In heart extracts {Fig. 3b), it was only observed the
presence of MTX (retention time about 15 min) and
metabolite 5 (retention time about 18 min), in trace
amowmnts. Both compounds were identified throngh analysis
of their DAD spectrum properties and MS fragmentation.
None of the other peaks were identified as other MTX
metabolites.

The metabolites of MTX increase the toxicity
in a cardiomyoblast in vitro model

The cytotoxicity of MTX and pre-incubated MTX meta-
bolic S9 fraction was assessed in cardiomyoblast model
through the reduction of MTT assay after a time
period incubation of 24-h. The treatment groups result
from the extracts of the previous incubations of the sup-
plemented S9 fraction with 100 pM MTX (with the
exception of the matrix group, which did not contain MTX)

at time O {(non-metabolized MTX) or 4-h (MTX and its
metabolites). The presence of MTX metabolites after 4-h
incubation with S9 fraction was previously confirmed by
LC/DAD-ESI/MS analysis, highlighting the presence of
peaks of metabolites and a reduction of 35 % of the MTX
content at this time point (Fig. 1). Figure 4 presents the
cytotoxicity results expressed as percent of the MTT
reduction compared to control. As it can be seen, the
incubation with the matrix group (S9 fraction + 1 mM
NADPH + 4 mM GSH after 4-h incubation at 37 °C) did
not reveal any measurable toxic effect compared to control
(96 + 2 % vs. 100 = 1 %, respectively). The MTX group
and the MTX + metabolites group showed a significantly
decrease in % of MTT reduction compared to control
(79 £2 % for the MTX group and 67 =2 % for the
MTX + metabolites group). In the group MTX + metab-
olites, the cytotoxic effects were significantly more pro-
nounced, even with 35 % less MTX, compared to MTX
group, highlighting that its metabolism increases the
cytotoxicity caused by MTX in the cardiomyoblast model.
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Fig. 4 Cytotoxic effects of MTX and MTX + metabolites in HS¢2
cells after 24-h incubation. Results are presented as mean + standard 96 h
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after MTX incubation were significantly reduced compared ¢\° §<\' Q
to those observed with MTX alone: the % of MTT L)

reduction was 69 £ 5 % for the MTX {100 nM) group
versus 81 + 5% for the MTX (100 nM)} + MTP
(0.5 mM) group and 63 £ 7 % for the MTX (1 puM) group
versus 74 + 1 % for the MTX (1 puM) + MTP (0.5 mM)
group (Fig. 5a). The incubation with MTP alone or the
DMSO 0.1 % group did not produce any measurable toxic
effect (99 = 5 % and 95 + 2 %, respectively) compared to
control (100 £ 4 %).

A partial reversion of the cytotoxicity of MTX using the
CYP2E1 subtype inhibitor DAS (150 uM) was also
observed. The co-incubation of MTX (100 nM} + DAS
(150 pM) caused less toxic effects (73 + 5 %) compared
to MTX (100 nM) alone (64 £ 4 %). The same was
observed in the MTX (1 pM) + DAS (150 pM) (71 £ 4)
versus MTX 1 uM group (59 £+ 8). The % reduction in
MTT in the DAS (150 uM) group (101 + 4 %) was sim-
ilar to those observed in the control group {100 + 6 %)

(Fig. 5b).

Fig. 5 Protective effects of (a) MTP (0.5 mM)} and (h) DAS
(150 pM} in the cytotoxic effects of MTX (100 nM and 1 uM) after
96-h co-incubation. Results are presented as means (%) £ standard
deviation {n = 18 per condition out of 3 independent experiments).
Statistical comparisons were made using One-way ANOVA test
followed by the Student-Newman—Keuls post hoc test (#**¥p < 0.001
vs. control; ™¥p < 0.001 vs. 100 nM; %5 < 0.001 vs. 1 UM}

Discussion

The major findings of the present work are as follows:
{(a) the description of the metabolic profile of MTX after
incubation with the rat hepatic 89 fraction; (b} the finding
that MTX and the naphtoquinoxaline metabolite are pres-
ent in the extracts of hearts and livers of male Wistar rats
treated with MTX 24-h before; (¢) the demonstration of the
increase in the MTX cytotoxicity in the presence of its
metabolites toward H9c2 cells; and (d) the partial
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prevention of the MTX cytotoxicity with the inhibition of
the CYP450 and CYP2E1 metabolism in the H9c2 cells.

To the best of our knowledge, this is the first time that
the metabolism of MTX through the supplemented rat
hepatic S9 fraction is presented. Using this approach, 5
MTX metabolites were identified that keep the chromo-
phore group (Fig. 2), including the naphtoquinoxaline
metabolite {metabolite 5) and a novel metabolite that was
never described before (an acetoxy ester deriva-
tive, metabolite 3} (Table 1). The maintenance of the
chromophore group suggests that all these metabolites
possibly maintain the ability to intercalate into DNA base
pairs since the tricyclic planar structure is essential for
MTX activity (Hsin et al. 2008).

In order to overpass the described difficulty to stimulate
MTX metabolism in vitro (Duthie and Grant 1989; Richard
et al. 1991; Kostrzewa-Nowak et al. 2007) animals
received, as already reported, 0.2 % phenobarbital in
drinking water for 1 week prior to the S§9 fraction isolation
to induce its metabolic systems (Wolf et al. 1986; Novak
and Kharasch 1985). The liver 8¢ fractions are considered
one of the most representative sub-cellular metabolic
in vitro systems because these fractions contain phase T and
phase I enzymes (Jia and Liu 2007; Yoshihara et al. 2001;
Brandon et al. 2003} and are much more illustrative of a
real situation than studies using exogenously and purified
added enzymes (Jia and Liu 2007; Brandon et al. 2003).
Subsequent analysis of S obtained extracts through LC/
DAD-ESI/MS presented in this work allowed an accurate
separation and identification of the metabolic profile of
MTX (Fig. 1; Table 1).

Studies discuss whether MTX suffers one-electron
reduction or two-electron reduction {(Wolf et al. 1986;
Butler and Hoey 1987; Duthie and Grant 1989; Fisher and
Patterson 1992). In fact, the reduction in MTX by flavin
reductases is not facilitated due to its low one-electron
reduction potential (Fisher and Patterson 1992). Hence, the
preferential pathway of MTX metabolism is the two-elec-
tron reduction as evidenced by the prevention of the MTX
bicactivation with the inhibition of cytochrome P450-
mediated metabolism (Li et al. 1995; Duthie and Grant
1989; Mewes et al. 1993) that was also observed in this
work (Fig. 5).

The mterest in the study of the metabolism of MTX has
emerged due to the discover that the naphtogquinoxaline
metabolite, which herein we called metabolite 5 (Table 1},
is involved in the anti-tumoral effect of MTX (Feofanov
et al. 1997, Mewes et al. 1993; Panousis et al. 1997). The
metabolite 5 was already described as the product of MTX
metabolism through heme containing enzymes systems,
CYP450, and peroxidases {Briick and Briick 2011; Blanz
et al. 1991). Other studies suggest that this metabolite
certainly has a significant role in the pharmacological
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activity of MTX (Panousis et al. 1997; Feofanov et al.
1997; Mewes et al. 1993; Shipp et al. 1993) and may be
associated with MTX-induced adverse effects since it
causes ATP depletion in neonatal cardiomyocytes isolated
from rats (Shipp et al. 1993).

The conjugation with GSH, resulting in the metabolites 1
and 2 (Table 1), is the main detoxifying pathway of the
MTX (Mewes et al. 1993). These metabolites were previ-
ously found in studies with rat hepatic microsomes or
cytosol incubated with 1 mM MTX (Wolf et al. 1986) and
after incubation of 60 pg/ml MTX with horseradish per-
oxidase supplemented with 25 mg GSH (Blanz et al. 1991).
To the best of our knowledge, the metabolite 3 (Table 1)
was never associated with the MTX metabolism, although it
is important to refer that it is the first time that a complex
enzymatic system coupled to LC/DAD-ESI/MS analysis of
MTX metabolites is presented. We suggest that the acetoxy
derivative can result from an N-oxygenation in the aromatic
amine, followed by an acetylation. In fact, in primary and
secondary aromatic amines, N-oxygenation by cytochrome
P450 usually results in the formation of arylhydroxylam-
ines, which can be converted by N-acetyltransferases
{present in S9 fraction), functioning as Q-acetyltransfer-
ases, to acetoxy esters (Parkinson and Ogilvie 2008).

As already stated, in our work, the metabolite 4 is
present only in trace amounts {Fig. 1). Thus, it was not
possible to obtain the complete MS fragmentation pattern.
However, the MS parent-ion mass of this compound is set
at m/z 455. Recently, a study with horseradish, lacto, and
lignin peroxidases incubated with MTX demonstrated the
presence of a metabolite with the same parental ion of
metabolite 4 (Briick and Briick 2011). Thus, based on this
study, it was suggested that the metabolite 4 could have the
proposed structure found on Table 1, the monocarboxylic
acid derivative. Mono and dicarboxylic acid MTX deriv-
atives were already associated with rat metabolism in very
low and variable levels (Blanz et al. 1991; Richard et al.
1991), which is in accordance with the trace amounts found
in our experiment with rat liver 89 fraction. In contrast,
they are considered the main metabolites of MTX in rabbits
and humans (Blanz et al. 1991; Richard et al. 1991),
highlighting the interspecies differences in the metabolic
profile of MTX.

An in vivo study was also performed to demonstrate the
metabolic profile of MTX and determine the metabolites in
the rat liver and heart {Fig. 3). The presence of MTX and
the metabolite 5 in both organs was shown. Despite this
metabolite has been already described in the urine of
humans and many laboratory animals (Blanz et al. 1991),
to the best of our knowledge, it is the first time that the
presence of the naphtoquinoxaline metabolite is described
in these organs in an in vivo situation. Furthermore, in liver
extracts, 7 additional metabolites were found that preserve
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the chromophore group. It is known that MTX is rapidly
and extensively distributed in tissues {An and Morris
2010), accumulating in organs such as liver and heart
(Ehninger et al. 1990). In humans, MTX was detected
35 days after a single dose of 12 mg/m” in liver (1,140 ng/
g wet weight) and heart (716 ng/g wet weight) (Batra et al.
1986). The results presented here suggest that, as it hap-
pens with MTX, the naphtoquinoxaline metabolite also
accumulates in hepatic and cardiac tissue.

In the second part of this work, the effects of the MTX
bioactivation in a cardiomyoblast cellular in vitro model
were studied. The cellular damage assessed through the
MTT reduction assay was evaluated after 24-h incubation
with the extracts of previous incubation of supplemented
hepatic 89 fraction with 100 uM MTX at time 0 or 4-h
{containing about 35 % less MTX than at time 0 and the
metabolites presented in the Fig. 1; Table 1). As it can be
seen in the Fig. 4, even with less amounts of MTX, the
presence of the metabolites significantly increased the
cytotoxicity when compared to the non-metabolized MTX
group. A complex metabolic extract containing 5 in vitro
obtained metabolites {including the metabolite 5) was used,
and the results presented herein suggest the relevance
of MTX metabolism for cardiac damage. The unique study
correlating the bioactivation of MTX with its cardiotoxicity
is in agreement with our results since it shows that the
incubation of the previously synthesized and purified cyclic
metabolite {39 pM) (here named as metabolite 5, Table 1)
in neonatal cardiomyocytes isolated from rats caused a
partial depletion of the ATP content (Shipp et al. 1993).
Thus, it seems that the bioactivation of MTX can be
involved in both antitumoral and cardiotoxic effects. How-
ever, the mechanisms of pharmacological and adverse
effects of MTX may differ since it was already demonstrated
that the iron chelator ICRF-7 elicits cardioprotective effects
in isolated neonatal rat cardiomyocytes and prevents the
high-dose MTX lethality on CD-1 mice without counter-
acting the antitumor effect in two different tumor cell lines
and in an in vivo model of leukemia (Shipp et al. 1993).

This is the first time that the prevention of MTX-induced
cytotoxic effects by co-incubation with CYP430 metabo-
lism inhibitors is evidenced in a cardiomyoblast model. As
shown in the Fig. 5, the inhibition of CYP450-mediated
metabolism  significantly decreased the cytotoxicity
observed with the same concentration of MTX in the
absence of the broad CYP inhibitor MTP, highlighting that
the in situ metabolism of MTX may also contribute to its
toxicity. Another major finding of this work is that, for the
first time, it is shown that similar protective results are
obtained with the co-incubation with DAS, a CYP2EL
subtype inhibitor (Fig. 5b). The heart is an organ
expressing both cytochrome P450 enzymes and NADPH
cytochrome reductase (Duthie and Grant 1989; Yoshihara

et al. 2001). CYP2EI is markedly abundant in heart, and
we showed here that it contributes to MTX cytotoxicity.
The partial protection evidenced by the CYP inhibitors
may be related to the direct toxic effect of MTX or the
involvement of other enzymes present in the H9¢2 cells
that can promote the bioactivation of MTX. There are
studies showing that the use of MTP prevents the cyto-
toxicity of MTX, namely in MCF7 human breast cancer
cells (Li et al. 1995), in human hepatoma-derived cells
{(Duthie and Grant 1989; Mewes et al. 1993), and rat
hepatocytes (Mewes et al. 1993). Moreover, it was
observed a proportional relationship between the cellular
metabolic competences and the sensibility to MTX cellular
damage, since rat hepatocytes are more susceptible to the
cytotoxicity than hepatoma-derived cells {(Mewes et al.
1993).

In summary, we presented the metabolic profile of MTX
after incubation with rat hepatic S9 fraction. Five poten-
tially MTX metabolites were presented, including the
metabolite 3 that was never described before and the
naphtoquinoxaline metabolite (metabolite 5). The metab-
olite 5 is considered the main hicactive product of MTX
metabolism (Mewes et al. 1993; Panousis et al. 1997). We
showed for the first time that this metabolite can be found
in rat liver and heart, prolonging the exposure period of
cardiac and hepatic cells to this hicactive compound. As
demonstrated in vitro, the presence of MTX metabolites
enhances the toxicity in a cardiomyoblast model. Further-
more, it was proved that the bioactivation of MTX medi-
ated through CYP430 and namely CYP2El metabolism
that occurs in loco in the cardiomyoblasts exerts a signif-
icant role in the cellular damage promoted by MTX. Thus,
these results suggest that besides the relevance of MTX
metabolism to its pharmacological action, the biotransfor-
mation fate of MTX might also be involved in its
cardiotoxicity.
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Abstract Mitoxantrone (MTX) is a chemotherapeutic
agent that emerged as an alternative to anthracycline ther-
apy. However, MTX also causes late cardiotoxicity, being
oxidative stress and mitochondrial-impaired function pro-
posed as possible mechanisms. This work aimed to inves-
tigate the relevance of these mechanisms to the MTX
toxicity in H9c2 cells, using therapeutic concentrations. The
observed cytotoxicity of MTX was time and concentration
dependent in both lactate dehydrogenase leakage assay and
MTT reduction assay. Two therapeutic concentrations {100
nM and 1 pM) and three time points were selected (24, 48,
and 96 h) for further studies. Both MTX concentrations
cansed a significant increase in caspase-3 activity, which
was not prevented by inhibiting MTX CYP450-metabolism.
Significant decreases were observed in the total and reduced
glutathione levels only in MTX 100 nM at 96 h; however,
neither alterations in oxidized glutathione nor increases in
the malondialdehyde levels were observed at any time or
concentrations tested. On the other hand, changes in the
intracellular ATP levels, mitochondrial membrane poten-
tial, and intracellular calcium levels were observed in both
concentrations and all time tested. Noteworthy, decreased

L. G. Rossato (B} - V. M. Costa - V. Vilas-Boas -

M. de Lourdes Bastos - F. Remiao (E0)

REQUIMTE, Laboratdrio de Toxicologia, Departamento de
Ciéncias Biologicas, Faculdade de Farmacia, Universidade do
Porto, Rua Jorge Viterbo Ferreira, 228, 4050-313 Porto, Portugal
e-mail: luciana.g.rossato @ gmail.com

F. Remido
e-mail: remiao@ff.up.pt

A. Rolo - C. Palmeira

Departamento de Ciéncias da Vida, Centro de Neurociéncias
e Biologia Celular de Coimbra, Universidade de Coimbra,
Coimbra, Portugal

Published online: 18 September 2013

levels of ATP-synthase expression and activity and
increases in the reactive species generation were observed
at 96 h in both working concentrations. However, the rad-
ical scavenger N-acetylcysteine or the mitochondrial func-
tion enhancer L-camitine did not prevent MTX cytotoxicity.
Thus, this work evidenced the early MTX-induced ener-
getic crisis as a possible key factor in the cell mjury.

Keywords Mitoxantrone - Cardiotoxicity -
Energetic failure - Oxidative stress - Energetic
imbalance

Abbreviations
DCFH-DA  Dichlorodihydrofluorescein diacetate

DHR Dihydrorhodamine 123

DMEM Dulbecco’s modified eagle’s medium
DMSO Dimethyl sulfoxide

DTNB 5,5-Dithio-bis{2-nitrobenzoic) acid
FBS Fetal bovine serum

FI Fluorescence intensity
GSH Reduced glutathione
GSHt Total glutathione

ip Intraperitoneal

GSSG Oxidized glutathione

LDH Lactate dehydrogenase

MTT 3-(4,5-Dimethylthiazol-2-y1}-2,5-
diphenyltetrazolium bromide

MTX Mitoxantrone

NAC N-acetylcysteine

B-NADH  Reduced B-nicotinamide adenine
dinucleotide

Pi Inorganic phosphate

SD Standard deviation

TBA Thiobarbituric acid

TMRM Tetramethylrhodamine
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Introduction

Mitoxantrone (MTX) is an anthracenedione chemothera-
peutic agent used in the treatment of solid tumors, such as
breast and prostate cancer, and hematological malignances,
namely acute leukemia and lymphoma [1]. Due to its
immunosuppressive  properties, MTX has been also
employed in the treatment of multiple sclerosis [2]. MTX
acts as an intercalating agent being a powerful inhibitor of
DNA and RNA synthesis, and affects the cell cycle at
various stages [3]. Moreover, MTX is an inhibitor of
topoisomerase 1T [1], and, recently, the MTX potential
epigenetic effects were demonstrated given its high affinity
to bind to histone H1 and core histones in vitro [4].

Due to their similar chemical structure and anticancer
mechanisms, MTX was considered an alternative to
anthracycline chemotherapy with the advantage of allow-
ing the administration of lower relative doses than doxo-
rubicin [5]. However, it became evident after its clinical
use that MTX also promoted late irreversible cardiotoxicity
in up to 18 % of treated patients, which sometimes is
clinically diagnosed several years after treatment [1].
Furthermore, this risk is increased with higher cumulative
doses [1]. MTX is extensively distributed and accumulates
in heart tissue. In fact, MTX is still detected in the human
heart {716 ng/g wet weight) 35 days after a single dose
(12 mg/mz) [6], showing that cardiac cells maintain a
prolonged contact after MTX administration.

The observed heart failure promoted by MTX is clini-
cally similar to that caused by doxorubicin [1]; however,
mechanistic studies of MTX-induced cardiotoxicity are
scarce on the available literature. The cardiac side effects
promoted by doxorubicin have been extensively related to
oxidative stress [7] and to mitochondrial-impaired function
[8]. Studies demonstrated that the oxidoreductive metabo-
lism of MTX produces reactive intermediates [9, 10] and
that MTX shows particular effectiveness against tumors
expressing high content of heme-peroxidases [11], sug-
gesting the involvement of reactive species in its successful
antitumor action. Additionally, its cytotoxicity has already
been prevented by the inhibition of CYP430-mediated
metabolism in human hepatoma-derived cell line [10, 127,
in isolated adult rat hepatocytes [12], and in MCF-7 human
breast cancer cells [13]. In fact, recently, our research
group highlighted that the bioactivation of MTX may also
be involved in its undesirable cardiac side effects since the
cytotoxicity of MTX was partially prevented in a cardio-
myoblast H9¢2 cell model by inhibiting CYP450- and
CYP2El-mediated metabolism [14].

Energetic imbalance was suggested to be a consequence
of MTX treatment. In cultured neonatal rat heart cells, the
3 h incubation with MTX (about 0.1-10 uM) caused a
concentration-dependent decline in the ATP levels after 72 h
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[15]. Mitochondrial swelling was observed after electron and
light microscopy in hearts excised from female BALB/c
mice killed 1 week after treatment with MTX (0.2 mg/kg),
intraperitoneal (i.p.), weekly, for 12-week [5]. Furthermore,
cardiac mitochondria isolated from rats treated with MTX
{1 mg/kg i.p.), twice a week, for 4 weeks, showed a reduc-
tion in the electron transfer and the respiratory chain activity
and uncoupling of oxidative phosphorylation [ 16]. In spite of
these 3 studies, the mitochondrial role on MTX-induced
cardiotoxicity and the mechanisms involved are still poorly
understood due to the lack of focused studies on their func-
tionality while facing MTX.

This work aimed to evaluate the mechanisms involved
in the MTX cardiotoxicity using the H92 cells as cellular
model exposed to therapeutic concentrations of this drug.
HSc2 is a cell line derived from rat heart, that is considered
a valuable model to assess in vitro cardiotoxicity [17],
specially due to its metabolic features, which are compa-
rable to those found in rat heart [18]. The work used this
in viro model to evaluate several mitochondrial and
mitochondrial-related pathways, namely ATP levels,
mitochondrial membrane potential, or ATP-synthase
activity or expression. Other cellular components, which
could be related to mitochondrial functionality, namely
calcium levels, formazan metabolization, reactive species
generation, or glutathione levels were also evaluated. The
use of a CYP450 inhibitor (metyrapone), a CYP2ZEI1
inhibitor {diallyl sulfide), a reactive species scavenger (N-
acetylcysteine [NAC]), and a mitochondrial function
enhancer (L-carnitine) was also performed to evaluate the
role of the respective pathways in MTX cytotoxicity.

Methods
Chemicals

All chemicals and reagents were of analytical grade or of the
highest grade available. MTX hydrochloride, NAC, I-car-
nitine, reduced glutathione (GSH), oxidized glutathione
(GSSG), glutathione reductase (GR, BEC 1.6.4.2), 2-vinyl-
pyridine, reduced p-nicotinamide adenine dinucleotide (p-
NADH), 3-(4,5-dimethylthiazol-2-y1}-2,5-diphenyltetrazoli-
um bromide (MTT), 3,5-dithio-bis(2-nitrobenzoic) acid
(DTNB), the caspase-3 substrate (N-Acetyl-Asp-Glu-Val-
Asp p-nitroanilide), dihydrorthodamine 123 (DHR), lucif-
erin, luciferase, thiobarbituric acid (TBA), protease inhibi-
tors cocktail, anti-goat actin monoclonal antibody, and anti-
rabbit ATP-synthase polyclonal antibody were obtained
from Sigma-Aldrich (St. Louis, MO). Dichlorodihydro-
fluorescein  diacetate {DCFH-DA), tetramethylrhodamine
{(TMRM), and Fluo-3 AM were obtained from Molecular
Probes (Bugene, OR). Dimethyl sulfoxide {DMSO) and
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perchloric acid (HCIO,) were obtained from Merck
(Darmstadt, Germany). The nitrocellulose membranes (Hy-
bhond ECL), ECL cheniiluniinescence detection reagents, the
anti-rabbit and anti-goat IgG peroxidase secondary antibody
were obtained from GE Healthcare (Buckinghamshine, UK).
Flow cytometry reagents (BD Facs-Flow™ and Facs-
CleanTM) were purchased from Becton, Dickinson, and
Comipany (Sdo Jose, CA). Bio-Rad DC protein assay kit was
purchased from Bio-Rad laboratories (Hercules, CA).

Dulbecco’s modified eagle’s medium {(DMEM) with
4,500 mg/L glucose and GlutaMAX™, fetal bovine serum
(FBS), trypsin (0.25 %)}-EDTA (1 mM), and antibiotic
{10,000 U/ml penicillin, 10,000 g/ml streptomycin} were
obtained from Gibco Laboratories {Lenexa, KS).

H9¢2 Cell Culture

The H9c2 cell line was a generous gift from Dr. Vilma
Sardio, Center for Neurosciences and Cellular Biology,
University of Coimbra, Portugal. Cells were cultured in
DMEM supplemented with 10 % FBS, 100 U/ml of peni-
cillin, and 100 U/ml of streptomycin in 75 cm® tissue
culture flasks at 37 °C in a humidified 5 % CO,-95 % air
atmosphere. Cells were fed every 2-3 days, and sub-cul-
tured once they reached 70-80 % confluence. After seed-
ing, cells were allowed to grow for 2 days, and then, the
medium was replaced to start the treatments.

Cytotoxicity Assays

Cells were seeded at a density of 35,000 cells/ml in 48-well
plates (final volume of 250 ul; about 8,000 cells/cmz), as
previously described [14]. Concentration—response and
time—response curves of MTX were performed using
incubation times of 24, 48, 72, and 96 h with MTX con-
centration range of 10 nM to 100 pM (10, 100 nM, 1, 5,
10, 50, and 100 pM). Cellular damage was quantitatively
assessed through the measurement of LDH release [19] and
also through the MTT reduction assay [14], as previously
described. For the following experiments, MTX working
concentrations selected were 100 nM and 1 pM based on
cytotoxicity test results.

Studies were also performed by co-incubating for 96 h
MTX with potential protective agents, the rteactive spe-
cies scavenger and GSH precursor NAC (1 mM) [20],
and the energetic function enhancer I-camitine {1 mM)
[21].

Caspase-3 Activity Assay
Caspase-3 activity was determined in H9c¢2 cells after

100 oM or 1 uM MTX incubation. The incubation period
was defined after pilot studies at 6, 24, and 96 h incubation

period and chosen to be 24 h. The CYP450 inhibitor
metyrapone (0.5 mM) and the CYP2El inhibitor diallyl
sulfide {150 pM) were used as possible counteracting agents
to the activation of caspase-3 caused by MTX [14]. Cells
were seeded at a density of 33,000 cells/ml in 6-well plates
(final volume of 2.5 ml, about 9,000 cells/cm?) and allowed
to grow for 2 days. The medinm was replaced and cells were
incubated with MTX (100 nM or 1 pM), in the presence or
absence of each metabolism inhibitor, 2 wells per condition.
After 24 h incubation, cells were detached and collected to
tubes (2 wells for one tube). Cells were centrifuged at
210xg for 5 min, at 4 °C, and the supermnatant was dis-
carded. One hundred and fifty microliters of lysis buffer
(50 mM HEPES, 0.1 mM EDTA, 0.1 % CHAPS, 1 mM
DTT) was added to the pellets. After complete lysis, samples
were centrifuged at 16,000xg, for 10 min, at 4 °C. The
supernatant, which contains the cytoplasmatic fraction, was
collected to another tube. All steps were performed on ice.
Caspase-3 activity was determined at 405 nm in a multi-well
plate reader (BioTech Instruments, Vermont, US) as previ-
ously described [19].

The protein content in the cell lysate was quantified using
the Bio-Rad DC protein assay kit as described by the
manufacturer, and albumin solutions were used as standards.

Evaluation of Oxidative Stress
Evaluation of Reactive Species Generation

Cells were seeded at a density of 35,000 cells/ml in 48-well
plates (final volume of 250 ul, about 8,000 cells/cm?) and
allowed to grow for 2 days.

In order to assess the early reactive species generation,
the medinm was replaced and cells were incubated with
two different probes, DHR (final concentration 100 pM)
[19] or DCFH-DA (final concentration 10 pM) as previ-
ously described [22], for 30 min at 37 °C and in the dark.
After washing cells twice with phosphate-buffered saline in
order to remove non-internalized probes, the new medium
was placed and cells were incubated with MTX (100 nM
and 1 pM). H,O, (130 uM) was used as a positive control
for the probes [22]. Cells were kept in the dark at 37 °C.
The detection and quantification of intracellular reactive
species was performed using a fluorescence plate reader
{baseline 485 nm excitation, 528 nm emission), every
hour, until 10 h incubation.

In order to evaluate the late generation of reactive spe-
cies, cells were first incubated with MTX (100 nM and
1 uM). After 96 h incubation at 37 °C, the medium was
replaced and cells were incubated with DCFH-DA
(10 uM), for 30 min, at 37 °C, in the dark. At the end of
incubation period, the medium was replaced and the
detection was performed as described above.
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Measurement of Intracellular Total Glutathione (GSHt),
GSH, and GSSG Levels

Cells were seeded at a density of 35,000 cells/ml in 35 cm?
Petri dishes (final volume of 12.5 ml, about 8,000
cell/cm?®). After growing for 2 days, the medinm was
replaced and MTX (100 nM and 1 uM) was added. After a
24, 48, and 96 h incubation period, the intracellular levels
of GSHt and GSSG in the H9¢2 cells were evaluated by the
DTNB-GSSG reductase recycling assay, as previously
described [20].

The protein content was assayed by the Lowry method,
using albumin solutions as standards, as previously descri-
bed [20]. GSHt, GSH, and GSSG contents were normalized
to total protein content, and the final results were expressed
as nmol of GSH or GSSG per mg of protein.

Evaluation of Lipid Peroxidation

Cells were seeded at a density of 35,000 cells/ml in 6-well
plates (final volume of 2.5 ml, about 9,000 cells/cm?).
After growing for 2 days, the medium was replaced for
fresh mediom and MTX (100 nM and 1 pM) was added.
Each condition (control, MTX 100 nM, or MTX 1 pM)
was performed in duplicate. After 24, 48, or 96 h incuba-
tion at 37 °C, the medium was removed and cells of two
wells were collected with phosphate-buffered saline,
pH = 7.4, on ice to the same centrifuge tube. Cells were
centrifuged (210x g, 5 min, 4 °C) and the supematant was
removed. The obtained pellet of cells was lysed with
106 w1 of 5 % HCIO,, homogenized, and centrifuged
(16,000x g, 10 min, 4 °C). Lipid peroxidation was assessed
by measuring malondialdehyde in the supematant fraction
through a HPLC/UV method previously described [23],
with some adaptations. The pellet was dissolved in 100 pl
NaOH 0.3 M, and the protein levels were determined by
Lowry method, using albumin solutions as standards.

The HPLC analysis was carried out on a system con-
sisting of a Gilson equipped with UV-VIS detection
(4 = 532 nm). Chromatographic separation was achieved
using a Waters C18 Spherisorb 5 uM ODS2 4.6 x 250 mm
colummn. The mobile phase consisted in 50 mM ammoniom
acetate (pH = 5.5): methanol (1:1} + 0.1 % triethylamine.
The flow rate was maintained isocratically at 0.6 ml/min,
and the total run time was & min.

Evaluation of the Energetic Fanction
Measurement of Intracellular ATP Levels
Cells were seeded and allowed to grow following the same

protocol used for the measurement of glutathione levels.
Conversely, the cells were scrapped and treated with the

@ Springer
62

same protocol described for the evaluation of glutathione
levels (detailed above). ATP intracellular levels were
measured as previously described [24].

Evaluation of the ATP-synthase Expression

For the in vitro assessment of the ATP-synthase expression,
cells were seeded at a density of 35,000 cells/ml in Petri
dishes (final volume of 12.5 ml, about 8,000 cellicm?).
After growing for 2 days, the medium was replaced and
MTX (100 nM and 1 pM) was added. After the mcubation
periods of 24, 48, and 96 h at 37 °C, cells were collected
with phosphate-buffered saline, pH = 7.4, and centrifuged
(210xg, 5 min, 4 °C). The supematant was discarded and
the pellet was lysed with RIPA buffer [50 mMTris-HCl,
150 Mm NaCl, 1 % Igepal CA 630 (v/v), 0.5 % sodium
deoxycholate (w/v), and 0.1 % SDS (w/v), pH = 7.4]
supplemented with protease inhibitors cocktail. The ATP-
synthase expression was evaluated through western immu-
noblot. Equal amounts of protein (quantified using the Bio-
Rad DC protein assay kit) were loaded and electrophoresed
on 10 % SDS—polyacrylamide gel and transferred to poly-
vinylidenedifluoride membrane. Membranes were blocked
with 5 % non-fat milk and incubated with the ATP-synthase
antibody (1:500), overnight at 4 °C. Actin {1:500) was used
as loading control. The bands obtained through western blot
were quantified with QuantityOne® software (Bio-Rad).

Evaluation of the ATP-synthase Activity

The activity of ATP-synthase was ndirectly determined by
analysis of the inorganic phosphate (Pi) released from ATP
hydrolysis. Cells were seeded at a density of 35,000 cells/
ml in Petri dishes (final volume of 12.5 ml, about
8,000 cell/em®). Cells were allowed to grow for 2 days, the
medium was replaced, and MTX (100 nM and 1 puM) was
added. Cells were incubated for 96 h at 37 °C.

After the incubation period, cells were scrapped and
treated with the same protocol described for the evaluation
of ATP-synthase expression (detailed above). The ATP-
synthase activity was determined in the cell lysate using
0.75 mg protein (quantified using the Bio-Rad DC protein
assay kit). The cell lysates were incubated with 2 ml
reaction medium (125 mM sucrose, 65 mM KC1, 2.5 mM
MgCl,, 50 mM HEPES, pH 7.4}, at 37 °C. Each condition
{control, MTX 100 oM or MTX 1 uM) was performed in
two independent tubes, one of them in the presence of 2 pl
of 1 mg/ml oligomycin (inhibitor of mitochondrial ATP-
synthase). The reaction was started with the addition of
50 pul of 100 mM ATP and was stopped with the addition
of 1 ml 40 % trichloroacetic acid. Then, 1 ml of the
product of this reaction was incubated with 2 ml of freshly
prepared ammoninm molybdate reagent containing ferrous
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sulfate and 2 ml distillated water, for 5 min. ATP-synthase
activity is quantified subtracting the difference between the
Pi released by ATP hydrolysis in the presence and
absence of oligomycin. A standard curve of Pi was per-
formed using KH;PQ,. The absorbance of the reaction was
measured at 663 nm, and the results were expressed as
nmol Pi/mg/min.

Flow Cytometry Analysis

Intracellular calcium and the evaluation of the mitochon-
drial membrane potential were determined through flow
cytometry using the Fluo-3 AM and TMRM fluorescent
probes, respectively. Cells were seeded at a density of
35,000 cells/ml in 6-well plates (final volume of 2.5 ml,
about 9,000 cells/cm®). After growing for 2 days, the
medium was replaced and MTX (100 nM and 1 uM) was
added (3 wells per condition).

Fluorescence measuremients of the cell suspensions were
taken with a flow cytometer (FACSCalibur, Becton Dick-
inson Biosciences) equipped with a 488-nm argon ions
laser. The green fluorescence of Fluo-3 AM was measured
through a 530-nm band-pass filter (FL1), and the red
fluorescence of TMRM was measured through a 575-nm
band-pass filter (FL2). Acquisition data for 15,000 cells
were gated to include only viable cells based on their
forward and side light scatters and the propidium iodide
(5 ug/mly incorporation. Logarithmic fluorescence was
recorded and analyzed by the BDIS CellQuest Pro software
(Becton Dickinson Biosciences). Non-labeled cells (with or
without MTX) were analyzed in FL1 and FL2 in order to
detect a possible contribution from cells autofluorescence
to the analyzed fluorescence signals. Results were pre-
sented as mean fluorescence intensity (FI).

Assessment of the Mitochondrial Membrane Potential

After 24, 48, and 96 h incubation, the medium was
removed and cells were washed with phosphate-buffered
saline, pH 7.4, and tripsinized with 0.25 % trypsin/l mM
EDTA in order to obtain a cell suspension. Cells were
centrifuged (250 g, 5 min), the supernatant was discarded,
and cells were suspended in 50 pl culture medium con-
taining 20 nM TMRM [25]. Cells were incubated for
30 min, at 37 °C, in the dark. After that, cells were washed
twice with phosphate-buffered saline, pH 7.4, centrifuged
{210xg, 5 min), and kept on ice until flow cytometry
analysis.

Assessment of the Intracellular Calcium Levels

The collection and preparation of the cells was done as in
the assessment of the mitochondrial membrane potential

(see above). The assessment of the intracellular calcium
levels was performed as previously described [26].

Statistical Analysis

Results are presented as means = the standard deviation
(SD) from independent experiments. Statistical compari-
sons between groups were performed with one-way
ANOVA (in case of normal distribution) or Kruskal-Wallis
test (one-way ANOVA on ranks—in case distribution is
not normal). Significance was accepted at p values <0.05.
Details of statistical analysis are found in the legend of the
figures.

Results

Low Concentrations of MTX Elicit Cytotoxic Effects
in a Time- and Concentration-Dependent Manner

The cytotoxicity of MTX was demonstrated at different
concentrations and time points, through the decline in the
cell viability observed in the LDH leakage assay (Fig. 1)
and through the decrease in the MTT reduction activity
(Fig. 2). The cytotoxic effects observed in these two assays
were dependent on MTX concentration and time of incu-
bation, as shown in the Figs. 1 and 2 (time-response and
concentration—response curves).

The decrease in the cell viability in observed the LDH
leakage assay is related to cell rupture, and results are
shown in the Fig. 1. After 24 h incubation, the lower
concentrations tested (10 nM, 100 nM, and 1 uM) did not
cause significant decreases in the cell viability compared to
control. However, the 24 h incubation with 5 and 10 uM
MTX caused a significant decrease in cellular integrity,
which was more notorious for the highest concentrations
tested, namely 30 and 100 uM MTX. After 48 h, only the
incubation with 10 nM MTX did not decrease cell viability
compared to control cells. The 48 h incubation with
106 oM, 1, 5, 10, 50, and 100 uM caused significant
decreases in cell viability. After 72 h incubation, the
cytotoxicity observed with the 10, 100 nM, and 1 pM
MTX remained similar to the control values. The 72 h
incubation with the other concentrations (5, 10, 50, and
106 pM) caused significant decreases in the cell viability.
The cytotoxicity of MTX was even more evident in the
longest incubation period (96 h). Ten nM MTX did not
change cell viability compared to control; however, slight
decreases were observed with the incubation with 100 nM
and 1 uM MTX, and dramatic effects were observed with
the higher concentrations of 5, 10, and 30 pM.

The reduction of MTT leads to the formation of for-
mazan crystals, mostly by the action of mitochondrial
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Fig. 1 Effect of different
concentrations of MTX on the
H9c2 viability after 24 h {a),
48 h (b}, 72h {¢), and 96 h
{d} of incubation at 37 °C
evaluated by the LDH leakage
assay. Results are presented as
means (%) £ SD (n = 24 per
condition out of 4 independent
experiments) (***p <2 0.001 vs.
Control}. Statistical
comparisons were made using
one-way ANOVA test followed
by the Bonferroni post hoc test

Fig. 2 Effect of different
concentrations of MTX after
24 h{a), 48 h (b}, 72 h (¢}, and
96 h (d} incubation at 37 °C
with H9c2 cells evaluated by the
MTT reduction actvity assay.
Results are presented as means
(%) £ 8D (n = 18 per
condition out of 3 independent
experiments). Statdstcal
comparisons were made using
one-way ANOVA test

{(***p <2 0.001 vs. Control}
followed by the Bonferroni post
hoc test
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dehydrogenases, thereby can be used as a mitochondrial
viability index. After 24 h, the %MTT reduction observed
in the 10 nM MTX incubation was similar to control
values. The incubation with 100 nM or 1 pM MTX
caused slight, but significant, decreases in the %MTT
reduction. More pronounced cytotoxic effects were
observed with the 24 h MTX incubation at 5, 10, 50, and
100 UM concentrations. After 48 h incubation, the #MTT
reduction values in the 10nM MTX concentration
remained similar to that in the control cells. MTX
100 nM and 1 pM caused slight significant decreases.
Again, more notorious cytotoxic effects were observed
with the higher concentrations of 5, 10, 530, and 100 pM.
After 72 h incubation, the %MTT reduction values
observed with 10 nM were similar to the control values.
The 72 h incubations with higher concentrations (100 nM,
1, 5, 10, 50, and 100 uM) caused significant decreases in
%MTT reduction. Similar to what was observed in the
LDH leakage assay, the cytotoxicity observed by MTT
assay was time dependent being the cytotoxicity higher
with the longest incubation period (96 h). The incubation
with 10 nM MTX did not cause any significant changes in
the %MTT reduction compared to control. The co-incu-
bation with the radical scavenger NAC (1 mM) or the
mitochondrial function enhancer L-camitine {1 mM) did
not prevent the cytotoxic effects observed with the incu-
bation of MTX (100 oM and 1 pM) for 96 h in the
reduction of MTT test (data not shown).

MTX Incuabation Elicits an Increase in the Caspase-3
Activity After 24 h

As can be observed in the Fig. 3, the incubation of 100 nM
and 1 pM MTX, for 24 h, at 37 °C, caused an increase in

24 h
0.06

0.04 1

0.02

Caspase-3 activity
{(OD/mg protein)

0.00 T

T
N
PSS SN
ey A

Fig. 3 Levels of caspase-3 activity in the HSc2 cells after 24 h
incubation with MTX (100 nM and 1 puM). Results are presented as
mean + SD (n = 6 independent experiments). Statistical compari-
sons were made using Kruskal-Wallis test followed by the Student—
Newman—Keuls post hoc test (*p < 0.05 vs. Control)

caspase-3 activity (0.033 & 0.007 OD/mg protein and
0.039 £+ 0.010 OD/mg protein, respectively}, compared to
control cells (0.025 + 0.003 OD/mg protein). The co-
incubation of MTX (in the same concentrations) with the
CYP4530 inhibitor metyrapone (0.3 mM) or with the
CYPZEL1 inhibitor diallyl sulfide {150 pM) did not prevent
the observed effects in the caspase-3 assay {(dafa not
showr).

Reactive Species Generation and GSH Depletion
after 96 h: No GSSG Formation or Lipid Peroxidation

The effect of MTX in the generation of reactive species
was assessed using two different fluorescent probes,
DCFH-DA (10 pM) and DHR (100 pM). In all the early
time points tested (1, 2, 3,4, 5, 6, 7, 8, 9, or 10 h), no
changes in intracellular reactive species generation with
any of MTX-tested concentrations (100 nM and 1 pM)
were observed (data not shown). However, as evidenced in
the Fig. 4a), incubations with DCFH-DA after 96 h pre-
incubation with MTX in both working concentrations
caused a significant increase in the generation of reactive
species (137 £ 46.7 % in the MTX 100 nM group and
141 £569 % in the MTX 1 pM group compared to
106 + 10.3 % in the control group).

No changes in the GSHt, GSH, and GSSG intracellular
levels after the 24 and 48 h incubations with MTX
(100 nM and 1 pM) were observed (data not shown). Only
when cells were incubated with MTX (100 nM) for 96 h, a
significant decrease was observed in GSHt and GSH
intracellular levels when compared with control group, as
shown in Fig. 4b and c, respectively. No differences were
found in GSSG levels in the previous conditions {data not
shown). No significant changes were observed with the
concentration of MTX 1 uM for GSH, GSHt, or GSSG
intracellular levels {data not shown).

No significant changes were observed in the malondi-
aldehyde levels after incubation with MTX (100 nM and
1 uM) at any time point tested (24, 48, or 96 h) in com-
parison with control levels (dafa not shown).

MTX-Induced Energetic Impairment and Increased
Levels of Intracellular Calcium at All Time Points

ATP intracellular levels afier MTX incubation were assessed
through the bioluminescence test. Significant decreases in
the ATP levels were observed in all time point tested, as
shown in the Fig.5: after 24 h incubation with MTX
(100 nM and 1 uM), the ATP intracellular levels were about
0.63 + 048 nmol/mg protein and 0.87 + 0.50 nmol/mg
protein, respectively, compared to 1.77 £ 049 nmol/mg
protein for the control group. At the end of 48 h incubation,
ATP levels were 1.23 £ 0.37 nmol/mg protein in the MTX
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Fig. 4 Markers of oxidative stress after MTX incubation with HS¢2
cells. a Intracellular levels of reactive species detected after
incubation with DCFH-DA (10 uM) fluorescent probe after 96 h
pre-incubation with MTX (100 nM and 1 pM). Results are presented
as means (%) £ SD (n = 0 independent experiments). Intracellular
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levels of b GSHt and ¢ GSH after 96 h incubation with MTX
(100 nM and 1 pM}. Results are presented as mean &= SD (n =7
independent experiments). Statistical comparisons were made using
Kruskal-Wallis test followed by the Smdent-Newman—Keuls post
hoc test (¥p << 0.05 vs. Control)
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Fig. 5 ATP intracellular levels after MTX (100 nM and 1 uM)
incubation for a 24 h, b 48 h, and ¢ 96 h. Results are presented as
mean = SD  (n =5 independent experiments).  Statistical

106 nM group and 1.18 + 1.21 nmol/mg protein in the
MTX 1 pM group versus 2.50 + 0.25 nmol/mg protein for
the control group. After 96 h incubation with MTX (160 nM
and 1 uM), the ATP intracellular levels were about
131 = 042 nmol/mg protein and 1.33 £ 0.78 nmol/mg
protein, respectively, compared to 2.20 + 0.83 nmol/mg
protein for the control group.

The expression of ATP-synthase was evaluated through
western immunoblotting in all time points (24, 48, and
96 h), after incubation with MTX in both working con-
centrations. Results were normalized to the actin content
and were expressed as the optic density ratio between ATP-
synthase/actin (% relative to the control). No significant
changes were observed after 24 or 48 h incubation (data
not shown). In contrast, after the 96 h incubation, signifi-
cant decrease in the ATP-synthase expression was
observed in both treated groups, as evidenced in Fig. 6a, b.
The expression of ATP-synthase was about 86 + 3.1 % in
the MTX 100 nM group, 84 & 3.6 % in the MTX 1 uM
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comparisons were made using Kruskal-Wallis test followed by the
Student-Newman—Keuls post hoc test (*p < 0.05 vs. Control)

versus 100 £ 0.6 % in the control cells. Considering these
differences, the ATP-synthase activity was also evaluated
in MTX-treated cells after 96 h incubation. As shown in
Fig. 6c, after 96 h incubation with MTX (160 nM and
1 uM), the ATP-synthase activity was dramatically
decreased (6.8 + 3.8 nmol Pi/mg/min and 5.1 + 1.5 nmol
Pi/mg/min, respectively) compared to control cells
(18.2 + 4.4 nmol Pi/mg/min).

After incubation with MTX for 24, 48, and 96 h, the
mitochondrial membrane potential and the calcium intra-
cellular levels were evaluated using the TMRM and the
Fluo-3 AM fluorescent probes, respectively. As shown in
the Fig. 7a, after 24 h incubation period, there was an
accumulation of the TMRM probe only with the lower
concentration tested (100 nM) (60 + 11.9 mean FI),
compared to control (48 + 10.6 mean FI). The incubation
with MTX 1 pM did not caunse significant changes
{43 £ 13.3 mean FI) compared to control values. At the
same time point, the change in the mitochondrial
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Fig. 6 a Representative
western blot gel of ATP-
synthase expression in the HS¢c2
cells after 96 h incubation with
MTX (100 nM and 1 pM).
Actin was used as a loading
control. On h, a graphic
representation of the ATP-
synthase expression is
presented. Results are
normalized to the actin content
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Fig. 7 a Mitochondrial membrane potential values and b intracellular
calcim levels in the H9¢2 cells after incubation with MTX (100 nM
and 1 uM) for 24, 48, and 96 h. Results are presented as mean £ SD
(n = 3 independent experiments). Statistical comparison were made

membrane potential was accompanied by a significant
increase in the intracellular calcium levels only in the MTX
100 nM group (88 £ 25.3 mean FI), compared to MTX
1 uM (77 £ 19.3 mean FI) and control group (63 + 22.6
mean FI) {(Fig. 7b). However, after 48 h, both concentra-
tions tested caused a dramatic hyperpolarization of the
mitochondrial membrane potential (79 £ 10.0 mean FI for

using Kruskal-Wallis test followed by the Student-Newman—Keuls
post hoc test (*p < 0.05 vs. Control, *#p < 0.01 vs. Control,
*#%p < 0.001 vs. Control}

MTX 1060 nM group and 59 + 5.2 mean FI for MTX 1 pM
group, compared to 43 & 7.1 mean FI for control cells)
(Fig. 7a) and increases in the intracellular calcium levels
(56 £ 9.7 mean FI for MTX 100 nM group, 62 £ 7.7
mean FI for MTX 1 uM vs. 40 + 3.6 mean FI for control
cells) (Fig. 7b). At the last time tested (96 h}, the mito-
chondrial membrane potential did not recover to control
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values, keeping the same trend observed earlier (75 + 15.8
mean FI for MTX 100 nM group, 51 £ 7.0 mean FI for
MTX 1 puM group vs. 36 + 7.6 mean FI for control cells).
Conversely, the calcium intracellular levels of treated cells
remained higher than control cells (134 £ 16.4 mean FI for
MTX 100 nM group, 111 + 41.8 mean FI for MTX 1 uM
group vs. 66 = 8.8 mean FI for control cells) (Fig. 7b).

Discussion

In the present work, we showed a time- and concentration-
dependent response to MTX incubation in H9¢2 cells,
through two different cytotoxicity tests (LDH leakage
assay and MTT reduction test, Figs. 1 and 2, respectively).
We also contributed to the elucidation of the mechanisms
involved in MTX cellular injury. Our results suggest an
important energetic crisis caused by MTX evidenced by
substantial and early decreases in the ATP intracellular
lewvels, late inhibition of the ATP-synthase expression and
activity, hyperpolarization of the mitochondrial membrane
potential, and increase in the intracellular calcium levels.
Another 24 h event elicited by MTX was the increase in
the caspase-3 activity, while in our model, oxidative stress
markers were only changed at the longest incubation time
tested.

As already stated, by using several MTX concentrations,
we observed a time- and concentration-dependent cyto-
toxicity pattern in both cytotoxicity tests used, being the
toxic effects observed earlier in the MTT reduction assay
than in the LDH leakage assay in all times tested (Figs. 1,
2). These results suggest that mitochondrial effects antici-
pate cellular membrane rupture in the MTX toxicity.

For studying the mechanisms of MTX cardiotoxicity, we
have selected 2 working concentrations: 100 nM and 1 uM.
Indeed, both MTX concentrations are clinically relevant
given the plasma and tissue levels of MTX found in the
literature [6, 27]. In fact, the mean maximum plasma con-
centrations in humans after a 15 mg/m® or a 90 mg/m*
30-min infusion of MTX are about 1.5 and 12 uM,
respectively [27]. For the caspase-3 activity assay, the
incubation period of 24 h was selected due to the measur-
able decreases in the cytotoxicity observed in the reduction
of MTT test at this time point in both working concentra-
tions {indicating mitochondrial damage) (Fig. 2) and the
absence of significant decreases in the LDH leakage in the
same conditions (indicative of necrosis). In fact, after 24 h
incubation, despite the absence of significant loss of via-
bility seen on the LDH leakage assay, both chosen MTX
concentrations caused activation of caspase-3 (Fig. 3),
which was in accordance with the described bimodal
mechanism of cell death induced by MTX: apoptosis at
lower concentrations and necrosis at higher concentrations
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[28]. Similar signals of apoptosis were already described
after 24 and 48 h of MTX (1.60 pM) incubation in the H9¢2
cells [29]. Noteworthy, the late effects of MTX in the
human heart are more related with loss of functionality of
the cells rather than necrosis and lysis.

We recently demonstrated a partial protection toward
MTX cytotoxicity (100 nM and 1 pM) in the same cellular
model after 96 h, with the co-incubation with the CYP450
inhibitor metyrapone (0.5 mM} or with the CYP2EL
inhibitor diallyl sulfide (150 uM) [14]. However, in the
present study, the co-incubation with these metabolism
inhibitors did not prevent the increase in the caspase-3
activity. Altogether, these results suggest that the previous
partial protection obtained with the metabolism inhibitors
is not related to this caspase-dependent activation. In fact,
that protective effect occurred at a late incubation time,
and as we can observe in the present work, the features of
MTX cytotoxicity are rather dissimilar in the time course.

Oxidative stress is described as a possible cellular
mechanism involved in MTX cardiotoxicity, as an attempt
to reveal similarities to the cardiotoxicity caused by
doxorubicin [13]. In fact, MTX contains a quinone group
within its chemical structure that can potentially suffer
oxidative activation leading to reactive species generation
[12, 13]. Both probes employed in the present study are
non-fluorescent that undergo intracellular oxidation to their
respective fluorescent products in the presence of reactive
species such as peroxynitrite, hydroxyl radical, and
superoxide. However, herein, we did not find any strong
evidence of reactive species involvement in earlier MTX
cytotoxicity for 100 nM and 1 uM concentrations. In fact,
mtil 10 h of incubation, no free radical (peroxynitrite,
hydroxyl radical, or superoxide) generation was observed
by using two different probes, DHR and DCFH-DA. In
accordance, only a very low superoxide anion generation
was described in MCF-7 89 fractions after incubation with
MTX 100 uM for 30 min, with no hydroxyl radical or
semiquinone formation even for 400 ph MTX [30]. These
results can eventually explain the absence of any lipid
peroxidation or changes in GSHt, GSH, and GSSG intra-
cellular levels observed by us, at 24 and 48 h MTX incu-
bation. After 96 h MTX incubation, a slight decrease in
intracellular GSH for 100 nM MTX (Fig. 4¢), a reduction
in GSHt levels (Fig. 4b), and no significant changes in
GSSG and lipid peroxidation were observed. Noteworthy,
we also found a reactive species generation for 100 nM and
1 pM MTX at this late time point (Fig. 4a), which is in
accordance with the previous observation that peroxides
production occurs only after a prolonged incubation with
MTX (1.60 pM} in the H9c2 cells [29]. However, no
changes in intracellular GSH content were observed for
1 pM of MTX: this probably results in some adaptive and
early phenomenon. In fact, oxidative alterations seem to
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occur quite late. One possible explanation is that MTX has
a reduced ability to enter in redox cycle and, consequently,
to produce reactive species in a enzymatic catalyzed
fashion as its congener doxorubicin, while the preferential
metabolic pathway of MTX is two-electron reduction
rather than one-electron reduction [13, 30]. Nevertheless,
we tested NAC in our experimental conditions. Consis-
tently, the co-incubation with the radical scavenger NAC
({1 mM) did not prevent any of the cytotoxic effects
observed with the MTX (100 nM and 1 pM) incubation for
96 h in the MTT reduction test. However, in vivo and
in vitro protective studies using NAC have demonstrated
the efficacy of NAC in reversing the drug-induced car-
diomyopathy related to oxidative stress [20, 31, 32]. The
use of NAC is based on its antioxidant properties and
actions upon the GSH pathways; thus, the lack of protec-
tive effects of NAC in the present study may result in the
fact that other mechanisms involved in MTX toxicity exert
a major role when compared to oxidative stress. Con-
versely, the observed absence of lipid peroxidation is in
accordance with the results obtained in heart homogenates
from MTX-treated mice (15 mg/kg, i.p.} [33]. Noteworthy,
the inhibition of lipid peroxidation was already associated
with MTX in in vitro incubations. In liver microsomes,
heart sarcosomes, and mitochondria isclated from rabbit
incubated with MTX (50, 100, and 200 pM), the levels of
lipid peroxidation were significantly lower than those
observed in controls [34]. These inhibitory effects in lipid
peroxidation still remain unclear, but MTX was described
as having some antioxidant properties [34].

The major finding presented herein is the energetic
imbalance observed in the cells after incubation with MTX
{100 nM and 1 puM). Despite the low MTX concentrations
used, the cellular ATP content decreased around 50 % in
all time tested (24, 48, and 96 h) (Fig. 5). It is known that
HY92 is a cellular model that privileges the glycolytic
pathway, and MTX seems to interfere with this pathway.
This early ATP crisis could precipitate fatal changes in the
cell. This event can lead to a less efficient calcium control
and mitochondrial electron chain regulation, as we can see
with the increase in intracellular calcium content and the
hyperpolarization of the mitochondrial membrane potential
(Fig. 7). The mitochondrial hyperpolarization should drive
more calcium into the mitochondria matrix and impair
electron chain mitochondrial activity, as we can indirectly
observe in the MTT reduction test and ATP-synthase
activity. The mitochondrial membrane potential may also
be elevated as an attempt to provide motive force to restore
the energetic homeostasis. The increase in the mitochon-
drial membrane potential was also observed in pathological
conditions in ischemic cardiomyocytes during reperfusion
[33], in vascular endothelial cells after pulsatile shear stress
[36], and physiologically during preimplantation stages of

human and mouse embryo development, in response to
metabolic demand [37]. On the other hand and in contrast
to our present work, the incubation of 1.60 UM MTX for
24 h with the H9¢2 cells was enough to cause a drop in the
mitochondrial membrane potential [29], while in our lower
concentrations, a hyperpolarization was observed. Con-
sidering the energetic failure, L-camitine was used by us to
study a possible protection to MTX effects. L-carnitine
{1 mM) is considered a mitochondrial enhancer by
improving the mitochondrial B-oxidation of fatty acids, the
trans-esterification/excretion of acyl-CoA esters, the oxi-
dation of a-ketoacids, and the removal of toxic acylcamni-
tine ester from the mitochondria, providing this metabolic
pathway as a source of ATP synthesis [38, 39, 40].
L-carnitine was already employed in the H9¢2 cell model
to study the possible protection against doxorubicin [40].
However, it did not protect the H9c2 cells from the cyto-
toxicity induced by MTX incubation (96 h), evaluated
through the MTT reduction test. Therefore, other mecha-
nisms must be involved in the MTX toxicity towards ATP
pathways.

In our study, a decrease in ATP-synthase expression, but
mostly a drastic reduction in ATP-synthase activity, was
found after 96 h of MTX incubation (Fig. 6). These effects
were not described before for MTX. The decrease in the
ATP-synthase content and activity (Fig. 6) can contribute
to the observed increases in the reactive species generation
at late periods (Fig. 4). This late generation of reactive
species possibly contributes to decrease in GSH. We
evaluated early and late time points of reactive species
formation (until 10 h and after 96 h), but it is easy to
assume that 1 uM MTX caused the formation of reactive
species after those 10 h and before 96 h, allowing an
adaptation feature of GSH synthesis. Noteworthy, GSH is
mainly concentrated in mitochondria and functions as an
nternal intracellular antioxidant buffer for the most
important target of oxidative stress in the heart, the mito-
chondria [41].

The energetic dysfunction can result in calcium regu-
lation impairment, since the cellular mechanisms involved
in calcium handling are ATP driven. Thus, at low energetic
lewvels, calcinm pumping activity decreases, resulting in
cytosolic calcium increases [353]. A sustained elevation in
calcium levels can, ultimately, determine the loss of
mitochondrial membrane potential and trigger the cell to
the “no return point,” leading to cell death [42]. Moreover,
the calcium increase may be responsible for the early
activation of caspase-3 observed (Fig. 3). Although the
effects are clear and consistent, it is still difficult to point
out the cause of the initial decrease in ATP level. Note-
worthy, significant decreased levels of ATP were already
demonstrated 72 h after the 3 h pre-incubation of MTX
{about 0.1-10 pM) in cultured neonatal rat cardiac cells
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[15], evidencing that even after cessation of that short-
peried MTX incubation, the cardiac cells were unable to
recover energetic levels.

Our results suggest that the mild oxidative stress
observed in our study with MTX does not seem to be
related to its redox cycle being secondary to a more dra-
matic and earlier event: the energetic imbalance. The main
results of this study are related to the energetic toxic
effects, evidenced by decreases in the ATP levels, hyper-
polarization of the mitochondrial membrane potential,
increases in the intracellular calcium levels, and late inhi-
bition of the ATP-synthase expression and activity,
observed after MTX incubation with expected therapeutic
concentrations. It is well known that changes in cardiac
energetics can lead to a heart failure condition. Thus, the
results presented here contribute to the elucidation of
mechanisms involved in the cardiotoxicity of MTX.
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Abstract Mitoxantrone (MTX) is a chemotherapeutic
agent, which presents late irreversible cardiotoxicity. This
work aims to highlight the mechanisms involved in the
MTX-induced cardiotoxicity, namely the effects toward
mitochondria using in vivo and in vitro studies. Male
Wistar rats were treated with 3 cycles of 2.5 mg/kg MTX
at day 0, 10, and 20. One treated group was euthanized on
day 22 (MTX22) to evaluate the early MTX cardiac toxic
effects, while the other was euthanized on day 48
(MTX48), to allow the evaluation of MTX late cardiac
effects. Cardiac mitochondria isolated from 4 adult
untreated rats were also used to evaluate in vitro the MTX
(10 nM, 100 nM, and 1 pM) direct effects upon mito-
chondria functionality. Two rats of MTXA48 died on day 35,
and MTX treatment caused a reduction in relative body
weight gain in both treated groups with no significant
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changes in water and food intake. Decreased levels of
plasma total creatine kinase and CK-MB were detected in
the MTX22 group, and increased plasma levels of lactate
were seen in MTX48. Increased cardiac relative mass and
microscopic changes were evident in both treated groups.
Considering mitochondrial effects, for the first time, it was
evidenced that MTX induced an increase in the complex IV
and complex V activities in MTX22 group, while a
decrease in the complex V activity was accompanied by the
reduction in ATP content in the MTX48 rats. No alterations
in mitochondria transmembrane potential were found in
isolated mitochondria from MTX48 rats or in isolated
mitochondria directly incubated with MTX. This stady
highlights the relevance of the cumulative MTX-induced
in vivo mitochondriopathy to the MTX cardiotoxicity.
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Abbreviations

ATP Adenosine 3'-triphosphate

AST Aspartate aminotransferase

BN-PAGE Blue native polyacrylamide gel
electrophoresis

CK Creatine kinase

DAB Diaminobenzidine

DTNB 5,3-Dithio-bis{2-nitrobenzoic acid)

GSH Reduced glutathione

GSHt Total glutathione

GSSG Oxidized glutathione

HCIO, Perchloric acid

LDH Lactate dehydrogenase

MTX Mitoxantrone

B-NADPH Reduced B-nicotinamidephosphate adenine
dinucleotide

TPP" Tetraphenylphosphoninm

Introduction

Mitoxantrone (MTX) is an antitumor agent used in the
treatment of breast and prostate cancer, acute leukemia,
lymphoma, and in the treatment of multiple sclerosis due to
its immunosuppressive properties [1, 2]. However, the
cumulative cardiotoxic profile of MTX is well known, and it
can affect up to 18 % of treated patients [1]. The MTX-
induced cardiotoxicity is irreversible, dose-dependent, and it
may occur years after treatment [3]. Clinically, MTX car-
diotoxicity is mainly characterized by a reduction in left
ventricular stroke volume and congestive heart failure [1, 3].

The risk of MTX-induced cardiac side effects increases
greatly with cumulative dose up to 140 mg/m® [2, 3].
Human mean maximum MTX plasma concentrations are
about 1.5 and 12 pM 30 min after 15 or 90 mg/m” intra-
venous infusion, respectively [4]. The accumulation of
MTX in the heart tissue is well documented [3, 6], with
described concentrations around 716 ng/g wet tissue
35 days after MTX single dose of 12 mg/m” [6]. Further-
more, we highlighted that at least one biotransformation
product of MTX, the naphthoquinoxaline metabolite
{described as toxic), also accumulates in the rat heart,
evidencing a prolonged exposure of the cardiac cells to
MTX and this bioactive product [7].

Recently, we showed that therapeutic concentrations of
MTX (100 nM and 1 uM) caused an important energetic
imbalance evidenced by decreased ATP levels, hyperpo-
larization of the mitochondrial membrane potential, and a
rise in the intracellular calcium levels after 24, 48, and 96 h
of MTX incubation in a cardiomyoblast cell model (H3c2
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cells) [8]. Additionally, MTX caused late inhibition of
ATP-gynthase expression and activity with concomitant
increase in the reactive species generation after 96 h
incubation with both previously referred concentrations
[8]. In other studies, energetic imbalance was also observed
in cultured neonatal rat heart cells after MTX incubation
[9], and mitochondrial swelling was described in female
BALB/c mice heart after MTX treatment [10]. Further-
more, uncoupling of oxidative phosphorylation was
described in cardiac mitochondria isolated from rats treated
with MTX [11]. Even so, studies to elucidate the mecha-
nisms involved in the cardiotoxicity of MTX in vivo are
scarce, especially with focus on mitochondrial functional-
ity. Thus, the present work aims to contribute to the better
mnderstanding the in vivo MTX-induced cumulative car-
diotoxicity using male adult Wistar rats subjected to 3
cycles of MTX treatment. MTX total cumulative dose was
7.5 mg/kg, which corresponds to 48 mg/m?® by the allo-
metric relationship, and therefore a clinical therapeutic
dose. Early and late toxic effects (2 vs. 28 days after
reaching the MTX total cumulative dose) were evaluated in
order to assess the maladaptive responses involved in the
MTX-induced cardiotoxicity. Furthermore, a complemen-
tary in vitro study, using rat-isolated cardiac mitochondria,
was performed to understand the direct effects of MTX in
the cardiac mitochondrial function.

Materials and Methods
Chemicals

All chemicals were of analytical grade. MTX hydrochloride,
reduced glutathione (GSH), oxidized glutathione (GSSG),
glutathione reductase (GR, EC 1.6.4.2), 2-vinylpyridine,
reduced P-nicotinamide phosphate adenine dinucleotide
{B-NADPH), adenosine 5'-triphosphate (ATP), cytochrome
¢, defatted bovine serum albumin, subtilopeptidase A type
VIII, 5,5-dithio-bis(2-nitrobenzoic acid) (DTNB), luciferin,
luciferase, subtilisin A protease, diaminobenzidine (DAB),
glutaraldehyde, formaldehyde, and osmiam tetroxide were
purchased from Sigma-Aldrich (St. Louis, MO). HMW-
native marker was purchased from GE Healthcare, Buck-
inghamshire, UK. Perchloric acid (HC1O4) and propylene
oxide were obtained from Merck (Darmstadt, Germany).
The reagents for the creatine kinase {CK), CK-MB, and
lactate analysis were purchased from PZ Cormay S.A.

Animals
For the in vivo stady, 15 adult male Wistar rats (Charles

River Laboratories, Barcelona, Spain) weighing 240-300 g
were used. Four additional male Wistar rats, weighting
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200-250 g, were utilized for the in vitro stady. The animals
were housed in cages, with a temperature and humidity
controlled environment. Food and water were provided
ad libitum, and animals were subjected to a 12 h light-dark
cycle. Animal experiments were approved by the Ethical
Committee of Faculty of Pharmacy of the University of
Porto (protocol number 09/04/2G13). Housing and experi-
mental treatment of the animals were in accordance with
the Guide for the Care and Use of Laboratory Animals
from the Institute for Laboratory Research. The experi-
ments complied with current Portuguese laws.

Dose Regimen

For 1 week prior to the in vivo experiment, animals were
acclimatized in cages. Animals were distributed into 3
groups (3 animals per group): control, MTX22, and MTXA48;
however, in order to allow individual measurements of food/
water consumption, rats were distributed as 1 animal per
cage. Animals were treated with 3 cycles by intraperitoneal
route (5 ml/kg), of saline solution (0.9 % NaCl) (control) or
MTX 2.5 mg/kg (MTX22 and MTX48) on day 0, 10, and 20,
the MTX-treated groups reaching a total cumulative dose of
7.5 mg/kg on day 20. The dose was calculated taking into
account previously pilot studies and the body surface area of
the rats in order to correlate the dose in this species consid-
ering human top limit of the commonly used doses [5]. Thus,
2.5 mg/kg corresponds to 16 mg/m” of arat weighing 240 g,
being similar to the dose administered in humans and about
one-tenth of the maximum dose allowed in humans (140 mg/
m?) [1]. The regimen of administration (1 cycle every
10 days) was performed aiming to simulate the human
chemotherapeutic cycles. The interval of 10 days was
defined taking into account the life cycle of the rat and the
clinical conditions observed in pilot studies.

During the experiment, daily clinical evaluations of all
animals were performed by the veterinary doctor of the
team. The parameters evaluated were as follows: piloe-
rection, dehydration, hemorrhage and diarthea, motor
function {tone and movement coordination), breathing (rate
and depth, gasping), mucosal color {pale, cyanotic), and
clinical signals of abdominal pain. The individual weight
and consumption of food and water were also evaluated
daily until day 30.

The MTX22 group was euthanized on day 22, in order
to assess the MTX-induced cumulative damage 2 days
after the last cycle of treatment. MTX48 group was
euthanized on day 48, i.e., 28 days after the last cycle of
treatment, in order to evaluate the late cumulative
responses. Animals were anesthetized with xylazine/keta-
mine (10-100 mg/kg), and blood was collected through
cardiac puncture. All the procedures were equally per-
formed for control and treated rats.

Plasma Biochemical Analysis

Blood was collected into heparinized tubes. Plasma levels
of aspartate aminotransferase (AST), CK, CK-MB, and
lactate were evaluated in duplicate on an AutcAnalyzer
(PRESTIGE® 24i, PZ Cormay $S.A.) using the respective
kits and following the manufacturer instructions.

Tissue Preparation for Light and Transmission Electron
Microscopy

For light microscopy, heart (right and left ventricle) was
sliced in 2—4 mm® pieces, approximately, and fixed in 4 %
formaldehyde (10-20 h, 4 °C), which were further dehy-
drated with graded ethanol (Pamreac, Barcelona, Spain)
concentrations and mounted in paraffin (MERK, Darms-
tadt, Germany) following routine standard procedures.
Semi-thin sections (5 wm) were cut in a microtome {Leica
Microsystems, Model RM2125) and mounted on silane-
coated slides (Sigma, S4631-72EA). After dewaxed in
xylene and hydrated through graded alcohol concentra-
tions, tissue sections were stained with haematoxylin—eosin
{Atom Scientific Ltd, England) and analyzed under a light
microscope coupled to a digital camera (Axio Imager Al,
Carl Zeiss, Oberkochen, Germany).

For transmission electron microscopy, 1 mm® right and
left ventricle pieces were fixed in 2 % glutaraldehyde (2 h,
4 °C), post-fixed with 2 % osmium tetroxide, dehydrated in
graded ethanol and later embedded in Epon (TAAB 812
Resin, Kit Cat. No. T024), using routine standard proce-
dures. Ultrathin (100 nm) sections obtained in an ultrami-
crotome (Reichert Ultracut) were mounted in copper grids
(300 Mesh, from TAAB Laboratories Equipment Ltd,
England) and further contrasted with uranyl acetate and
lead citrate for transmission electron microscopy analysis
{Zeiss EM 10A) at an accelerating voltage of 60 kV.

Isolation of Cardiac Mitochondria for the Evaluation
of Complexes IV and V Activities and Cardiac
Mitochondrial Content

Cardiac mitochondria from control and MTX-treated rats
were isolated for the evaluation of in-gel activity of complexes
IV and V and cardiac mitochondrial content. Hearts were
minced with scissors in homogenization buffer [250 mM
sucrose, 10 mM HEPES, 0.5 mM EGTA (pH 7.4}], supple-
mented with subtilpeptidase A type VIII {1 mg/g tissue).
Following 10 min of incubation on ice, albumin fat-free was
added to a final concentration of 10 mg/ml. The tissue was
subsequently rinsed three times with buffer, homogenized
with a tightly fitted Potter—Elvehjen homogenizer and Teflon
pestle, and centrifuged {14,500g, 10 min, 4 °C). The resulting
pellet was resuspended in homogenization buffer free of
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enzyme, homogenized, and centrifuged (730g, 10 min, 4 °C).
Mitochondria-enriched pellet was obtained by centrifuging
the resulting supernatant (12,500g, 20 min, 4 °C), washed
twice, and then aliquoted for subsequent analysis [12]. Protein
content was determined with RC DC Protein Assay kit {Bio-
Rad, Hercules, CA, USA) using bovine serum albumin as
standard.

Blue Native (BN)-PAGE Separation of Mitochondria
Membrane Complexes

The BN-PAGE separation of mitochondrial membrane
complexes was performed as already described [12] using 4
animals per group. Mitochondria {200 pg of protein) were
pelleted by centrifugation (20,000g, 10 min, 4 °C) and then
resuspended in solubilization buffer (50 mM NaCl, 30 mM
imidazole, 2 mM 6-aminchexanoic acid, 1 mM EDTA pH
7.0) with 1 % (w/v) digitonin. After 10 min on ice, insol-
uble material was removed by centrifugation (20,000g,
20 min, 4 °C). Soluble components were combined with
0.5 % (w/v) Coomassie Blue G250, 50 mM e-amino n-
caproic acid, and 4 % (w/v) glycerol and separated on a
4-13 % gradient acrylamide gradient gel with 3.5 %
sample gel on top. Anode buffer contained 25 mM imid-
azole pH 7.0. Cathode buffer (50 mM fricine and 7.5 mM
imidazole pH 7.0) contaming 0.02 % (w/v) Coomassie
Blue G250 was used during 1 h at 70 'V, the time needed
for the dye front to reach approximately one-third of the
gel. Cathode buffer was then replaced for one containing
only 0.002 % (w/v) Coomassie Blue G230, and the native
complexes were separated at 200 V for 4 h at 4 °C. A
native protein standard HMW -native marker (GE Health-
care} was used. The gels were stained with Coomassie
Colloidal for protein visualization and scanned with Gel
Doc XR System {Bio-Rad, Hercules, CA, USA). Band
detection, quantification, and matching were performed
using QuantityOne Imaging software (v4.6.3, Bio-Rad).
Mitochondrial DNA was quantified using the Qubit™
dsDNA BR assay kit (Invitrogen, Carlshad, CA, USA).
Samples were read in a Qubit™ 2.0 Fluorometer, and results
were expressed as the ratio between the mitochondrial
DNA concentration and the heart mass.

In-Gel Activity of Mitochondrial Complexes IV and V

The in-gel activity of complexes IV and V was determined
using the methods described elsewhere [12]. Briefly,
complex IV-specific heme stain in BN-PAGE gels was
determined using 10-pl. horse-heart cytochromie ¢ {5 mM)
and 0.5 mg DAB dissolved in 1 ml of 50 mM sodium-
phosphate, pH 7.2. The reaction was stopped by 30 % (v/v)
methanel and 10 % (v/v) acetic acid, and the gels were
then transferred to water.
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ATP hydrolysis activity of complex V was analyzed by
incubating the native gels with 35 mM Tris, 270 mM
glycine buffer, pH 8.3 at 37 °C, supplemented with 14 mM
MgSO,, 0.2 % (w/v), Pb(NOs);, and 8 mM ATP. Lead
phosphate precipitation is proportional to the enzymatic
ATP hydrolysis activity. The reaction was stopped by
incubation with 50 % (v/v) methanol for 30 min, and the
gels were then transferred to water.

Gels were scanned with Gel Doc XR Systemn (Bio-Rad,
Hercules, CA, USA). Band quantification was performed
using QuantityOne Imaging software (v4.6.3, Bio-Rad).

Determinations in the Cardiac Tissue

After the excision of hearts, they were washed in a
phosphate-saline buffer solution (pH 7.4), dried, and
weighted to assess the relative mass of the heart {calcu-
lated as a percentage of the total body weight on the day
of euthanasia). Afterward, heart tissue samples were
homogenized [1:4 (m/v)] in ice-cold phosphate buffer
solution (pH 7.4), with an Ultra-Turrax® homogenizer and
centrifuged (3,000g, 10 min, 4 °C). Aliquots were taken to
determine the glutathione status, ATP levels, and total
protein levels.

Total Glutathione (GSHt), GSH, and GSSG Levels

in the Cardiac Tissue

An aliquot of the supernatant referred previously was
added to an equal volume of HCIO, 10 % (5 % as final
concentration). Samiples were again homogenized and
centrifuged (16,000g, 10 min, 4 °C), and the supernatant
was used to determinate the glutathione status [13]. The
GSHt and GSSG levels were evaluated by the DTNB-
GSSG reductase recycling assay, as previously described
[14, 15]. Briefly, for GSHt quantification, 200 ul. of
supernatant was mneutralized with 200 ul. of 0.76 M
KHCO5; and centrifuged (16,000g, 3 min, 4 °C). For
GSSG quantification, 10 pl. of 2-vinylpyridine was added
to 200 pL of acid supernatant and shaken during 1 h on
ice prior to the neutralization step. In 96-well plates,
100 pl. of sample, standard, or blank were added in
triplicate and mixed with 65 ul. of fresh reagent solution
containing DTNB and B-NADPH. Plates were incubated
at 30 °C for 15 min in a plate reader (PowerWaveX, Bio-
Tek Instruments) prior to the addition of 40-ul. glutathi-
one reductase solution {10 U/mL). The final product of
this reaction is a colored substance, and its formation was
monitored for 3 min, at 415 nm, and compared with a
standard curve. GSH and GSSG standard solutions were
prepared in HCIO, 5 % [15]. Results were expressed as
nmol/mg protein.
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Cardiac ATP Levels

An aliquot of supernatant obtained in “Determinations in
the Cardiac Tissue” section was added to an equal volume
of HC1O, 10 % (5 % as final concentration}. Samiples were
again homogenized and centrifuged (16,000g, 10 min,
4 °C), and the supernatant was used to determinate the
ATP levels as described before [8]. One hundred pl. of
tissue homogenate was neutralized with 100 pLl of 0.76 M
KHCOs5 and centrifuged (16,000g, 10 s, 4 °C). The ATP
levels were quantified by the bioluminescence test after the
reaction of 100-pL neutralized supernatant with luciferin/
luciferase solution. ATP standards were prepared in 5 %
HCIO,. ATP intracellular contents were normalized to the
total protein content (nmol/mg of protein}.

Cardiac Total Protein Quantification

An aliquot of the supernatant obtained in the “Determi-
nations in the Cardiac Tissue” section was diluted in 0.3 M
NaOH and was used to assess the total protein levels in the
cardiac tissue. The protein levels were determined, by a
procedure based in the Lowry method, spectrophotomet-
rically (750 nm), and using a microplate reader as previ-
ously described [14, 16].

Evaluation of the Mitochondrial Membrane Potential
After In Vivo and In Vitro Treatment with MTX

Cardiac mitochondria from control and MTXA48 rats were
isolated for the assessment of the late cumulative effects
induced by MTX toward the mitochondrial membrane
potential. Moreover, an in vitro study with mitochondria
isolated from 4 untreated rat hearts (not treated with MTX),
which were euthanized through cervical dislocation, was
also performed in order to assess the direct MTX effects in
the mitochondrial function after incubation with MTX
{10 nM, 100 nM, and 1 pM).

Isolation of Cardiac Mitochondria

Hearts were minced with scissors in homogenization buffer
(250 mM sucrose, 1 mM EGTA, HEPES-KOH 5 mM, pH
7.4, and 0.1 % fat-free bovine serum albumin) sapple-
mented with 0.5 mg/g tissue of protease. Samples were
homogenized using a Potter—Elvehjen homogenizer for
30 s. The suspension was then incubated on ice for 1 min,
and the homogenization step was repeated for more 30 s.
After centrifugation (11,000g, 10 min, 4 °C), the pellet was
gently homogenized in the homogenization buffer and
centrifuged (800g, 10 min, 4 °C). The obtained supematant
was centrifuged (12,000g, 10 min, 4 °C), and the mito-
chondria pellet was washed twice with homogenization

buffer without EGTA and bovine serum albumin. Protein
content was determined through the Biuret method.

Mitochondrial Transmembrane Potential Measurement

The mitochondrial membrane potential was measured
using an ion-selective electrode to measure the distribution
of the tetraphenylphosphonium (TPP™), as described
before [17]. The reference electrode used was a Ag/AgCly,
and mitochondria (1 mg) were incubated with 1 ml respi-
ratory medium {130 mM sucrose, 50 mM KCl, 2.5 mM
KH;PO,4, 5 mM HEPES, pH 7.4), supplemented with 2 uM
TPP" and 1.5 mM rotenone, with constant stirring, at
25 °C. MTX (10 nM, 160 nM, or 1 pM) was added to the
incubation chamber. Mitochondria were energized by
adding 5 mM succinate [18]. The electrode was calibrated
with TPP' assuming Nerstian distribution of the ion across
the synthetic membrane. The mitochondrial membrane
potential was expressed in mV.

Statistical Analysis

Results are presented as mean + standard deviation. The
evaluations of the rat relative body weight gain and the
consumptions of food and water were followed daily; thus,
the statistical analysis was performed using repeated
measures ANOVA followed by the Stodent—Newman—
Keuls post hoc test. In the other experiments, statistical
comparisons between groups were performed with one-
way ANOVA (in case of normal distribution} or Kruskal—
Wallis test {one-way ANOVA on ranks—in case of not
normal distribution). Significance was accepted at
p values <0.03.

Results
Cumulative signs of Toxicity After MTX Treatment

On the day 22 (2 days after the last MTX cycle), 2 rats
from the MTX22 group presented moderate piloerection.
On the day 25 (5 days after the last MTX cycle), 3 animals
from the group MTX48 showed moderate signals sugges-
tive of toxicity, namely slight dehydration, cyanosis, and
slight bleeding. In the following days, 1 of these animals
fully recovered, but the other 2 died on the day 35. The 2
remaining rats from MTX48 group did not show any sig-
nificant clinical alteration during all time course of the
study. As it can be seen in the Fig. 1, animals treated with
MTX started to decrease the relative body weight gain
compared to control group since the second cycle of drug
administration. These decreases were statistically signifi-
cant after the third cycle, when the animals treated with
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Fig. 1 Relative body weight (%) gain of the animals treated with
MTX (3 cycles of 2.5 mg/kg) and control group. Results are presented
as mean & standard deviation. Statistical analysis was performed
using repeated measures ANOVA followed by the Smdent-Newman—
Keuls post hoc test (¥p < 0.05 vs. control}

MTX reached a cumulative dose of 7.5 mg/kg, until the
day 30. This change is indicative of toxicity, and it was not
accompanied by significant alterations in food or water
consumptions {data not shown).

Plasma Changes Induced by MTX Treatment

As demonstrated in Table 1, plasma biochemical analysis
revealed a significant transient decrease in the CK levels in
the MTX22 group when compared to MTX48 group and
control group. Conversely, the CK-MB isoenzyme pre-
sented the same trend: a significant decrease in the MTX22
group versus control. Values similar to control levels were
found in the MTX48 group. The plasma lactate levels
significantly increased in the MTX48 group compared to
MTX22 and control groups (Table 1). No significant
changes were observed in the plasma AST levels in MTX-
treated groups compared to control animals (data not
shown).

Table 1 Plasma biochemical parameters of the animals treated with
MTX (3 cycles of 2.5 mg/kg) and control group

Plasma Group
biomarker
Control MTX22 MTXA4R
CK (UM} 5378 £ 1956 3265 +71.0% 4413 4 269 ns
CK/MB (U/L) 5728 £ 1259 3503 £ 587 59356 &£ 151.2 ns
Lactate 13404 1.6 £ 0.3 ns 264+ 17%
(mmol/L}

Results are presented as mean =+ standard deviation. Statistical ana-
lysis was performed using one-way ANOVA followed by the Stu-
dent-Newman—Keuls post hoc test (¥p < 0.05 vs. control)

ns not significant

¥p < 0.05 vs. control

@ Springer
80

Microscopic Changes in the Cardiac Structure After
MTX Treatment

Structural and ultrastructural analysis from control group
revealed a preserved cellular and tissue morphology {data
not shown). However, as shown in the Fig. 2, in hoth
MTX-treated hearts, light microscopy revealed dispersed
cellular and interstitial edema, diffusion of inflammatory
cells, and proliferation of connective tissue {A and B). Tn
the MTX48 group, dispersed areas of a more intense pro-
liferation of the conmective tissue with abundant cellular
infiltration, probably by fibroblasts, and signs of obstruc-
tion in some small caliber arteries (A and B) were seen.
The transmission electron microscopy revealed edema of
cardiomyocytes (C, D, and E), lysosome activation in the
cardiomyocytes, proliferation of connective tissue (F and
E) and fibroblasts, and occupation of the endothelial space
by digiforme endothelial projections (C and E). In general,
mitochondria showed clearly defined cristae, however, with
abnormal orientations, but no signs of mitochondrial
swelling were observed. Giant mitochondria with aberrant
morphology (C, D, and E) were frequently interspaced with
normal morphology and dimensions ones. Abundant col-
lagen deposition in the interstitial space was frequently
observed in MTX48 (D and E). It is important to refer that
the cardiac damage shown in the histology was observed in
both right and left ventricles, suggesting that both sides
were equally affected by MTX. The sub-endocardial region
was more affected compared to the sub-pericardial since
the cellular edema and fibrosis were more pronouwnced in
this region.

Cardiac Alterations Induced by MTX

The cardiac relative mass (%) was evaluated as an indicator
of cardiotoxicity (Fig. 3). The animals, which were
enthanized on the day 22 (MTX22), did not show any
changes in the cardiac relative mass (0.27 £ 0.02 %)
comipared to control group (0.27 = 0.03 %). However, the
cardiac relative mass in the MTX48 group was signifi-
cantly higher {0.33 + 0.03 %) when compared to control
or MTX22 group, evidencing a late cardiac response
(Fig. 3). These changes in the cardiac relative mass were
not accompanied by alterations in the cardiac total protein
levels (data mot shown). No significant changes in the
GSHt, GSH, or GSSG cardiac levels were observed in any
of the end time points {data not shown).

Isolated cardiac mitochondria were used to evaluate the
activity of complexes IV and V of the mitochondrial
respiratory chain of the treated rats. As shown in the
Fig. 4a), the organization pattern of the five respiratory
chain complexes is in accordance with the described in the
literature for heart tissue [12]. No significant qualitative or
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Fig. 2 Light (a, b) and electron micrographs (c, d, e) of heart tissue
sections representative of the common structural and ultrastructural
modifications observed in MTX-treated animals. In a (MTX48), it can
be observed an arteriole, with its lumen partially obstructed (arrow),
surrounded by an area of connective tissue (§); a general enlargement
of the interstitial space with dispersed swollen cardiomyocytes (with
increased inter-myofibril space) is also depicted. A focal area of
fibrosis (arrows) with abundant cellular infiltration is shown in
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Fig. 3 Heart relative mass (%) of the animals treated with MTX (3
cycles of 2.5 mg/kg) and control group. Results are presented as
mean =+ standard deviation. Statistical analysis was performed using
one-way ANOVA followed by the Student-Newman—Keuls post hoc
test (*p < 0.05 vs. control}

b (MTXA48). At the ultrastructural level, an enlargement of inter-
myofibril space (#) and several giant and/or aberrant mitochondria
with abnormal cristae (asferisk) can be observed in ¢ (MTX4X),
d (MTXA8), and e (MTX48); capillaries with their lumen occupied by
digiform structures are shown in ¢ and e (arrow); interstitial collagen
fibers are also illustrated in d and, with a special amount, in e (§}. The
figures refer to the left ventricle; however, similar cardiac changes
were found in the right ventricle

quantitative differences in the band pattern were ohserved
between groups in the BN-PAGE. The in-gel activity of
complex TV revealed significantly higher activity level in
the cardiac mitochondria from rats treated with MTX
(155.8 + 33.6 % for the MTX22 group, 148.3 + 144 %
for the MTXA48 group vs. 100.0 £ 2.8 % for the control
group) (Fig. 4b). Considering the complex V activity, a
significant increase in MTX22 (172.6 + 20.0 %) and a
significant decrease in MTX48 (58.1 £ 21.0 %) were
observed in comparison with the control {100.0 + 8.3 %;
Fig. 4c). Regarding cardiac ATP levels, a significant
decrease in the MTX4E group (7.8 £ 1.5 nmol/mg) com-
pared to control (16.0 + 2.8 nmol/mg) or MTX22
(17.6 £ 6.7 nmol/mg) groups was observed, as demon-
strated in the Fig. 5. However, no significant changes in the
ratio hetween mitochondrial DNA concentration and heart
mass were found (data not shown).
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Fig. 4 a BN-PAGE profile of mitochondria isolated from control,
MTX22, and MTX48 groups. An overlap of the density variation in
the lanes of the 3 groups is presented on the left. b Representative
image and graphic representation of histochemical staining of the in-
gel activity of complex IV. ¢ Representative image and graphic
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Fig. 5 Cardiac ATF levels of the animals treated with MTX (3 cycles
of 2.5 mg/kg} and control group. Results are presented as
mean + standard deviation. Statistical analysis was performed using
Kruskal Wallis test {ANOVA on ranks) followed by the Student
Newman Keuls post hoc test {(*p <2 0.05 vs. control}
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representation of histochemical staining of the in-gel actvity of
complex V. Results are presented as mean + standard deviation.
Statistical analysis was performed using Kruskal Wallis  test
{ANOVA on ranks) followed by the Student Newman Keuls post
hoc test (*p < 0.05 vs. control}

Evaluation of the Transmembrane Potential in Cardiac-
Isolated Mitochondria

Transmembrane potential sustained by mitochondria upon
energization is essential for mitochondrial function. Given
the previously presented results found in vive, we inves-
tigated the possible mitochondrial deleterious effect of
MTX using cardiac mitochondria isolated from MTX48
group. Altogether, no significant changes in the TPP*
assay were observed for the MTX48 mitochondria com-
pared to control group. However, mitochondria from 2
animals presented an increased lag phase, demonstrating a
difficulty to repolarize and sustain the mitochondrial
potential (data not shown).

When mitochondria from untreated rats were incubated
with 3 different MTX concentrations (10 nM, 100 nM, and
1 uM), energization phase (initial transmembrane
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potential, depolarization induced by the addition of ADP,
repolarization, or lag phase) was not affected when com-
pared to control (data not shown).

Discussion

In the present work, for the first time, the MTX-induced
cumulative cardiotoxicity was ensued after the adminis-
tration of reliable doses of MTX to rats evaluated at 2
different endpoints: 2 days after the last cycle of treat-
ment (MTX22) and 28 days after the last MTX admin-
istration (MTXA48). The cardiotoxicity of MTX was
verified through the changes in the cardiac structure as
showed by the transmission electron and optic micros-
copy (Fig. 2) and by the increases in the % of relative
heart mass per body weight observed in the MTX48
group (Fig. 3). The major contribution of this study was
to show, for the first time, the different effects on
mitochondrial respiratory chain with similar MTX dose
and schedule regime of administration in vivo when
animals were euthanized at two distinct endpoints. It
became evident that mitochondrial function alterations
were more pronounced in the later time point, as seen by
the presence of aberrant mitochondria, changes of mito-
chondrial complexes IV and V activities, and depletion of
cardiac ATP levels all in MTX48 animals. On the other
hand, in MTX22 rats, increases in mitochondrial com-
plexes TV and V was observed with no significant
alteration in cardiac ATP levels when compared to con-
trol rat hearts.

The in vivo model employed in the present work seems
to be appropriate to study cumulative toxicity induced by
MTX treatment, since it reproduced human clinical
observations, such as the late development of cardiotox-
icity. This is an important point regarding the difficulties to
pharmacologically induce a heart failure condition in lab-
oratory animal models [19].

Although clinical aspects of doxorubicin and MTX are
partially the same, the underlying mechanisms seem to
differ. Tn fact, the MTX-induced cardiotoxicity may have
its origin in its interference with cardiac energetic metab-
olism instead of oxidative stress [8, 10, 11, 20, 21]. In the
present study, no observed significant alterations in the
cardiac glutathione levels (GSHt, GSH, and GSSG) were
found, which is in accordance with our previous in vitro
results [8]. Even so, significant changes in ATP levels were
found in MTX48 group. The sequence of events in the
establishment of a failing and energy-starved heart usually
follows a time course, first with decreases in the phos-
phocreatine levels, followed by the creatine loss, and,
ultimately, by ATP depletion [22]. Decreases in the total
CK activity and CK-MB, as observed in the MTX22 group

{Table 1), may be interpreted as a hallmark of the heart
failure development [23]. However, all signaling pathways
mvolved in CK alterations remain to be elucidated [23].
The development of late MTX-induced cardiotoxicity was
characterized by the energetic depletion observed in the
MTXA8 group. It is well known that the loss of ATP in the
failing myocardinm is a slow and progressive phenomenon,
only being detectable in the presence of a severe heart
failure [22]. Plasma lactate levels increased in the MTX48
group in comparison with MTX22 and control levels
{Table 1}, and it was accompanied by depletion in the ATP
cardiac levels and increase in the cardiac relative mass,
suggesting a cardiac failure condition. Increased levels of
plasma lactate, as observed in the MTX48 group (Table 1),
are suggestive of lactic acidosis and occur in response to
tissue hypoxia, uncoupling of oxidative phosphorylation,
congestive heart failure, generalized cachexia (due to
increased anaerobic glycolysis in the skeletal muscle), or
in situations where the hepatic clearance is compromised
[23, 24]. At MTX48, apparently, an energetic shift occur-
red, and the glycolytic pathway seems to be the major
supplier of cardiac ATP, not being enough to warrant a
healthy heart. In fact, when failing, the heart assumes the
fetal pattern, switching the main energetic substrate source
from fatty acids to glucose [23]. However, as efficiency of
glucose oxidation is reduced, more lactate is generated
[23], and the energetic impairment was evidenced by the
depletion of the ATP cardiac levels in MTXA48 rats (Fig. 5).
In fact, it was described that failing human hearts have
about 25-40 % less ATP than healthy hearts, and hearts in
energetic starvation fail to sapport an increase in the
workload [22, 25]. Indeed, the length of time that the heart
can survive with such ATP depletion still remains unclear
[22]. The energetic imbalance caused by MTX was already
demonstrated in vitro, after incubation of MTX with cul-
tured neonatal cardiomyocytes isolated from rats [9] and
with H9c2 cells [8].

The late MTX-induced mitochondrial degeneration was
also evidenced by aberrant mitochondrial morphology and
subsequent functional studies. Microscopic changes in the
cardiac mitochondrial architecture {namely cristolysis and
swelling) were observed in vitro [26] and in vivo [10, 11]
with MTX. In the present study, the mitochondrial cristae
are well defined, but in many organelles, they are abmor-
mally oriented, without signs of swelling. The mitochon-
drial morphologic changes are restricted to giant and
aberrant aspect (Fig. 2). One hypothesis that could explain
this finding is the MTX ability to intercalate into the DNA
molecule causing double and single breaks and inhibiting
DNA and RNA synthesis [27], which may compromise the
mitochondrial tumover.

The activity of mitochondrial IV and V complexes was
also evaluated in both time points. Increased levels of the
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complex IV activity were found (Fig. 4), while interest-
ingly, when considering complex V, its activity increased
in MTX22 group and decreased in the MTX48 (Fig. 4). At
MTX22, increases in the activity of the complexes I'V and
V may be the result of a mitochondrial adaptation to pro-
duce more ATP in response to MTX toxic effects. Indeed,
in the MTX22 group, no significant differences in the ATP
cardiac content compared to control rats were observed
{Fig. 5), showing at this time point that the increased
activity of the mitochondrial complexes is sufficient to
maintain ATP overall levels. However, about one month
after the last MTX administration, despite the increase in
the complex IV activity, a decrease in complex V activity
was observed. In fact, MTX48 rats failed to support the
cardiac ATP demand, as observed by decreased cardiac
overall ATP levels (Fig. 3). To the best of our knowledge,
these results were evidenced for the first time in vivo and
were corroborated in vitro (using H9c2 cells) by our
research group on ATP-synthase activity using low MTX
levels [8]. Conversely, a reduction in the electron transfer
activity of state TIT and a concomitant uncoupling of oxi-
dative phosphorylation were already observed in cardiac
mitochondria isolated from MTX-treated female rats
(2 mg/kg, twice a week, for 4 weeks) [11]. ATP decreased
levels can be associated with an inhibited ATP synthesis
inhibition {(as suggested in this work by the late decreases
in the complex 'V activity), but changes in the ATP levels
in the failing myocardium can also be related to the loss of
total tissue purines [25], whose levels were not evaluated in
the present work.

The mitochondrial effects herein demonstrated in vivo
were not observed by the direct incubation of MTX with
cardiac mitochondria isolated from untreated rats. The
cardiac mitochondria incubated with MTX did not show
any change in the mitochondrial functionality evaluated by
the distribution of TPP assay. As already stated, MTX
metabolism exerts a pivotal role to the MTX-induced
toxicity [7]. Thus, the direct toxic effect mediated by MTX
may be residual and insufficient to elicit significant alter-
ations in this in vitro model without previous hiotransfor-
mation. Moreover, when cardiac mitochondria were
isolated from MTX-treated rats and subjected to the TPP™
assay, remarkable heterogeneous results were seen: some
animals had fully functional mitochondria, and others
presented mitochondria with prolonged lag phase {data not
shown). Hence, these data are suggestive that the MTX
metabolism seems to be decisive to the toxicity induced by
MTX, and differences in the metabolic rate might be
behind the intersubject variability observed in the clinical
evaluations presented in this work and in human MTX
therapy.

In summary, it was demonstrated that MTX induces a
relevant cumulative mitochondriopathy evidenced by
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several indicators of mitochondrial damage: MTX causes
aberrant mitochondria and interferes in vivo with the
mitochondrial functionality causing an imbalance in the
mitochondrial function that results in late ATP depletion
and, consequently, a dysfunctional heart. Afier depletion of
its energetic content, the cardiac performance is impaired.
Hence, this study highlights the relevance of the MTX-
induced mitochondrial toxicity to the MTX-related
cardiomyopathy.
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Abstract: Mitoxantrone (MTX) is an antineoplastic agent that can induce hepato- and haematotoxicity. This work aimed fo
investigate the occurrence of cummlative early and late MTX-induced hepatic and haematological disturbances in an vive model.
A control group and two groups treated with three cycles of 2.5 mg/keg MTX at days 0, 10 and 20 were formed. One of the trea-
ted groups suffered euthanasia on day 22 (MTX22) to evaluate early MTX toxic effects, while the other suffered euthanasia on
day 48 (MTX48), to allow the evaluation of MTX late effects. An early immunosuppression with a drop in the IgG levels was
observed, causing a slight decrease in the plasma total protein content. The early bone marrow depression was followed by signs
of recovery in MTX48. The genotoxic potential of MTX was demonstrated by the presence of several micronuclei in MTX22
lencocytes. Increases in plasma iron and cholesterol levels in the MTX22 rats were observed, while in both groups increases in
the unconjugated bilitubin, C4 complement, and decreases in the triglycerides, alanine aminotransferase, alkaline phosphatase
and fransferrin were found in plasma samples. On MTX 48, the liver histology showed more hepatotoxic signs, the hepatic levels
of reduced and oxidized glutathione were increased, and ATP hepatic levels were decreased. However, the hepatic total protein
levels were decreased only in the livers of MTX22 group. Results demonstrated the MTX genotfoxic effects, haemato- and direct

hepatotoxicity. While the haematological toxicity is ameliorated with time, the same was not observed in the hepatic injury.

Mitoxantrone {MTX) is an anticancer and immunosuppressive
drug that has been used in the treatment of tumours such as
acute leukaemia, lymphoma, prostatic and breast cancer [1]
and in the active forms of relapsing-remitting or secondary
progressive multiple sclerosis [2]. MTX acts as an intercalat-
ing agent that causes double breaks in DNA by stabilization
of a complex formed between DNA and topoisomerase II
[L,3]. The regimen of MTX administration varies depending
on disease progression and the clinical condition of the
patient. Additionally, MTX is a substrate of membrane efflux
pumps, namely the transporter breast cancer resistance protein
(BCRP), which could interfere in MTX biodisposition [4].
However, the doses commonly employed range between
12 14 mg/m? and the maximum recommended cumulative
dose is 140 mg/m”> [1].

One of the most serious adverse events related to MTX
therapy is the late and irreversible cardiotoxicity [1], whose
underlying mechanisms have been studied by us [3 7]. It is
known that cardiotoxic drugs such as MTX can cause acute
liver failure as a result of a primary congestive heart failure

Author for correspondence: Luciana G. Rossato and Fernando Remiao,
REQUIMTE, Departamento de Toxicologia, Faculdade de Farmadcia,
Universidade do Porto, Rua Jorge Viterbo Ferreira, 228, 4050-313
Porto, Portugal (fax +351 226 (93 390, e-mails: Iuciana.g.rossato @
email.com and remiao @ff.up.pt).

with low cardiac output and consequent reduced hepatic blood
flow [8]. However, the precise origin of liver failure, due to a
direct effect or secondary to the cardiomyopathy, is not easy
to define, because clinical signs of cardiac decompensating
can be undetected in a first moment delaying the diagnosis
[8]. Additionally, MTX has been considered more hepatotoxic
than other antineoplastic agents such as doxorubicin [9].

In human beings, the MTX-induced hepatotoxicity mani-
fests as transient increases in the serum bilirubin concentration
and in the activity of hepatic enzymes, occurring in about
15% of treated patients (12 mg/mz) [2,10]. Indeed, the inhibi-
tion of CYP450 metabolism in HepG2 cells and rat isolated
hepatocytes prevented the MTX cytotoxicity [11], demonstrat-
ing the relevance of MTX oxidative metabolism to its noxious
effects. MTX has at least one pharmacologically and
toxicologically relevant metabolite, naphthoquinoxaline (the 8,
11-dihydroxy-4-[2-hydroxyethyl]-6-[[2-[[ 2-hydroxyethyl |]amino]
ethyllamino]-1,2,3.4,7,12-hexahydronaphto-[2,3]-quinoxaline-
7-12-dione), which has proven antitumour effects and has
been related to MTX toxicity [5,10]. Recently, we demon-
strated that, as it happens with MTX, the naphthoquinoxaline
metabolite also distributes to highly perfused tissues and accu-
mulates in organs such as liver and heart in rats [3]. The liver
is subjected to a prolonged exposwre to MTX and, possibly, to

© 2013 Nordic Pharmacological Society. Published by John Wiley & Sons Ltd

89



Manuscript IV

2 LUCTANA G ROSSATO ET AL

this toxic metabolite that may contribute to its direct hepato-
toxicity.

Haematological parameters should be monitored during
therapy and the occurrence of nentropenia and thrombocytope-
nia can limit the dose administered or obligate the cessation of
MTX therapy [1,12], demonstrating the haematological effects
induced by MTX. The late haematological effects of MTX
involves the development of MTX-associated Ieukaemia,
which is also related to other topoisomerase 11 inhibitors {1].

Considering that the occwvence of Hiver dysfunction, as well
as MTX induced haematclogical toxicity in the treatment of
complex diseases such as cancer and muldple sclerosis, can
cornprormise the therapy [13], this work aimed to characterize
the potential hepatotoxicity and haematological toxicity after
therapeutic doses of MTX administration in male Wistar rats
in 2 experimental settings. Animals were subjected to 3 cycles
of 2.5 mg/kg MTX (cumudative dose of 7.5 mg/y, which coi-
responds to 4% mgAn” by the allometric relatonship). The
toxic effects were evaluated 48 hr (day 22) after the last
administration to assess immediate toxicity and also 28 days
after the last admimistration (day 48) to determive whether the
effects were cumulative or whether adapiation responses
occurred in the hepatic tissue and blood.

Materials and Methods

Chericals. All chenncals and reagents were of analytical grade.
MTX hydrochloride, reduced glutathione (3SH), oxidized glatathione
(GS8GY, glutathione reductase (GR, BC 1.6.4.20), 2-vinylpyridine,
reduced f-nicotinamide phosphate adenine dinucleotide (3-NADPH),
5,5-dithio-bis(Z-nitrobenzoic acid) (DTNB). luciferin and luciferase
were prurchased fiom Sigima-Aldrich (St Louis, MG, USBA). Perchloric
acid (HCIO,) was obtained from Merck (Darmstadt, Germany). The
reagents for biochenwcal analyses were purchased from PZ Comay
SA

Animals. Adult male Wistar rats (Chailes River Laboratories,
Barceloma, Spain) weighing 240-300 g were used. The animals ware
housed in individual cages. in a femperatire- and humidity-controlled
envitonment and acclimated for 1 week prior to the study. Food and
water were provided ad [Zbitum, and animals were subjected to a 12-hr
light/dark cycle. Animal experiments were approved by the Ethical
Committee of Faculty of Pharmacy of the University of Porto
{protocel number 09/04/2013). Housing and experimental treatment of
the animals were in accordance with the Guide for the Care and Use
of Laboratory Avimals from the Institute for Laboratory Research.
The experiments complied with cumrent Portuguese iaws.

Dose regimen. Antmzls were divided into three groups (five animals
per group): control, MTX22 and MTX48., Antmals were treated with
three administrations, 5 ml/g, infraperitoneal, of saline solufion
(0.9% NaCl} (controli or MTX 2.5 mg/kg (MTX22 and MTX48) on
days 0, 10 and 20, The MTX-treated groups reached a wfal
cunntative dose of 7.5 mg/kg on day 20. Anioeals belonging fo the
MTX22Z group suffered euthanasia on day 22, fo evaluate the early
MTX-induced cumulative damage (i.e. 2 davs after the last cycle of
ticatmenty. Anirpals from the MTX48 group suffered euthanasia on
day 48, corresponding to 28 days after the last administrafion, to
evaluate late cumulative responses [0). Two animals of control group
suffered euthanasia on day 22 and the others on day 48.

The used dose of MTX is clinically realistic (2.5 mg/kg corresponds
to 16 mg/m” of a rat weighing 240 g, being similar to the dose admin-
istered in hniman beings and about one-tenth of the maximum dose
recommended in human beings). The regimen of administration (one
administration every 10 days} was scheduled aimiing to simoulate the
human chemotherapeutic cycles. The interval of 10 days was defined
cansidering the life cyele of the rat and the clinical conditions noted
in pilot studies.

Buthanasia was perfonned under anaesthesia with xylazine/ketaming
(10 mgtkg and 100 mgfkg), and bleod was collected through cardiac
punchire. A necropsy was performed te all animals.

Plasme bicchemicol anclysis. On the day of eathavasia, blood was
collected into heparvinized tubes to perform biocheideal analysis and
into EDTA fuhes te the haematological evaluations. Plasma levels of
albumin, total proteins, 1g(G, IgM, 1B, C3 and C4 complement, total
and conjugated Dilindbin, alanime aminoiransferase (ALT), alkaline
phosphatase, transfesrin, feritin, iron, cholesterol, frigiycerides,
glucose, amvlase, creatinine, wurea, unc acid, pofassinm sodium,
calcium, C-reactive protein. o-anfitrypsin, S-glutamyltranspeptidase
(GGT) and lactafe debydrogenase (LDH) were evaluated in duplicate
on an AutoAnalyzer (PRESTIGE® 241, PZ Cormay 5.A.) using the
respective kits and following the manutfacturer instnictions.

Haematelogical analysis. Whole blood saroples  {(collected  using
EDTA as anticoagulant) were used to evaluate erythiocyte count,
haemoglohin (Hb) concentration, hasmatocrit, haernatological indexes
— mean cell volume (MCV), mean cell haemoglobin (MCH), mean
cell hasmoglobin concentration (MCHC), red cell distnbution width
(RDW), platelet count (FLT), plateleterit (PCT), platelet distribution
width (PDW), mean platelet volume (MPV} aud fotal white blood cell
(WBC) count, using an sauwtornated blood cell counter (Sysmex 1000,
Hamburg, Germany). Differential leucocyte count was performed on
blood smears stained according fo Wright [14] Reticulocyte count
was performed by micrescopic counting on blood smears affer vital
staining with new methyvlene blue (Reticulocyte stain; Sigroa-Aldrich).

Tissue  preparation  for  light  and  trausmission  eleciron
microscopy. For Hght microscopy amalysis, pieces of 2-4 mm’ from
all liver lobes were fixed in 4% formaldehyde during 24 hr. The
pieces were further dehydrated with graded ethanol (Panreac,
Barcelona, Spain) and included in paraffin blocks (MERCK) after
standard  procedires. Semithin  sections (5 pm) were cut (Leica
Microsystems, Model RM2125} and mounted on silane-coated slides
(Sigma-Aldrich). After dewaxed in xylene and hydrated through
graded alcchol concentrations, #ssue sections wese stained with
naematoxylin-eosin  (Afom  Scientific Liad, Manchester, UK) and
analysed under a light microscope coupled fo a digital camera (Axio
Imager Al; Carl Zeiss, Oberkochen, Germany).

For transniission electron microscopy, 1 mum” tissue pieces from all
liver lobes weare fixed in 2% glhutaraldebyde, pest-fixed with 2%
osmitum tetroxide, dehydrated in graded ethanol, and later embedded
in Epon (TAAB 812 Resin, Kit Cat. No. T024) according to standard
procedures. Ultrathin (100 nm) sections obtained in an ultra micro-
tome (Reichert Ultracut) were mounted in copper grids {300 Mesh;
from TAAB Laboratories Equipment Ltd. West Berkshire, UK) and
further contrasted with wranyl acefate and lead citrate for analysis at
an accelerating voltage of 60 Kv (Zeiss EM 104A; Carl Zeiss).

Biochemical determingtions in the hepatic tissue. After the excision
from each animal, the liver was washed in a phosphafe-buffered saline
soelution, pH 7.4, dred and weighed fo assess the relalive mass of the
organ (calculated as a percentage of the total body-weight on the day
of zuthanasia). Liver samples were homogentzed [1:4 (mfv}] in ice-
cold phosphate-buffered solution, pH 7.4, with an Ulra-Turrax®
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nomogenizer and cenfnfuged (3000 x g, 10 nun., 4°C). Aliquots of
the supernatant were faken to determine the glutathione status, ATF
levels aud fotal protein levels.

Total ghurailione (GSHi), GSH and GS8SG levels in the hepatic
tisswe. An aliquot of previous supernatant was added to an egual
volume of HCIO, 10% (5% tinal concentration). Samples were again
nomogenized, centrifuged (36 000 = g, 10 mn., 4°C), and the
supernatant was used to defermine the glutathione status [15]. The
GSHt and GSSG levels were evaluated by the DTNB-GSS5G reductase
recycling assay, as previously described [16,17]. Buefly, for GSH:
quantification, 2006 pL of the acidic supernatant was nautralized with
200 pL of 0.76 M KHCO; and cenwifuged (16 000 x g, 5 min,,
4°C). For G8S8G quantification, 10 pl. of 2-vinvipyviidine was added
to 200 pl of acidic supemnatant, and fhe samples were shaken during
1 hr on ice prior to the neutralization sep. In 96-well plates, 100 ul
of sample, standard or blank was added in trplicate and mixed with
65 pl of fresh reagent solufion containing DTNB and B-NADPH.
Flates were incubated at 30°C for 15 min. im a plate reader
(PowesWaveX; Bio-Tek Instruments, Winoeski, W71, USA) prior to
the addition of 40 pl. glutathione reductase solution {10 U/ml). The
final product of this reaction is a coloured substance, and its formation
was monitored for 3 min., at 415 nm, and compared with a standard
curve, GSH and GS5G standard solutions were prepared in HCIO,
5% [15]. Results wese expressed as nmol/mg protein.

Heparic ATP levels. An algquot of the supernatant ohtained as
described above was added to an equal volume of HCIQ, 10% (5%
final concenfration). Samples were again homogenized. centrifuged
(6 000 x g, 10 min, 4°C), and the supematant was usad fo
determine the ATP levels as described before [60). One hundrad
microliter of tissue homogenate was neufralized with 100 puL of
076 M KHCO; and centrifuged (16 000 x g, 10 sec., 4°C}). The
ATE levels were guanfificd by the bichuninescence tfest after the

reaction of 100 pl. neufralized supematant with hiciferinfluciferase
solution. ATP  standards  were prepared in 5% HCIG, ATP
mfracellidar levels were norialized to tofal protein content (mmol/ing

of protein).

Hepatic towal protein guantification. An aliquot of the supemnatant
obtained after centrifugation described in the secfion ‘Biochemical
determinations in the hepotic tissue’ was diluted in (.3 M NaOH and
used to assess the tofal hepatic protein levels. The protein lovels were
determined by the Lowry method using a nicroplate reader (750 nm),
as previously described [16].

Statistical  anolysis. Results are presenfed as  means o+ standard
deviation. Stafistical comparisors betwesn groups were performed
with cne-way anova (in case of normal distribution: haematological
and plasma Piomarkers) or the Kruskal-Wallis test (ons-way anove on
ranks — in case of not nommal distibution: hepatic protein levels,
hepatic glutathione levels and ATP levels). Significance was accepted
at p values < 0.05. Details of statistical analysis are found in the
legend of the figures in the resulfs section.

Results

Plasma  and  haematclogical  changes  induced by MTX
cumulative doses.

The results from plasma and haematological biomarkers at the
end of the experiment which presented significant changes (in
at Jeast one of the treated groups) compared with control rats,
are shown in Table 1. A transient decrease in fotal protein and
IgG plasma levels was cbserved in the MTX22 group. Tran-
sient decreases in RBC count, HCT, Hb, WBC and reticulo-
cytes were evident in the MTX22 group. The leucocyte group

Table 1.
Plasma and haematolopical parameters of the animals treated with MTX (three cycles of 2.5 mg/ke) and control group.
Groups

Parameter Control MTX22 MTXAS
Total proteins (g/dL) 56.8 £33 483 £ 4.9% 524 £ 21
IeG 48.6 = 19.9 10.2 4+ 6.5 320+ 130
Compiement C4 (mg/dL) 24 409 4.8 4 (0.5%* 37 4 0.6*
Conjugated bilirubin (mg/dll) 310 = 0.02 007 = 0.027 (1LO6 = .02F
ALT (O/L) 348 £ 74 13.0 £ 5.3 105 £ 5.00
Alkaline phosphatase (U/L.) 2786 £ 610 1332 £ 54.9%* 149G 42 35.8%*
Cholesterol (mp/dl) 44.6 = 2.8 60528 £ 11.37* 5247 £ 706
Triglycerides (mg/dl) 93.8 £ 09 4006 £ 7.28%* 64.3 £ 19.5%
Tron (pg/dL) 176.9 £ 27.8 250 £ 27.0%F 169.7 £ 14.3
Transferrin (mg/dl) W52 £ 52 736 o 17.00 827 &£ 15.5%
RBC (¢ 10°%mm™) 78 £ 0.9 6.0 £ 1.0 6.6+ 0.6
Hagimatocrit (%) 43.78 £ 4.9 327 £ 5.5 437 £ 3.2
Hu(g/dL) 14.6 = 1.1 114 &+ 144 = 0.7
MCH (pg) 18.8 £ 0.9 19.1 + 221 o 12w
EDW (%) 125 = 0.4 12.9 4 17.9 &= 1.1#%F*
MCV ({L) 56.2 £ 1.1 545 4 663 £ 2.1
Platelet (> 0™ mm’) 5994 £ 7924 5920 4 2462 TESG £ 740
MPV (EL) TAE£04 24 £+ 1.0+ 69 + 04
Reticulocytes (%) 1l6£05 0.0 £ .o 2.9 4 0ot
WBC (> 107 mm™) 284+ 13 1.6 4 0.8% 2.3 + 07

Hesults are presenfed as means & standard deviation.

Statistical analysis was performed using ong-way anova followsd by the Student MNewman Keuls pest hoc test (*p < 005 versus control,

*p < (01 versus contol, **fp < 0.001 versus confrol).
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Fg. 1 Representative blood smears from the MTXIZZ group, demon
strating a monocyte with the presence of a micronuelens (ammosw).

that mostly confributed to this decrease were lymphooytes
(dimurushed m both groups). Addificnally, increased levels of
MPV were chserved m the MTXK22 group and mecroscopic
analysis of the blood smears frem the MTX22 group revealed
the presence of several nucleated cells with nucromiclens for
all the amumals (Fig. 1). Transient bone marrow suppressicn
was chserved in the MTX22 group, as shown by the absence
of circulating retionlecytes. Howewver, in MIH48, a recovery
was Cbserved and circulafing reficulecytes were significantly
higher than confrols, represenfing an adaptation process fo
MTXE exposure (Table 13

A sigmificant increase m the C4 complement and reduced
levels of fransferrin, conjugated bahimbin, ALT and alkaline
phosphatase were evident in both freated groups. The MTX48
group had significant increases in the MCH, RDW and MCV
levels, while WBC returned to control levels at DIIRAS.

Olucose, amylase, albunun, creafinine, urea, uric acid, cal-
cim, potassiom, sodium, C-reactive profeimn, ofp-anfifrypsin,
GGT, C3 complement, LDH, total bidouban and IgM, and IgE
plasma levels in the freated animals did not show any changes
in compariscn with confrel levels (dafa not shewm). PLT,
PCT, MCHC, platelet distmbution wadth, nenfrephl,
ecsinophil, basophil and menocytes levels remamed constant
in all groups af the fime-points evaluated.

MTY administration induced macro- and microscopic changes
in hepatic tissue.

Hepatic macroscopic alterafions were evident i the necropsy
of MTX-treated rafs (Fig. 2). The livers, presenfing a dark red
colour with brilliant  surface, were swollen with all lobes
showing rounded edges. Their consistency was finn but fable
during the cut. These alferaficns were more noforicus in the
MIX48 group. Ne macroscopic changes were observed in
contrel hivers.

Fg. 2. MNecropsy of an animal from the MIX4E group, demonstrating
the liver macroscopic alterations observed in all MTX treated rats,
being more evident in the MTX4E group. The Lver presents a swollen
aspect with rounded =dges in all lobes, having a dark red colowr and
brilliant swrface. Male Wistar rats were subjected to MTX treatment
(thres cycles of 2.5 mgkg) and soffered enthanasia 28 days after the
last MTX administration.

The microscopc analysis did not reveal any abnormality in
ammals from the centrel group (data not shown). However, at
light microscopy, the MTE22 lhivers revealed disperse regions
of focal necrosis without changes in the organ archifecture
(Fig. 3). The hepafic fissue presented an apparent preliferation
of kupffer cells, hepatocyte cedema in the periportal regions
and enlargement of periportal spaces with cellular mfilfraticn
and collagen deposition (Fig. 3). In the same group, fransmus-
sion  electron mucroscopy confimed the cellular cedema
mainly located in the periportal region. Moreover, an mareased
density of Iysosomes (Fig. 3) and nuld steafosis affecting the
majority of hepatocytes were observed. In general, the hepato-
cytes presented several nuclech (more than 23 per cell) and
abundant rough endoplasmic reficulum, without signs of mifo-
chendnia swelling. Frequent perisinuscidal cells contaiming
lipid dreplets, suggestive of stellate cells, as well as collagen
fibres preliferaficn inte the Disse spaces, and abundant hepatic
and endothelial microvilli were alse observed (Fig. 3.

In the MTXA48 group, the periportal cellular cedema appar-
ently decreased when compared with the MTXE22 group,
although with an enlargement of peripertal spaces and a more
evident fibrofic area. A lhigher number of areas contaming cel-
lular infiltrafion with apparent mald discrganization of the lob-
ular structure were seen (Fig. 3). In general, the fransmssion
electron microscopy revealed a high centent of lyscscmes
hepatocytes, abundant Kupffer and stellate cells, as well as a
huge preliferation of collagen fibres mto the Disse spaces.

© 203 NMardic Pharmacalapical Sacety. Poblished by John Wilsy & Sons Ltd
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Fg 3 Light (A, B and ) and electron micrographs (I, E, F and G) of liver sections illustating the stuctiral and ultrastmocturs alterations
obeerved in MTX treated animals. In (A (ffom MTXIZ group), teo central weins (%) srrounded by hepatocytes displaying a nomal morphology
are £een; however, at the periphery of the lobule, the presence of swallen hepatocytes is notariows (#); (B) (from MTXAR) depicts a nearotic area
(*) infiltrated by Obroblasts like cells with deposition of connective tisspe (@rows); (O (Tom MTX4E gronp) displayvs a portal area with enlarge
ment of periportal space, which is invaded by comnechive tissue and infiltrated by fibroblaste like celle and lencocytes; (D) (from BMTX22 gronp)
depicts a great amomnt of 1ysosomes within a hepatocyte (amows), with mitochondria presenting a normal morphology withoot signals of sweelling;
In (E) (from MTX2Z group), the presence of collagen fibree (%) in the Disse space as well as an area of high density of bepatocyte microvilli are
shown (#); (F) (from MTX22 group) shows two adjacent swollen hepatoeytes, containing mitochondria with nommal morphology (at left and right
sides), separated by a space occupied by abundant microvilli (#) with a Kopffer cell near by (arow); at the centre, a stellate like cell (%) with
severd lipid droplete; In (4F) (from the MTX4E groop), a stellate ol is depicted.

Changes in the hepatic macre- and mdcroscopic architeciure
were not accompanied by sigmificant alterafions i the hepafic
relative mass ([dafa not shown).

MTX-induced hepatic alterations in  the protein  levels,
sluzarhione statiy arnd ATP levels

The hepafic protein levels were significantly decreased in the
MTIE22 group (34.1 + 3.5 mg/g) when compared to control
{107.3 £ 28.6 mg/g). The wvalues cbserved in the MIX43
group (16355 £+ 91.8 mg/g) suggest a recovery of hepatic pro-
temns, being simdlar to confrel values (Fig. 4). Moreover, as
shewn in Fig. 5, late significant increases were observed in
the hepafic GSHt levels (473 £ 11.0 mmolmg m the MR8
group versus 263 £ 76 nmelmg and 254 + 3.6 nmolimg
in the contrel and MTX22 groups, respectively). This increase
in GSHt comesponds fo the lafe increase in the GSH
(374 £ 8.5 nmolmg in the MIX48 group compared with
229 £ 7.7 nmolmg in the control and 195 £ 2.5 nmelimg
in the MTX22 group), and a great increase in the GS5G levels
in  the DMIX48 group (49 4+ L3 nmelimg  versus
1.7 £ 03 nmolmg in the confrol and 2.9 + 1.1 nmol/mg in
the MTX22 group). Regarding hepatic ATP levels, a sigrafi-
cant decrease in the MIX48 group (3.2 + 1.5 nmelmg) com-
pared  with (101 + 1.5 nmelimg]  or WMIH22
(9.0 £+ 1.5 nmolimg) groups was seen (Fig. 6).

conftrol
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Total protein levels
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Fig. 4. Hepatic protein levels of the animals treated with MTX (three
cycles of 2.5 mghkg) and control group. Results are present=d as
means + standard deviation, Statistical analysis was paformed vsing
Krickal Wallis test [anowa on ranks) followed by the Stodent MNew
man Keals past o test (Fp = 0.05 versus contral).

Disussion

This work amed fo investigate the potenfial hepatotesicty
and hasmatotoxicity of MIX using a multiple dose i vive
medel. To evaluate whether the toxic effects were also cumu-
lative and long-lasting, as it happens in some cardiac events,
two time-pomts were selected: 2 and 28 days affer the last
adwamstration of WMTE The chodce of two different fume-
points represented by the MTX22 and MTX48 groups is

i@ 2013 Mardic Pharmacalagical Society. Poblished by John Wilsy £ Soms Ltd
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Fig. 5. Hepatic (A) GSHi, (B) GSH and (C) GSS5G levels of the animals treated with MTX and confrol group. Results are presented as
means + standard deviation. Statistical analysis was performed using the Kruskal-Wallis test (anova on ranks) followed by the Student Newman

Keuls post hoc test (*p < 0.05 versus control).

ATP
15 -
<
&
22 0{ 4 T
> 8
EE} ek
o
== 5
<o
E
£
D T L]
~ n @
° ul i
o°° @‘ @‘

Fig. 6. Hepatic ATP levels of the animals treated with MTX and con-
trol group. Results are presented as means + standard deviafion. Sfa-
tistical analysis was performed using the Kruskal-Wallis test (anova
on ranks) followed by the Student Newman Keuls post hoc test
(*p < 0.05 versus control).

important to evaluate acutefadaptive and transient/ultimate
effects of the liver or haematological function, because they
present high turnover and plasticity [13].

We observed hepatotoxicity and haematological toxic
effects after MTX administration to rats, as demonstrated by
the macro- and microscopic changes in the hepatic architec-
ture (Figs 2 and 3), and by several haematological altera-
tions (Table 1). The reduction in hepatic protein levels in
the MTX22 group, the late increases in the GSHt hepatic
levels, demonstrated by an increase in GSH and GSSG con-
tents, and late decreases in the hepatic ATP values in the
MTX48 group showed mechanistic responses of hepatic tis-
sue after MTX administration (Figs 4 6, respectively).

The MTX-induced haematological toxic effects were dem-
onstrated by an early bone marrow depression on MTX22
group (Table 1) followed by signals of haematopoiesis recov-
ery, observed in the MTX48 group. Indeed, MTX22 presented
a reduction in WBCs, RBCs and reticulocytes, associated with
an increase in non-conjugated bilirubin that was followed, at
MTX48, by a recovery of WBCs and RBCs. The return to
basal values of RBCs at MTX48 was probably due to a signif-
icant increase in reticulocytes, leading to macrocytosis and
anisocytosis, as shown by the significant increase in the RDW
and in MCV. Additionally, increased levels of plasma iron
suggest an increase in iron absorption to overcome the initial
reduction in RBCs. These results are in accordance with what
has been observed in human beings and justify the importance
of monitoring haematological parameters during MTX chemo-
therapy [1]. In fact, the MTX-induced myelosuppression mani-
fests mostly as leukopaenia, thus being the main dose-limiting
effect that occurs shortly after MTX treatment [18]. Also, in
human beings, after administration of MTX (38 mg/m?), the
WBC counting returned to normal values within 7 days [18].
However, patients treated with higher dose regimens tend to
present an even faster blood count recovery [1]. The presence
of micronucleus in MTX22 blood smears (Fig. 1) was con-
stant in all animals from this treated group, suggesting a geno-
toxic potential for MTX. Altogether, these data elucidate the
rational for continued blood cell counts after MTX-therapy
cessation due to the risk of MTX-associated secondary acute
leukaemia [2]. As for other topoisomerase II inhibitors, there
are only limited data on the MTX genotoxicity using micro-
bial conventional assays [10]. However, it is well known that

© 2013 Nordic Pharmacological Society. Published by John Wiley & Sons Litd
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MTX causes single and double breaks in the DNA [1.3] and
also atfects the cell cycle at various stages [3,19].

As stated before, MTX is an immunosuppressive dmg that
promotes apoptosis in antigen-presenting cells and reduces the
levels of all types of immune cells [2,20]. Accordingly, we
observed a transient decrease in the plasma IgG levels in the
MTX22 rats (Table ). Another study assessing the human
safety of MTX, ritaximab, ifosfamide and etoposide combined
therapy demonstrated significant decrease in the 1gG levels in
patients treated for non-Hodgkin's lymphoma [21]. The IgG is
synthesized by blood cells and comresponds to about 80% of
total immunoglobulin [22]. Thus, the significant decrcases in
1o levels in the MTX22Z group may comelate with the
observed decreases in the plasma total protein levels observed
m this group. The levels of the main plasma protein albumin
remained constant i the MTX-treated groups (datz not
shown).

The MTX-induced hepatotoxicity was clearly demonstrated
by the macroscopic changes observed in the MTX-mweated %iv-
ers (Fig. 2). Signals of hepatic injury were found in the earlier
time-point (MTX22 group), notably by changes in plasma-
related liver parameters, in the hepatic macro- and mmicroscopic
changes (Fig. 3) and by alterations in biochemical hepatic
values (Fig. 4). These data suggest hepatic dysfunction, dem-
onstrated by the decrease in plasma enzyme levels, protein
aun-over and higher free cholesterol. The impaimment of hepa-
tic function in both treated groups is also shown by decreases
in the plasma triglycerides, which are mainly synthesized by
the hepatocytes (Table 1) Fusthermore, the mcrease in the
plasma cholesterol levels in the MTX22 group is consistent
with the mild steatosis observed by strnctural analvsis, which
can be related to the decreased hepatic synthesis of lpopro-
teins. The dimmmished hepatic protein synthesis was demon-
strated by lower protein hepatic levels (MTX22), and lower
levels of plasma biochemical parameters such as ALT, alka-
line phosphatase and transferrin in both MTX-treated groups.
In faect, in human beings, the acute hepatotoxicity of MTX
manifests as tfransient increases in seram bilirvubin levels and
in the activity of liver enzymes {10]. However, decreases in
the hepatic synthesis of these enzymes are considered a result
of {subjchronic hepatotoxicity observed with other xenobiotics
{23 26]. Possibly due to the marked decrease in protein turn-
over, MTX22 hepatocytes show large nucleol and abundant
mugh endoplasmic reticulum, 48 a compensation mechanism
o atternpt restoring hepatic svothesis dimoidnished by the action
of the drug. The apparent recover of the hepatic total protein
fevels (Fig. 4) on MTX48 compared with MTX22 does not
mean total functional gain, considering the changes in MTX4E
hepatic ATP, glutathione and plasma protein levels.

Morenver, increases in the unconiigated bilimbin in both
weated groups are suggestive of impaired conjugation with
glucuronides. Subchnical unconjugated hyperbibirabinaernia is
related to antituberculosis therapy, and it is attributed fo the
inhibition of the bile salt exporter pumps {26]. Microscopic
hepatic evaluations (Fig. 3) demonstrated a huge proliferation
in the Kupffer cells, leucocyte infiltration and collagen deposi-
tionr, which are mdicative of an inflammatory process. Indeed,

it might be related to the notorious increases observed in the
Plasma C4 complement levels because this component is syn-
thesized by Kupffer cells [27]. The hepatic microscopic
changes were more notorious ar a later time-point (MTX48
group). As already mentioned, MTX and naphthoquinoxaline
{an active metabolite) are retained n the hepatic tissue [5,28],
and the continued hepatic exposwre may resolt in hepatic
mjury. Recently, we described some significant changes
refated to cardictoxicity in the MTX22 group (decreased levels
of CK, CK-MB, increased cardiac relative mass and adaptive
ncrease in the mitochondrial complexes IV and V). However,
it was demonstrated that the cardiac energetic damage was
established at a later time-point Gnoreased levels of plasioa
lactate and cardiac relative mass, decrease in the mitochondrial
complex V activity with consequent depletion of cardiac ATP
levels) {8]. One hypothesis for the MTX-induced hepatotoxic-
ity is that it was secondary 1o the concomdtant MTX-induced
cardhotoxicity. However, microscopic data do not support the
theory that the classic late cardiotoxicity of MTX [6] may
contribute to promote a secondary hepatic lesion [8] consider-
ing the absence of significant centrilobular damage or dilata-
tion of centriflotndar sinusoids by blood congestion. In another
study, the hepatic histophatological results of mice treated
with MTX (15 mg/kg) demonstrated intense hydropic vacuoli-
zation of the cytoplasm, necrosis areas, picnosis and nuclear
bysiz mot recovered untl 5 days after the single dose adminis-
tration [9]. Accordingly, in the present study, the MIX
mduced hepatic damage continmed until the end of the evalua-
tions.

Oxidative stress seems to assume a more important role
in the MTX hepatotoxicity when compared to the oxidative
damage observed in the MTX-related cardiomvopathy [6,7].
Increases in the hepatic levels of GSHt were observed in
the MTX48 group. As shown in Fig. 5, this increase is
refated to a slight (but significant) increase in the GSH
hepatic levels and GSSG levels. Increases in the GSH rmight
be interpreted as an alternpt to enhance the antioxidant con-
tent to respond to injury, while increased levels of GSSG
are a clear sign of oxidative stress. It is known that Kupffer
cells, which were abundantly present in the MTXAR livers,
are a source of reactive oxygen and nittogen species [29].
The link between oxidative stress and the MTX-induced
hepatic damage was already suggested in a study with mice,
MTX (15 mg'kgy cansed
mereases in the lpid peroxidation, decreases in the antioxi-

where the admimistration of
dant enzymes (superoxide dismutase, catalase and glutathione
peroxidase) and depletion of the hepatic retinol and GSH
comtent [2]. Moieover, the incabation of MTX (100 uM)
with HepG2 cells for 6 hr was enough to promote the
decrease in the GSH levels [30]. The apparent contradiction
between our results {increased in the GSH hepatic levels)
and the previously reported data (decreases in the GSH con-
tent) may be explained by the differences in the experimen-
tal design or models. Both referred studies assessed the
GSH levels 3, 4 and 5 days after MTX administration [9]
or & hr after high MTX concentration incubation [30]. In
the present study, significant changes in the ghitathione sta-

9 2013 Nocdie Pharmeeologieal Socety. Published by John Wiley & Sons Tad
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tus were seen only at the last evaluated time-point, 28 days
after the last dose admimstration. Hence, the organism is
sitbjected 1o compensatory/adapiive effects favowred by the
elapsed time between the last MTX administration and rat
enthanasia.

To the best of our knowledge, it is the first timne that lae
hepatic energetic imbalance is associated with MTX-induced
hepatotoxicity. The decrease in the hepatic ATP levels
observed in the MTX48 group (Fig. 6) occwrred 28 days after
the last MTX administraion. One can speculate about this
result. Decreases in the ATP hepatic levels are observed in the
human non-alcoholic steatohepatitis [31], and are associated
with covalenat binding of drugs with intraceliular proteins [32].
As already stated, MTX and its loxic known metabolite accu-
miudates in the Hver tissue [5,28)] and its long-lasting effects
can be attributed to MTX persistence in the cells and its
strong affinity for celhidar macromolecoles and membranes
133]. Additionally, the ATP decreases can be related to mito-
chondrial disruption. In other models relazed o myocytes, the
MTX-induced decrsases in the ATP levels have already been
described [6,7,34]. In these models, the observed cardiac ener-
getic depletion was already attribated to the mitochondrial tox-
icity induced by MTX, affeciing the ATP synthesis through
perturbations in the mitochondrial membrane potential and late
inhibition of ATP synthase activity in vifre and in vive [6,7].
Moreover, in a work by Shipp e &, [34], the MTX matabolite
naphthoquinoxaline alsc dismapted ATP homeostasis in neona-
tal rat heart cells. Although. in the present study., mitochon-
drial moorphologic changes in the hepatic tissue were not
observed, one cannot exclude the existence of functional mito-
chondrial disturbances.

In summary, this study allowed to better understand the
long-term effect of MTX freatment. Moreover, the ininnsic
hepatotoxic potential of chemotherapy is of great concemn
because an altered hepatic function might decrease the camcer
therapy effectiveness and/or increase toxic adverse effects
{13]. In this study, we described a severe hepatoloxicity. We
did not find hepatic changes suggestive of heart failare and
the location of the histological findings in the periportal region
seem to reinforce the direct hepatotoxic potential of MTX.
Adter 28 days of the Jast MTX cycle, hepatic tissue remaimed
with reduced levels of glutathione and ATP, which are cssen-
tial for the hepatic function.
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Discussion and Conclusions

The major findings of this thesis were the elucidation of the mechanisms involved in
the MTX-induced cardiotoxicity, mainly regarding its metabolism and energetic status
changes. The metabolic profile of MTX after incubation with rat hepatic S9 fractions was
described and MTX and the MTX-naphtoquinoxaline metabolite were found in extracts of
heart and liver of male Wistar rats previously injected (24h before, i.p.) with MTX. The
presence of MTX metabolites increased the MTX cytotoxicity in a cardiomyoblast in vitro
model (H9¢c2) and, in the same model, the cell damage was partially prevented by the
inhibition of the CYP450 metabolism and specifically of the CYP2E1 isoenzyme
metabolism, highlighting the relevance of MTX metabolism to its cardiotoxicity. Our results
also suggest an important mitochondrial toxicity evidenced both in vitro and in vivo, which
is characterized by an energetic gap observed by decreases in the ATP levels and
disturbances in the mitochondrial complexes. Noteworthy, at the late time point (96h) the
onset of an oxidative stress phenomenon at the in vitro model was observed at the same
incubation period that the energetic injury was more dramatic. Moreover, by using an in
vivo model we observed the occurrence of an intense MTX-mediated hepatotoxicity and
hematological disturbances. All these aspects are discussed below.

The in vitro and in vivo models, doses/concentrations, and time of
incubation/exposition used were adapted to study the MTX-induced cardiotoxicity. For the
present work, it could be highlighted the fact that the results are originated from in vitro
and in vivo studies performed in parallel with coordinated goals, generating
complementary data regarding the advantages of each approach and trying to surpass
their limitations. Emphasis is given to the mechanistic pathways identified by the in vitro

studies and pharmacokinetics and biochemical studies by in vivo studies.

IV.1. Metabolic profile of MTX: in vitro and in vivo studies

In studies undertaken in the Manuscript |, the metabolism of MTX was simulated in
vitro by using hepatic S9 fractions isolated from adult rats, supplemented with NADPH
(1mM) and GSH (4mM). After a 4h incubation with MTX (100uM), the MTX content was
35% lower than at time O; five chromatographic peaks were identified as MTX related
products, namely the naphtoquinoxaline metabolite, an acetoxy ester derivative (never
described before in this model), two MTX GSH conjugates and a MTX monocarboxylic

acid derivative (trace amounts) (Figure 5) (Manuscript I).
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Figure 5: Proposed chemical structure of the metabolites corresponding to the five
chromatographic peaks obtained by LC/DAD-ESI/MS analysis. Compounds were obtained
after 4h incubation of MTX (100uM) with hepatic S9 fractions isolated from adult male rats
pre-treated with phenobarbital (0.2% in drinking water for one week prior isolation).
Hepatic S9 fractions (4mg/ml) were supplemented with NADPH (1mM) and GSH (4mM).

The UV-VIS spectrum of the MTX obtained products showed that they retained the
tricyclic planar chromophore group, suggesting that all compounds could have
pharmacological interest, namely the ability to form covalent complexes with DNA (21).
However, the only metabolite ever reported as bioactive is the naphtoquinoxaline
metabolite (Figure 2 and Figure 5) (27,30,37,44). In fact, this metabolite was already
described as the product of MTX metabolism through heme containing enzymes systems,
CYP450, and peroxidases, and as an excretion product in the urine of humans and many
laboratory animals (27,30) (Table 2).

A novel compound was described as a MTX metabolic product (Manuscript 1)
(Figure 5) with a —COOCHS; group introduced in the MTX molecule. The pathways
involved in the metabolite formation remain unclear, but we suggested that the acetoxy

derivative can result from an N-oxygenation in the aromatic amine, followed by an
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acetylation. In fact, in primary and secondary aromatic amines, N-oxygenation by CYP450
usually results in the formation of arylhydroxylamines, which can be converted by N-
acetyltransferases (present in S9 fractions), functioning as O-acetyltransferases, to
acetoxy esters (124). Another structural possibility for this compound is the introduction of
the —CH>,COOH group in the MTX molecule instead of the —COOCHSs, which is also
compatible with the MS spectrum; however, those metabolic routes are unlikely.
MTX-derived GSH conjugates are known as one of the detoxifying products of MTX
(27,32) (Table 2). The methodology employed in our study does not allow a conclusion
about the site of GSH conjugation. Two hypotheses were considered regarding the GSH
conjugation site, namely in the diaminobenzene and in the dihydroxybenzene part of MTX
molecule. Initially, Blanz and co-workers described both GSH conjugates on the
diaminophenyl part using '*C-NMR and 'H-NMR techniques. '"*C-NMR data showed that
regarding the two carbon resonances of MTX attributed to C6/C7 and C2/C3, one suffered
a downfield shift, indicating a symmetrical substitution of two hydrogen atoms by sulfur-
containing groups. However, the location of the conjugation site remained unclear
because the chemical shifts of these carbons were nearly equivalent. Thus, the '"H-NMR
data suggested that the conjugation was at C6/C7 because the resonance typical for the
protons at C6/C7 disappeared (27). However, in a subsequent investigation applying two-
dimensional 'H-'3C-heteronuclear multiple-bond connectivity NMR and within the same
group of authors, it became apparent that the S-atom of GSH was bound to C2 (37).
Thus, it was concluded that, while the intramolecular attack of the nucleophilic side chain
N-atom on the oxidized MTX takes place at position C6, leading to the naphtoquinoxaline
metabolite, the corresponding reaction with external nucleophiles, such as GSH, occurs at

the dihydroxybenzene part (Figure 6) (37).
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Figure 6: Chemical representation of nucleophilic attack sites in the MTX molecule. The
position 6 of MTX is the site of the intramolecular attack of the nucleophilic side chain
resulting in the formation of the naphtoquinoxaline metabolite. The external nucleophilic
attack is favored at position 2 and 3 of MTX molecule.

Given the trace amounts of MTX monocarboxylic acid derivative, little information
regarding its MS spectrum characteristics was obtained. However, recently, a compound
with the same molecular ion mass was associated with oxidative metabolism of MTX,
MTX-derivative dicyclicmonocarboxylic acid (30). Thus, we suggested that the trace
metabolite found in our experimental conditions has the structure of the
dicyclicmonocarboxylic acid derivative shown in the Figure 5. Its pharmacological effect
was not tested, although, we can speculatively say that this compound is a reasonable
candidate to elicit antitumor effect given its ionisability (30). MTX monocarboxylic acid
derivative was already detected in rat metabolism in very low and variable levels and its
formation was related to CYP450-catalyzed reactions (27,30,31). To the best of our
knowledge, the formation of the monocarboxylic acid derivative from the
napthoquinoxaline structure (as proposed here) was only related to peroxidase-catalyzed
reactions (30). Nonetheless, CYP450 and peroxidase enzyme systems, despite differing
in the reaction mechanisms, apparently can generate identical reaction products (30).

In order to evaluate the in vivo MTX and napthoquinoxaline metabolite presence in
the liver (the main metabolic organ) and heart (the main toxicity target of MTX), extracts of
both organs were analyzed after excision from rats treated with MTX (7.5mg/kg, i.p.) 24h

before the euthanasia.
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In liver extracts of animals treated with MTX, it was possible to observe the
presence of MTX and seven additional peaks when compared to the control livers; hence,
they were assigned as MTX metabolites (Manuscript 1). All the compounds absorb
radiation in the VIS region (between 500 and 700nm), suggesting that the chromophore
group remained intact. Due to the huge background present in the chromatograms, only
MTX and naphtoquinoxaline metabolite, the most pharmacological relevant compound,
were identified through UV-VIS spectrum characteristics and by the MS fragmentation.
Although the UV-VIS spectrum does not provide an accurate identification of the
compounds as does the MS fragmentation, an interesting discovery showed that all the
compounds present in the liver extract of MTX-treated rats possessed a UV-VIS spectrum
profile similar to those metabolites proposed in the above mentioned in vitro study, using
hepatic S9 fractions. The two first peaks assigned as MTX metabolites in the liver
chromatogram presented a maximum absorbance in the visible region set at 619nm and
673nm, agreeing with the UV-VIS spectrum of the MTX-GSH conjugate. The next
metabolite peak had the same absorbance profile in the visible region of the
dicyclicnaphtoquinoxaline monocarboxylic acid derivative, namely 610nm and 658nm. The
three remaining compounds had a UV-VIS spectrum with absorbance maximum at 610
nm and 661nm, which are the absorbance maximum peaks of the novel metabolite
(acetoxy ester) and MTX. These data suggest that in vivo MTX metabolites found in the
hepatic tissue are, at least, chemically similar to those produced in vitro.

In the heart extracts of the animals treated with MTX, only MTX and the
naphtoquinoxaline metabolite were found in trace amounts. Both compounds were
identified through analysis of their DAD spectrum properties and MS fragmentation
(Manuscript I).

The presence of MTX in heart and liver of MTX treated rats herein shown is in
accordance with the current literature that states the broad tissue distribution profile of
MTX (26,104). It is known that MTX is retained in these organs even one month after a
single dose treatment (12mg/m?) in humans (1,26). However, this is the first time that the
presence of the naphtoquinoxaline metabolite in liver and heart was described in an
animal model. The detection of the naphtoquinoxaline metabolite in the liver and heart
suggests that this metabolite also has the potential to be retained in highly perfused
organs. Nonetheless, for how long this compound is found in these tissues remains
unknown. We only evaluated the end-point of 24h after MTX treatment, which is a short
period to evaluate MTX tissue retention profile. Even so, it might account to MTX toxicity
observed in these organs, such as those observed in the studies performed within this

thesis (discussed below).
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IV.2. Influence of MTX metabolism on its (cardio)toxicity

According to the results presented in the Manuscript |, metabolites of MTX are more
cytotoxic than MTX in the H9c2 cells, suggesting the relevance of MTX metabolism to its
cardiotoxicity. In fact, in the study described in the Methods section we have treatment
groups with the extracts of the previous incubations of the supplemented S9 fractions with
100pM MTX at time O (non-metabolized MTX) and after 4h (containing 35% less MTX
than at time O plus the proposed metabolites presented in the Figure 5). Furthermore, the
experimental protocol included a matrix group that did not contain MTX. Analyses of the
extracts were performed through LC/DAD-ESI/MS, prior to the incubations with H9c2
cells, to guarantee the identity and content of each extract. Results revealed that even
with less amounts of MTX, the presence of the metabolites significantly increased the
cell’'s cytotoxicity, evaluated through the reduction of MTT assay after a 24h period of
incubation, when compared to the non-metabolized MTX group.

The complex metabolic extract containing all in vitro formed metabolites (Figure 5) is
more cytotoxic than MTX without previous metabolism. However, the individual
contribution of each byproduct was not determined and, as already referred, the majority
of the proposed metabolites have unknown toxicity profiles. In fact, considering the five
proposed metabolites, the only that has known toxicological relevance is the
naphtoquinoxaline (34,37,125). Regarding naphtoquinoxaline-induced cardiac damage,
Shipp and co-workers described, in 1993, a depletion of ATP levels to 67.316.3% of
control after 72h of previous 3h naphtoquinoxaline (39uM) incubation in cultured neonatal
rat cardiomyocytes. In the same study and using the same incubation conditions and cell
model, MTX at 3.9uM, caused a depletion in the ATP levels of about 55.1£3.9% of control
(125). These results demonstrate that, in the tested conditions, MTX has a greater effect
on ATP levels than its metabolite since a significant lower concentration of MTX (10 fold)
was used to obtain similar energetic effects. However, in our study, even considering that
we did not quantified the naphtoquinoxaline levels present in the MTX+metabolites group,
its concentration is certainly lower than MTX, since it was formed from MTX (100uM)
incubation with supplemented S9 fractions. Obviously, this treatment group contains other
MTX metabolites besides naphtoquinoxaline, which may account for the enhancement of
the toxic effects even with about 35% less MTX (since MTX was biotransformed) when
compared to MTX alone group. In fact, the enhanced cytotoxicity of MTX after the
inhibition of epoxide hydrolase has been already described, suggesting that MTX is
oxidized by the CYP450 oxidase mixed function to an epoxide (33). Epoxides are quite
reactive, but none of such toxic metabolites were detected in our study; of notice epoxide

hydrolase induction may occur by previous phenobarbital administration to the rat.
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Additionally, it is important to refer that in the study performed by Shipp and co-workers
the cells were incubated for only 3h, washed, the medium was replaced, and ATP levels
were evaluated after 72h showing that the initial exposure to the metabolite or MTX was
sufficient to elicit a toxic response. In contrast, in the study presented in this thesis, the
incubation period was longer and continuous (24h) and the cytotoxicity was measured by
MTT reduction assay. In both studies the energetic depletion was evident. Differences in
the response magnitude might be related to the cell model used since Shipp used cultured
neonatal rat cardiomyocytes.

Another great contribution of our work was to highlight the in locu bioactivation of
MTX mediated through CYP450 and namely CYP2E1 as a contributor to MTX cytotoxicity.
For the first time, the partial reversion of MTX-induced cytotoxic effects by co-incubation
with CYP450 metabolism inhibitors, and in particular of CYP2E1 inhibitor, was evidenced
in a cardiomyoblast model. It is important to consider the relevance of the extra-hepatic
metabolism to MTX-induced organ toxicity regarding that this drug accumulates in many
organs (26). In the manuscript I, we demonstrated the presence of both MTX and
naphtoquinoxaline metabolite in the liver and in the heart tissue of MTX treated rats. The
toxic metabolites can be produced in the liver and carried to other organs and/or be
formed in locu. The heart is an organ that express both CYP450 enzymes and NADPH
cytochrome reductase (33). Noteworthy, CYP2E1 is markedly abundant in the heart when
compared to other isoenzymes of that family (126), and we showed that it contributes to
MTX cytotoxicity since by the inhibition of this isoenzyme the observed cytotoxicity was
partially prevented (Manuscript I).

Despite the significant protection obtained with CYP450 and CYP2E1 inhibitors,
MTP (0.5mM) and DAS (150uM) respectively, the damage was only partially
counteracted. This partial protection may be related to the direct toxic effect of MTX or the
involvement of other enzymes present in the H9c2 cells that can promote the bioactivation
of MTX. Additionally, the co-incubation of these inhibitors with MTX (100nM and 1uM) did
not prevent the increase in the caspase-3 activity shown in the absence of metabolism
inhibitors, favoring the participation of other metabolites or of MTX-itself to this effect
(Manuscript IlI). Thus, these results suggest that CYP inhibition and the metabolites
generated by it were not associated to apoptosis.

In accordance with our results, in a previous study performed by co-incubating
HepG2 cells with MTP (0.5mM) and MTX (5uM) for 4h the decrease in the cell growth was
prevented when quantified 48h after removing these compounds, and compared to MTX
incubation in the absence of MTP (33). Conversely, co-incubation of MTP (0.5mM) with
MTX (10 and 200uM) for 4h partially prevented the cytotoxicity of MTX, evaluated through
the LDH leakage assay, in the MCF7 human breast cancer cells subjected to CYP450

107



Discussion and Conclusions

induced metabolism. Furthermore, in the same model, MTP (0.5mM) co-incubated with a
lower concentration of MTX (10uM) for 4h counteracted the GSH depletion observed in
the absence of the CYP450 inhibitor (36). The partial counteraction by MTP in the
reduction of GSH levels might be related to the decreased need of GSH to detoxify the
MTX toxic metabolites by conjugation, since the formation of those intermediary species is
inhibited by MTP. Another possibility is that the inhibition of CYP450 leads to the
formation of less reactive species resulting of the electron leakage of the CYP450 reaction
by itself, thus consuming less GSH. At high MTX concentration (200uM), although the
membrane cellular integrity was preserved by MTP (0.5mM) co-incubation, CYP450
inhibition did not alter the intracellular GSH levels reduced by MTX incubation (36).
Noteworthy, full protection of MTX-induced cytotoxicity was observed with the
simultaneous incubation of MTP (1mM) and MTX at high concentrations (200 to 400uM) in
two different hepatic cell models, namely hepatocytes isolated from male adult rats and
HepG2 cells incubated for 4 and 9h (37). The prevention of MTX-induced cytotoxicity with
MTP obtained by Mewes and co-workers (37) was superior of those demonstrated by us
and by the work of Li and co-workers (36). However, it is important to refer that we cannot
directly compare different endpoints, cell models, MTX and MTP concentrations. In fact,
the concentration of MTP employed by Mewes and co-workers (1mM) was twice the one
used by us and Li and co-workers (0.5mM) and our incubation period was longer (96h)
with lower MTX concentrations. Moreover, the full vs. partial protection observed can be
related to the differences in the parameters evaluated to measure the cell damage.
Mewes and co-workers quantified the ultimate cell viability loss through the LDH leakage
assay and we used the MTT reduction assay in our protective studies with metabolism
inhibitors. At least in the H9c2 cell model, the MTT reduction assay demonstrated to be
more sensitive to detect MTX cytotoxicity than LDH leakage test, as demonstrated by the
time and response curves using the same MTX concentration range and incubation
periods in the H9c2 cells (Manuscript II). This result could be explained by the nature of
both cytotoxicity assays: the MTT reduction test is related to the cell ability to metabolize
formazan crystals. The MTT metabolization is mostly catalyzed by mitochondrial
dehydrogenases, thus the reduction of MTT is commonly considered as a mitochondrial
viability index (106). On the other hand, LDH leakage assay is associated to membrane
disruption and consequent loss of cellular integrity (127). Hence, LDH leakage assay
usually measures irreversible damage while changes in the MTT reduction assay, as well
as alterations in the antioxidant defenses, commonly manifest themselves earlier. Thus, it
can explain the MTP-induced full protection observed in the LDH leakage assay and the
absence of a protective effect considering the GSH levels observed by Li and co-workers
with MTX high concentration (200uM) (36).
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IV.2.1. Cytoxicity as a consequence of metabolic activation

Traditionally, it is believed that the mechanisms of MTX cardiotoxicity involve the
oxidative activation of its quinone group, leading to reactive species generation (36,37).
Indeed, it was demonstrated that the incubation of MTX (1.60uM) with H9c2 cells elicits
late increases in the peroxides production after a 16h incubation (128). However, the
knowledge that the one-electron reduction potential of MTX does not favor the formation
of a semi-quinone radical brought up questions concerning whether the MTX redox
cycling has a primary role in MTX cardiotoxicity (35,59,129). Some authors defend that,
instead of causing oxidative stress, MTX elicits antioxidant effects (1,29) since the
inhibition of lipid peroxidation after MTX incubation was observed in many in vitro models,
such as heart sarcosomes isolated from rabbit, mitochondria isolated from rabbit, and in
liver microsomes isolated from rabbit (29,75). Notwithstanding the contradictory results,
the interest in the assessment of the MTX effects among (anti)oxidative pathways still
persists because MTX does not seem to be innocuous to the cellular antioxidant
defenses.

The enzymatic pathway of MTX oxidation has a strong influence in the extent and
nature of all formed metabolites (30). For a long time, it was discussed whether MTX
undergoes one- or two-electron reduction since this issue will be connected to the
magnitude of oxidative stress formed as consequence of MTX bioactivation
(32,33,35,130). The one-electron reduction yields reactive semi-quinone radicals and is
promoted by reductases (e.g. flavin NADPH cytochrome reductases) and peroxidases
such as myeloperoxidase (30,33,38) (Figure 7). The generated semi-quinones enter in
deleterious redox cycling with oxygen, forming many reactive oxygen species and,
consequently, oxidative stress, in a process similar to what is described for doxorubicin
(33,35). The two-electron reduction is mediated by CYP450 mixed function oxidases and
NADPH quinone acceptor oxidoreductase (also known as DT-diaphorase) and forms
hydroquinones, which are more stable products (32,33,35,130) (Figure 7). Commonly,
hydroquinones are rapidly eliminated from the cell, but sometimes, in the presence of
oxygen, they enter in a redox cycle due to auto-oxidation to semiquinones and quinones,

also generating superoxide radical anion, as represented in the Figure 7 (36).
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Figure 7: Schematic representation of one-electron and two-electron reduction of
anthraquinones. The one-electron reduction involves the formation of semi-quinone
radicals that can enter into redox cycling. Two-electron reduction generates
hydroquinones, which can be detoxified or suffer auto-oxidation (two consecutive one-
electron reductions). Adapted from (36,130).

Regarding MTX metabolism, the two-electron reduction is considered the
preferential pathway, as evidenced by the prevention of the MTX bioactivation with
CYP450-mediated metabolism inhibition (33,36,37), which was also observed by us
(Manuscript 1). One product of the two-electron reduction is the naphtoquinoxaline
metabolite. However, studies demonstrate that MTX can also be metabolized by
peroxidases in two steps of one-electron reductions to naphtoquinoxaline metabolite,
which may contribute to the great effectiveness of MTX in the treatment of solid tumors
containing high  peroxidase secretion capacity (30,34,38). Thus, soluble
peroxidase/hydrogen peroxide systems present in the extracellular spaces of solid tumors,
such as lymphoma, breast, and prostate cancer can oxidize MTX and the consequent
acidic oxidation products may accumulate in the neutral intra-cellular compartments,
binding to cell targets and increasing MTX cytotoxicity (30).

The naphtoquinoxaline metabolite formation has been reported through the action of
CYP450s, DT-diaphorase, NADPH cytochrome reductases, and peroxidases, however it
is plausible that the naphtoquinoxaline detected in urine samples of MTX patients is
primary derived from CYP450 oxidation, since it is the main oxidoreductive pathway (30).

The formation of naphtoquinoxaline involves the abstraction of two electrons. Thus, when
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suffering one-electron reduction, the naphtoquinoxaline formation might be due to two
consecutive one-electron abstractions, the second one removed via enzyme interaction
with MTX radicals or from enzyme-independent radical disprotonation process (30).
Moreover, as already mentioned, the reduction of MTX by flavin-reductases is not easy
due to its low one-electron reduction potential (35). Additionally, oxidation by peroxidases
is strongly dependent on hydrogen peroxide availability (30). The availability of NADPH is
also crucial, as shown in a study using isolated human liver NADPH CYP450 reductase,
since the reductive activation of MTX was demonstrated only in the presence of high
amounts of NADPH (500uM) (28). While incubation of MTX (100uM) in the presence of
isolated NADPH-cytochrome reductase increased the rate of NADPH oxidation about 20
fold, using a more complex system such as rabbit hepatic microsomes, MTX incubation
did not stimulate the basal oxidation of NADPH (29), corroborating the difficulty of MTX
undergoing one-electron reduction in non-isolated enzyme systems.

In order to evaluate the role of the metabolic enzymes in MTX-induced cytotoxicity,
Li and co-workers did a study in 1995 using the MCF7 cell model and cells were pre-
treated with 1,2-benzanthracene (25uM) for three days. Pre-treatment with 1,2-
benzanthrecene induced by 64- and 1.6-fold the activities of CYP450 and DT-diaphorase,
respectively. An increase of MTX-induced cytotoxicity, evaluated through the LDH leakage
assay, was related to a decrease in the GSH and protein contents after pre-treatment with
1,2-benzanthrecene. Even in the cells that had a high increase in CYP450 activity, the co-
incubation of MTX (10uM) with the CYP450 inhibitor MTP (0.5mM) for 4h prevented the
GSH depletion and reduced the LDH leakage, when comparing to the results observed in
the absence of MTP (MTX concentrations of 10uM and 200uM). Moreover, co-incubation
of MTX and dicoumarol (an inhibitor of DT-diaphorase) (30uM) for 4h prevented the MTX
deleterious effects upon GSH levels in all the MTX treated groups (10, 100, and 200uM),
in the protein content in 100 and 200uM MTX, and in the LDH leakage assay only in the
lower MTX concentration tested (10uM). These results show the importance of the two-
electron reduction in MTX bioactivation and its involvement in MTX cytotoxicity and
impairment of oxidative stress defenses. In the same cell model, pre-treatment with
dexamethasone (1uM) elicited a small but significant increase in the NADPH cytochrome
¢ reductase activity. This increased activity of NADPH cytochrome c reductase had no
effect on MTX-induced cytotoxicity, evidencing, once more, that the one-electron
reduction does not seem to be relevant for MTX cytotoxicity (36). However, in a study
using HepG2 cells by Duthie and co-workers in 1989, no protective effect in GSH levels
was observed by the incubation of MTX (100uM) with dicoumarol (30uM) (33). Moreover,
dicoumarol potentiated the cytotoxicity observed with MTX, evaluated by the LDH leakage

assay (33). These results contradict the results demonstrated by Li and co-workers (36),
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probably due to the use of different cell models with dissimilar metabolic competence
(HepG2 cells vs. MCF7 cells).

IV.2.2. MTX-induced oxidative stress and its (cardio)toxicity

Oxidative stress appears to be an important component to the toxicity mechanisms
of several xenobiotics, which contain or can be biotransformed into a quinone (124,131).
Actually, oxidative stress is commonly referred as a key factor for the intrinsic
cardiotoxicity elicited by catecholamines (118,132) and the cardiotoxic effects of
antineoplastic agents such as doxorubicin and daunorubicin (58,133,134). Since the
cardiotoxicity of MTX is clinically similar to that observed with doxorubicin, it was believed
that these drugs also shared the mechanisms involved in the late cardiac disease (102).
Hence, the possibility that oxidative stress exerts a leading role in the MTX-induced
cardiotoxicity has been considered and largely investigated (49,125,129,130,135).

The cardiac tissue is particularly susceptible to oxidative stress when compared to
other organs due to its limited antioxidant defenses (136). Cardiac GSH levels and
antioxidant enzymes, namely catalase, superoxide dismutase, and glutathione peroxidase
are less abundant in the cardiac tissue than in the liver (137,138). Even so, paradoxically,
the heart generates higher levels of hydrogen peroxide than other organs (139) and it may
contribute to its vulnerability to drug-induced oxidative imbalance. It is known that there is
a significant positive correlation between the metabolism of most quinone(di)imines and
the generation of superoxide anion radical, which makes the heart a target to drugs
containing these chemical structures, such as MTX (124,130,131). Another feature that
aggravates the consequences of drug-induced cardiotoxicity is the modest regenerative
ability of the heart. Nowadays, it is known that cardiac cells present a limited capacity for
myocardial regeneration, although it is commonly insufficient to restore normal heart
function after cardiac injury (140).

Besides the above oxidative stress thesis for MTX-induced cardiotoxicity, the results
compiled in Manuscript Il and the glutathione status evaluated in MTX treated heart
presented in the Manuscript Il are consistent with the old thesis of Butler and co-workers
that MTX metabolism is expected to produce few, if any, reactive species (130). The
controversy of these results will be discussed in the following paragraphs in order to clarify
the different perspectives and studies related with the formation of reactive species, lipid
peroxidation, GSH content, and the use of antioxidants as NAC or of iron chelators.

Low levels of reactive species formation were observed with some

quinone(di)imines, such as indophenol, N,N-dimethylindolaniline, 2,3’6-trichloroindophenol
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trifluoracetate, and N,N’-dichloro-2-chloro-1,4-benzoquinonediimine, and apparently, MTX.
These compounds undergo rapid metabolism, forming little or no detectable reactive
species (131). Moreover, as already referred, the oxidoreductive reactions involved in the
MTX metabolism favor the formation of hydroquinones instead of semi-quinones
(33,36,37). Hence, there is a minor formation of reactive species directly associated with
this metabolism in comparison with those generated by quinone/semi-quinone redox
cycling (130). Even so, the auto-oxidation of hydroquinones can also lead to some
reactive species generation (36). The studies conducted in the H9c2 cells (Manuscript Il)
suggested that the oxidative stress might not be the primary cause of the MTX
cytotoxicity, since the evaluation of several markers of oxidative stress showed that they
remained largely unchanged.

Regarding lipid peroxidation, we did not observe any significant changes in the
malondialdehyde levels after incubation with MTX (100nM and 1uM) in H9c2 cells at any
time point tested (24, 48, or 96h) in comparison with control levels (Manuscript Il). This
finding is in accordance with the results obtained in heart homogenates from MTX treated
mice (15mg/kg, i.p.) evaluated two and five days after MTX single dose (59). Surprisingly,
MTX in vitro was already associated with the inhibition of lipid peroxidation. In fact, in liver
microsomes, heart sarcosomes, and mitochondria isolated from rabbit incubated with
MTX (50, 100, and 200uM), the rate of lipid peroxidation was significant lower than that
observed in controls (29,75). Moreover, besides inhibiting the endogenous lipid
peroxidation, it has been demonstrated that MTX incubation at micro molar levels inhibited
doxorubicin induced lipid peroxidation, ferric ion- and ADP ferric ion-mediated lipid
peroxidation (29). The mechanisms involved in these inhibitory effects on lipid
peroxidation remain mainly unknown: it has been suggested, however, that MTX can
modify oxidative homeostasis. Data suggest that MTX-inhibition of lipid peroxidation is not
related to the lower formation of superoxide radical anion since the inhibition of
doxorubicin-induced microsomal superoxide generation is only reached with higher MTX
concentrations than those required to inhibit the lipid peroxidation (29,75). Furthermore,
MTX weakly complexes iron, which is involved in the initiation/propagation of lipid
peroxidation (75). Hence, authors suggest that the MTX-inhibition of lipid peroxidation
occurs at a mechanistic step subsequent to the enzymatic generation of superoxide and
cannot be attributed to any of MTX iron chelation abilities (75).

Alterations in the oxidative stress parameters, namely increase in the reactive
species and decrease in the GSH intracellular levels, were found only in the last time-
point evaluated in the H9c2 cell model. In fact, after 96h incubation with MTX, both
working concentrations (100nM and 1uM) caused a significant increase in the reactive

species (Manuscript Il), evidencing that this effect is a late event, since it did not occur in
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any of earlier time points tested (1h to 10h incubation). The modest potential to generate
reactive species in short incubation periods was also demonstrated in MCF7 S9 fractions,
where a very low superoxide anion generation was observed after 30min incubation with
MTX (100uM) and no hydroxyl radical or semiquinone formation was detected after
incubation with MTX (even with the high concentration of 400uM) (35,129). Incubation of
MTX (100uM) in the presence of NADPH-cytochrome reductase increased superoxide
and hydrogen peroxide generation about 20-fold, however this was considered a slight
increase when compared to structural analogues. Furthermore, using more complex
systems such as rabbit hepatic microsomes, MTX incubation did not stimulate any
detectable superoxide formation (29), suggesting that this pro-oxidant potential is only
reached with isolated enzymes. Nevertheless, in the H9c2 cells after a 16h incubation with
MTX (1.60uM), peroxide production increased (128). In the results presented in the
Manuscript Il, we detected increases in reactive species generation after 96h of MTX
incubation (100nM and 1uM). These results corroborate the suggested hypothesis that the
oxidative imbalance eventually associated with MTX is secondary to another initial toxic
mechanism. Considering in vivo studies, mice treated with a single dose of MTX
(15mg/kg, i.p.) did not present any cardiac significant changes in the hydroperoxide-
initiated chemiluminescence, after two to five days (59).

After 96h incubation with MTX at the lower working concentration (100nM), a slight
but significant decline in the GSHt and GSH levels was observed (Manuscript 1), without
any change in the GSSG levels. One hypothesis that could explain this finding is that the
GSSG formed can be extruded by multidrug resistance proteins for the extracellular
medium, since the GSSG efflux is a cellular response aiming to protect the cells from
oxidative stress (108,141). Another possibility is that GSH levels are diminished due to
conjugation with either MTX or its metabolites. The later hypothesis should be regarded
as plausible, since the conjugation of MTX metabolites with GSH is described as one of
the main detoxifying pathway of MTX (36).

In our study, decrease of intracellular GSH content was not observed for 1uM of
MTX, even considering that similar levels of reactive species were generated when
compared to MTX 100nM group, at 96h incubation (Manuscript Il). One possible
explanation is that GSH levels already recovered at 96h of 1uM MTX incubation by GSH
synthesis. Another hypothesis is that MTX elicited a concentration biphasic decrease in
the GSHt in vitro. The biphasic effect of MTX upon GSHt levels was already demonstrated
in another cardiac cell model (HL-1 cells), where after 24h, the incubation of MTX (1uM)
increased the GSHt levels compared to control cells and the higher concentration (10uM)
did not affect GSHt levels in the same incubation conditions (142). At a longer incubation

period (48h), while the values of intracellular GSHt levels remained similar to control with
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the lower MTX concentration of 1uM, at 10uM MTX incubation elicited a significant
decrease in the GSHt levels (142). Regarding in vivo results obtained in the scope of
Manuscript 1ll, no significant changes were observed in the cardiac glutathione levels
(GSHt, GSH, and GSSG) in none of the treated animals (MTX22 or MTX48). Conversely,
cardiac GSH levels were not affected by MTX treatment (15mg/kg, i.p.), in mice that
suffered euthanasia 2-5 days after MTX administration (59) and cardiac GSH content,
glutathione peroxidase, catalase and superoxide dismutase activities were not altered in
female BALB/c mice weekly treated with MTX (0.2mg/kg, i.p.) over 12 weeks and suffered
euthanasia one week after the last treatment (50).

The use of NAC (1mM) failed to prevent the cytotoxicity elicited by MTX (100nM and
1uM) after 96h incubation with H9c2 cells (Manuscript Il), evaluated through the MTT
reduction assay. NAC is a powerful scavenger of reactive species and it improves the
GSH synthesis (143). Because of these properties, NAC has been shown to be effective
in protecting cells when oxidative stress conditions are imperative (113,114,127).
However, the only cytotoxic parameter evaluated by using this protective study was the
reduction of MTT evaluated only at 96h. Thus, it should not be excluded that NAC might
ameliorate the oxidative stress altered parameters, such as late reactive species
generation or GSH decrease in the MTX 100nM group (143). Even so, in case that
protection occurred, it was not enough to prevent cellular damage, again suggesting that
oxidative stress does not occupy a leading role in the MTX-mediated cytotoxicity.

Contradictory results exist regarding the protective effects elicited by ICRF-187, an
iron chelator, in the MTX-induced toxic effects. The aim of using ICRF-187 is to block the
iron-stimulated free radical formation via Fenton reaction (144). In MTX-treated isolated
neonatal rat cardiomyocytes, the incubation with ICRF-187 (50ug/ml) elicited a partial
cytoprotection when continuous incubated 3h before, during, and 72h after previous MTX
(2ug/ml) 3h incubation, as evaluated through the ATP measurement. However, regarding
3h co-incubation of MTX and ICRF-187 (without ICRF-187 pre-treatment or post treatment
but using the same concentrations), this regimen was not effective in protecting the cells
against MTX-induced cell damage on ATP levels (125). Thus, the cellular protection was
probably dependent on the time of ICRF-187 incubation. Moreover, ICRF-187
administered 5min before MTX, (at doses 20 times higher than MTX dose) delayed the
MTX-induced death on CD-1 mice receiving MTX (twice weekly, at doses 2mg/kg and
4mg/kg, treated on weeks one, two, and five and suffered euthanasia on the week seven)
(125), corroborating the cardioprotective effect shown in vitro (125). Despite the
cardioprotection demonstrated in vitro and in vivo, ICRF-187 did not affect the MTX
antitumor action in the L1210 cell line (a mouse leukemia cell model) and in a DBA/2J

mice bearing P-388 leukemia (125), which suggested that the mechanisms involved in the
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MTX-antitumor action and MTX-induced cardiotoxicity are diverse. In contrast with the
good results obtained by Shipp and co-workers, female BALB/c mice weekly treated with
ICRF-187 (12.5mg/kg, 30min prior to MTX) and MTX (0.2mg/kg) over 12 weeks, suffered
euthanasia one week after the last treatment, did not present significant changes in the
cardiac parameters evaluated (morphological changes evaluated through light and
electron microscopy) compared to mice that did not receive ICRF-187 (50). The
mismatched results may arise from differences in MTX doses and regimen administration,
namely the duration of treatment. Even so, the partial protective effects of ICRF-187 in
vitro and in vivo suggest that divalent metal ions, such as iron, can be partially involved in
the MTX-cardiotoxicity (125), not necessarily through iron-mediated oxidative stress.
Moreover, we cannot exclude the possibility that the partial protection observed is due to
another intracellular mechanism of ICRF-187, which is not yet elucidated.

Despite the majority of negative results in cardiac models, oxidative stress seems to
assume a more pronounced role in other target organs such as the liver. The MTX-
induced hepatic damage evidenced in the study presented in the Manuscript IV, for
example, was associated with increases in the hepatic levels of GSHt observed in the
MTX48 group. This increase was related to a slight (but significant) increase in the GSH
hepatic levels and to a notorious increase in the GSSG levels. Increases in GSH might be
interpreted as an attempt to enhance the antioxidant content in order to counteract the
inflicted injury, while increased levels of GSSG are related with oxidative stress. It is
known that Kupffer cells, which were abundantly present in the MTX48 livers (Manuscript
IV), are a source of reactive species (145). The link between oxidative stress and the
MTX-induced hepatic damage was already suggested in a study with mice, where a single
administration of MTX (15mg/kg) caused increases in the hepatic lipid peroxidation,
decreases in the antioxidant enzymes activities (superoxide dismutase, catalase, and
glutathione peroxidase), and depletion of hepatic retinol and GSH levels (49). Moreover,
the incubation of MTX (100uM) with HepG2 cells for 6h was enough to promote the
decrease in the GSH levels (33). The apparent contradiction between our results
(increase in the GSH hepatic levels) and the previously reported data (decreases in the
GSH content) may be explained by the differences in the experimental design and model.
The quoted studies assess in vivo the liver GSH levels three, four, and five days after
MTX administration (49) or 6h after high concentration incubation of cells with MTX (33).
In the present study, the significant changes in the glutathione status were a late event,
only observed 28 days after the last cycle of a cumulative dose administration regimen.
Hence, the organism is probably subjected to compensatory effects, in order to counteract
the increase in the hepatic GSSG levels and this adaptive phenomenon is favored by the

long time between last MTX administration and rat euthanasia. Another evidence of MTX-
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potential oxidative stress on the liver, in particular in human liver microsomes incubated in
anaerobic conditions with MTX (50uM), is the increased formation of reactive species
detected through electron spin resonance analysis (135).

We hypothesize that the different propensity to oxidative stress in different tissues
might be related to organ metabolic competence. The enzymatic availability in the liver is
much higher than in the heart. Therefore it is possible that in other systems with a smaller
amount of enzymes available, such as heart, the oxidative stress is not a primary cause of
damage, because MTX one reduction potential is very low (5271 5 mV) (35). In contrast,
in an enzymatic abundant environment, the extent of MTX suffering oxidative activation
(and, therefore, producing reactive intermediates) is higher, and despite the preference for
two-electron reduction pathway, a minor extent (but higher than in another organs

enzymatically poorer) might undergo to one-electron reduction.

IV.3. Calcium regulation, mitochondrial membrane potential and cell
death

The role of calcium on cell physiology goes from cell signaling to cell death (146).
Normally, intracellular calcium levels are tightly regulated between the range of 10-100nM
by ionic channels and transporters, energy-dependent pumps, and organelles that uptake
and buffer this ion (147-149) (Figure 9). The first calcium barrier is the plasma membrane,
which mediates the calcium influx by ligand-gated and voltage-channels in order to
maintain a large calcium gradient across the membrane (149). The endoplasmic reticulum
is the largest reservoir of calcium in cardiomyocytes, having concentrations that can reach
the milimolar levels (148,149). Furthermore, mitochondria perform the function of buffering
intracellular calcium. The influx of calcium into the mitochondrial matrix is dependent on
the membrane electrochemical potential, which is maintained by mitochondrial respiration,
and by a low resting intra- mitochondrial calcium concentration, which is maintained

primarily by the mitochondrial sodium/calcium exchanger (146).
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Figure 8: Mechanisms of elimination and maintenance of calcium cytosolic levels. (A)
Calcium ATPase-mediated pumping into the extracellular space, (B) ion-gradient driven
transport into the extracellular space by the sodium/calcium exchanger, (C) ion-gradient
driven transport into mitochondria by calcium uniporter, and (D) ATPase-mediated
transport into the endoplasmic reticulum. Adapted from (148).

Intracellular calcium levels rise when calcium flux into the cell is increased, following
the energetic impairment and/or in conditions that modify the release or uptake of calcium
from the endoplasmic reticulum and/or mitochondria (147). As a consequence, elevated
intracellular calcium levels may activate hydrolytic enzymes, such as phospholipases,
endonucleases, and proteases, resulting in the modification of the permeability of the
membranes and degradation of intracellular structures (146-148). Moreover, calcium
overload may elicit the depletion of energy reserves, the dysfunction in microfilaments and
the generation of reactive species (148). Hence, the calcium hypothesis is based on the
observation that pathological increases in the intracellular calcium lead to degenerative
events that can be avoided if those increases are prevented (146).

A sustained increase in the intracellular calcium precede cellular pre-lethal and
lethal changes (147). It is known that calcium overload can trigger both cell death forms:

necrosis and apoptosis (146). The cell death mechanisms are discussed in more detail
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below, but calcium increases have an important role on caspase activation and
consequent apoptosis (149).

In the in vitro study presented in the Manuscript I, MTX incubation with H9c2 cells
led to increased calcium intracellular levels with concomitant increase in the mitochondrial
membrane potential. A close relationship between the mitochondrial membrane potential
and calcium intracellular levels is well known, since the regulation of calcium
mitochondrial levels is mediated through the calcium uniporter using the mitochondrial
membrane potential as driving force (148,150). The retention of mitochondrial membrane
potential during calcium increase favors mitochondrial calcium uptake and overload,
resulting in cell death, normally by apoptosis (149). The mitochondrial calcium overload
secondary to a cytoplasmic calcium overload may trigger the mitochondrial permeability
transition pore (MPT) (149). Although a low conductance state of the pore is reversible,
sustained transitions dissipate the mitochondrial membrane potential, impairing ATP
synthesis, leading to the release of cytochrome ¢ and, consequently, initiation of apoptosis
(148,149,151). The increase in mitochondrial membrane potential is observed in
pathological conditions, such as ischemic cardiomyocytes during reperfusion. In ischemic
conditions, cardiac mitochondria are energized and permit calcium uptake and
mitochondrial damage. During reperfusion, the mitochondrial membrane potential
increases in order to allow the respiration, lethally damaging other organelles by cytosolic
increases of calcium (149). Other examples of increased mitochondrial membrane
potential occurred in mitochondrial vascular endothelial cells subjected to pulsatile shear
stress (152), and physiologically during pre-implantation stages of human and mouse
embryo development, in response of metabolic demand (153). The hyperpolarization of
mitochondrial membrane potential sometimes can precede the mitochondrial collapse
and, consequently, cell death (154).

The chronology of the calcium impairment-induced lesion also can be opposite, e.g.,
a direct lesion in the mitochondria or injuries affecting the energetic metabolism can affect
calcium regulation since the cellular mechanisms involved in calcium handling are ATP
dependent. Thus, at low energetic levels, calcium pumping activity decreases, resulting in
cytosolic calcium increase (149) ultimately driving the cell to the “no return point”, leading
to cell death (147). In our work, we observed an important energetic depletion caused by
MTX in vitro and in vivo and signs of mitochondrial toxicity. However, it was not yet
possible to conclude if the calcium overload is a cause or a consequence of that
mitochondrial lesion.

In contrast to our present work, a study of Kluza and co-workers in 2004, also with
the H9c2 cells and using similar MTX concentrations and incubation periods (1.60uM for

24h), showed a decrease in the mitochondrial membrane potential (128). In fact, in our
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study, 24h incubation with 100nM and 1uM MTX caused an increase and no alteration in
the mitochondrial membrane potential, respectively. Considering that we used the same
cell model and similar MTX concentrations, it is possible that a slight increment in MTX
concentration (1.60uM instead of 1uM) is enough to promote a different cellular response,
namely the loss of the mitochondrial membrane potential. Also in the study performed by
Kluza and co-workers, the MTX concentration of 1.60uM was defined as the mean lethal
concentration (LCso) at 24h incubation, evaluated through the trypan blue exclusion test.
In our cytotoxicity studies the LDso at 24h was about between 10 and 50uM (in the LDH
leakage assay) and 5 and 10uM (in the MTT reduction test). The discrepancy between our
results and those presented by Kluza and co-workers might be explained through the
nature of the cytotoxicity tests used (trypan blue exclusion assay vs. LDH leakage assay
and MTT reduction test). Moreover, in the protocol performed by Kluza, they employed a
trypsinization step before the trypan blue exclusion assay, which may have contributed to
the apparent higher cytotoxic effects observed since the cells were already fragile due to
the previous incubation with MTX. Furthermore, another data that could help to
understand these differences is the working number of passages of H9c2 cells, however,
this information was not available in the manuscript by Kluza. Notwithstanding, in the
same study, the 24h incubation of MTX (1.60uM) with MTLn3 mammary adenocarcinoma
cells caused a significant decrease in the aggregation of JC-1 probe, which the authors
attribute to an increase in the mitochondrial mass (128). It could be an adaptive
phenomenon, since mitochondria play a significant role in the calcium-dependent cell

signaling by acting as a buffer of cytosolic calcium excess (98,146,155).

IV.4. MTX-induced cell death

Cell death is a normal phenomenon occurring during developmental stages and also
in adult life, allowing the cells’ turnover (147). Typically, cell death can be divided in two
modes: necrosis, generally seen as an uncontrolled process, and apoptosis, a
programmed manner of cell death (148). Additionally, there is cell-death by autophagy,
which is characterized by the sequestration of cytoplasmic material within
autophagosomes prior to degradation and occurs without chromatin condensation but with
massive autophagic vacuolization of the cytoplasm (156).

During early stages of necrosis, cell can present alterations in compartment volume,
e.g. swelling and rupture of endoplasmic reticulum or mitochondria, cytoplasmic blebbing,
chromatin condensation, and eventually, cell membrane disruption (147,157). Based on

the morphologic features of necrosis, it has been considered as an unregulated or
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accidental fate (158). Recently, however, this view is under debate and it is considered
that some types of necrotic death may be regulated (158). Thus, a new concept emerged:
the necroptosis or aponecrosis, a cell-death process that shares the morphologic features
of necrosis but is highly regulated, like apoptosis (159).

Apoptosis occurs during development, aging, and even to allow the normal cell
renewal, functioning as a homeostatic control of cell population (157). Morphologically,
comparing to necrosis, the apoptotic cells typically shrink rather than swell, the nuclear
chromatin condensation is more pronounced (pyknosis), and the cytoplasmic blebs
usually contain organelles such as mitochondria (147). Afterwards, when the nuclear and
cytoplasmic content are condensed, it breaks into membrane-bound fragments named
apoptotic bodies that are phagocytized (148).

Cells can trigger apoptotic death through different pathways that are linked and can
mutually influence each other (157). Additionally to the intrinsic and extrinsic pathways,
there is an additional caspase dependent pathway that involves T-cell mediated
cytotoxicity and perforin-granzyme-dependent killing of the cell (Figure 8). Caspases are
cysteine proteases, mostly located in the cytoplasm in their inactive forms (procaspases).
When caspases are activated, they cleave structural proteins, especially in specific

aspartate residues sites (148) (Figure 8).
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Figure 9: Schematic representation of the energetic-dependent cascade of events leading
to diverse apoptotic pathways. Each pathway activates its own procaspase, which will
converge to caspase-3 activation (with the exception of granzyme A via that is caspase-
independent). Caspase-3 activation results in other procaspases activation (procaspase 6
and 7) and, finally, leads to morphological and biochemical features of apoptosis. Adapted
from (148,157).

The intrinsic pathway involves mitochondria and is independent of receptor-
mediated stimuli (148,157) (Figure 8). The cytotoxic stimuli provoke changes in the inner
mitochondrial membrane that results in the opening of MPT. It induces loss of the
mitochondrial transmembrane potential and release of pro-apoptotic proteins, such as
cytochrome ¢, Smac/DIABLO, and HtrA2/Omi into cytosol, which, consequently, activate
the caspase-dependent mitochondrial pathway (157) (Figure 8). Caspase-9 is activated
through the formation of the apoptosome, which consists in seven heterodimers of
apoptotic protease activating factor-1 (Apaf-1), joined with cytochrome ¢ that form a
symmetrical “wheel”, which binds to procaspase-9 and promotes its activation (160).
Thus, caspase-3 is sequentially activated by caspase-9 (148).

The extrinsic pathway is related to cell surface death receptors (158). The ligands
bind to their respective cell death receptor, normally members of the tumor necrosis factor
receptor gene family (157). Subsequently, a trimerization of the receptor and the
recruitment of adapter molecules and procaspases to the cytoplasmic tail of the receptor

occur (148). Then, the death-inducing signaling complex (DISC) is formed and results in
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the auto-catalytic activation of caspase-8, subsequently triggering to execution phase of
apoptosis, also with caspase 3 activation (157).

The perforin-granzyme-dependent pathway involves immunocytotoxicity mediated
through T-cells that exert their cytotoxic effects on tumor cells and virus-infected cells via
the secretion of perforin (a transmembrane pore-forming molecule) and release of
cytoplasmic granules (granzymes) through the pore and into the target cell (157,161). As
shown in the Figure 8, the granzyme B activates caspase-10, while granzyme A induces
apoptosis through caspase independent pathways (157).

Caspase-3 is seen as a key executioner to apoptosis, considering that the extrinsic
and intrinsic pathways converge to its activation (107). In fact, execution caspases
(caspase-3, caspase-6, and caspase-7) activate cytoplasmic endonucleases and
proteases that degrade nuclear material and nuclear/cytoskeletal proteins, ultimately
leading to irreversible death of the cell (157,160).

Knowing the main cell death mechanisms, it is interesting to observe that the
mechanisms underlying cell death induced by MTX are described as bimodal: apoptosis
at lower concentrations and necrosis at higher concentrations (15). As already stated, in
the present in vitro studies we used MTX working concentrations clinically relevant given
the plasma and tissue levels of MTX (14,26). Noteworthy, we observed a time- and
concentration- dependent cytotoxicity, being the effects more pronounced in the MTT
reduction assay rather than in the LDH leakage assay (related to cell membrane
disruption) in all time-points tested. At 24h incubation, only the high concentration of 50uM
caused a loss of viability higher than 50% in the LDH leakage assay. Even after 96h
incubation with MTX (100nM and 1uM), the majority of cells maintained their cellular
membrane integrity, which means that we are not predominantly working in a necrotic field
with those concentrations (Manuscript Il). At higher concentrations, namely more than
5uM, the results in the LDH leakage assay start to be more expressive at 48 and 72h
incubation (in the range of 50-60% of viability), being extensive at 96h MTX incubation
(maintaining only about 25% of total cell viability). These data suggest that the MTX-
induced damage into the cellular metabolic competence is prior to the loss of cellular
membrane integrity.

Considering the death mechanisms, we showed that MTX (100nM and 1uM) elicited
an increase in the caspase-3 activity after 24h incubation in H9¢c2 cells (Manuscript II).
These results are in accordance with previously reported characteristic signals of
apoptosis (appearance of hypoploid DNA content, cytoplasm and chromatin
condensation) after 24h incubation in the H9c2 cells with MTX (1.60uM) (128). After 48h
incubation of MTX (1.60uM) in H9c2 cells, features of late phase of apoptosis, such as

nuclear disintegration and apoptotic bodies formation, can be observed (128). Recently,
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the evaluation of caspase-9, caspase-8, and caspase-3 activities after MTX incubation
with the HL-1 cell model demonstrated that after 24h incubation, MTX (1uM and 10uM)
promoted significant activity increases in all caspase subtypes tested (142). Thus, it was
not possible to indicate one preferential pathway of MTX-induced apoptosis, suggesting
that MTX can promote intrinsic- and extrinsic-mediated apoptosis. In the same study, after
48h incubation, no changes were observed in caspase 3, caspase-8, and caspase-9
activities compared to control cells (142), being in accordance with our pilot studies. When
we evaluated the caspase-3 activity after longer incubation periods (48h and 96h) in H9c2
cells (data not shown), no significant differences were observed, suggesting that caspase
cascade activation is an earlier effect.

Despite the partial protection towards MTX cytotoxicity (at 100nM and 1uM) after
96h with the co-incubation with the CYP450 inhibitor MTP (0.5mM) or with the CYP2E1
inhibitor DAS (150uM) (Manuscript 1), the co-incubation with these metabolism inhibitors
did not prevent the increase in the caspase-3 activity promoted by MTX incubation at 24h.
Thus, the previous partial protection obtained with the metabolism inhibitors is not

associated with apoptosis prevention.

IV.5. Energetic imbalance as a protagonist of MTX-induced cardiotoxicity

Besides the sustained rise in intracellular calcium levels, another critical biochemical
disorder that may lead to cell death is ATP depletion. ATP is the major source of energy in
the cardiac tissue (162,163). In fact, ATP plays a pivotal role in cellular maintenance,
since it is utilized in biosynthetic reactions, incorporated into co-factors and nucleic acids,
required for muscle contraction, cellular motility, cell division, vesicular transport, and even
for the maintenance of ionic homeostasis and cell morphology (148). In healthy hearts,
ATP levels are maintained constant. Despite studies regarding failing hearts have not
reached a consensus, some reports found decreased levels of ATP in human failing
hearts and that loss has been correlated with the degree of cardiac impairment (164,165).

Due to the importance of energy supply for the muscular function, there is another
important muscle energetic reserve system: the phosphocreatine (PCr), which is present
in the heart at twice the ATP cardiac concentration (162). The reaction catalyzed by the
enzyme CK transfers the phosphoryl group from ATP to creatine, forming PCr (Figure 10)
at a rate about ten times faster than the rate of ATP synthesis. There are 3 major CK
enzyme subtypes identified: CK-MM is the principal form in skeletal muscle, CK-BB is the
predominant form in the brain and the kidney, and CK-MB is the main subtype in the

myocardium, although CK-MM is also found in the heart (162). PCr is considered an
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energetic source of rapid demand and when ATP use exceeds ATP supply, the use of
PCr is a major pathway of energy (162). The total creatine pool is about 60 % lower in
failing hearts, while CK levels are relatively abundant in this condition (163). Thus, a lower

total creatine pool means that PCr must also be lower (163).

PCr+ ADP +H™ < creatine + ATP

Figure 10: Schematic representation of PCr mobilization. PCr is an energetic reserve
that, through CK catalyzed-reaction, produces creatine and ATP.

In the present work, decreased levels of ATP were observed in both in vitro
myoblasts incubated with MTX and ex vivo in the heart from MTX-treated rats
(Manuscripts 1l and lll, respectively). In the H9c2 cells, the decrease in the ATP
intracellular content was evident in all time points tested (24, 48, and 96h), in both MTX
working concentrations (100nM and 1uM) and it preceded the declines in the ATP-
synthase expression and activity (Manuscript Il). In the in vivo study, significant decreases
in cardiac ATP levels were only seen in the late endpoint (MTX48 group), demonstrating
that this effect is a late response. Significant decreased levels of ATP were already
demonstrated as a late event (72h after pre-incubation) in cultured neonatal rat cardiac
cells pre-incubated with MTX (about 0.1uM - 10uM for 3h) (125). Failing human hearts
have about 25-40% less ATP than healthy hearts and the heart in energetic starvation
fails to support an increase in the workload (163,165). Thus, the length of time that the
heart can survive with such ATP depletion still remains unclear (163), and speculatively
could help to explain the two deaths observed in the MTX48 group (Manuscript IIl).

It has been described that the loss of ATP in the failing myocardium is a slow and
progressive phenomenon, only detectable when the heart is in severe failure (163), which
is in agreement with our in vivo results. The sequence of events in the establishment of a
failing and energy starved heart are: the decrease in the PCr levels followed by the loss in
the creatine levels and, ultimately, ATP depletion (163). Decreases in the plasma total CK
activity and CK-MB levels were observed in the MTX22 group (Manuscript Ill) and may be
interpreted as a hallmark of the development of the heart failure (136). However, signaling
pathways involved in CK alterations remain to be elucidated (136). Even so, it has been
reported a decreased CK activity in heart mitochondria isolated from MTX treated female

rats (1mg/kg, twice a week, for four weeks), immediately after the first dose (166).
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Moreover, in the same study, the creatine content of heart mitochondria was increased,
evidencing the loss of mitochondrial membrane permeability (166).

Besides the ATP depletion observed in MTX48 hearts, plasma lactate levels were
increased in this group in comparison with MTX22 and control levels (Manuscript 1l1),
which was accompanied by increases in the cardiac relative mass, suggesting a cardiac
failure condition. Increased levels of plasma lactate are suggestive of lactic acidosis and
occurs in response of tissue hypoxia, uncoupling of oxidative phosphorylation, generalized
cachexia (due to increased anaerobic glycolysis in the skeletal muscle), congestive heart
failure, and in situations where the hepatic clearance is compromised (which can also be
the case regarding the hepatic damage described in Manuscript 1V) (136,167). However,
in failing hearts, the heart assumes the fetal pattern, switching the main substrate of
energetic sources from fatty acids to glycolysis with a reduced oxidative metabolism
(136,168), thus, more lactate is produced and lower levels of ATP is generated (136).

The glycolytic pathway and the tricarboxylic acid cycle usually give small
contributions to the cardiac ATP content, being the major source of ATP the mitochondrial
oxidative phosphorylation, which is usually enough to support the normal needs of the
heart, even when the heart’s demand is increased (162). The factors required by the
mitochondria are usually obtained after $-oxidation of fatty acids in the mitochondria and
peroxissomes. Thus, when ATP supply and demand are mismatched, it can indicate a
defect in mitochondrial synthesis of ATP. For instance, in ischemic, hypoxic and
cardiomyopathic hearts, the cell’'s ability to match ATP supply and demand is disrupted
and the depletion of the cardiac energy pool is accompanied by a dysfunction on

mitochondrial ATP turnover mechanisms (169).

IV.6. MTX-induced mitochondrial toxicity

In general, mitochondria perform central functions in the cardiac cell such as energy
supply, regulation of reactive species formation, buffer cytosolic calcium, and regulation of
apoptosis (155). Mitochondria have two membranes: the outer membrane is rich in
cholesterol and is permeable to ions and solutes up to 14KDa while the inner membrane
contains membrane proteins that transport selected ions and metabolites across the
membrane. Additionally, the inner membrane delimits the matrix, where the mitochondrial
DNA and soluble enzymes such as those from the tricarboxylic acids cycle and B-
oxidation are found (170). The respiratory chain is located in the mitochondrial inner
membrane and is responsible for ATP production through the oxidation of NADH and

ubiquinol, which transfer electrons to the oxygen through the respiratory chain complexes.
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There are five mitochondrial respiratory chain complexes: complex | (NADH:ubiquinone
reductase), complex Il (succinate:ubiquinone reductase), complex 11
(ubiquinol:cytochrome ¢ reductase), complex IV (cytochrome ¢ oxidase), and complex V
(ATP synthase). Mitochondrial respiration promotes the proton ejection without charge
compensation. Hence, the electrochemical gradient and free energy provided are enough
to serve as motive force to the ATP synthesis (96,155).

Heart muscle is a highly oxidative tissue that produces more than 90% of its energy
through mitochondrial respiration (136). Mitochondria occupy about 30% of cardiomyocyte
space, suggesting its relevance for cardiac performance (136,162). Cardiac mitochondria
have a large number of cristae, which is justified due to the high energetic demand and
respiratory activity of the cardiac tissue (96). Considering that mitochondrial oxidative
phosphorylation is the major source of ATP, mitochondrial dysfunction and consequent
disruption of energy metabolism are associated to rapid depletion of cellular energy
reserves (169).

It was already demonstrated that mitochondria is involved in doxorubicin-induced
cardiomyopathy. After the doxorubicin acceptance of unpaired electrons from complex | of
the mitochondrial electron transport chain, the resulting reactive species are stabilized by
superoxide dismutase and by reacting with mitochondrial reducing equivalents such as
GSH. As a consequence, GSH oxidation leads to the MPT opening and, subsequently,
mitochondrial swelling, depolarization, loss of calcium regulation, and inhibition of
mitochondrial bioenergetics (97).

The H9c¢2 cells incubation with MTX (100nM and 1uM) caused the late inhibition of
ATP synthase expression and activity (Manuscript Il), suggesting that MTX causes a
direct inhibition of ATP synthesis. However, decreased levels of ATP were observed
earlier than ATP synthase expression and activity inhibition (table 4), suggesting that
other effects besides interference with ATP synthase are involved in intracellular ATP
depletion. Considering that this cell model privileges the glycolytic pathway, another
possible target of MTX is enzymes involved in glycolysis. Other possibilities are the lack of
nucleotides (which was not investigated by us) or increased consumption of ATP by
diverse biochemical mechanisms. The late (96h) inhibition of ATP synthase and
expression induced by MTX, to the best of our knowledge, was described for the first time
by our works. Additionally, in this cell model, the mitochondrial membrane potential was
hyperpolarized after MTX (100nM and 1pM) incubation at 24, 48, and 96h. At 24h
incubation with 1uM MTX neither the hyperpolarization of mitochondrial membrane
potential nor the elevation of calcium intracellular levels were observed. In the other
experimental conditions tested (48 and 96h), the mitochondrial membrane potential was

elevated simultaneously with rise of intracellular calcium levels, which may difficult to
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assert which was the first event. Even so, the mitochondrial membrane potential may be
elevated as an attempt to provide motive force to restore the energetic homeostasis that is
altered given the early decreases in the ATP levels. At 96h incubation, the decreases in
the ATP-synthase content and activity are accompanied by increases in the reactive
species generation, suggesting a possible connection between events (Manuscript Il). The
chronology of the energetic imbalance observed in the H9c2 studies was summarized in
the table 4.

Table 4: Diagram representing the chronogram of energetic/mitochondrial changes
observed in the H9c2 cells after incubation with MTX. (yes = presence of the effect, n.o =
not observed [absence of the effect], n.d= not determined). The results were obtained
after comparison with control cells.

MTX 100nM MTX 1uM

24h 48h 96h 24h 48h 96h
Decreases in the intracellular ATP levels yes yes yes yes yes yes
Inhibition of ATP synthase expression n.o n.o yes n.o n.o yes
Inhibition of ATP synthase activity n.d n.d yes n.d n.d yes
Hyperpolarization of mitochondrial
membrane potential yes yes yes n.o yes yes
Increases in the intracellular calcium

yes yes yes n.o yes yes

levels

Increases in the reactive species

generation n.d n.d yes n.d n.d yes

Considering the suggested mitochondrial injury, L-carnitine was used to study the
possible protection of MTX effects in the H9c2 cell model. First, the transport of fatty acids
across mitochondrial membrane is only possible when these substrates are attached to
carnitine (171), allowing their B-oxidation. Furthermore, L-carnitine improves the trans-
esterification/excretion of acyl-CoA esters, the oxidation of a-ketoacids, and the removal
of toxic acylcarnitine ester from the mitochondria (171,172). However, although L-carnitine
(1mM) is considered a mitochondrial enhancer, under our experimental conditions it did
not protect the H9c2 cells from the cytotoxicity induced by MTX incubation (96h),
evaluated through the MTT reduction test. This lack of protection probably occurs
because the MTX-induced cytotoxicity has a mitochondrial mechanism other than the
ones targeted by L-carnitine. In fact, our results suggest that MTX causes important
energetic crises, directly affecting ATP content and synthesis. Even so, in contrast to our
data, protective effects of L-carnitine were observed in MTX treated mice: the
administration of L-carnitine decreased the lethal toxicity of MTX (LDsy MTX
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alone=15.2mg/kg vs. LDsy MTX+L-carnitine 200mg/kg=21.8mg/kg) (173), which may
indicate that in vivo, the enhancement of mitochondrial function elicited by L-carnitine may
favor a better response to MTX. Nonetheless, regarding mice with solid Ehrlich tumor, the
co-administration of L-carnitine did not present any potentiating effect on the antitumor
efficacy of MTX considering the tumor growth rate or increased the survival of mice (174).
In fact, the acetyl ester of carnitine (L-acetyl-carnitine) may impair the antineoplastic
treatment since the combined therapy of MTX and acetyl-L-carnitine in mice with solid
Ehrlich tumor showed a higher occurrence of metastases with broad dissemination to the
kidneys, lung, heart, and mediastinum (175), greatly harming the clinical efficacy of MTX.

Trying to evaluate MTX-induced mitochondrial toxic effects in vivo, the cumulative
mitochondrionopathy of MTX was studied using male adult Wistar rats (Manuscript 1ll).
Early and late toxic effects (two days vs. 28 days after reaching the MTX total cumulative
dose - MTX22 and MTX48 groups, respectively) were evaluated in order to better
understand the (mal)adaptive responses involved in MTX-induced cardiotoxicity
(Manuscript Ill). The mitochondrial functional and morphological disturbances were
demonstrated in both treated groups and were more pronounced in the late time point
(Manuscript Ill). In the present study, the mitochondrial cristae were well defined and
swelling was absent, thus, the mitochondrial morphologic changes were restricted to giant
and collapsed mitochondria (Manuscript Ill). One hypothesis that could explain this finding
is the MTX ability to intercalate into the DNA molecule causing single and double breaks
and inhibiting DNA and RNA synthesis (22), compromising the mitochondrial turnover.
Other changes in the mitochondria morphology were already reported after MTX
administration. A chronic administration regimen of MTX (0.2mg/kg, weekly for 12 weeks,
reaching a total cumulative dose of 2.4mg/kg) in female BALB/c mice caused late cardiac
mitochondrial degenerative changes, such as mitochondrial swelling, partial clearing of
the matrix, and the appearance of myelin figures (50). Moreover, comparative studies with
MTX and doxorubicin demonstrated an increased mitochondrial toxicity potential of MTX
compared to doxorubicin (102).

In our in vivo study, in both treated groups (MTX22 and MTX48) increased activity of
the mitochondrial complex IV was observed. In the activity of complex V dissimilar results
were shown in different groups: MTX22 had increased levels while in MTX48 the activity
of complex V decreased (Manuscript Ill). The increases in the activity of the complex IV
and V in MTX22 may result from an adaptation of mitochondria to provide more efficiently
ATP in response to MTX toxic effects. Conversely, in the MTX22 group, no significant
difference in the ATP cardiac content compared to control rats was observed, showing
that, at this time point, the increased activity of the complexes appears to be sufficient to

maintain ATP overall levels, although other mechanisms should not be neglected.
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However, the increase in complex IV activity was not enough to support the ATP demand
when accompanied by decreased mitochondrial complex V activity, as observed in the
MTX48 group, as levels of cardiac ATP significantly decrease. A reduction in the electron
transfer activity of state Ill and a concomitant uncoupling of oxidative phosphorylation
were already observed in cardiac mitochondria isolated from MTX treated female rats
(1mg/kg, twice a week, for four weeks reaching a cumulative dose of 8mg/kg) (166).
Furthermore, cardiac mitochondria showed a reduction in the electron transfer and the
respiratory chain activity, uncoupling of oxidative phosphorylation with consequent
relevant drop in the Na*/K* ATPase activity (166). It is also important to refer that besides
the association of the ATP decreased levels and an inhibited ATP synthesis suggested by
the late decreases in the activity of ATP synthase complex presented here, changes in the
ATP levels in the failing myocardium can also be related to the loss of total tissue purines
(165), which were not evaluated in our studies.

In contrast to the mitochondrial effects demonstrated in vivo, the incubation of MTX
(10nM, 100nM, and 1uM) with cardiac mitochondria isolated from untreated rats did not
cause any change in the mitochondrial functionality evaluated by the distribution of TPP*
assay. In contrast, mitochondria isolated from two animals from the MTX48 group
presented an increased lag phase, demonstrating a difficulty to repolarize and sustain the
mitochondrial potential, which is consistent with an inhibition of ATP synthesis. As already
referred, MTX metabolism exerts a pivotal role to the MTX-induced toxicity. Thus, one
possibility is that the direct toxic effect mediated by MTX in vitro may be residual and
insufficient to elicit significant alterations in this model without being biotransformed.
Hence, differences in the metabolism rate might be behind the intersubject variability
observed in the clinical evaluations of the treated animals presented in the present work

(discussed further) and in the human MTX therapy.

IV.7. Types of cardiomyopathies

Diseases of the myocardium usually produce abnormalities in cardiac wall thickness
and chamber size, and mechanical and/or electrical dysfunction, which are associated
with significant morbidity and mortality (176). Cardiomyopathies are classified in three
forms: restrictive, hypertrophic, and dilated (176,177) that will be described in the following
paragraphs.

The restrictive cardiomyopathy is the less frequent and it is a disorder characterized
by an impaired ventricular filling during diastole due to a less compliant ventricle without

changes in the systolic function of the left ventricle (176).
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The cardiac hypertrophy is classified in concentric hypertrophy or eccentric
hypertrophy (162,177). In concentric hypertrophy, new contractile protein units are
disposed in parallel resulting in cardiomyocyte enlargement, while in eccentric
hypertrophy the assembly of new contractile protein units occurs in series, producing
increases in the length of cardiomyocytes (162). Essentially, in affected individuals, a
disproportionate thickening of the interventricular septum when compared with the free
wall of the left ventricle occurs (176). Additionally, hypercontractile systolic function
resulting in exaggerated pump function is accompanied by a poor relaxation of the heart
resulting in diastolic dysfunction (177). The hypertrophy involves alteration of components
of sarcomere and, histologically, a massive hypertrophy of the muscle fibers, mainly in the
interventricular septum, acute interstitial fibrosis, and loss of muscle fiber organization are
observed (176). Both hypertrophy and restrictive cardiomyopathies can cause heart failure
due to the diastolic impairment while the mechanism involved in the heart failure related to
dilated cardiomyopathy is mainly systolic dysfunction (176).

Dilated cardiomyopathy is the most prevalent cardiomyopathy and it is characterized
by increased volume of cardiac chambers (176,177). Histologically, some hypertrophy can
be seen, although, it is not as pronounced as in the hypertrophic cardiomyopathy. The
most abundant microscopic feature of dilated cardiomyopathy is the abundant interstitial
fibrosis without loss of organization in the muscle fibers (176). Moreover, it involves
alterations in a wide variety of proteins, predominantly of the cytoskeleton, but also
affecting the sarcomere, mitochondria, and nuclear envelope (176,177). Although
hypertrophic and dilated cardiomyopathies have different morphologies and subcellular
phenotypes, they share the same clinical complications, such as shortness of breath, easy
fatigability, inability to tolerate physical exercise, fainting, light headedness, sweating at
rest and in some cases, increased heart rate, enlargement of the liver, and sudden death
(177).

Dilated cardiomyopathy is most commonly associated to anthracycline treatment, as
evidenced by hystopathomorphological data (97), but sometimes children receiving drugs
from this therapeutic class can develop restrictive cardiomyopathy (3,176). The cardiac
damage shown in the histology performed in the present study was observed in both
ventricular sides without differences, suggesting that both sides were equally affected.
Considering cardiac abnormalities induced by MTX, in our studies, light microscopy of
right and left cardiac ventricles from rats subjected to MTX treatment (MTX22 group)
revealed dispersed cellular and interstitial edema, diffusion of inflammatory cells, and
proliferation of connective tissue (Manuscript Ill). In the MTX48 group, dispersed areas of
an intense proliferation of the connective tissue with abundant cellular infiltration, probably

by fibroblasts, was observed. The sub-endocardial region was considered more affected
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compared to the sub-pericardial since the cellular edema and fibrosis were more
pronounced in this region. The transmission electron microscopy of MTX22 and MTX48
hearts revealed edema of cardiomyocytes, lysossomal activation in the cardiomyocytes,
and proliferation of connective tissue and fibroblasts, suggesting a chronic inflammatory
process probably because of an adaptation/repairing process due to continuous cell
death. Conversely, abundant collagen deposition in the interstitial space was observed in
MTX48 group and the heart from these animals presented significant increase in heart
relative mass. Interstitial reparative fibrosis typically occurs as a response to the loss of
myocytes due to myocardial ischemia or senescence (178).

The increase in the cardiac relative mass was not accompanied by differences in the
total cardiac protein levels. Thus, our results suggest that the increase of cardiac relative
mass was related to water retaining instead of hypertrophy. Cellular edema was observed
as an increase of the cellular perimeter. It can be distinguished from cardiac hypertrophy
since hypertrophic cardiomyocytes present homogenous eosinophilic cytoplasm because
of the close contact of myofibrils. In the cellular edema, however, it is observed the
separation of myofibrils and increased amount of water within the cell. Thus, in this
condition, the eosinophilic coloration of cytoplasm remains irregular (white areas and
vacuoles between the myofibrils) (Figure 2, manuscript Ill). The accumulation of
connective tissue in response to continuous cardiomyocyte death may also contribute to
the increased cardiac relative mass, however, the method used to quantify protein does
not detect collagen. These changes in the cardiac collagen network are seen in response
of pressure/volume overload, after myocardial infarction (178), and, as already mentioned,
in dilated cardiomyopathy (176).

Microscopic data from heart of MTX-treated rats evidenced the presence of digiform
endothelial projections suggesting endothelial degeneration (Manuscript Ill). This finding
was consistent in all MTX treated rats, in both right and left ventricles, and it was also
seen in our previous pilot studies with higher doses (three cycles of 5 and 10mg/kg) in a
dose-dependent manner (data not shown). Similar endothelial alterations were reported in
intestinal epithelium and in human skeletal muscle capillaries after prolonged ischemia
(179,180). Thus, it is possible that this microscopic observation may be related to cardiac
hypoxia, which is in accordance with the signs of small caliber arteries obstruction seen in

the histology (Manuscript Ill).
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IV.8. Intersubject variability in the in vivo study

During the in vivo MTX treatment (Manuscripts Il and 1V), rats received three cycles
of 2.5mg/kg MTX at days 0, 10, and 20, reaching the cumulative dose of 7.5mg/kg or
48mg/m? at the end of the third cycle. Clinical evaluations of rats showed great variability,
especially in the MTX48 group after the third cycle of treatment. Also the clinical
responses during the experiment were already heterogenous: on the day 22, two rats from
the MTX22 group presented moderate piloerection. On the day 25, three animals from the
group MTX48 showed intense signals of toxicity, namely slight dehydratation, cyanosis,
and slight bleeding. The cyanosis seems to be a common observation related to MTX
treatment considering that female rats previously treated with MTX (1mg/kg, twice a week,
for four weeks) presented a blue coloration of the skin and tissues, color that was also
observed in isolated mitochondria from the heart of these rats (166). In humans,
discoloration of the nails was already associated to MTX therapy and it was related to
early anemia (181). One of those clinically debilitated animals presented clinical recover,
but the other two died on day 35, 15 days after the end of treatment. The death
circumstances of those animals were not elucidated, but we speculate that it might be
related with the cardiac ATP depletion or with a non-reverted myelossupression.
Paradoxically, the two animals that complete the MTX48 group did not present any
significant clinical observed change during all the experiment. Variations in the clinical
responses were already associated to MTX treatment in humans, and it highlights that
intersubject variation is crucial in the MTX toxic effects (26).

The variability of MTX effects was also suggested by the increases in the standard
deviations in the % of relative body weight gain after the third cycle until the day 30
(Manuscript 1l1). Animals treated with MTX showed a tendency to decrease the relative
body weight gain compared to control group after the second cycle. These decreases
were more evident and statistically significant after the third cycle until day 30 and were
not accompanied by changes in food and water consumptions. This change is indicative
of toxicity. MTX (6, 9, and 12mg/kg) treatment was already associated with a lower body
mass gain in mice with Ehrlich tumor (175). Transient changes in the food and water
consumption were individually observed in the animals that presented clinical toxic
manifestations, namely decreases in the water consumption in rats presenting
dehydration and fluctuations on food consumption in those animals presenting bleeding

(data not shown).
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IV.9. MTX-induced hepatotoxicity

The MTX sub-chronic treatment of rats induced an important hepatotoxicity. Firstly,
the MTX-induced hepatic damage was clearly evidenced at necropsy by the macroscopic
changes observed in the MTX treated livers (Manuscript V). Excised livers presented mild
edema (characterized by the beaded edge and brilliant aspect) and rigid consistency,
being more severe in the MTX48 group than in the MTX22 group. Signals of the
cumulative hepatic injury were also observed in both treated groups and were
characterized by macro- and microscopic changes in the hepatic architecture, biochemical
alterations, and decreases in the hepatic protein levels in the MTX22 group, late
decreases in the hepatic ATP content and by the increases in the GSHt, GSH, and GSSG
hepatic levels in MTX48 group.

Signals of the cumulative hepatic injury are observed in the earlier time point
(MTX22 group), namely by changes in plasma parameters (decreases in the total plasma
protein, ALT, alkaline phosphatase, triglycerides, and transferrin and increases in C4
complement, cholesterol, and iron levels) and decreases in the hepatic total protein levels.
These data suggest a hepatic dysfunction, seen in lower plasma hepatic enzyme levels
but higher free cholesterol as seen in other reports (182,183). This increase in the plasma
cholesterol levels in the MTX22 group is consistent with the mild steatosis observed in the
respective histology, which can be related to the decreased hepatic synthesis of
lipoproteins (60). The impairment of hepatic functionality is also evidenced by early
increases in the iron levels and decreases in plasma triglycerides in both treated groups,
being the last molecules mainly synthesized by the hepatocytes.

The hepatic protein synthesis seems to be impaired in both treated groups as
evidenced by the low levels of plasma biochemical parameters such as ALT, alkaline
phosphatase, and transferrin (Manuscript IV). AST activity remained unchanged in both
treated groups when compared to control levels. The lack of changes in AST activity might
be related to its slower released pattern in comparison to ALT (175). For this reason and
considering that ALT is primarily found in the liver, while AST is also distributed among
other tissues such as heart, kidney, brain, and muscle, ALT is the standard biomarker of
hepatotoxicity (184). In fact, as already mentioned, in humans, acute hepatotoxicity of
MTX manifests as transient increases in the activity of both liver enzymes (9). In mice with
Ehrlich tumor treated with MTX single dose (9 and 12mg/kg), AST activity increased when
compared to control and ALT activity increased only with the higher dose of MTX after 14
days of MTX-treatment (175). Given the AST broad distribution, rises in its activity in the
absence of concomitant ALT increases are frequently interpreted as indicative of

abnormalities in tissues such as the heart (184). Thus, it is possible that the changes in
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the liver aminotransferases after MTX single doses observed in the study performed by
Niang and co-workers are related to the classic MTX-cardiotoxicity. In that administration
regimen, only the higher MTX dose might have elicited hepatotoxicity, considering the
rises in ALT activity observed with this dose (175).

The lower plasma enzyme levels observed in Manuscript IV suggest that protein
turnover is decreased. Moreover, decreases in the hepatic synthesis of these enzymes
were considered an outcome to the (sub)chronic hepatotoxicity induced by others
xenobiotics (60,183,185,186). Increases in the unconjugated bilirubin (observed indirectly,
since it was shown by decreases in conjugated bilirubin and no significant changes in total
bilirubin) in both treated groups are suggestive of impaired conjugation with glucuronides.
Sub-clinical unconjugated hyperbilirubinemia is related to antituberculosis therapy, and it
is attributed to the inhibition of the bile salt exporter pumps (187).

The apparent recovery of the hepatic total protein levels on MTX48 compared to
MTX22 does not mean functionality gain, considering the alterations in MTX48 hepatic
ATP and plasma protein levels. Indeed, instead of recovery, the hepatic lesion was more
pronounced in the later time point (MTX48 group) as seen by liver histology. In rats, the
liver is able to repair from hepatic injury in five to seven days (188). Even so, despite the
adaptive/repair ability of the liver to react to a hepatic injury, this organ seems to be
vulnerable to MTX toxic effects since that mice treated with MTX (15mg/kg) presented
significant changes in the liver microscopic architecture that were not reverted until five
days after the MTX-administration (49). In our study, histologic data did not revealed
signals of a hepatic damage secondary to heart failure. As already stated, MTX and its
toxic metabolite are retained in the hepatic tissue (Manuscript I) and the continued hepatic
exposure might lead to prolonged hepatic injury. Furthermore, in the later time point, the
classic late cardiotoxicity of MTX (which was described in the Manuscript Ill) may
contribute to promote a secondary hepatic lesion (189).

Microscopic evaluations of liver showed a huge proliferation in the Kupffer cells,
hepatic edema, and collagen proliferation, which are indicative of an inflammatory
process. Indeed, that was corroborated by the significant increases in the plasma C4
complement levels since this component is synthesized by Kupffer cells (190). Previously,
a single dose administration of MTX (15mg/kg) was enough to cause an intense hydropic
vacuolization of the cytoplasm, necrosis areas, picnosis, and nuclear lysis in the hepatic
tissue, observed five days after treatment (49).

As already discussed, the cumulative late MTX-induced hepatotoxicity was
associated with oxidative stress as seen by significant increases in the hepatic levels of
GSHt, GSH, and GSSG observed in the MTX48 group. Moreover, to the best of our

knowledge, it was the first time that hepatic late energetic imbalance was associated to
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MTX-induced hepatotoxicity. In the present study, the inhibition of the hepatic protein
synthesis occurred prior to the decreases in the ATP content in the liver. This early effect
might be related to the MTX ability to inhibit protein synthesis (2). The late decrease in the
hepatic ATP levels was observed even 28 days after the last MTX administration.
Decreases in the ATP hepatic levels are observed in the human nonalcoholic
steatohepatitis (191) and are associated to covalent binding of drugs to intracellular
proteins (192). Thus, once again these effects can be attributed to the ability of MTX and
naphtoquinoxaline metabolite to accumulate in the liver (26). MTX persistence in the cells

is related to its strong affinity for cellular macromolecules and membranes (35,44).

IV.10. MTX-induced hematotoxicity

In our in vivo study, the MTX-induced hematological toxic effects were evidenced by
a notorious early bone marrow depression on MTX22 group, characterized by the
significant decreases in red blood cell (RBC) count, HCT, and reticulocytes, as well as in
WBC count, as compared to control. Additionally, an anemic condition was observed
since Hb levels were significantly decreased. Besides being a signal of hepatic lesion, the
increase in the plasma iron might be related to an increase in iron absorption to overcome
the reduction in RBC. Increased of MPV and a marked bone marrow suppression were
observed in the MTX22 group, as shown by the absence of circulating reticulocytes.
Recovery signals of the hematopoiesis were observed in the MTX48 group, namely by
increases in reticulocytes when compared to control. Additionally, increase of MCH and
MCYV levels were observed when compared with the control. The observed macrocytosis
and anisocytosis are associated with increases in the reticulocytes count (Manuscript V).
The reduction in blood cells is probably mainly due to marrow suppression. Caution is
needed in the interpretation of the cause of the anemia since disturbances in the iron
metabolism (increases in the iron plasma levels and decreases in the transferrin levels)
and increases in the non-conjugated bilirubin levels can represent confounding factors. It
is important to take into account that, simultaneously to a hematologic disturbance, an
impaired hepatic function has been established in our model. Despite of hemorrhagic
clinical signals seen in some MTX-treated rats, no increase in the LDH plasma levels was
observed.

As already mentioned, MTX is an immunosuppressive agent that acts by promoting
apoptosis in antigen-presenting cells and reducing levels of all types of immune cells
(15,24). Accordingly, the MTX administration caused transient decreases in plasma IgG

levels in MTX22 rats. In another study that assessed the human safety of MTX, rituximab,
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ifosfamide, and etoposide combined therapy a significant decrease in the IgG levels in
treated patients with non-Hodgkin’s lymphoma was demonstrated (193). The IgG is
synthesized by blood cells and corresponds to about 80% of total immunoglobulin (194).
Thus, the huge decreases in I1gG levels observed in the MTX22 group might be the cause
of the decreases observed in the total plasma protein levels in this group since albumin
levels are similar to control levels (data not shown). Additionally, the absence of significant
differences in the plasma albumin levels might be related to its long turnover (195).
Conversely, decreases in serum total protein levels without changes in the serum albumin
levels were already described in MTX single dose (6, 9, or 12mg/kg) treatment in mice
with Ehrlich tumor (175).

The presence of micronucleus in MTX22 blood smears was constant in all animals
from this group, suggesting the genotoxicity capacity of MTX. This genotoxicity could
underlie an ineffective hematopoiesis, supporting our hematologic data at MTX22 (bone
marrow suppression). Accordingly, it is well known that MTX causes single and double
breaks in the DNA (1,2) and also affects the cell cycle at various stages (1,22), with
known mutagenicity ability.

The pancytopenia was not proven only because the PLT lineage is not depleted.
The circulation time of PLT in healthy conditions is about seven to ten days (196). Thus, it
is possible that, at the time points evaluated, the PLT count was already normalized in
opposition to other lineages. Moreover, it is in accordance with the reports describing that
thrombocytopenia is a mild, less common event in the MTX treatment (2). The MPV is
increased in the MTX22 group and it no changes in the PDW were seen, demonstrating
that the PLT population is homogeneously macrocytic. Despite the clinical use of this
parameter is not yet well validated, studies demonstrate an association between enlarged
MPV and cardiovascular risk because larger PLTs are hemostatically more active, leading
to higher risk of myocardial infarction (196-198). Pro-inflammatory states frequently
present PLT with higher volume because cytokines such as interleukines 3 and 6 can
mediate the production of PLT with higher MPV and metabolic/enzymatically more actives
(196).

The myelossupression observed in our work is in accordance to what is observed in
humans and justifies the importance of monitoring hematological parameters during MTX
chemotherapy (2). The MTX-induced myelosuppression manifests mostly as leukopenia,
thus being its main dose-limiting effect (61). In humans, after the administration of high
dose MTX (38mg/m?, i.p.), the WBC counting returned to normal values within seven days
(61). However, it is known that patients treated with higher dose regimens tend to present
a faster blood count recovery (2). Additionally, blood cell counts should be continued after

MTX-therapy cessation due to the risk of MTX-associated secondary acute leukemia (15).
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In the present study using clinically relevant doses, RBC and WBC counts, which were
depressed in the early time point, returned to normal values in the MTX48 (28 days after
the MTX last cycle) (Manuscript V).

IV.11. Conclusions and future perspectives

Four hallmarks are defined as contributing to the pathology of cardiac disease: a
critical energy loss; a critical accumulation of cellular calcium; effects of reactive species
formation; and injurious effects of the accumulation of long-chain acyl compounds (169).
From these, we demonstrated the occurrence of marked energy depletion in vitro and in
vivo, increased levels of intracellular calcium after MTX incubation in the H9c2 cells,
increased generation of reactive species only at the longer incubation period of 96h with
concomitant mitochondrial disturbance. The acyl compounds accumulation was not
evaluated but the negative results in the protective studies with L-carnitine suggested that
it did not exert a leading role in the MTX-mediated cytotoxicity.

MTX induces a relevant cumulative mitochondrionopathy characterized by the
aberrant mitochondria found in the cardiac tissue after in vivo MTX treatment, the
disturbances in the mitochondrial complexes and ATP synthesis, and perturbations in the
mitochondrial membrane potential. MTX interference with the mitochondrial functionality
and consequent energetic imbalance result in a dysfunctional heart since depleted of its
energetic content, the cardiac performance is impaired. Hence, this thesis highlights the
relevance of the MTX-induced mitochondrial toxicity to the cardiomyopathy related to the
MTX therapy.

In the opposite of what is observed in the doxorubicin cardiomyopathy, the oxidative
stress does not seem to occupy a central role in the MTX-mediated cardiac disease. The
eventual MTX-related oxidative stress does not seem to be related to quinone activation,
but secondary to energetic loss. Thus, the contribution of the metabolism to the
cardiotoxicity seems to be more related to the reaction products (for an example, the
naphtoquinoxaline metabolite, which was demonstrated to accumulates in liver and heart)
than the sub-products (reactive species generation associated to quinone activation).
Increased levels of reactive species formation were only observed in a late time point,
secondary to another significant changes such as energetic depletion, intracellular
calcium overload, and mitochondrial disturbances. Even so, studies demonstrating the
inhibition of lipid peroxidation after MTX incubation (29) suggest that MTX may alter the

antioxidant defenses in some extent and it is worth to be highlighted.
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It was also demonstrated a relevant hepatotoxicity associated to MTX therapy in
rats. After 28 days of the last MTX administration, the liver regeneration was limited and
the hepatic tissue remained with altered levels of glutathione and ATP, which are
essential for the hepatic function, namely protein synthesis and detoxifying process.
Despite the direct hepatotoxic potential, cardiotoxic drugs such as MTX, can cause acute
liver failure as a result of a primary congestive heart failure (189). In the case of
congestive heart failure, the low cardiac output results in a reduced hepatic blood flow
(189). However, in the histology of MTX-damaged livers, no signals suggestive of
congestive heart failure-mediated hepatic lesion were observed. Thus, it is possible that
MTX exerts a significant direct hepatotoxicity.

Considering MTX cardiomyopathy, our results demonstrate an abundant interstitial
fibrosis without loss of organization in the muscle fibers and mitochondrial disorganization,
suggestive of dilated cardiomyopathy. However, conclusive studies regarding the protein
alterations after MTX therapy are required to confirm the cardiomyopathy type related to
MTX treatment. The only protective agents that partially counteracted the cellular lesion
caused by MTX incubation were metabolism inhibitors. However, despite the evidenced
metabolic relevance to MTX-cardiomyopathy, bioactivation is also required for the MTX
pharmacological effects. Hence, blocking MTX systemic metabolism is not a viable
alternative since it would compromise the antineoplastic treatment. Even so, the studies
presented within this thesis may open up ways to enhance MTX therapy.

Regarding future perspectives, the relation between MTX treatment and long-term
hematotoxicity, which can result in the serious late secondary leukemia, needs to be
better highlighted. Furthermore, understanding the MTX toxic effects among
hematopoiesis are the first step to circumvent them and to increase the MTX tolerance
and safety. Moreover, the intrinsic hepatotoxic potential of chemotherapy is of great
concern because an altered hepatic function might compromise the therapy and/or
increase toxic adverse effects (60). Given that relevance, more studies highlighting the
mechanisms involved in the MTX-induced hepatotoxic potential are needed in order to
improve therapy. Furthermore, the pharmacological and toxicological potential of the
metabolites presented in the Manuscript | need to be highlighted. If they have a good
pharmacological potential and a negligible toxicity, one possibility is to isolate, purify, and
to explore these promising compounds in preclinical studies. However, it is important to
point that, in the case of MTX derivatives, long term protocols to assess the toxicity are
needed. Other future directions aim to define if the MTX pharmacological action is also
dependent of MTX mitochondrial effects and to explore mitochondrial protective agents to
counteract the MTX-induced mitochondrionopathy, minimizing cardiac side effects without

affecting the MTX-pharmacological effectiveness.
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