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Abstract 
Mitoxantrone (MTX) is an antineoplastic agent used to treat advanced breast cancer, prostate cancer, acute leukemia, 
lymphoma and multiple sclerosis. Although it is known to cause cumulative dose-related cardiotoxicity, the underlying 
mechanisms are still poorly understood. This study aims to compare the cardiotoxicity of MTX and its’ pharmacologi-
cally active metabolite naphthoquinoxaline (NAPHT) in an in vitro cardiac model, human-differentiated AC16 cells, and 
determine the role of metabolism in the cardiotoxic effects. Concentration-dependent cytotoxicity was observed after MTX 
exposure, affecting mitochondrial function and lysosome uptake. On the other hand, the metabolite NAPHT only caused 
concentration-dependent cytotoxicity in the MTT reduction assay. When assessing the effect of different inhibitors/inducers of 
metabolism, it was observed that metyrapone (a cytochrome P450 inhibitor) and phenobarbital (a cytochrome P450 inducer) 
slightly increased MTX cytotoxicity, while 1-aminobenzotriazole (a suicide cytochrome P450 inhibitor) decreased fairly the 
MTX-triggered cytotoxicity in differentiated AC16 cells. When focusing in autophagy, the mTOR inhibitor rapamycin and 
the autophagy inhibitor 3-methyladenine exacerbated the cytotoxicity caused by MTX and NAPHT, while the autophagy 
blocker, chloroquine, partially reduced the cytotoxicity of MTX. In addition, we observed a decrease in p62, beclin-1, and 
ATG5 levels and an increase in LC3-II levels in MTX-incubated cells. In conclusion, in our in vitro model, neither metabo-
lism nor exogenously given NAPHT are major contributors to MTX toxicity as seen by the residual influence of metabolism 
modulators used on the observed cytotoxicity and by NAPHT’s low cytotoxicity profile. Conversely, autophagy is involved 
in MTX-induced cytotoxicity and MTX seems to act as an autophagy inducer, possibly through p62/LC3-II involvement.

Keywords  Mitoxantrone · Metabolism · Naphthoquinoxaline metabolite · Differentiated AC16 cardiac cells · Autophagy · 
Cardiotoxicity
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DMEM/F-12	� Dulbecco´s modified Eagle´s medium/
nutrient F-12 Ham

DMSO	� Dimethyl sulfoxide
GAPDH	� Glyceraldehyde-3-phosphate 

dehydrogenase
LC3	� Microtubule-associated protein 1A/1B-

light chain 3
MTT	� 4,5-Dimethylthiazol-2-yl)-2,5-diphenyl 

tetrazolium bromide
MTP	� Metyrapone
MTX	� Mitoxantrone
NAPHT	� Naphthoquinoxaline
NR	� Neutral red
OD	� Optic density
PHB	� Phenobarbital
PI3K-III	� Class III phosphatidylinositol 3-kinase
RAP	� Rapamycin
RIF	� Rifampicin (RIF)
SD	� Standard deviation

Introduction

Mitoxantrone (MTX) is an antineoplastic agent from the syn-
thetic anthracenediones family (Reis-Mendes et al. 2015). 
MTX interferes with DNA synthesis and repair by interca-
lating through hydrogen bonding, leading to crosslinks and 
strand breaks (Reis-Mendes et al. 2015). Moreover, MTX 
has powerful immunosuppressive and immunomodulatory 
properties, as it abrogates T helper activity, increases T 
suppressor cell function, inhibits B lymphocyte function, 
and macrophage proliferation (Fox 2004; Scott and Figgitt 
2004). MTX is used to treat several types of cancers and 
aggressive or refractory multiple sclerosis. Nevertheless, its 
use is accompanied by a high incidence of cardiotoxicity, 
dependent on MTX lifelong cumulative dose (Reis-Mendes 
et al. 2015). Such cardiotoxicity is often characterized by 
arrhythmias, electrocardiographic changes, and heart failure 
(Reis-Mendes et al. 2015).

Regarding MTX pharmacokinetic properties, it is metab-
olized primarily in the liver. In the first 5 days, only 20–32% 
of administered MTX is excreted in urine (6–11%) and 
feces (13–25%). Regarding the urinary excretion in cancer 
patients, 65% is excreted as unchanged MTX and the remain-
ing 35% are excreted in the form of metabolites (Alberts 
et  al. 1985; Reis-Mendes et  al. 2015). Moreover, MTX 
accumulates extensively in highly perfused organs, includ-
ing the heart (An and Morris 2010). Even if the majority 
of MTX metabolism is hepatic, the metabolites formed can 
reach the heart due to their distribution through the blood. 
Moreover, the heart is an organ that expresses cytochrome 
P450 (CYP450) enzymes and NADPH cytochrome reduc-
tase (Duthie and Grant 1989) among other enzymatic 

complexes, which can generate metabolites in loco that may 
cause cardiac toxicity (Wormhoudt et al. 1999). Regarding 
MTX metabolism, the two-electron reduction is considered 
the preferential pathway. MTX main metabolic products are 
the naphthoquinoxaline (NAPHT) metabolite and its oxida-
tion products, the MTX mono- and dicarboxylic derivatives. 
The MTX conjugates with glutathione and glucuronic acid 
have also been described (Reis-Mendes et al. 2015; Rossato 
et al. 2013a). Regarding the interspecies variability, mono- 
and dicarboxylic acid derivatives of MTX are major human 
urinary products, while in rats they are residual (Blanz et al. 
1991a, b; Ehninger et al. 1990). However, these have no 
pharmacological anticancer activity (Chiccarelli et al. 1986). 
Nonetheless, when CYP450-mediated metabolism is inhib-
ited, MTX toxicity is prevented in different cell models 
(Duthie and Grant 1989; Li et al. 1995; Mewes et al. 1993), 
advocating for a role of metabolism in its pharmacological 
activity. The metabolite NAPHT is known to be a product 
of the biotransformation of MTX in vivo through systems 
containing CYP450, DT-diaphorase, NADPH cytochrome 
reductases, and peroxidases (Brück and Brück 2011). This 
metabolite was already identified in human, rat, and pig 
urine after MTX intravenous administration (Blanz et al. 
1991b) and has been reported to have a significant role in 
the pharmacological anticancer activity of MTX (Feofanov 
et al. 1997b; Mewes et al. 1993; Panousis et al. 1994, 1997).

In summary, the heart does not just receive metabolites 
from the liver, but has its own metabolic capacity, although 
its importance for the MTX-inflicted cardiotoxicity is not 
yet known. Overall, the underlying mechanisms of MTX 
cardiotoxicity are poorly understood and the potential toxic-
ity of the MTX metabolite NAPHT is scarcely investigated. 
We have done a previous work showing that NAPHT has 
lower toxicity when compared with MTX in H9c2 differenti-
ated cells (Reis-Mendes et al. 2017), but in undifferentiated 
H9c2 cells, MTX metabolism is partially responsible for its 
cytotoxicity (Rossato et al. 2013a).

Autophagy is a regulated catabolic mechanism that 
involves the delivery of cytoplasmic cargo sequestered inside 
double-membrane vesicles to the lysosome and is highly 
controlled by some autophagy-related genes (Parzych and 
Klionsky 2014), playing dual and intrinsic roles in cell death 
or survival. Autophagy has been characterized as an essen-
tial cellular process in the heart, removing protein aggre-
gates and damaged organelles, protecting against famine, 
excessive β-adrenergic stimulation, and ischemia (De Meyer 
and Martinet 2009). Since the heart has cardiomyocytes that 
are terminally differentiated non-dividing cells, the correct 
function of the autophagic degradation process is essential 
for the maintenance of myocyte homeostasis (Cuervo 2004). 
Though autophagy is generally viewed as a survival mecha-
nism, excessive autophagy has been associated with cardiac 
disease, including ischemia/reperfusion, cardiac oxidative 
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stress, and heart failure (Hariharan et al. 2011; Takemura 
et al. 2006; Valentim et al. 2006). In human failing hearts, 
both apoptosis and massive autophagy were detected (Kostin 
et al. 2003). The autophagic cell death process in cardiomyo-
cytes takes place through either uncontrolled degradation of 
cargo materials due to increased autophagic flux or exces-
sive build-up of autophagosomes caused by an imbalance 
between autophagy initiation and lysosomal degradation 
(Ikeda et al. 2022). Although MTX has been reported to 
deregulate autophagy in in vitro models of cancer (Guan 
et al. 2020; Xie et al. 2020), the role of autophagy on MTX-
induced cardiotoxicity (or of its pharmacologically active 
metabolite, NAPHT, for that matter) has not been described 
as far as we know. Therefore, this study aimed to: first, com-
pare the toxicity of MTX and its pharmacologically active 
and commercially available metabolite NAPHT in an in vitro 
cardiac model, differentiated human AC16 cells, and, sec-
ond, to determine whether autophagy has any role in the 
observed effects.

Materials and methods

AC16 human cardiomyocytes cell line was obtained from 
Sigma-Aldrich (St. Louis, MO, USA). All plastic sterile 
materials used in cell culture were obtained from Corning 
Star (Corning, NY, USA). NAPHT was obtained from MeD 
CHEM101 (Plymouth Meeting, Pennsylvania). MTX dihy-
drochloride, neutral red (NR) solution, sodium bicarbonate, 
gelatine from bovine skin, trypan blue solution 0.4% (w/v), 
trypsin/ethylenediaminetetraacetic acid solution, acridine 
orange, ethidium bromide, bovine serum albumin, dimethyl 
sulfoxide (DMSO), Hoechst 33258 solution, 3-methylad-
enine (3-MA), chloroquine (CQ), rapamycin (RAP), dial-
lyl sulfide (DAS), metyrapone (MTP), 1-aminobenzotria-
zole (1-ABT), rifampicin (RIF), phenobarbital (PHB) were 
obtained from Sigma-Aldrich (Germany). Paraformaldehyde 
4% and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazo-
lium bromide (MTT) were obtained from Alfa Aesar, and 
fibronectin from bovine plasma was obtained from Thermo 
Fisher Scientific (Kandel, Germany). Phosphate-buffered 
saline, penicillin/streptomycin, and Hank’s balanced salt 
solution were obtained from Biochrom (Berlin, Germany). 
Dulbecco´s Modified Eagle´s Medium/Nutrient F-12 Ham 
(DMEM/F-12) powder, horse serum heat-inactivated, and 
fetal bovine serum (FBS) heat-inactivated were obtained 
from Alfagene (Carcavelos, Portugal). Enhanced chemilu-
minescence (ECL) reagents, and 0.45 µm Amersham Pro-
tran nitrocellulose blotting membrane were obtained from 
GE Healthcare Bio-Sciences (Pittsburgh, PA, USA). Protein 
assay kit Bio-Rad RC DC was obtained from Bio-Rad Labo-
ratories (USA).

Cell culture experimental protocols

The toxicological evaluation of MTX and NAPHT was per-
formed in vitro, using the human cardiomyocyte cell line 
AC16. AC16 cells were maintained in DMEM/F-12 medium 
(supplemented with 12.5% FBS, 1% penicillin and 100 µg/
mL streptomycin), at 37 °C in a 5% CO2 humidified atmos-
phere. Cell passaging was done by trypsinization, and the 
cells were used until the tenth passage, as recommended 
(Davidson et al. 2005). When the cell population reached 
80–90% confluence, experiments were performed. AC16 
cells were seeded at a density of 32.5 × 104 cells/cm2 in 
coated surfaces with 12.5 µg/mL fibronectin in 0.02% gela-
tine, for at least 1 h at 37 °C (Dionísio et al. 2022). The dif-
ferentiation procedure began 24 h after seeding when AC16 
cells were exposed to a differentiated medium (DMEM/F12 
medium supplemented with 2% horse serum and 1% anti-
biotics) for 24 h (Davidson et al. 2005). Drug exposure in 
differentiated cells never surpassed 48 h.

MTX was prepared each month in sterile phosphate-buff-
ered saline without Ca2+ and Mg2+ and stored at − 20 °C. 
NAPHT was dissolved in DMSO and stored at − 20 °C. 
MTX and NAPHT solutions were not given more than three 
cycles of freezing/thawing. Moreover, in all NAPHT experi-
ments, an assay with DMSO was run in parallel with the 
maximum concentration per well of 0.1% v/v.

Cytotoxicity tests

For determination of the cytotoxic effect of MTX and 
NAPHT (or the influence of inhibitors or inducers) on the 
differentiated AC16 cells, two assays were performed: the 
MTT reduction and the NR uptake assays. To perform either 
MTT or NR cytotoxicity assays, cells were seeded in 48-well 
plates, differentiated and incubated with MTX (0.5 to 10 
μM) or NAPHT (1 to 10 µM) for 24 or 48 h. In another set 
of assays, differentiated AC16 cells were pre-incubated with 
CYP450 inhibitors: a competitive CYP450 inhibitor, MTP 
(0.5 mM) (Sampath-Kumar et al. 1997), a suicide CYP450 
inhibitor, 1-ABT (0.5 mM) (Linder et al. 2009), a CYP2E1 
inhibitor, DAS (50 µM) (Jin et al. 2013), and inducers: a 
strong CYP3A4 inducer, RIF (10 µM) (Bulutoglu et al. 
2019; Lin 2006), a CYP2B6 inducer and also aldo–keto 
reductases inhibitor, PHB (1 mM) (Behnia and Boroujerdi 
1999; Deng et al. 2013; Lin 2006) for 1 h at 37 °C before 
MTX was added.

Finally, autophagy was evaluated using the NR uptake 
assay, since it relates to lysosome function: it is based on the 
ability of viable cells to incorporate and bind to the supravi-
tal dye NR in the lysosomes (Repetto et al. 2008). There-
fore, the effects of the autophagy inhibitor, 3-MA (2.5 mM) 
(Soares et al. 2014) or blocker, CQ (10 µM) (Bik et al. 2021), 
and of an autophagy activator, RAP (0.1 µM) (Guan et al. 
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2020) were evaluated. These compounds were added 1 h 
before cells’ exposure to MTX or NAPHT.

MTT reduction assay

The MTT colorimetric assay is based on the reduction of the 
tetrazolium salt to formazans by dehydrogenases and it was 
performed as previously described (Dionísio et al. 2022). 
The percentage of MTT reduction in control cells was set 
at 100% and the values of each treatment are expressed as a 
percentage of control cells.

NR uptake assay

The amount of NR dye incorporated into the cells usually 
represents their lysosomal functionality, as this dye easily 
enters cell membranes and is retained within lysosomes 
(Repetto et  al. 2008). It was performed as previously 
described within the group (Dionísio et al. 2022). The per-
centage of NR uptake of control cells was set at 100% and 
the values of each treatment are expressed as a percentage 
of control cells.

Microscopic observation of the cells

Morphology evaluation

For the morphological microscopy evaluation, differentiated 
AC16 cells were seeded in 24-well plates and incubated with 
MTX (0.5 to 10 µM) or NAPHT (1 to 10 µM) for 48 h. Next, 
cells’ morphology was evaluated by contrast phase micros-
copy, using a Nikon Eclipse TS100 equipped with a Nikon 
DS-Fi1 camera (Tokyo, Japan).

Hoechst nuclear staining

Hoechst staining was used to assess the effect of MTX or 
NAPHT on nuclear morphology of differentiated AC16 
cells, as described (Dionísio et al. 2022). The stained nuclei 
were examined in a Lionheart FX microscope (Biotek, 
Winooski, Vermont, USA) using a blue fluorescence filter 
(λexcitation = 377 nm and λemission = 447 nm). Twelve photos 
were taken per condition, from 3 independent experiments.

Acridine orange and ethidium bromide staining

Acridine orange and ethidium bromide staining were also 
performed. Viable cells show an intact green nucleus, early 
apoptotic cells exhibit a bright green nucleus with con-
densed or fragmented chromatin, while late apoptotic cells 
show a condensed or fragmented orange chromatin. Necrotic 
cells display a uniformly orange-stained nucleus (McGahon 
1995). After a 24-h incubation with MTX or NAPTH, the 

staining was made as described (Dionísio et al. 2022), and 
the cells were observed in a Nikon Eclipse TS100 equipped 
with a Nikon DS-Fi1 camera, using a standard filter for fluo-
rescein (λexcitation = 485 nm and λemission = 525 nm). Twelve 
photos were taken per condition, from 3 independent 
experiments.

Western blot analysis

For western blotting, differentiated AC16 cells were seeded 
in 6-well plates and exposed to MTX (1, 5, or 10 µM) and 
NAPHT (1, 5, or 10 µM) for 48 h. Two wells per condi-
tion were gathered and cells were lysed in RIPA buffer 
[50 mM Tris–HCl, 150 mM NaCl, 1% Triton X-100 (v/v), 
0.5% sodium deoxycholate (w/v), and 0.1% SDS (w/v)], pH 
8.0, [supplemented with 0.25 mM phenylmethanesulfonyl 
fluoride, 1 mM sodium metavanadate, 10 mM sodium fluo-
ride, 1 mM DL-dithiothreitol and 0.5% (v/v) complete pro-
tease inhibitor cocktail] through sonication and were kept at 
− 80 °C until analysis. Protein quantification was made by 
the DC protein quantification assay (BioRad) following the 
manufacturer’s instructions. Equal protein amounts (20 μg) 
were used and ran in 12.5% or 15% SDS-PAGE gels, which 
were then transferred onto PVDF membranes by Trans-
Blot® Turbo™ Transfer System (Bio-Rad, Hercules, CA, 
USA) using the protocol Low MW (5 min) and Mixed MW 
(7 min) with voltage 2.5A constant, up to 25 V. The obtained 
membranes were blocked with 5% skim milk diluted in 
TBS-Tween for 1 h. The antibodies [rabbit monoclonal 
anti-APG5L/Autophagy Related 5 (ATG5) (ab108327, 
Abcam), rabbit polyclonal anti-microtubule-associated 
protein 1A/1B-light chain 3 (LC3) (L7433, Sigma), mouse 
monoclonal anti-p62 (ab56416, Abcam), rabbit monoclonal 
anti-Beclin 1 (#3495, Cell Signaling Technology) and rab-
bit polyclonal anti-glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) (1:1000, ab9485, Abcam)] were incubated at 
4 °C overnight using the 1:1000 dilution. In the next day, the 
membranes were incubated with secondary antibodies [Goat 
anti‐rabbit IgG‐horseradish peroxidase (1:5000, ab97051, 
Abcam) and mouse anti‐mouse IgG‐horseradish peroxidase 
(1:2000, sc516102, Santa Cruz)]. An ECL-Plus detection 
reagent was used to detect the signal of protein expres-
sion using the ChemiDoc Imaging System version 2.3.0.07 
(Bio-Rad, Hercules, CA, USA). The obtained images were 
analyzed with Image Lab software version 6.0.1 (Bio-Rad, 
Hercules, CA, USA). GAPDH was used as a loading control. 
Three independent experiments were done.

Statistical analysis

Results are expressed as mean ± standard deviation (SD). 
When using different concentrations at 2 different time-
points (24 and 48 h), a two-way ANOVA test was performed, 
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followed by the Tukey’s post hoc test, when a significant p 
was reached (p < 0.05). To assess data normality on assays at 
one-time point, the D’Agostino & Pearson normality test was 
performed. If results were normal, a one-way ANOVA test 
was performed, followed by the Sidak’s post hoc test, when 
a significant p was reached (p < 0.05). The Kruskal–Wallis 
test was performed when the data did not follow a normal 
distribution, followed by Dunn’s post hoc test. In the west-
ern blot data, statistical comparisons were made using the 
one-way ANOVA test, followed by the Sidak’s post hoc test 
to compare with control group. Statistical significance was 
considered when p values < 0.05. To perform the statistical 
analysis, the GraphPad Prism 8.0 software program (San 
Diego, CA, USA) was used. Details of statistical analysis 
can be found in the figure’s legends.

Results

Mitoxantrone produced a time‑ 
and concentration‑dependent mitochondrial 
and lysosome uptake dysfunction in differentiated 
AC16 cells

Differentiated AC16 cells were exposed to different con-
centrations (0.5 to 10 µM) of MTX for 24 and 48 h. MTX 
caused cytotoxicity in a concentration-dependent manner 
in the assays assessing mitochondrial and lysosome uptake 
dysfunction. At 24 h, MTX caused small but significant 
changes of cytotoxicity when compared to control cells, and 
this effect increased at 48 h, as can be seen in Fig. 1. Regard-
ing the NR uptake assay at 24 h, the values were: 0.5 μM: 
82.74 ± 3.53%, 1 μM: 79.42 ± 2.45%, 2 μM: 73.83 ± 1.58%, 
5 μM: 55.04 ± 2.79%, and 10 μM: 50.04 ± 2.79%, when com-
pared to control cells (100.00 ± 2.45%) (Fig. 1A). At 48 h, 
the values of NR uptake were: 0.5 μM: 75.39 ± 9.72%, 1 μM: 
47.17 ± 6.24%, 2 μM: 41.21 ± 3.06%, 5 μM: 30.25 ± 4.45%, 
and 10 μM: 18.89 ± 7.28%, when compared to control cells 
(100.00 ± 3.11%) (Fig. 1A).
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Fig. 1   Lysosomal and mitochondrial dysfunction evaluated by (A) 
the NR uptake and B the MTT reduction assays. A, B Differenti-
ated AC16 cells incubated with 0.5, 1, 2, 5 or 10  μM of MTX for 
24 and 48  h. Results are presented as mean ± SD of 3–5 independ-
ent experiments (total of 12–20 wells). Statistical analyses were per-
formed using the two-way ANOVA test, followed by the Tukey’s post 
hoc test (aaaap < 0.0001 versus control; bbbbp < 0.0001 versus 0.5 µM; 

cp < 0.05, cccp < 0.001 versus 1  µM; ddddp < 0.0001 versus 2  µM; 
ep < 0.05, eep < 0.01, eeeep < 0.0001 versus 5  µM; in the same time 
point) and (**p < 0.01, ****p < 0.0001 versus 24 h and ####p < 0.0001 
versus 48 h; in the same concentration. C Phase-contrast microphoto-
graphs of control and MTX-incubated differentiated AC16 cells after 
48 h. Images are representative of 3 independent experiments (scale 
bar represents 100 μm)
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Concerning the MTT reduction assay at 24 h, the val-
ues were: 0.5 μM: 63.40 ± 2.56%, 1 μM: 59.71 ± 2.19%, 
2  μM: 57.19 ± 1.50%, 5  μM: 47.72 ± 1.85%, and 
10 μM: 37.88 ± 1.54%, when compared to control cells 
(100.00 ± 2.73%). At 48  h, the values of MTT reduc-
tion were: 0.5 μM: 43.14 ± 2.33%, 1 μM: 32.90 ± 2.25%, 
2  μM: 31.56 ± 2.09%, 5  μM: 28.59 ± 6.47%, and 
10 μM: 12.53 ± 5.19%, when compared to control cells 
(100.00 ± 4.42%) (Fig.  1B). The observed cytotoxicity 
induced by MTX was higher when it was evaluated by the 
MTT reduction assay than by the NR uptake assay.

Regarding phase-contrast microscopy at 48  h, MTX 
caused cellular damage, with evident cellular debris, and 
round and detached cells. The differentiated AC16 cells 
exposed to 1–10 μM of MTX showed signs of membrane 
integrity loss and substantial decreases in cell number. There 
were roughly 50% fewer attached cells after incubation with 
MTX in some concentrations (1, 2, 5 and 10 μM [Fig. 1C]). 

No significant signs of nuclear alteration were found in the 
Hoechst staining at 48 h when compared to control (Figure 
S1). In the ethidium bromide/acridine orange staining, the 
number of cells largely decreased as MTX concentration 
increased, but cells present in the field maintained a green 
nucleus, although with evident cytoplasmic injury (Figure 
S2). The two lowest MTX concentration show some signs 
of early apoptosis, with condensed nuclei.

Metyrapone increased and 1‑aminobenzotriazole 
decreased the cytotoxicity caused by MTX

Differentiated AC16 cells were pre-incubated with CYP450 
inhibitors (MTP, 1-ABT or DAS) for 1 h at 37 °C before 
MTX was added. In the NR uptake assay, the competitive 
CYP450 inhibitor MTP (0.5 mM) (Sampath-Kumar et al. 
1997) increased the cytotoxicity induced by MTX 1 µM as 
can be seen in Fig. 2A. In the MTT assay, MTP did not 
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Fig. 2   Lysosomal and mitochondrial dysfunction evaluated by the 
NR uptake (A–C) and the MTT reduction (D–F) assays, respec-
tively, in differentiated AC16 cells exposed to 1 or 5  μM of MTX 
for 48  h with or without (A, D) metyrapone (MTP) (0.5  mM final 
concentration), (B, E) 1-aminobenzotriazole (1-ABT) (0.5 mM final 
concentration), or (C, F) diallyl sulfide (DAS) (50  µM final con-
centration). Results are presented as mean ± SD of 3–4 independ-

ent experiments (total of 12–16 wells). The statistical analyses per-
formed were: (C–F) Kruskal–Wallis test, followed by the Dunn’s 
post hoc test or (A, B) one-way ANOVA test, followed by the Sidak’s 
post hoc test (***p < 0.001, 1 µM MTX versus. 1 µM MTX + MTP) 
and (*p < 0.05, 1 or 5 µM MTX versus. 1 or 5 µM MTX + 1-ABT). 
DMSO (final concentration of 0.1% v/v) was used as vehicle
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change the MTX-induced cytotoxicity at 48 h (Fig. 2D). The 
incubation of MTP (0.5 mM) or DMSO (inhibitor vehicle) 
per se did not cause any toxicity when compared to control 
conditions in both cytotoxicity tests performed.

At 48 h, 1-ABT, a suicide CYP450 inhibitor (0.5 mM) 
(Linder et al. 2009), decreased the cytotoxicity caused by 
MTX 1 and 5 µM in the NR uptake assay (Fig. 2B). How-
ever, 1-ABT did not cause a significant change in MTX-
induced mitochondrial dysfunction (Fig. 2E).

To address the role of metabolism in MTX cytotoxic-
ity, DAS (50 µM), a CYP2E1 inhibitor (Jin et al. 2013), 
was used in both cytotoxicity assays, without causing any 
meaningful changes regarding the effects caused by MTX 
(Fig. 2C,F).

Phenobarbital increased the cytotoxicity caused 
by MTX in differentiated AC16 cells when assessed 
by the neutral red uptake assay

The effects of the CYP2B6 inducer (Deng et  al. 2013; 
Lin 2006) and aldo–keto reductases inhibitor (Behnia and 
Boroujerdi 1999), PHB, at 1 mM was evaluated through the 

MTT reduction and NR uptake assays (Fig. 3A, C). In the 
NR uptake assay, PHB increased the cytotoxicity elicited 
by MTX 1 or 5 µM at 48 h, as can be seen in Fig. 3A. In the 
MTT assay, PHB did not cause meaningful changes in the 
MTX-induced cytotoxicity at 48 h (Fig. 3C). The use of PHB 
at 1 mM per se did not cause any toxicity when compared 
to control cells in both cytotoxicity tests performed. RIF 
(10 µM), a strong inducer of metabolizing enzymes such as 
CYP3A4 (Lin 2006), was not able to significantly change 
the MTX-elicited cytotoxicity at 48 h (Fig. 3B, D), in both 
assays.

Naphthoquinoxaline caused mitochondrial 
dysfunction in differentiated AC16 cells

Since some of CYP450 modulators altered MTX-induced 
cytotoxicity, and because among the known MTX 
metabolites only the NAPHT is commercially avail-
able, we next pursued to investigate the cytotoxicity pro-
file of NAPHT (1 to 10 µM) on differentiated AC16 cells. 
Regarding the NR uptake assay, no meaningful differ-
ences were seen at all tested concentrations (Fig. 4A). On 
the other hand, the results showed that NAPHT caused a 

Fig. 3   Mitochondrial and 
lysosomal dysfunction evalu-
ated by the (A, B) NR uptake 
and (C, D) the MTT reduction 
assays, respectively, in differ-
entiated AC16 cells incubated 
with 1 or 5 μM of MTX for 
48 h with or without: (A, C) 
phenobarbital (PHB) (1 mM 
final concentration) or (B, D) 
rifampicin (RIF) (10 µM final 
concentration). Results are 
presented as mean ± SD of 3–4 
independent experiments (total 
of 12–15 wells). The statisti-
cal analyses performed were: 
(A, B) one-way ANOVA test, 
followed by the Sidak’s post hoc 
test or (C, D) Kruskal–Wallis 
test, followed by the Dunn’s 
post hoc test (**p < 0.01, 1 or 
5 µM MTX versus 1 or 5 µM 
MTX + PHB)
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Fig. 4   Lysosomal and mitochondrial dysfunction were evaluated by 
the NR uptake (A) and the MTT reduction (B) assays, respectively. 
A, B differentiated AC16 cells incubated with 1, 2, 5, or 10 μM of 
naphthoquinoxaline (NAPHT) for 48  h. Results are presented as 
mean ± SD of 3 independent experiments (total of 12 wells). The 
statistical analyses were performed using the Kruskal–Wallis test, 
followed by the Dunn’s post hoc test in the NR uptake assay and 
one-way ANOVA test, followed by the Sidak’s post hoc test for the 

MTT reduction assay (aap < 0.01, aaap < 0.001, aaaap < 0.0001 versus 
control; bbp < 0.01 versus 1 µM; ccp < 0.01 versus 2 µM; ddp < 0.001 
versus 5 µM; ****p < 0.05 versus vehicle). DMSO (final concentration 
of 0.1% v/v) was used as vehicle. C Phase-contrast microphotographs 
of differentiated AC16 cells after a 48-h incubation. Images are rep-
resentative of three independent experiments (scale bar represents 
100 μm)
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Fig. 5   Lysosomal dysfunction was evaluated by the NR uptake assay 
in differentiated AC16 cells incubated with 1 or 5 μM of MTX or 5 
or 10 μM of NAPHT for 48 h with or without: A rapamycin (RAP) 
(0.1 µM final concentration) or B 3-methyladenine (3-MA) (2.5 mM 
final concentration) or C chloroquine (CQ) (10  µM final concentra-

tion). Results are presented as mean ± SD of 3 independent experi-
ments (total of 12 wells). The statistical analyses performed was the 
Kruskal–Wallis test, followed by the Dunn’s post hoc test (*p < 0.05, 
**p < 0.01, ****p < 0.0001, MTX or NAPHT versus MTX or 
NAPHT + 3-MA or CQ or RAP)
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concentration-dependent cytotoxicity in the MTT assay 
(Fig.  4B) at 48  h. In MTT reduction assay, the values 
were, in the following conditions and in percentage: 1 μM: 
95.16 ± 2.28%, 2 μM: 95.51 ± 2.14%, 5 μM: 96.37 ± 2.44%, 
and 10 μM: 91.73 ± 3.11%, when compared to control cells 
(100.00 ± 1.62%) and vehicle (97.16 ± 2.28%) (Fig. 4B). 
Phase-contrast microscopy did not reveal any important 
changes in cells’ morphology (Fig. 4C) after incubation with 
NAPHT (1 to 10 μM).

In the Hoechst staining, no nuclear condensation was seen 
in any of the conditions evaluated (Figure S3). Ethidium 
bromide/acridine orange staining was also used to evaluate 

the NAPHT effects on differentiated AC16 cells. Vehicle 
incubated differentiated AC16 cells showed a regular-sized 
fluorescent green nucleus and the NAPHT-incubated cells 
showed green nucleus (Figure S4).

Induction of autophagy exacerbated 
the cytotoxicity of mitoxantrone in differentiated 
AC16 cells

After assessing the cytotoxic effects of both MTX and 
NAPHT and since the assay indirectly evaluating lyso-
some functionality (the NR uptake assay) showed some 

Fig. 6   LC3B-II (16 kDa) and 
LC3B-I (18 kDa) expression 
evaluated by western blotting, 
from differentiated AC16 cells 
incubated with MTX or NAPHT 
for 48 h. Values are expressed 
as ratio of optic density of 
LC3B-II or LC3B-I to GAPDH 
or ratio of LC3B-II to LC3B-I 
and as mean ± SD. They were 
obtained from 3 (2 wells per 
experiment, total of 6 wells per 
condition) independent experi-
ments. Statistical comparisons 
were made using the one-way 
ANOVA test, followed by the 
Sidak post hoc test to compare 
with the control group: *p < 
0.05; ***p < 0.001; ****p < 
0.0001 versus control. Protein 
loading was confirmed by 
GAPDH levels
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changes when addressing the CYP450 modulators, namely 
1-ABT, MTP and PHB, autophagy was next investigated. 
RAP, 3-MA, and CQ, classic autophagic modulators, act 
on different stages of autophagy. RAP is an inhibitor of the 
mTORC1 receptor that can bind to the receptor and then 
activate autophagy acting on the mTOR pathway (Sarkar 
et al. 2009). At 48 h, the incubation with RAP exacerbated 
the cytotoxicity caused by MTX and NAPHT assessed 
by the NR uptake assay (Fig. 5A). Instead, phagophore 
formation and the nucleation of the autophagosome in 
autophagy require class III phosphatidylinositol 3-kinase 
(PI3K-III), which can be blunted by PI3K inhibitors (Baek 
et al. 2012). 3-MA is an inhibitor of PI3K-III, which is 
located upstream of the IGF/PI3K/mTOR/ULK pathway. 
At 48 h, the treatment with 3-MA exacerbated the cyto-
toxicity caused by MTX and NAPHT (Fig. 5B). Further 
along the way of autophagy, CQ mainly blocks autophagy 
by impairing autophagosome fusion with lysosomes 
(Mauthe et al. 2018), and prejudicing the autophagic flux. 
Herein, late-stage autophagy-blocker CQ (10 µM) partially 
reduced the cytotoxicity of MTX towards differentiated 
AC16 cells (Fig. 5C), while not causing any meaningful 
changes towards NAPHT exposed cells. The incubation 
with 3-MA at 2.5 mM, RAP at 0.1 µM, and CQ 10 µM per 

se did not cause any significant toxicity when compared 
to control cells (Fig. 5).

Mitoxantrone initiated the autophagic process 
in differentiated AC16 cells

The expression of autophagy-related proteins was assessed 
by western blot after differentiated AC16 cells exposure to 
MTX or NAPHT for 48 h. Microtubule-associated protein 
1A/1B-light chain 3 (LC3) is a soluble protein involved 
in autophagy. During this process, the cytosolic form of 
LC3 (LC3-I) is conjugated to phosphatidylethanolamine 
to form LC3 phosphatidylethanolamine conjugate (LC3-
II), which is recruited into autophagosomal membranes. 
When autophagosomes fuse with lysosomes to form autol-
ysosomes, intra-autophagosomal components, namely 
LC3-II, are degraded by lysosomal hydrolases (Tanida 
et al. 2008). The western blot analysis demonstrated that 
10 and 5 µM MTX increased the levels of LC3B-II and 
induced the conversion of LC3B-I to LC3B- II (Fig. 6), 
causing a decrease in the protein expression of LC3B-I. 
These results confirm that MTX exposure can promote 
the synthesis of autophagosomes in differentiated AC16 
cells. On the other hand, in cells exposed to NAPHT, no 

Fig. 7   p62 (62 kDa) and bec-
lin-1 (60 kDa) expression evalu-
ated by western blotting, from 
differentiated AC16 cells incu-
bated with MTX or NAPHT. 
Results are presented ratio of 
optic density (OD) of p62/Bec-
lin1 over OD of GAPDH and 
as mean ± SD of 3 independent 
experiments (2 wells per experi-
ment, total of 6 wells per condi-
tion). Statistical comparisons 
were made using the one-way 
ANOVA test, followed by the 
Sidak post hoc test to compare 
with the control group: *p < 
0.05; **p < 0.01; ***p < 0.001; 
****p < 0.0001 versus control. 
Protein loading was confirmed 
by GAPDH levels
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significant changes in LC3-II or LC3-I were observed 
when compared to the control cells (Fig. 6).

Mitoxantrone and its metabolite inhibited 
the beclin‑1 related autophagic response 
while promoting the p62‑related autophagosome 
formation

p62 Protein, also called sequestosome 1 (SQSTM1) is 
rapidly degraded during autophagy and may be used as a 
marker to study the autophagic flux (Bjørkøy et al. 2009); 
the analysis of its intracellular levels was performed by 
western blot 48 h after MTX or NAPHT. As Fig. 7 shows, 
a significant decrease in p62 was detected for 10 and 5 µM 
MTX, while a slight but significant increase was observed 
for 1 µM MTX. The downregulation of p62 was detected 
in NAPHT-incubated cells when compared with control, 
indicating activation of the autophagic flux.

Beclin-1 forms a multimeric complex with vacuolar 
protein sorting 34 and class III PI3K, which is necessary 
for the formation of autophagosome, being, therefore, an 
essential mediator of autophagy (Mizushima 2007). A sig-
nificant decrease in Beclin-1 expression was observed in 
the MTX-incubated cells at 10 and 5 µM concentrations 
compared with control, while no differences were observed 
in differentiated AC16 cells exposed to NAPHT (Fig. 8).

Mitoxantrone caused downregulation of ATG5

ATG5 plays a role in the elongation of the phagophore and 
its subsequent maturation into the complete autophagosome 

(Galluzzi et al. 2017). The western blot analysis demon-
strated that MTX significantly decreased the levels of ATG5 
in the differentiated AC16 cells, while no changes were 
observed after NAPHT (Fig. 7).

Discussion

This work represents an unprecedented broad study on the 
cytotoxicity of MTX and its’ metabolite NAPHT in differen-
tiated human AC16 cells. Extensive concentration-depend-
ent cytotoxicity caused by MTX affected mitochondrial 
function and lysosome uptake, being that the MTT assay 
was the most sensitive assay. In previous works, MTX was 
also shown to be toxic to differentiated (Reis-Mendes et al. 
2017) and undifferentiated H9c2 myoblasts (Kluza et al. 
2004; Rossato et al. 2013b). No clear signs of late apoptosis 
were observed in differentiated AC16 cells when evaluated 
by Hoechst, but in ethidium bromide/acridine staining some 
condensed nuclei appeared. Signs of apoptosis were previ-
ously reported after MTX in undifferentiated H9c2 cells and 
in the breast cancer cell line MTLn3 (Kluza et al. 2004), as 
well as in HL-1 cardiac cells (Costa et al. 2020).

Since other studies have hinted that metabolism could be 
partly responsible for MTX-induced cytotoxicity, both in 
cardiac models (H9c2 cells) (Rossato et al. 2013a) and in 
hepatic models (HepG2 cells and cultured rat hepatocytes) 
(Duthie and Grant 1989; Mewes et al. 1993), we studied 
the putative action of different metabolism modulators, 
to understand whether metabolism had any role on MTX-
induced cardiotoxicity in a human in vitro model. At this 
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Fig. 8   ATG5 (50 kDa) expression was evaluated by western blotting, 
in differentiated AC16 cells incubated with 1, 5, or 10 μM of MTX 
or NAPHT for 48  h. Results are presented as ratio of optic density 
(OD) of ATG5 to OD of GAPDH and as mean ± SD of 3 independ-
ent experiments (2 wells per experiment, total of 6 wells per condi-

tion). Statistical comparisons were made using the one-way ANOVA 
test, followed by the Sidak post hoc test to compare with the control 
group: *p < 0.05 versus control. Protein loading was confirmed by 
GAPDH levels
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point, we have no information on AC16 cell line metabolic 
characteristics, so we could only rely on the scarce data 
available in the literature regarding MTX metabolism. In 
our study, the inhibition of CYP450-mediated metabolism 
by MTP significantly increased MTX-induced cytotoxicity, 
contradicting previous studies, where MTP showed to pre-
vent the cytotoxic effect of MTX in human liver-derived 
HepG2 hepatoma cells (Duthie and Grant 1989; Mewes et al. 
1993), cultured rat hepatocytes model (Mewes et al. 1993), 
and MCF-7 human breast cancer cells (Li et al. 1995). Ros-
sato et al. demonstrated partial protection towards MTX 
cytotoxicity (100 nM and 1 µM) in rat H9c2 undifferen-
tiated cells at 96 h, after the pre-incubation with MTP or 
with DAS (Rossato et al. 2013a). However, in the present 
work with differentiated human AC16 cells, DAS did not 
revert the cytotoxicity caused by MTX, showing species 
variability or even cell line specificities. Previous studies 
hypothesize that MTX produces reactive intermediates when 
it is metabolized by the CYP2E1 enzyme system (Feofanov 
et al. 1997a; Rossato et al. 2013a). Although CYP2E1 is 
abundant in the heart (Michaud et al. 2010) and an upregu-
lated CYP2E1 has multiple cardiac pathophysiological roles, 
including increased oxidative stress and apoptosis, as well 
as energy supply to meet the energy demand of the heart in 
certain disease states (Guan et al. 2019), we did not found 
this isoenzyme to have any particular importance towards of 
MTX cytotoxicity. Another important finding of this work 
is the partial protection obtained with pre-incubation with 
1-ABT, a suicide nonspecific CYP450 inhibitor (de Montel-
lano 2018) against MTX-induced cytotoxicity. This result 
suggests that CYP450 metabolism has a small relevance in 
MTX cytotoxicity in our experimental model, but there is 
an apparent contradiction to the results obtained in MPT. 
1-ABT does not allow competition with the substrates, in 
this case MTX, because it destroys the enzymes; moreover, 
it has been proven that 1-ABT interferes with the activity of 
other enzymes (Sun et al. 2011), while MPT interferes with 
other key pathways for the heart (Blättler et al. 2007; Wright 
et al. 1996), which may explain the differences seen.

We also studied the role of two metabolism inducers, RIF 
and PHB. RIF efficiently induces human CYP3A4, whereas 
CYP2B6 and CYP2C9 are also induced by RIF, but to a 
lesser extent (Handschin and Meyer 2003; Lin 2006). In the 
present study, RIF did not significantly change the MTX-
induced cytotoxicity in the differentiated AC16 cells, when 
co-incubated with MTX. Concerning PHB, it is a potent 
inducer of human CYP2B6, and, to a lesser extent, it induces 
human CYP2C9 and CYP3A4 (Handschin and Meyer 2003; 
Lin 2006). In this work, PHB exacerbated the cytotoxicity 
caused by MTX when evaluated by the NR uptake assay, 
when co-incubated for 48 h. Similarly, Li et al. observed 
that PHB potentiates the MTX cytotoxicity in MCF-7 
human breast cancer cells (Li et al. 1995). PHB increases 

CYP activity and MTX may be oxidized to form reac-
tive intermediaries (Kolodziejczyk et al. 1988; Wolf et al. 
1986). However, one should keep in mind that PHB is also 
an inhibitor of cytosolic aldo–keto reductases (Kawalek and 
Gilbertson 1976). Additionally, the major metabolic pathway 
of anthracyclines is the reduction to C13-hydroxy metabo-
lites, which is mediated by a group of NADPH-dependent 
carbonyl reducing enzymes belonging to short-chain dehy-
drogenase/reductase and aldo–keto reductase superfamilies 
(Bains et al. 2010; Kassner et al. 2008). Such alcohol anthra-
cycline metabolites may cause cardiotoxicity due to their 
accumulation in cardiac tissue (Menna et al. 2007), when 
produced in loco. Since MTX is highly resistant to reduc-
tive metabolism due to its large negative reduction potential 
(Evison et al. 2016), we believe that PHB acts more as an 
inducer of MTX oxidation upon its action on P450 enzymes 
expression. As stated, MTX is more susceptible to enzymati-
cally driven oxidation, which may generate intermediates 
with the potential for reaction with intracellular nucleophiles 
and engage in the drugs’ cytotoxicity (Evison et al. 2016), 
exacerbating it. Moreover, the heart is very sensitive to oxi-
dative stress because of its high metabolic activity and low 
antioxidant defenses (Costa et al. 2013), making it a target 
for those reactive compounds.

The NAPHT metabolite originates from oxidative action 
of cellular enzymes (Blanz et al. 1991b; Kolodziejczyk et al. 
1988; Wolf et al. 1986). Considering the interspecies vari-
ability, the mono- and dicarboxylic acid derivatives of MTX 
are major by-products of human metabolism, while in rats 
NAPHT is the main metabolite (Blanz et al. 1991b; Rich-
ard et al. 1991). NAPHT has been described as the product 
of MTX metabolism through systems containing CYP450 
enzymes and peroxidases and it has been found in urine of 
humans treated with MTX (Blanz et al. 1991b; Brück and 
Brück 2011), advocating for its importance both in the clini-
cal effects of MTX but also in its’ putative toxicity. In vitro, 
when given at similar concentrations as MTX, NAPHT 
caused significant but smaller disruption of the MTT reduc-
tion ability and it did not affect lysosomes in differentiated 
AC16 cells. MTX has been described as drug that accu-
mulates in lysosomes, which can explain these differences 
(Evison et al. 2016). The lower cytotoxicity of NAPHT com-
pared with MTX when using equimolar concentrations was 
corroborated by our group in a previous work with a differ-
ent cellular model (differentiated H9c2 cells) (Reis-Mendes 
et al. 2017). Moreover, Shipp et al. in isolated neonatal rat 
heart myocytes exposed to MTX/NAPHT for 3 h (followed 
by a 72-h free drug period) observed that the metabolite 
also elicited lower cytotoxicity to myocytes when compared 
with MTX (Shipp et al. 1993). Altogether, NAPHT is not the 
major contributor to MTX toxicity as seen by its lower cyto-
toxicity and by the residual influence of inhibitors/induc-
ers on the observed MTX cytotoxicity even when given in 
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considerable amounts. However, some aspects cannot be 
neglected when analyzing this drug/metabolite duo. Per-
haps the poor ability of NAPHT to enter cardiac cells when 
given/produced exogenously makes us assume that it does 
not contribute largely to the MTX cardiotoxicity. Neverthe-
less, it has been described that intermediaries seen in the 
formation of NAPHT may be reactive (Kolodziejczyk et al. 
1988) and may cause toxicity, which can explain the higher 
toxicity of MTX, when PHB is present. Then again, as the 
ratio of metabolites in humans and experimental animals is 
dissimilar, pending on NAPHT in experimental animals, and 
as both humans and experimental animals show clear signs 
of cumulative dose dependent cardiotoxicity (Dores-Sousa 
et al. 2015; Evison et al. 2016; Li et al. 1995; Reis-Mendes 
et al. 2021; Scott and Figgitt 2004), that per se is a strong 
point showing that MTX metabolism is not a key factor to 
the reported heart damage.

Autophagy and apoptosis are key processes for cardiac 
homeostasis. Autophagy is a cellular pathway that regu-
lates the transport of cytoplasmic macromolecules and 
organelles to lysosomes for degradation (Galluzzi et al. 
2017). Autophagy comprises several steps, sequestration, 
transport to lysosomes, degradation, and use of degradation 
products (Mizushima 2007). Autophagy serves a protective 
response to most anticancer drugs and in the pathogenesis 
process (Chen et al. 2013; Nakai et al. 2007), but it can be 
modulated at different stages, being that many drugs act by 
dissimilar mechanisms (Liao et al. 2019). The most used 
inducer of autophagy is RAP, which activates autophagy by 
inhibiting mTORC1, a negative regulator of autophagy (Liao 
et al. 2019). In this work, RAP exacerbated the cytotoxicity 
caused by MTX and NAPHT when evaluated by the NR 
uptake assay. As far as we know, this was the first study in 
cardiac models with MTX, NAPHT and mTOR inhibitors, 
showing that macroautophagy induction increases MTX 
and its metabolite toxicity. In addition, Guan et al. showed 
that combining mTOR inhibitors and MTX has synergistic 
cytotoxic effects against breast cancer cells in vitro (MCF-7 
and MDA-MB-231 cells) and in vivo (MDA-MB-231 cells 
with or without silencing eEF-2 K were injected subcutane-
ously into 6-week-old female nude mice) (Guan et al. 2020). 
Therefore, although inhibitors of mTOR could be interesting 
to increase anticancer therapy efficacy, they can also contrib-
ute to MTX cardiotoxicity and caution is required.

In other steps of autophagy, at an early stage, the 
autophagy inhibitor 3-MA can suppress autophagy by 
inhibiting phosphatidylinositol 3-kinase, class III, PI3K-III 
(Liao et al. 2019). In this work, 3-MA exacerbated the cyto-
toxicity caused by MTX and NAPHT evaluated by the NR 
uptake assay. In another study, using differentiated H9c2 
cells, 3-MA caused a partial but meaningful reversion in 
toxicity caused by MTX and its metabolite NAPHT (Reis-
Mendes et al. 2017), which seems to contradict the results 

obtained herein. On the other hand, one cannot forget that 
PI3K-III and beclin-1 (discussed latter on) have tight and 
important roles, balancing both autophagy and apoptosis 
(Menon and Dhamija 2018), making the result analysis more 
complex. Following to another autophagy modulator, in this 
case at a later autophagy stage, CQ can prevent lysosomal 
acidification and block the degradation of autophagosomes 
and lysosomes (Liao et al. 2019). CQ partially reduced the 
MTX toxicity towards AC16 differentiated cells, showing 
that blocking autophagy at a later stage could be protective, 
whereas inducing it at earlier stages (with RAP) increases 
the damage inflicted.

There are studies that, despite not reporting the involve-
ment of autophagy, demonstrate cytoplasmic vacuolization 
in the heart after MTX administration to mice (Dores-Sousa 
et al. 2015; Reis-Mendes et al. 2021), and in vitro in neona-
tal rat cardiomyocytes incubated to MTX (Shipp et al. 1993). 
In the present study, the upregulation of the autophagosome 
marker LC3-II and the downregulation of p62, which binds 
directly to LC3 and facilitates autophagosome degrada-
tion, were observed in MTX-treated differentiated AC16 
cells, suggesting autophagy induction by MTX. The hall-
mark of autophagosome formation is characterized by the 
insertion of LC3-II within the inner and outer layers of the 
vesicle (Galluzzi et al. 2017). p62 expression does not affect 
autophagosome formation but influences protein aggregation 
and LC3-II formation, as silencing p62 activates autophagy 
through an increase in the conversion rate of LC3-I to LC3-
II (Liu et al. 2016). p62 is a proteotoxic sensor able to bind 
to ubiquitylated misfolded proteins destined for clearance by 
autophagy and also to LC3, thereby targeting the autophago-
some and facilitating clearance of ubiquitinated proteins 
(Su and Wang 2011). In a previous work of the group, we 
already described that proteasome was targeted by MTX 
(Costa et al. 2020), and therefore higher levels of misfolded 
proteins are expected, which may trigger this response. 
Conversely, Xie et al. demonstrated significant increase of 
LC3-II and downregulation of p62 in HepG2 cells exposed 
to MTX, suggesting that MTX treatment led to autophagy 
activation, which was further confirmed by the use of the 
lysosomal inhibitor CQ (Xie et al. 2020). Actually, Xie et al. 
showed that the exposure of HepG2 cells simultaneously to 
MTX and CQ enhanced the amount of LC3-II in comparison 
with exposure to only CQ, which confirmed the induction of 
autophagy by MTX (Xie et al. 2020). Also in cancer models, 
late-stage inhibition of autophagy by CQ, promoted apop-
totic cell killing by MTX (Aguirre-Hernández et al. 2018). 
However, we observed that CQ decreased the cytotoxicity 
while preventing the maturation step of autophagy, revealing 
that other mechanisms are involved.

Beclin-1 is an autophagy-specific protein that regu-
lates autophagosome formation and is therefore an essen-
tial mediator of autophagy (Mizushima 2007). Beclin-1 
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interacts with Bcl-2, which can result in inhibition of 
autophagy, but it also interacts with PI3K-III and can lead 
to upregulation of autophagy (Mizushima 2007). In this 
study, we observed a decrease in beclin-1 levels in the 
MTX-incubated differentiated AC16 cells at the concen-
tration of 5 µM and 10 µM. No differences were observed 
in cells exposed to NAPHT. It appears that the increased 
autophagic flux seen by increased LC3-II and decreased 
p62 is not regulated by beclin-1, in strong opposition to 
what was seen in MTX-incubated HepG2 cells at the con-
centration of 5 µM and 7.5 µM (Xie et al. 2020). Never-
theless, the same work in HepG2 cells describes a slight 
decrease in beclin-1 at the MTX concentration of 10 µM 
(Xie et al. 2020). The decrease of beclin-1 that we observe 
in AC16 cells exposed to MTX may have two dual effects: 
decrease of autophagic flux via this route or increase apop-
tosis (Wirawan et al. 2010) induced by MTX, since the 
inhibition of PI3K-III further increases cytotoxicity.

Other routes involved in autophagy have been associ-
ated with the activity of two ubiquitin-like conjugation 
systems: (1) autophagy-related (ATG)7 and ATG10, which 
promote the conjugation of ATG5 to ATG12 in the con-
text of a multiprotein complex containing ATG16L1; and 
(2) autophagy-related ATG3 and ATG7, which together 
with the ATG12-ATG5: ATG16L1 complex conjugates 
phosphatidylethanolamine to microtubule-associated pro-
tein 1 light chain 3 beta (LC3B) (Galluzzi et al. 2017). 
In our work, no changes in ATG5 levels in cells treated 
with NAPHT were observed when compared to the con-
trol. On the other hand, in cells incubated with MTX, we 
observed a significant decrease in ATG5 levels, when com-
pared with control cells, showing that ATG5-dependent 
autophagy is also blunted after MTX. This result needs 
to be carefully looked, since MTX causes dose cumula-
tive heart failure and a recent work showed that the loss 
of ATG5 causes changes in mitochondrial abundance and 
functionality and subtle but important alterations in sub-
cellular calcium (Ljubojević-Holzer et al. 2021), all key 
players for a heathy heart.

Thus, MTX in AC16 cells leads to macroautophagy 
induction and elongation (seen by LC3-II increase and 
p62 decrease), but not by the beclin-1 and PI3K-III route. 
Inhibition of that route further increases cytotoxicity, pos-
sibly by activating apoptosis. On the other hand, ATG5 
also decreases and as CQ reverts slightly MTX toxicity, 
we hypothesize that in this case autophagy is contributing 
to cell death.

In conclusion, conversion to NAPHT is not the major 
contributor to MTX toxicity elicited in differentiated AC16 
cells, when given exogenously and therefore functioning 
as an extracardiac source of the metabolite. Even with the 
residual influence of inhibitors/inducers of metabolism on 
the MTX observed cytotoxicity, one cannot exclude it and 

it may result from the intermediaries that are appear dur-
ing NAPHT formation (Kolodziejczyk et al. 1988). Moreo-
ver, MTX seems to act as an autophagy inducer possibly 
by a proteotoxic stimuli sensed by p62 and this autophagic 
flux possible contributes to MTX toxicity. Therefore, 
while the modulation of cardiotoxicity caused by MTX 
by metabolism seems residual, autophagy must be looked 
further to decrease the incidence of this life threatening 
adverse effect.
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