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Abstract


In the clinical practice, the combination of 5-fluorouracil (5-FU) + Adriamycin (also known as doxorubicin, DOX) + cyclophosphamide (CYA) (known as FAC) is used to treat breast cancer. The FAC therapy, however, carries some serious risks, namely potential cardiotoxic effects, although the mechanisms are still unclear. In the present study, the role of the main metabolites regarding FAC-induced cardiotoxicity was assessed at clinical relevant concentrations. Seven-day differentiated H9c2 cells were exposed for 48 h to the main metabolites of FAC, namely the metabolite of 5-FU, α-fluoro-β-alanine (FBAL, 50 or 100 μM), of DOX, doxorubicinol (DOXOL, 0.2 or 1 μM), and of CYA, acrolein (ACRO, 1 or 10 μM), as well as to their combination. The parent drugs (5-FU 50 μM, DOX 1 μM, and CYA 50 μM) were also tested isolated or in combination with the metabolites. Putative cytotoxicity was evaluated through phase contrast microscopy, Hoechst staining, membrane mitochondrial potential, and by two cytotoxicity assays: the reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) and the neutral red (NR) lysosomal incorporation. The metabolite DOXOL was more toxic than FBAL and ACRO in the MTT and NR assays. When in combination, neither FBAL nor ACRO increased DOXOL-induced cytotoxicity. No nuclear condensation was observed for any of the tested combinations; however, a significant mitochondrial potential depolarization after FBAL 100 μM + DOXOL 1 μM + ACRO 10 μM or FBAL 100 μM + DOXOL 1 μM exposure was seen at 48 h. When tested alone DOX 1 μM was more cytotoxic than all the parent drugs and metabolites in both the cytotoxicity assays performed. These results demonstrated that DOXOL was the most toxic of all the metabolites tested; nonetheless, the metabolites do not seem to be the major contributors to FAC-induced cardiotoxicity in this cardiac model.
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1. Introduction


Chemotherapy is still the most common treatment against cancer [1]. Polychemotherapy regimens are commonly used in the clinical practice nowadays [2] and have led to higher survival and lower recurrence rates, namely in breast cancer. Breast cancer is the most common cancer and cause of cancer death worldwide in women [2]. Doxorubicin (DOX, also known as Adriamycin) is among the most active single agents used in the treatment of breast cancer [3] and it is commonly used in combination with 5-fluorouracil (5-FU) and/or cyclophosphamide (CYA) [4,5]. This combination is known as FAC regimen and it is given at 500/50/500 mg/m2 through the intravenous (i.v.) route, every three weeks, for six cycles [2,6]. This regimen has been used with good survival rates in breast cancer [7].



All the three drugs, 5-FU, DOX, and CYA, are reported as potentially cardiotoxic [8,9,10]. The drug 5-FU causes coronary artery spasm, autoimmune-mediated injury of the myocardium, endothelial damage, thrombogenic effects, cardionecrosis, and global systolic dysfunction [11]. The anticancer drug DOX causes acute and chronic cardiac toxicity (e.g., electrocardiographic abnormalities, arrhythmias, ventricular dysfunction, and an increase in plasma brain natriuretic peptide, cardiomyopathy, and heart failure), with DOX-induced cardiotoxicity being dose cumulative-dependent [12]. In fact, it is not recommended to surpass a 550 mg/m2 lifetime dose [13]. On the other hand, CYA (high doses) causes asymptomatic pericardial effusions, heart failure, and fatal myopericarditis [14].



In the study by Dalley et al. the authors evaluated the response and toxicity of FAC combination in 26 patients with metastatic breast carcinoma. Only one patient developed cardiotoxicity and that patient received >450 mg/m2 DOX cumulative dose [15]. Phase II and phase III clinical studies comparing DOX plus docetaxel (298 mg/m2 DOX cumulative dose) with FAC combination (299 mg/m2 DOX cumulative dose) as first-line chemotherapy in patients with metastatic breast cancer caused congestive heart failure in 3% patients with DOX plus docetaxel and 6% with FAC, although authors did not observe significant statistical difference between the two treatment regimens [16]. In the study of Martin et al., 1925 patients with node-positive breast cancer were recruited and randomly assigned to receive six cycles of FAC or four cycles of FAC followed by eight weekly administrations of paclitaxel. After a cumulative dose of 300 mg/m2 of DOX, seven deaths occurred due to cardiovascular diseases (three infarctions, two arrhythmias, one aneurism, and one cerebrovascular haemorrhage) [17]. Most authors assume that the cardiac damage seen is oxidative stress-related [18,19]. The formation of free radicals induced by DOX may cause membrane peroxidation and cardiac myocyte rupture [20]. Amin et al. observed in the plasma of patients treated with FAC an increase of nitric oxide and lipid peroxidation with a decrease of the antioxidants catalase and glutathione [19]. Although most authors assume that the total cumulative dose of DOX in human is the FAC’s major contributor to cardiotoxicity [21,22], other works showed higher incidence of cardiotoxicity in the FAC regimen when compared to DOX-induced toxicity by itself [23,24].



Drug metabolism may contribute to drug toxicity, as it can generate toxic metabolites [8,9]. The role of the metabolites of anticancer drugs on their induced cardiotoxicity has not been fully recognized. The cardiotoxic potential of 5-FU is known, and, 5-FU is the second most common cause of chemotherapy-induced cardiotoxicity [11]. It increases reactive oxygen species (ROS) in rat cardiomyocytes [25] and leads to diminished activity of cardiac superoxide dismutase and glutathione peroxidase in guinea pigs [26]. In animal models [27] and in humans [28,29], 5-FU also changed pro-inflammatory cytokine levels. The enzyme dihydropyrimidine dehydrogenase catabolizes 5-FU to α-fluoro-β-alanine (FBAL) (Figure 1) [30,31,32]. Plasma concentrations of 5-FU and FBAL have been determined in treated cancer patients, ranging between 22.3 and 203 μM [33] and between 3.29 and 170 μM [34,35,36], respectively (Table 1). A 70-year-old man presenting 5-FU-induced cardiotoxicity had a high level of serum FBAL. Nevertheless, after oral administration of S-1 (a derivative of 5-FU that inhibits dihydropyrimidine dehydrogenase), the serum FBAL concentration decreased and, thereafter, no other cardiac symptoms were observed [34].



The anticancer drug DOX has known cardiotoxic side effects [12]. The administered DOX is eliminated approximately 50% as the unchanged drug [37] and approximately 30% is excreted as a secondary alcohol metabolite doxorubicinol (DOXOL), into the urine [40]. The metabolite DOXOL is formed by the enzymatic reduction of a carbonyl group in the side chain of DOX by carbonyl reductases (Figure 2) [9], being vastly accumulated in the human heart for long periods of time, possibly due to its high hydrophilicity [41]. Plasma concentrations of DOX and its metabolite, DOXOL, have been determined, ranging between 0.24 and 1.36 μM [42] and between 0.02 and 0.1 μM [37,38], respectively (Table 1).



The anticancer drug CYA is extensively metabolized to active metabolites (4-hydroxy-CYA, aldophosphamide, phosphoramide mustard, and acrolein (ACRO)) by the hepatic cytochrome P450 enzyme system, or it may be oxidized by aldehyde dehydrogenase 1 to inactive metabolites (4-ketocyclophosphamide, carboxyphosphamide) (Figure 3) [45,46]. Human plasma concentrations of CYA and its metabolite, ACRO, have been determined in treated patients and ranged between 9 and 172 μM [33,47] and between 6.2 and 10.2 μM [39], respectively (Table 1). The metabolite 4-hydroxy-CYA is the most commonly metabolite used to study the cardiotoxic effects of CYA metabolization [48,49]; however, 4-hydroxy-CYA is very unstable, and spontaneously decomposes into phosphoramide mustard and ACRO [50]. Therefore, ACRO was selected herein, since it has been described as a putative cause of cardiac toxicity of CYA [51,52].



Whether the metabolism of 5-FU, DOX or CYA contributes to the FAC-induced cytotoxicity has not yet been properly investigated, and to the best of our knowledge, no studies were done to assess the contribution of the main metabolites of DOX, 5-FU or CYA to their cardiotoxicity. Our previous study in H9c2 cells, using clinically relevant concentrations of 5-FU, DOX, and CYA and their combination, demonstrated that DOX was the most toxic drug and key to the toxicity of the combination regimen FAC, while no relevant synergistic or additive effects were observed in the combination settings performed [55]. Nevertheless, in that study the possible contribution of the metabolites towards the observed cardiotoxicity of FAC in clinical settings was not tested. As such, a new study was required to determine whether the metabolites of FAC could contribute to its induced cardiotoxicity. Therefore, we assessed the cytotoxicity of 5-FU, DOX, or CYA metabolites (FBAL, DOXOL, and ACRO), alone or in combination, in H9c2 differentiated cells to determine their potential contribution to FAC-induced cardiotoxicity. In this work, we assessed the cytotoxicity of the metabolites and their mixtures and we also used mixtures containing the metabolites and parent compounds at the same time, to mimic realistic in vivo conditions [35,37,38,56]. We aimed to observe if synergistic/ antagonistic effects occur in different combinations, as several different biological mechanisms may contribute to FAC-induced cardiotoxicity.




2. Materials and Methods


2.1. Materials


Dulbecco′s Modified Eagle Medium (DMEM) high glucose, trypsin-ethylenediaminetetraacetic acid, trypan blue solution 0.4% (w/v), sodium dodecyl sulphate, hydrochloric acid (HCl), sodium bicarbonate, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), neutral red (NR) solution, Hoescht 33258 solution, dimethyl sulfoxide, retinoic acid, paraformaldehyde, carbonyl cyanide 3-chlorophenylhydrazone (CCCP), ACRO, and FBAL were obtained from Sigma-Aldrich (Taufkirchen, Germany). 5,5′,6,6′-Tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbo-cyanine iodide (JC-1) was obtained from Thermo Fisher Scientific (Waltham MA, USA). Phosphate-buffered saline (PBS) without calcium and magnesium and penicillin/streptomycin were obtained from Biochrom (Berlin, Germany). Foetal bovine serum (FBS), Hanks’ balanced salt solution (HBSS) were acquired to Gibco (Paisley, UK). Doxorubicinol hydrochloride was obtained from Tebu-bio (Lisbon, Portugal). All plastic sterile material used in cell culture was obtained from Corning-Costar (Corning, NY, USA).




2.2. Methods


2.2.1. Cell Culture Experimental Protocols


The potential cytotoxicity of FBAL (50 or 100 μM), DOXOL (0.1 or 1 μM), and ACRO (1 or 10 μM) and of their parent drugs (5-FU 50 μM, DOX 1 μM, and CYA 50 μM), and respective mixtures, was assessed in differentiated H9c2 cells. The rat cardiomyocyte derived H9c2 cell line was obtained from the European Collection of Cell Cultures of Sigma-Aldrich (Taufkirchen, Germany). The H9c2 cells were derived from the embryonic BD1X rat heart tissue obtained by Kimes and Brandt [57]. To maintain H9c2 cells in proliferative state, they were kept in complete medium (DMEM high glucose supplemented with 10% FBS and antibiotics (100 units/mL penicillin and 100 μg/mL streptomycin)) in an incubator at 37 °C with 5% CO2. To prevent loss of myoblast cells, all experiments were carried out before the cells reached 70–80% confluence and the cell line was used before passage 18 [58,59]. Moreover, no more than 10 passages were done after de-freezing the cells. Cells were seeded in a density of 24,000 cells/mL [59] and 24 h after, differentiation began. Cell differentiation was achieved with DMEM supplemented with 1% FBS, 10 nM retinoic acid and antibiotics, while medium was changed every other day for seven days. The differentiation was done to enhance H9c2 cardiac adult characteristics, as already described [58,60,61] making them a more reliable cardiac model. The H9c2 cells are a common model to study the cardiotoxicity of anticancer drugs [62,63,64]. Actually, during the differentiation process, cells evidenced cardiac type-specific differentiation markers such as myogenin and MyoD [60]. Differentiation decreases cell proliferation and induces several morphological and biochemical changes. The differentiation of H9c2 cells leads to increased glycolytic and mitochondrial metabolism, increases genes associated with mitochondrial energy production including respiratory chain complexes subunits, mitochondrial creatine kinase, carnitine palmitoyltransferase I and uncoupling proteins [65]. Furthermore, it leads to increased levels of transcripts and proteins involved in calcium handling, increases the expression of genes encoding for cardiac sarcomeric proteins, such as troponin T, or calcium transporters and associated machinery, including SERCA2, ryanodine receptor and phospholamban [65].



All drugs studied were dissolved in PBS. All drugs, except DOXOL were stored at −20 °C for a maximum of one month and then fresh solutions were done. DOXOL also was stored at −20 °C and thawed at a maximum of three times. The ACRO solutions were extemporaneously prepared before each experiment.




2.2.2. Experimental Protocol Paradigm


After the seventh day of the differentiation protocol, H9c2 cells were incubated with the three metabolites, the metabolite of 5-FU, FBAL (50 or 100 µM); of DOX, DOXOL (0.2 or 1 µM); of CYA, ACRO (1 or 10 µM), or with the parent drugs 5-FU 50 µM, DOX 1 µM, or CYA 50 µM alone or in combination. Each compound was individually prepared and added separately to the cells, even when the combination was to be tested. The concentrations used were based on the clinical plasma levels of treated patients with those anticancer drugs (Table 1).



To determine the influence of metabolites in the toxicity of the parent drugs, since they are still present in circulation while metabolism occurs, two parent drug (5-FU, DOX, or CYA) were combined with metabolites by using two different concentrations (high or low concentrations as found in the plasma of treated patients). The parent compound was not incubated with its metabolite because we would not know the amount of metabolite that might be formed during the incubation period and therefore influence in the total outcome. Finally, the metabolites were also tested in combination. Two assays of cytotoxicity (MTT reduction and NR uptake) and morphological evaluation, using phase contrast microscopy and Hoescht nuclear staining, were performed after a 48 h incubation. Mitochondrial membrane potential was assessed by the JC-1 probe in the combination with the highest concentrations of the main metabolites of FAC; FBAL 100 µM, DOXOL 1 µM, ACRO 10 µM, and their combination. All of these determinations are described below.




2.2.3. Cytotoxicity Tests


MTT Reduction Assay


The MTT colorimetric assay is based on the reduction of the tetrazolium salt by dehydrogenases, namely mitochondrial, with formazan formation. The cells were incubated with the parent drugs and their metabolites in mixture or alone, for 48 h, before the MTT reduction assay was performed. After the incubation period, the media was removed and 200 µL of the differentiation medium and 20 µL of MTT (5 mg/mL) were added to each well. The cells were incubated at 37 °C for 4 h, to allow the metabolism of MTT [59]. The reaction was stopped by adding 10% sodium dodecyl sulphate in 0.01 M HCl, followed by an overnight incubation at 37 °C for the dissolution of the formed formazans. The percentage of MTT reduction of control cells was set to 100% and the values were expressed as percentage of control cells.




Lysosomal Neutral Red Uptake Assay


The NR dye easily enters viable cell membranes and is stored in lysosomes [66]. After the 48 h drug incubation, the medium was removed and warm NR (33 µg/mL) enriched medium was then placed in each well for 3 h at 37 °C. Then, the cells were washed with warm HBSS with calcium and magnesium and the NR within the cells was released with a lysis solution [ethanol: acetic acid solution (50%:1% v/v) in water]. After a 15-min agitation, the absorbance was measured at 540 nm and 690 nm [59], in a multi-well plate reader (Biotech Synergy HT (Winooski, VT, USA)). Results were set to percentage of control cells, whose mean values were set to 100%.





2.2.4. Microscopic Observation of the Cells


Contrast Phase Microscopy


Morphology of the cells was assessed by phase contrast microscopy to evaluate any signs of cytotoxicity after a 48 h incubation. A Nikon Eclipse TS100 equipped with a Nikon DS-Fi1 camera (Tokyo, Japan) was used.




Hoechst Nuclear Staining


For evaluation of changes in nuclear morphology in H9c2 differentiated cells, the Hoechst staining was used, as previously described [59,67]. Cells were then examined in a Nikon Eclipse TS100 equipped with a Nikon DS-Fi1 camera using a fluorescent filter (λexcitation = 346 nm and λemission = 460 nm).





2.2.5. Mitochondrial Membrane Potential


For the evaluation of mitochondrial membrane potential, a lipophilic cationic dye, JC-1 was used, as previously described in H9c2 differentiated cells [55]. The JC-1 dye selectively enters into mitochondria and spontaneously forms J-aggregates with intense red fluorescence in the polarized mitochondria. The JC-1 dye reversibly changes colour from red to green during mitochondrial membrane depolarization [68,69]. The protonophore CCCP was used as an uncoupler of oxidative phosphorylation in mitochondria and it was used in each condition as a positive control for mitochondrial depolarization. Two fluorescent readings were done: red was read at a λexcitation maximum = 535 nm and a λemission maximum = 595 nm and green was read at a λexcitation maximum = 485 nm and a λemission maximum = 535 nm. The fluorescence was evaluated in a multi-well plate reader (Biotech Synergy HT (Winooski, VT, USA)). The ratio of red and green fluorescence was calculated for each condition and mean control values were set to 100%.




2.2.6. Statistical Analysis


The results are expressed as mean ± standard deviation (SD). The outliers were evaluated by the robust regression and outlier removal (ROUT) test. The D′Agostino and Pearson normality test was used to evaluate data distribution. When data did not follow a normal distribution, statistical analysis was performed using the Kruskal–Wallis test, followed by the Dunn′s post hoc test when a significant p was reached. On the other hand, a parametric analysis of variance (ANOVA) was performed when data distribution was normal, followed by the Tukey′s post hoc test. Statistical significance was reached when p < 0.05. All statistical analyses were performed in GraphPad Prism 7 software (San Diego, CA, USA). In the figure legends, all details of the statistical analyses can be found.






3. Results


3.1. Both α-Fluoro-β-Alanine and Doxorubicinol Were Less Cytotoxic to Differentiated H9c2 Cells Than Their Parent Drugs


The MTT reduction and the NR lysosomal uptake assays were carried out in differentiated H9c2 cells after a 48 h incubation with FBAL at two different concentrations (50 or 100 µM), DOXOL (0.2 or 1 µM), ACRO (1 or 10 µM), and the parent drugs (5-FU 50 µM, DOX 1 µM or CYA 50 µM).



The metabolite FBAL, at both concentrations, 50 µM (97.9 ± 5.0%) and 100 µM (100.3 ± 5.6%), did not cause significant cytotoxicity when compared to control cells (100.0 ± 2.8%) in the MTT reduction assay (Figure 4A). In the NR uptake assay, FBAL 50 µM (100.8 ± 4.6%) and 100 µM (102.1 ± 6.0%) did not cause significant cytotoxicity when compared to control (100.0 ± 4.3%) (Figure 4D). On the other hand, 5-FU 50 µM caused significant cytotoxicity, both in the MTT reduction assay (93.7 ± 4.4%) and in NR uptake assay (86.6 ± 5.4%) when compared to control (Figure 4A,D).



The anticancer drug DOX 1 µM had a significantly higher cytotoxicity when compared to its metabolite, in both the MTT reduction (50.2 ± 3.8%) or NR uptake (31.3 ± 9.3%) assays (Figure 4B,E, respectively). Moreover, DOXOL 1 µM caused statistically significant cytotoxicity, in the performed assays, after a 48 h incubation (MTT: 90.4 ± 4.8% and NR: 91.7 ± 6.2%) (Figure 4B,E).



Regarding CYA (50 µM) and its metabolite, ACRO (1 or 10 µM), they did not cause cytotoxicity neither in the MTT reduction nor in the NR assay (Figure 4C,F).




3.2. In Combination with 5-Fluorouracil, Cyclophosphamide or Their Metabolites, Doxorubicin Remained Key to the Cytotoxicity Observed in Differentiated H9c2 Cells


The drug DOX 1 µM was combined with 5-FU 50 µM, CYA 50 µM or their metabolites, FBAL (50 or 100 µM) or ACRO (1 or 10 µM) in differentiated H9c2 cells. In both cytotoxicity assays, all the combinations containing DOX 1 µM caused significant cytotoxicity when compared to the control cells.



Either in the NR uptake or in the MTT reduction assays, the mixture DOX 1 µM + CYA 50 µM + FBAL 50 µM (MTT: 47.6 ± 2.9% and NR: 25.7 ± 8.9%) (Figure 5A,E) caused similar toxicity as compared with DOX 1 µM + CYA 50 µM + FBAL 100 µM (MTT: 49.9 ± 3.2% and NR: 20.4 ± 7.8%) (Figure 5B,F). Nevertheless, the combination DOX 1 µM + CYA 50 µM + FBAL 50 or 100 µM caused higher cytotoxicity than CYA 50 µM + FBAL 50 or 100 µM, and no significant differences were seen between any mixtures containing DOX 1 µM (Figure 5A,B,E,F).



Although ACRO 10 µM or 5-FU 50 µM did not significantly increase DOX 1 µM cytotoxicity, the combination 5-FU 50 µM + ACRO 10 µM (MTT: 95.2 ± 2.8% and NR: 83.7 ± 6.0%) caused higher cytotoxicity than the respective controls (MTT: 100.0 ± 2.1% and NR: 100.0 ± 2.5%) (Figure 5D,H) and 5-FU seems responsible for the cytotoxicity of this combination. Nevertheless, this cytotoxicity was significantly lower than that induced by 5-FU 50 µM + DOX 1 µM + ACRO 10 µM (Figure 5D,H). Moreover, the cytotoxicity of 5-FU 50 µM + DOX 1 µM + ACRO 1 µM (MTT: 60.0 ± 16.2% and NR: 42.4 ± 19.8%) was similar to that of 5-FU 50 µM + DOX 1 µM + ACRO 10 µM (MTT: 56.6 ± 11.6% and NR: 46.1 ± 16.0%) (Figure 5C,D,G–H) and DOX remained key for the cytotoxicity observed in differentiated H9c2 cells.




3.3. In the Combination 5-Fluorouracil + Cyclophosphamide + Doxorubicinol, 5-Fluorouracil Was Determinant to the Cytotoxicity Observed in Differentiated H9c2 Cells and Doxorubicinol Did Not Increase Its Cytotoxicity


The MTT reduction and the lysosomal uptake of NR assays were done at 48 h using 5-FU 50 µM, CYA 50 µM or their combination (5-FU+CYA) with two different concentrations of DOXOL (0.2 or 1 µM) in differentiated H9c2 cells. The mixture of 5-FU 50 µM + CYA 50 µM + DOXOL 1 µM caused similar cytotoxicity as compared with 5-FU 50 µM + CYA 50 µM + DOXOL 0.2 µM (MTT: 91.6 ± 4.2% and NR: 89.9 ± 4.2%), after a 48 h exposure (Figure 6A–D). Both in the MTT reduction and the NR uptake assays, the mixture 5-FU 50 µM + CYA 50 µM + DOXOL 1 µM (MTT: 84.9 ± 2.8% and NR: 86.8 ± 4.0%) caused significant cytotoxicity when compared to the control (MTT: 100.0 ± 3.0% and NR: 100.0 ± 4.0%) (Figure 6B,D). In the MTT reduction and NR assays, 5-FU 50 µM + DOXOL 1 µM (MTT: 87.5 ± 6.1% and NR: 89.1 ± 6.7%), CYA 50 µM + DOXOL 1 µM (MTT: 90.1 ± 3.0% and NR: 93.8 ± 6.2%), and 5-FU 50 µM + CYA 50 µM (MTT: 90.4 ± 7.1% and NR: 89.1 ± 5.4%) caused statistically significant cytotoxicity when compared to the control (Figure 6B,D). Moreover, 5-FU 50 µM + CYA 50 µM caused significant cytotoxicity when compared to controls in both cytotoxicity assays (Figure 6A–D). The mixture 5-FU 50 µM + CYA 50 µM + DOXOL 0.2 µM (MTT: 91.6 ± 4.2% and NR: 89. 9 ± 4.2%) caused higher significant cytotoxicity when compared to CYA 50 µM + DOXOL 0.2 µM (MTT: 98.8 ± 3.5% and NR: 99.2 ± 6.8%), in both performed tests (Figure 6A,C) and 5-FU seemed the responsible for the cytotoxicity observed when used in combination with DOXOL (or even CYA).




3.4. All Combinations of α-Fluoro-β-Alanine, Doxorubicinol and Acrolein and All Mixtures Containing Doxorubicinol at the Highest Concentration Caused Cytotoxicity in Differentiated H9c2 Cells


In the MTT reduction test, the mixture of low concentrations of FBAL 50 µM + DOXOL 0.2 µM + ACRO 1 µM (92.5 ± 3.6%), FBAL 50 µM + DOXOL 0.2 µM (91 ± 4.2%), DOXOL 0.2 µM + ACRO 1 µM (92.4 ± 5.4%), and FBAL 50 µM + ACRO 1 µM (94.4 ± 5.8%) caused cytotoxicity when compared to control cells (100 ± 2.5%) (Figure 7A). In the NR uptake assay, the mixture of FBAL 50 µM + DOXOL 0.2 µM + ACRO 1 µM (98.3 ± 3.6%) did not cause significant cytotoxicity when compared to control (100 ± 2.2%) (Figure 7C).



In both cytotoxicity assays, the mixture of high concentrations of FBAL 100 µM + DOXOL 1 µM + ACRO 10 µM (MTT: 89.3 ± 5.1% and NR: 90.7 ± 4.2%), FBAL 100 µM + DOXOL 1 µM (MTT: 86.4 ± 6.7% and NR: 93.5 ± 2.6%), and DOXOL 1 µM + ACRO 10 µM (MTT: 85.6 ± 7.5% and NR: 90.9 ± 2.8%) caused cytotoxicity when compared to control (MTT: 100 ± 2.1% and NR: 100 ± 3.8%) (Figure 7B,D). In addition, the mixture of high concentrations of the metabolites, FBAL 100 µM + DOXOL 1 µM + ACRO 10 µM (90.7 ± 4.2%), produced higher cytotoxicity when compared to FBAL 100 µM + ACRO 10 µM (96 ± 2.2%) (Figure 7B,D).



Phase contrast microscopy after a 48 h exposure to the high concentrations of the metabolites alone or in mixture did not reveal any signs of cytotoxicity when compared to control cells (Figure 8), and differentiated H9c2 cells maintained their large rounded shape. Moreover, according to the Hoescht staining, FBAL + DOXOL + ACRO did not cause any significant nuclear morphology change or decrease in the number of cells when compared to control cells (Figure 9).




3.5. The Mixture of the Metabolites of 5-Fluorouracil, Doxorubicin and Cyclophosphamide (α-Fluoro-β-Alanine 100 µM + Doxorubicinol 1 µM + Acrolein 10 µM) Caused a Significant Decrease in Mitochondria Potential in Differentiated H9c2 Cells


The mitochondrial membrane potential was assessed at 48 h using the highest concentrations of metabolites by themselves (FBAL 100 µM, DOXOL 1 µM, ACRO 10 µM), as well as their combination. A significant decrease in mitochondrial potential in the combinations FBAL 100 µM + DOXOL 1 µM + ACRO 10 µM (61.7 ± 18.6%) and FBAL100 µM + DOXOL 1 µM (63.4 ± 27.3%) when compared to control (100.0 ± 14.4%) was seen (Figure 10). The combination of FBAL and DOXOL seems to be responsible for that mitochondrial membrane depolarization.





4. Discussion


To the best of our knowledge, this work was the first to assess the contribution of the metabolites (FBAL, DOXOL, ACRO) to FAC-elicited cardiotoxicity in differentiated H9c2 cardiac cells. The major findings of this work were: (1) DOXOL was more toxic than FBAL and ACRO in both cytotoxicity assays (MTT reduction and NR uptake) and concentrations tested; (2) 5-FU and DOX were more cytotoxic than their correspondent metabolites; (3) in combination with 5-FU, CYA, or their metabolites, DOX was primarily responsible for the cytotoxicity observed in differentiated H9c2 cells; (4) for either the lowest or the highest concentrations, the metabolite mixture caused similar toxicity when compared to all combinations with DOXOL or even DOXOL alone; and (5) a significant decrease in mitochondria potential was seen after incubation with FBAL 100 µM + DOXOL 1 µM + ACRO 10 µM and FBAL 100 µM + DOXOL 1 µM treatment while no signs of nuclear condensation were observed at any of the tested combinations. In order to evaluate the toxic effects of FBAL, DOXOL, ACRO in differentiated H9c2 cells, the MTT reduction and NR incorporation tests were performed and compared to the parent drugs at clinically relevant concentrations. The anticancer drug 5-FU 50 µM caused a mild but significant cytotoxicity, while its metabolite, FBAL, (50 or 100 µM) caused no toxicity. Nonetheless, the pathogenesis of cardiotoxicity caused by 5-FU is not clear. Actually, unchanged 5-FU elimination only represents 5–10% of the administered dose [32] and the inhibition of dihydropyrimidine dehydrogenase has been reported to be protective against the 5-FU-inflicted cardiotoxicity in humans [34,70] and in animal models [71]. Another in vitro study using keratocytes with high thymidine phosphorylase activity also showed higher 5-FU toxicity when compared to FBAL [72]. Nonetheless, our in vitro data does not corroborate the higher cytotoxicity of the metabolite when compared to 5-FU.



We observed that DOXOL was more cytotoxic than the other metabolites tested, but less toxic than DOX. These results were corroborated by a previous in vitro study [73]. Bains et al. exposed eight human cell lines derived from different tissues and one rat embryonic cardiac cell line (undifferentiated H9c2 cells) to DOX at several concentrations up to 150 μM and to DOXOL at several concentrations up to 3000 μM, for 48 h. In that study, DOX showed to be significantly more toxic to all tested cell lines than its metabolite, DOXOL, according to the MTT reduction assay [73]. Cytosolic fractions of ex vivo human myocardial samples obtained during surgery for coronary bypass grafting were reconstituted with reduced β-nicotinamide adenine dinucleotide phosphate (NADPH). DOX (25 µM) was incubated for 4 h and DOXOL was found within those fractions (0.09 µM) showing that DOX metabolism can occur in loco in the human heart [74]. Moreover, DOXOL causes iron pathway dysregulation in cytosolic fractions from human myocardium [75,76] that may contribute to oxidative stress and cardiotoxicity [10]. In fact, in vivo studies seem to determine the putative role of DOXOL in DOX-induced cardiotoxicity. Olson et al. gave intraperitoneal DOX 20 mg/kg to transgenic mice with only one functional copy of carbonyl reductase. These mice had decreased circulating levels of DOXOL and were protected from gross and cellular heart damage caused by DOX [77]. Similarly, the administration of DOX (15 mg/kg i.v.) to transgenic animals overexpressing heart-specific human carbonyl reductase led to an increase conversion of DOX to DOXOL and higher development of cardiomyopathy [78]. Although the toxicity mechanisms were not determined, these two studies showed that DOXOL may play a major role in cardiotoxicity of DOX [77,78], perhaps by intensifying the damage caused by ROS. Moreover, the canonical theory for the cardiac toxicity of DOX has been attributed to its ability to generate ROS and promote iron-catalysed oxidative damage and DOXOL was found to alter the function of cytoplasmic iron regulatory proteins [79], and promote oxidative stress. Actually, DOXOL interacts with cis-aconitase-iron regulatory protein-1 and irreversibly inactivates aconitase activity causing the delocalization of iron from the active centre of aconitase with reoxidation of DOXOL to DOX in cytosolic fractions from human myocardium [75,76]. The inactivation of cis-aconitase-iron regulatory protein-1 leads to metabolic disruption, loss of iron homeostasis, and impairment of the contraction-relaxation cycle of the heart by misplacement of iron [13]. The excess of intracellular iron leads to the formation of ROS and tissue damage mediated by oxidative stress [80]. Nevertheless, in the in vitro study herein presented, DOX showed to be more toxic than its metabolite DOXOL. The hydrophilic nature of DOXOL can lead to its intracellular accumulation, when formed within the cell [41]; however, DOX enters more easily in the cells and, therefore, possibly caused more cytotoxicity in our model. Still, DOXOL was the most toxic of the FAC-metabolites tested, even when used in lower concentrations. As referred above, carbonyl reductase is an important enzyme in the catalytic reaction of DOX metabolism. In a work by Zhou and colleagues, they found that carbonyl reductase 1 mediated the metabolism of DOX in non-differentiated H9c2 cells and that the inhibition of that enzyme through siRNA robustly decreased DOX-induced cytotoxicity [81]. As a consequence, it may be expected that, in our cell model, the toxicity observed after DOX may also involve its metabolite, DOXOL.



The drug ACRO is a ubiquitous environmental pollutant that has been implicated in increased cardiovascular disease in humans [52]. It causes cardiotoxicity, both in vivo [52] as in vitro [48]. In the H9c2 cardiac cell line, CYA metabolites, ACRO and 4-hydroxy-CYA, have been implicated in the cytotoxicity of CYA [49,56]. In our study, CYA and its metabolite ACRO did not cause cytotoxicity according to the MTT and NR assays. Kurauchi et al. exposed undifferentiated H9c2 cells to three CYA metabolites: carboxyethylphosphoramide, 4-hydroxy-CYA and ACRO for 24 and 48 h. Only 4-hydroxy-CYA at 10 and 30 μM, and ACRO at 30 μM were cytotoxic at 24 h and 48 h. The authors also observed that there was a conversion of 4-hydroxy-CYA to ACRO in culture medium, attributing the higher cytotoxicity of 4-hydroxy-CYA, at least in part, to its conversion to ACRO [49]. Nishikawa et al. [56] incubated undifferentiated H9c2 cells with 10, 30, or 100 μM of ACRO and 125, 250, or 500 μM of CYA for 24 or 48 h and toxicity was evaluated by the MTT reduction test. ACRO caused cytotoxicity at 30 μM and 100 μM, while the parent compound did not elicit cytotoxicity at any of the tested concentrations [56]. Also, Wang et al. exposed mouse cardiomyocytes to ACRO at concentrations ranged between 1 and 100 μM and showed that this CYA metabolite causes a concentration-dependent increase of ROS production, calcium loading, and apoptosis [51]. ACRO seems to contribute to cardiac toxicity, possibly through oxidative stress mechanisms, with decrease levels of the antioxidant glutathione and increase ROS generation [49,56]. In fact, ACRO toxicity may be mediated by redox-sensitive transcription factors such as nuclear factor-kappa B (NF-κB) or activator protein-1 (AP-1), via generation of ROS and nitric oxide. In inflammatory cells isolated from lungs treated with ACRO, it increased ROS formation via induction of NF-κB signalling, and increased expression of inflammatory cytokines [82]. On the other hand, sublethal concentrations of ACRO caused a biphasic activation on NF-κB activation in A549 human lung adenocarcinoma cells, NF-κB decreasing dramatically at 1–2 h post-treatment and returning to near normal binding by 8–12 h [83]. In that same cellular model, AP-1 activity was decreased [84]. ACRO can also be an initiator of oxidative stress by forming adducts with cellular nucleophilic groups due to its high reactivity [84,85]. When ACRO was administered orally (1 mg/kg daily for 48 days) to C57BL/6 mice, myocardial oxidative stress, nitrative stress, and increase of plasma and myocardial protein–acrolein adduct formation were present 1 and 24 h after exposure, thus demonstrating that ACRO translocation to heart occurs via distribution and toxic effects may result [52]. Nevertheless, in our work, ACRO did not cause cytotoxicity in differentiated H9c2 cells at the concentrations tested.



The anticancer drug DOX is a known mitochondrial toxicant [86] and it caused depolarization of the mitochondrial membrane, determinant for FAC mitochondrial toxicity [55]. Herein, we evaluated the mitochondrial membrane potential of H9c2 cells after exposure to the FAC metabolites, tested at clinically relevant concentrations. Through JC-1 staining, a significant decrease in mitochondrial membrane potential after incubation with FBAL 100 µM + DOXOL 1 µM + ACRO 10 µM and FBAL 100 µM + DOXOL 1 µM occurred. A synergistic effect of FBAL and DOXOL regarding cardiomyocyte mitochondrial membrane depolarization was observed. Although the knowledge of the DOXOL cardiotoxic mechanisms are at present very limited, it is reasonable to assume that DOXOL may increase ROS, which may contribute to the genesis of mitochondrial membrane depolarization. Redox homeostasis is a critical factor for normal functioning of mitochondria [87]. Nonetheless, other mechanisms may be involved in DOXOL injury to the mitochondria. The metabolite DOXOL has shown to interact with NADH dehydrogenase of heart mitochondria and sarcosome-containing NADPH cytochrome P450 reductase, resulting in superoxide anion production, through one-electron redox cycling of the quinone moiety [88]. Moreover, there is evidence that DOXOL completely inhibits the cardiac mitochondrial Mg2+-ATPase activity referable to the FoF1 reversible proton pump, which is responsible for ATP synthesis via oxidative phosphorylation [89,90], thus leading to disruption in energetic metabolism. To the best of our knowledge, there is no data regarding FBAL-induced mitochondrial toxicity, although in vivo 5-FU caused damage to the mitochondria of the heart [91]. Further investigations are needed to completely clarify the pathophysiological role of DOXOL or FBAL-induced mitochondrial toxicity, as it has been a scarcely studied subject.



In conclusion, this work showed that the DOX metabolite, DOXOL, is the most toxic metabolite tested when compared to the other two metabolites (FBAL and ACRO) of the FAC combination. Still, DOXOL was less cytotoxic than DOX and our results demonstrate that the metabolites are not the major contributors to FAC-induced cardiotoxicity in differentiated H9c2 cells.
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Figure 1. The 5-fluorouracil (5-FU) anabolism and catabolism pathways [30,31,32]. 
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Figure 2. Metabolism of doxorubicin (DOX) [40,43,44]. 
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Figure 3. Metabolism of cyclophosphamide (CYA) [33,46,53,54]. CYP: Cytochrome P450; GST: Glutathione S-transferase; ALDH: Aldehyde dehydrogenase; ADH: Alcohol dehydrogenase. 
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Figure 4. Cytotoxicity evaluated by (A–C) the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) reduction assay and (D–F) the neutral red (NR) uptake assay in differentiated H9c2 cells incubated for 48 h with 5-fluorouracil (5-FU) 50 μM and α-fluoro-β-alanine (FBAL) 50 μM and 100 μM (A,D); doxorubicin (DOX) 1 μM, and doxorubicinol (DOXOL) 0.2 μM and 1 μM (B,E); and cyclophosphamide (CYA) 50 μM, and acrolein (ACRO) 1 μM and 10 μM (C,F). Results are presented as mean ± SD of three to five independent experiments (total of 20–34 wells). Statistical analyses were performed using the Kruskal–Wallis test, followed by the Dunn′s post hoc test (A) or the analysis of variance (ANOVA) test, followed by the Tukey post hoc test (B–F) (*** p < 0.001, **** p < 0.0001 vs. control; ++ p < 0.01, ++++ p < 0.0001 vs. 5-FU 50 μM; §§§ p < 0.001, §§§§ p < 0.0001 vs. DOX 1 μM; && p < 0.01, &&& p < 0.001 vs. DOXOL 0.2 μM). 
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Figure 5. Cytotoxicity evaluated by (A–D) the MTT reduction assay (three to five independent experiments (total of 12–24 wells)) and (E–H) the NR uptake assay (six to eight independent experiments (total of 24–32 wells)) in differentiated H9c2 cells incubated for 48 h with DOX + CYA + FBAL (FBAL at concentrations of 50 or 100 μM; DOX 1 μM; and CYA 50 μM) or with 5-FU + DOX + ACRO (ACRO 1 or 10 μM; DOX 1 μM and 5-FU 50 μM). Results are presented as mean ± SD. Statistical analyses were performed using the Kruskal–Wallis test, followed by the Dunn´s post hoc test (A,C,D,F–H) or the parametric ANOVA test, followed by the Tukey’s post hoc test (B,E) (* p < 0.05, ** p < 0.01, **** p < 0.0001 vs. control; ### p < 0.001, #### p < 0.0001 vs. DOX + CYA + FBAL 50 and 100 μM; ++ p < 0.01, ++++ p < 0.0001 vs. DOX + FBAL 50 and 100 μM; $$$$ p < 0.0001 vs. CYA + FBAL 50 and 100 μM; £££ p < 0.001, ££££ p < 0.0001 vs. 5-FU + DOX + ACRO 1 and 10 μM; ∂∂ p < 0.001 vs. DOX + ACRO 1 and 10 μM; €€ p < 0.01, €€€ p <0.001 vs. 5-FU + ACRO 1 and 10 μM). 
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Figure 6. Cytotoxicity evaluated by (A,B) the MTT reduction assay and (C,D) the NR uptake assay in differentiated H9c2 cells incubated for 48 h with 5-FU + DOXOL + CYA: 5-FU at 50 μM, DOXOL (0.2 or 1 μM) and CYA at 50 μM. Results are presented as mean ± SD of three to four independent experiments (total of 10–20 wells). Statistical analyses were performed using the Kruskal–Wallis test, followed by the Dunn´s post hoc test (A,B,D) or the ANOVA test, followed by the Tukey’s post hoc test (C) (** p < 0.01, *** p < 0.001, **** p < 0.0001 vs. control; # p < 0.05, #### p < 0.0001 vs. 5-FU + CYA + DOXOL 0.2 μM; ++++ p < 0.0001 vs. 5-FU + DOXOL 0.2 μM; $ p < 0.05, $$$$ p < 0.0001 vs. CYA + DOXOL 0.2 μM). 
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Figure 7. Cytotoxicity evaluated by (A,B) the MTT reduction assay and the (C,D) NR uptake assay in differentiated H9c2 cells incubated with the combination of metabolites (DOXOL + FBAL + ACRO) for 48 h. (A,C): FBAL 50 μM + DOXOL 0.2 μM + ACRO 1 μM. (B,D): FBAL 100 μM + DOXOL 1 μM + ACRO 10 μM. Results are presented as mean ± SD of three to four independent experiments (total of 12–18 wells). Statistical analyses were performed using the ANOVA test, followed by the Tukey’s post hoc test (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 vs. control; # p < 0.05, #### p < 0.0001 vs. DOXOL + FBAL + ACRO; ++ p < 0.01, +++ p < 0.001 vs. DOXOL + FBAL; $$$$ p < 0.0001 vs. DOXOL + ACRO). 
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Figure 8. Phase contrast microscopy of differentiated H9c2 cells after a 48 h exposure to metabolites (FBAL 100 μM, DOXOL 1 μM, ACRO 10 μM) or in combination. Images are representative of two independent experiments. Scale bar: 100 μM. 
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Figure 9. Fluorescence microscopy (Hoechst 33258 staining) of differentiated H9c2 cells after a 48 h exposure to the metabolites (FBAL 100 μM, DOXOL 1 μM, ACRO 10 μM) and their combination. Images are representative of two independent experiments. Scale bar: 100 μM. 
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Figure 10. Mitochondrial membrane potential evaluation using the JC-1 dye in differentiated H9c2 cells exposed to metabolites (FBAL 100 μM, DOXOL 1 μM, ACRO 10 μM) or their combination for 48 h. Results are presented as mean ± SD of five independent experiments (total of 14–15 wells). Statistical analyses were performed using the Kruskal–Wallis test, followed by the Dunn´s post hoc test (* p < 0.05, ** p < 0.01 vs. control). 
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Table 1. Plasma concentrations of α-fluoro-β-alanine (FBAL), doxorubicinol (DOXOL), or acrolein (ACRO) in chemotherapy-treated patients.
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Drug

	
Patients and Dose

	
Plasma Concentrations

	
Reference






	
FBAL

	

	
One patient received a continuous intravenous (i.v.) infusion of 5-FU (1000 mg/day)






	
3.29–18.26 μM

	
[34]




	

	
Four patients received 5-FU once daily for 5 days (one cycle) at 8–13 mg/kg, repeated every three weeks (group A)



	
One patient received 5-FU once weekly at 14 mg/kg (group B)



	
Four patients received 20–26 mg 5-FU/kg once every three weeks (group C)



	
Twelve patients received a pre-treatment of 5.1–12.5 mg mitoxantrone/kg followed by 15–30 mg FU/kg, repeated once every three weeks (group D)






	
19–170 μM

	
[35]




	

	
Ten patients received protracted venous infusions of 5-FU at a dose of 250 mg/m2/day for 5 days






	
8.01 ± 0.12 μM–10.81 ± 3.27 μM

	
[36]




	
DOXOL

	

	
Seven patients received DOX 20 mg/m2, bleomycin 15 U/m2 and vincristine 2 mg as a 30-min i.v. infusion each






	
0.056 ± 0.005 μM

	
[37]




	

	
Sixty-five patients received DOX 60 mg/m2 over 15 min followed by CYA 600 mg/m2 over 15 min






	
0.1 μM

	
[38]




	
ACRO

	

	
Five patients received CYA by i.v. infusion (60 mg/kg over 1 h for two consecutive days)






	
6.2–10.2 μM

	
[39]












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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