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Abstract

:

Voltage-Dependent Anion-selective Channel isoform 1 (VDAC1) is the most abundant isoform of the outer mitochondrial membrane (OMM) porins and the principal gate for ions and metabolites to and from the organelle. VDAC1 is also involved in a number of additional functions, such as the regulation of apoptosis. Although the protein is not directly involved in mitochondrial respiration, its deletion in yeast triggers a complete rewiring of the whole cell metabolism, with the inactivation of the main mitochondrial functions. In this work, we analyzed in detail the impact of VDAC1 knockout on mitochondrial respiration in the near-haploid human cell line HAP1. Results indicate that, despite the presence of other VDAC isoforms in the cell, the inactivation of VDAC1 correlates with a dramatic impairment in oxygen consumption and a re-organization of the relative contributions of the electron transport chain (ETC) enzymes. Precisely, in VDAC1 knockout HAP1 cells, the complex I-linked respiration (N-pathway) is increased by drawing resources from respiratory reserves. Overall, the data reported here strengthen the key role of VDAC1 as a general regulator of mitochondrial metabolism.
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1. Introduction


The Voltage-Dependent Anion-selective Channel (VDAC) is the most abundant and ubiquitously expressed family of pore-forming proteins of the outer mitochondrial membrane (OMM). Allowing for the passive diffusion of small, hydrophilic molecules up to 5000 Daltons, the VDAC proteins guarantee the permeability of the OMM by regulating the metabolic cross-talk between the mitochondria and the rest of the cell [1,2]. VDAC owes its name to its peculiar electrophysiological properties, established in artificial membrane reconstitution experiments more than three decades ago: the channel conductance changes according to the voltage applied, switching from high-conducting and anion-selective state to low-conducting and cation-selective states [3,4,5].



Three genes encode three highly conserved isoforms in mammals. They are named VDAC1, VDAC2, and VDAC3 in agreement with the order of their discovery [6]. The tridimensional structures of mouse or human VDAC1 [7,8,9] and zebrafish VDAC2 [10] are available, and share a common β-barrel transmembrane pore, made of 19 antiparallel β-strands, and an N-terminal domain organized as α-helix, confirmed also by in vitro experiments [11]. Among the isoforms, VDAC1 is the most abundant, overcoming VDAC2 and VDAC3 by one or two orders of magnitude, respectively [12].



Being at the interface between cytosol and mitochondria, VDAC1 mainly regulates the flux of Krebs’ cycle intermediates (pyruvate, succinate, malate, and glutamate), ADP/ATP, ions (Na+, K+, Cl−), nucleotides, and NAD+/NADH, thus supporting the whole cellular bioenergetics [13,14,15,16]. Furthermore, VDAC1 acts as an anchor for many cytosolic proteins, including Hexokinases and specific members of the Bcl-2 family, participating in the regulation of mitochondrial-mediated apoptosis [17,18,19,20]. In light of these considerations, VDAC1 has rapidly become a pharmacological target in cancer and neurodegeneration [21,22,23,24].



Similar to isoform 1, VDAC2 is a key modulator of cell death and survival, exerting both pro- and anti-apoptotic functions by interacting with Bak and Bax [25,26,27]. The role of VDAC3 appears to be more intricate: it has specific electrophysiological features and post-translational modifications that significantly change with the redox environment [28,29,30]. Only recently, however, has our group definitely demonstrated that VDAC3 is a redox-sensing protein, protecting mitochondria from oxidative stress [31].



Much information about VDAC functions derives from gene inactivation studies. In the yeast S. cerevisiae, endowed with a single functional mitochondrial porin [32], inactivation of VDAC1 dramatically affects mitochondrial DNA maintenance and expression and organelle functioning, leading to a complete rewiring of the whole cell metabolism [33]. In mammals, knockout experiments are made more complicated to interpret due to the presence of the other isoforms, which can partially complement the lack of VDAC1. Interestingly, in mouse embryonic fibroblast VDAC1 deletion promotes a partial rearrangement of gene expression that triggers metabolic impairments and the accumulation of reactive oxygen species (ROS) [34], overlapping in part the changes already seen in yeast. Additionally, VDAC1 knockout makes H9c2 cells more susceptible to ROS-induced apoptosis [35], while in chronic myelogenous leukemia-derived cells it correlates with a slight reduction in mitochondrial mass and the hyperpolarization of the mitochondrial membranes [31]. Nevertheless, despite the important role played by VDAC1 for mitochondrial metabolism, its possible involvement in the regulation of mitochondrial respiration has not been adequately investigated yet.



Aimed at studying the above-mentioned mechanism, the near-haploid human HAP1 cells knockout for VDAC1 were used to conduct high-resolution respiration (HRR) experiments. Results clearly indicated that the lack of VDAC1 or its partial inhibition correlates with a reduction of oxygen consumption in the main respiratory states. At the same time, VDAC1 knockout cells undergo a re-arrangement of the respiration by increasing the relative efficiency of complex I-linked respiration, dissipating part of respiratory reserves. Overall, these findings remark on the pivotal role of VDAC1 as a key regulator of mitochondrial functionality.




2. Results


2.1. Characterization of HAP1 ΔVDAC1 Cells


HAP1 cells are endowed with a single copy of each chromosome and represent a powerful model for knockout studies [36]. As schematized in Figure 1A, the inactivation of VDAC1 expression was achieved by a deletion of 2 bp in exon VI of the corresponding gene. In the resulting cell line (namely ΔVDAC1), no protein band was detected by anti-VDAC1 antibody in Western blot experiments (Figure 1B). In contrast, cells of the parental line, expressing the wild type VDAC1 protein (here used as reference control), showed an easily detectable band at the expected molecular weight of ~32 kDa (Figure 1B). In addition, the expression level of the VDAC2 and VDAC3 isoforms was also tested. In this regard, no significant differences were detected between ΔVDAC1 and the parental cells, as confirmed by quantification (Figure 1B). Thus, unlike in other cell lines [12], the non-expression of VDAC1 in HAP1 cells does not affect the expression of the other VDAC isoforms. Similarly to what was previously observed [31], VDAC1 knockout did not alter cell proliferation or viability: as shown in Figure 1C, the growth curve of the ΔVDAC1 HAP1 cells is almost overlapped to the parental one; furthermore, no significant differences were observed upon MTT assay (Figure 1D). Contrariwise, a slight but significant reduction in the mitochondrial mass was confirmed in knockout cells of −10.5%, in comparison to parental HAP1 (p = 0.0012, n = 3), as revealed by the quantification of MitoTraker fluorescence signal by flow cytometry (Figure 1E).




2.2. Deletion of VDAC1 Gene or Inhibition of Its Protein Affects Oxygen Consumption of HAP1 Cells


The overall oxygen consumption of HAP1 cells was investigated by HRR. This technique allows for the measurement of oxygen flow relative to different respiratory states, as well as the contribution of each state or specific electron transport chain (ETC) complexes to the achievement of the maximal respiratory capacity [37]. For this purpose, a Substrate-Uncoupler-Inhibitor-Titration (SUIT) protocol was used as schematized in Figure 2A in addition to a representative curve of HAP1 parental cells. Particularly, the curve shows variations in the oxygen consumption upon the addition of specific molecules. Briefly, respiration in the presence of endogenous substrates (ROUTINE state) was measured in intact cells; then, through a mild permeabilization of plasma membranes and stimulation with specific substrates and ADP, the oxidative phosphorylation-linked respiration (OXPHOS state) was assessed; finally, the maximal electron input to electron transport (ET) chain was determined by titration with an uncoupler.



The same protocol was then applied to ΔVDAC1 cells, and the oxygen consumption in the main respiratory states was calculated and compared with the control (see Supplementary Figure S1 for a representative curve of ΔVDAC1 cells). As displayed in Figure 2B, the knockout of VDAC1 dramatically affects the oxygen flows in all the analyzed states. Precisely, ΔVDAC1 cells displayed about 58% of flux reduction in intact cells (ROUTINE) and of about 68% after cell permeabilization and the stimulation of the OXPHOS activity (p < 0.001 vs. parental HAP1, n = 6). Additionally, the oxygen consumption linked to the maximal capacity was reduced by approximately 76% (p < 0.001 vs. parental HAP1, n = 6).



On the basis of these results, we queried whether these reductions were directly due to the VDAC1 inactivation or to VDAC1-independent changes occurring in our knockout model. To this aim, parental HAP1 cells were exposed to a sublethal dose of VBIT-12, a specific VDAC1 inhibitor. VBIT are a group of small, cell-penetrating molecules able to interact with VDAC1 that are known for their ability to reduce the channel conductance [38,39]. In this specific case, an HRR analysis was limited to intact cells by measuring the ROUTINE state and maximal ET capacity (Figure 3A). Notably, these parameters were evaluated after a rapid treatment with VBIT-12 to avoid any eventual side effects due to the prolonged exposure to the molecule. As reported in Figure 3B, a significant reduction of the respiration was observed in VBIT-12 treated cells, consisting of −22% for the ET capacity (p = 0.01 vs. DMSO treated cells, n = 6). Although not significant, a similar decreasing trend was observed also for ROUTINE state (p = 0.07, n = 6). On the contrary, no significant effect of VBIT-12 was noticed in the ΔVDAC1 cells exposed to the molecule (Supplementary Figure S2), suggesting that VBIT-12 exerts its inhibitory action on VDAC1 specifically.



Taken together, these results clearly support a pivotal role of VDAC1 in the regulation of mitochondrial respiration.




2.3. VDAC1 Knockout Changes the Contribution of Respiratory States or Complexes to ET Capacity


Next, the relative contribution of each respiratory state or ETC complex to the achievement of the maximal capacity was investigated in an independent manner from mitochondrial mass or other external factors by analyzing the flux control ratios (FCRs) [37,40]. In Figure 4A, the relative contributions of ROUTINE and OXPHOS to the maximal respiration are shown. Surprisingly, the ROUTINE contribution was higher in ΔVDAC1 cells (+37%, p = 0.0053 vs. parental HAP1, n = 6). In a similar manner, the relative contribution of OXPHOS was increased upon VDAC1 knockout of about 15% (p = 0.004 vs. parental HAP1, n = 6). Notably, the approach of ROUTINE and OXPHOS to the maximal respiration correlates with a significant reduction of the respiratory reserve (E-Reserve) and excess (E-Excess), respectively (Figure 4A, dashed histograms), that consist of bioenergetic supplies to which mitochondria can draw in the presence of further stimuli to produce extra ATP [41].



Based on previous results, we queried whether increases in the ROUTINE and OXPHOS contributions were due to a proportional raise in the non-phosphorylating component, the so-called LEAK state, here measured after permeabilization of the plasma membranes, i.e., allowing ADP to leave the cells. As reported in Figure 4B, however, the LEAK contribution was unvaried among the samples.



Next, we analyzed the respiration linked to the NADH-substrates (N-pathway) or succinate (S-pathway), namely the respiration coupled to complex I or II, respectively. Precisely, the N-pathway was achieved in the presence of saturating concentrations of pyruvate, malate, glutamate, and ADP, but not succinate. As schematized in Figure 5A, in this configuration electrons flow exclusively from complex I to complex III through the Q-junction. Alternatively, electrons may flow from complex II to the Q-junction in the presence of a saturating concentration of succinate and rotenone, a specific inhibitor of complex I (Figure 5B).



In term of oxygen consumption, the both N- and S-pathways followed a reduction in line with the typical respiratory profile of ΔVDAC1 cells (−65% and −82% respectively, p < 0.001 vs. parental HAP1, n = 6, Figure 5C). In addition, interesting differences emerged from a FCR analysis. Particularly, as displayed in Figure 5D, a significant increase in the relative contribution of the N-pathway was observed in the ΔVDAC1 cells (+24%, p = 0.0026 vs. parental HAP1, n = 6), counterbalanced by a reduction in the relative contribution of the S-pathway (−34%, p < 0.001 vs. parental HAP1, n = 6).



Overall, the FCR analysis suggests that the increase in contribution of the ROUTINE and OXPHOS respiration previously observed in ΔVDAC1 cells is strictly dependent from complex I activity.




2.4. Mitochondrial Oxidation of NADH Is Increased in VDAC1 Knockout Cells


The cellular content of nicotinic coenzymes, in the form of phosphorylated and non-phosphorylated nicotinamide dinucleotides, renders a clear picture of both the redox status and the mitochondrial functionality. In this view, we analyzed the total concentration of the four different forms (NAD+, NADH, NADP+, and NADPH; see Table S1 for raw data) in extracts from parental and ΔVDAC1 HAP1 cells. As reported in Figure 6A, a dramatic decrease in the total nicotinic coenzyme pool was observed in the ΔVDAC1 sample (−40%, p = 0.007 vs. parental HAP1, n = 4).



Notably, this finding is in line with previous respirometric results, in which a modulation of mitochondrial efficiency was observed and, in particular, a new condition of limited oxygen utilization. Interestingly, the NAD+/NADH increased by 20% (p = 0.007 vs. parental HAP1, n = 4, Figure 6B), possibly suggesting a higher rate of NADH oxidation at the level of complex I, ensuring a proper function of either OXPHOS or ET capacity and, preliminarily of the TCA cycle. According to these data, we noticed no significant differences between our samples in lactate concentration (Figure 6C), suggesting that the increased oxidation of NADH in ΔVDAC1 cells is prevalently mitochondrial rather than cytosolic via lactate dehydrogenase [42].




2.5. VDAC1 Knockout Makes Cells More Sensitive to Rotenone but Not to Malonic Acid


In light of the previous observations, we finally assayed the effect of specific ETC complex inhibitors. For this purpose, a SUIT protocol developed for intact cells was used. Briefly, the maximal ET capacity of each sample was reached by CCCP; then, variations in the respiration were monitored by titration with inhibitors.



Rotenone is a lipophilic, cell-permeable molecule, commonly used as a specific inhibitor of complex I and as toxin for mimicking molecular features of Parkinson’s disease [43]. Figure 7A shows a representative curve of HAP1 parental cells along with the SUIT protocol applied here. As reported, titration with non-saturating doses of rotenone in the nanomolar order induced a progressive reduction of the ET capacity in a dose–response manner, as expected. Particularly, at higher concentrations used here (16 nM), the ET capacity was reduced by approximately 50% in comparison to the untreated control (Figure 7B). A similar dose–response effect was observed with the ΔVDAC1 cells. However, in this specific case, the titration effect was more pronounced: not only was 2 nM of rotenone sufficient to halve ET capacity (p = 0.0046 vs. parental HAP1, n = 3) but, at higher concentrations, the toxin reduced the ET capacity by up to 80% of its original value (p < 0.001 vs. parental HAP1, n = 3, Figure 7B).



We repeated the experiment using malonic acid, which specifically inhibits complex II. As reported in Figure 7C,D, titration with malonic acid was better tolerated by HAP1 cells, both parental and VDAC1 knockout. In fact, at the highest concentration used here, the maximal inhibition achieved was about 30% in both samples. Regardless, no significant differences were observed between the parental and knockout cells (Figure 7D).



Once again, these results indicate the importance of complex I contribution to respiration for ΔVDAC1 cells bioenergetic.





3. Discussion


Mitochondrial VDACs allow for the passive diffusion of the majority of substrates, feeding the Krebs’s cycle and the respiratory enzymes of the ETC [1,17]. Moreover, they represent the most abundant proteins in the OMM, conferring its typical, sieve-like aspect, as revealed by atomic force microscopy experiments [44,45]. In the yeast S. cerevisiae, where the complete mitochondrial proteome was characterized, up to 19.000 copies of VDAC1 per single mitochondrion were estimated, an amount that exceeds by approximately ten times the copy number of the second most abundant protein, Tom40 [46]. For these reasons, VDACs are widely considered key players in the maintenance of the metabolic exchanges across the OMM.



Interested in characterizing the precise role of the main isoform, VDAC1, in respiration, a specific function of the mitochondrion, we used a VDAC1 knockout HAP1 cell line. The haploid line, HAP1, is a particularly advantageous model as gene knockout guarantees the total absence of the corresponding gene product. Specifically, the HAP1 ΔVDAC1 cell line we used is particularly suitable for our purposes because inactivation of the single copy of the VDAC1 gene does not lead to compensatory responses and subsequent changes in the expression levels of the other VDAC isoforms. In addition, this cellular model can be easily used in HRR experiments in both intact or permeabilized protocols, as recently demonstrated by our group and an independent group [31,47].



Many interesting outcomes emerged from the detailed HRR analysis performed here. Firstly, despite the presence of other two isoforms, VDAC1 appears to be the preferential route for metabolites to move in and out of the mitochondria. In fact, VDAC1 inactivation dramatically affects the oxygen consumption of HAP1 cells in all three main respiratory states. This result cannot be explained only by the slight reduction in the mitochondrial mass observed here and elsewhere [31], and is confirmed by results achieved in experiments with VBIT-12.



Secondly, the relative contributions of ROUTINE and OXPHOS respiration to the maximal capacity are significantly higher in ΔVDAC1 than in parental cells. Surprisingly, this occurs without a proportional increase in the non-phosphorylating component of respiration. Even under physiological conditions, the mitochondrial coupling efficiency is always below 100% due to the proton gradient fraction, which is generated by the ETC and dissipates during a process known as proton leak [48]. An increase in the LEAK state is a common consequence of mitochondrial malfunctioning, as observed in the case of inner mitochondrial membrane damages or the overexpression of Uncoupling proteins, the latter being used by the cell as a protective strategy in the event of ROS accumulation or other stress stimuli [49,50]. Not coincidentally, many pathological conditions correlate with an increased LEAK respiration, which is widely recognized as a hallmark of mitochondrial dysfunction [40,51,52,53,54]. However, this was not the case for the ΔVDAC1 cells, as the specific contribution of the LEAK state in both HAP1 lines was comparable.



Thirdly, in ΔVDAC1 cells, the N-pathway is reduced in a similar manner to the S-pathway or total OXPHOS in terms of absolute values. Contrariwise, its increased FCR value, and specifically the sustained ratio of NAD+/NADH in favor of the oxidized form, indicate a major contribution of complex I over complex II in activating the ETC in our setup. These data suggest that VDAC1 deficiency prompts the cells toward a re-arrangement of the mitochondrial metabolism which involves complex I. It is, indeed, no coincidence that ΔVDAC1 cells are more sensitive to rotenone but not to malonic acid, as demonstrated by our titration experiments.



Overall, this appears to be a strategy put in place by VDAC1 knockout cells to keep mitochondria still active, even when a pivotal protein such as VDAC1 is missing. Regardless, the process comes with a price: the knockout cells draw resources from the respiratory reserves that the mitochondria can rely on for the production of extra ATP during high-energy demands or in the presence of additional stress stimuli [41,55]. Similar to the increase in LEAK respiration, the limitation of respiratory reserves is emerging as a dysfunctional parameter and a common feature of many pathological conditions, precisely the neurodegenerative processes [51,56].



Comparable results were previously attained in the ΔPOR1 yeast cells, which are devoid of endogenous VDAC1. Two genes in the yeast encode two porin isoforms, both showing the typical VDAC pores features in artificial membranes [57,58]. However, only VDAC1 is constitutively expressed. In fact, the expression of isoform 2 is negligible and occurs mainly in the presence of external stimuli [46,59]. In this context, the entire metabolism is rewired: the expression of mitochondrial genes is completely inhibited as a consequence of the dramatic reduction of mitochondrial DNA copies, and the cell is forced to switch toward a lipid-based metabolism [33]. Of course, in HAP1 cells, the consequences of VDAC1 inactivation are less severe due to the presence of the other isoforms: if, in ΔPOR1, no alternatives to VDAC1 exist, higher eukaryotes VDAC2 and VDAC3 are concomitantly and constitutively expressed. They are finely regulated [60,61,62] and can partially compensate for the absence of VDAC1, as demonstrated by complementation assays [28,63]. This allows for not only metabolic exchanges, even limited, but also mitochondrial DNA maintenance and expression thanks to the import of nucleotides [31].



Interestingly, our results strengthen previous data regarding the existence of a functional link between VDAC proteins and specific enzymes located in the inner mitochondrial membrane (IMM), precisely, the adenine nucleotide carrier and the dicarboxylate carrier [64]. These observations emerged from the analysis of respiratory State 3 in isolated rat liver mitochondria and mitoplasts, i.e., mitochondria devoid of OMM, and thus of all VDAC isoforms. In mitoplasts, indeed, the oxygen consumption achieved in the presence of succinate was significantly lower than in the whole mitochondria, as was the sensitivity to specific inhibitors targeted to these IMM enzymes. Conversely, the addition of a VDAC-enriched OMM preparation to mitoplasts increased respiration and partially restored sensitivity to inhibitors [64]. Although our experimental conditions were different, in the presence of succinate and rotenone (S-pathway), we noticed a similar reduction of oxygen consumption. This suggests that complex II might also be affected by the lack of mitochondrial porin.



In conclusion, our work definitely indicates the key role of VDAC1 in respiration and remarks, once again, on the pivotal role of the main porin isoform in preserving the proper functioning of mitochondria.




4. Materials and Methods


4.1. Cell Lines Maintenance, Proliferation and Treatment


HAP1 are near-haploid human cells of leukemic origin. The HAP1 parental and knockout VDAC1 cell lines were purchased from Horizon Discovery (Waterbeach, UK). Cells were maintained in Iscove’s modified Dulbecco’s media (IMDM, GIBCO, Waltham, MA, USA), supplemented with 10% of fetal bovine serum (GIBCO) and penicillin/streptomycin antibiotic (GIBCO) in a controlled environment (37 °C and 5% CO2). The proliferation of the HAP1 parental and knockout cells was monitored over time (6 days, each 24 h) by microscopy using a Burker’s chamber. At day 0, 80.000 cells per genotype were seeded in 12-well plates. Three independent cell-counting assays were conducted.



For the inhibition of VDAC1 activity, HAP1 parental or VDAC1 knock-out cells were exposed to 20 μM of VBIT-12 previously dissolved in DMSO, or to DMSO as a control, for 30 min in a controlled environment (37 °C and 5% CO2) prior to HRR experiments.




4.2. Western Blotting Analysis


The total lysates from the parental and VDAC1 knock-out HAP1 cells were obtained from 106 cells in a lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, EDTA 1 mM, 1% TRITON X-100, protease inhibitors cocktail). Protein samples were separated using SDS-PAGE electrophoresis and transferred to a PDVF membrane (GE Healthcare, Chicago, IL, USA). The membranes were blocked in 5% BSA in PBS with 0.1% Tween-20 at room temperature for 1h and incubated overnight at 4 °C with the following primary antibodies: VDAC1 (1:1000, Abcam, Cambridge, UK), VDAC2 (1:200, Abcam), VDAC3 (1:100, Abcam), and β-Tubulin (1:2000, Cell Signaling, Danvers, MA, USA). After washing, membranes were incubated with IRDye-conjugated secondary antibodies (1:25,000, Li-Cor Biosciences, Lincoln, NE, USA). Signals were detected by the Odyssey CLx Imaging System (Li-Cor Biosciences) and analyzed using Image Studio Lite software (Li-Cor Biosciences). The same software was used for quantification.




4.3. Cell Viability Assay


The viability of the parental and VDAC1 knock-out HAP1 cells was investigating using a 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazoliumbromide (MTT) assay. Cells were plated in 96-well plates (10.000 cell/well), and MTT was added after 24 h to achieve a final concentration of 5 mg/mL. After incubation (37 °C, 3 h) and medium removal, the formazan crystals produced were dissolved in 100 μL of dimethyl sulfoxide. Absorbance at 590 nm was then determined using the Varioskan microplate reader (Thermo Fisher, Waltham, MA, USA). Three independent experiments were performed in triplicate.




4.4. Analysis of Mitochondrial Mass


The mitochondrial mass of the HAP1 lines was estimated by flow cytometry using a fluorescent probe whose accumulation into mitochondria is independent of the mitochondrial membrane potential. Adherent cells were incubated for 30 min at 37 °C with Krebs Ringer Buffered Saline (130 mM NaCl, 3.6 mM KCl, 10 mM HEPES, 2 mM NaHCO3, 0.5 mM NaH2PO4, 0.5 mM MgCl2, 1.5 mM CaCl2, 4.5 g/L glucose, pH 7.42) and supplemented with 300 nM of Mito tracker Green (Thermo Fisher). Cells were then collected and analyzed at 490/516 nm using the CyFlow ML flow cytometer (Partec) system [31,53]. Data were acquired and gated using the FCS Express 4 software (DeNovo). Three sets of independent experiments, each performed in triplicate, were performed by analyzing approximately 20.000 cells for each condition.




4.5. High-Resolution Respirometry (HRR)


The characterization of mitochondrial respiration in the HAP1 lines was performed by HRR in the two-chamber system O2k-FluoRespirometer (Oroboros Instruments, Innsbruck, Austria). Specific SUIT protocols, aimed at analyzing the principal respiratory states and/or the contribution of ET complexes to the maximal respiratory capacity, were adapted from [51,53,65].



The complete respiratory profile was attained as follows. The ROUTINE state was measured in intact cells in the presence of endogenous substrates. Then, cells were subjected to a mild permeabilization of the plasma membranes with 3 μM digitonin. The dissipative respiration, the LEAK state, was determined in the presence of 5 mM pyruvate, 2 mM malate, and 10 mM glutamate, but not adenylates [41,66]. The OXPHOS respiration was activated by the addition of saturating ADP concentration (2.5 mM), followed by supplementation with 10 mM succinate. The maximal ET capacity was observed by uncoupler titration using 0.5 μM of CCCP. The residual oxygen consumption, the ROX state, was finally achieved by inhibiting the ET chain with 2 μM rotenone and 2.5 μM antimycin.



Alternatively, HRR was used in intact cells to monitor changes in the ET capacity [67]. Briefly, after the stabilization of ROUTINE respiration, the maximal ET capacity was achieved by the addition of 1 μM of CCCP. Different concentrations of rotenone (1 to 16 nM) or malonic acid (0.1 to 1.6 µM) were directly added in the cuvette.



All experiments were performed in a Mir05 respiration buffer (Oroboros Instruments) at 37 °C under constant stirring. All chemicals were purchased from Sigma Aldrich (St. Louis, MO, USA).




4.6. Analysis of Respirometric States


Instrumental and chemical background fluxes were calibrated as a function of the oxygen concentration using DatLab software (v7.4.0.1, Oroboros Instruments). The rate of oxygen consumption corresponding to the ROUTINE, OXPHOS, and maximal ET capacity was corrected for the ROX and expressed as pmol/s per million cells. Flux control ratios (FCRs) relative to the maximal ET capacity, the reserve capacities, and the contribution of the N- and S-pathways to the respiratory profile were calculated as in [51,68].




4.7. Chromatographic Analysis of Energetic Metabolites


Analysis of coenzymes was driven on deproteinized samples following a method set up in our laboratories [69]. This protocol is eligible to protect labile compounds from oxidation or hydrolysis. Briefly, 1 mL of a precipitating solution (CH3CN + KH2PO4 10 mM pH 7.4; 3:1 v:v) was added to 3 × 106 pelleted cells, vigorously mixed, and centrifuged at a high speed (20,890× g for 10 min at 4 °C). The supernatant was supplemented with two volumes of chloroform to discharge acetonitrile and all hydrophobic contamination and centrifuged again under the conditions described above. Finally, an aqueous sample suitable for chromatographic separation was recovered. A P4000 pump (Thermo Electron, Waltham, MA, USA), drove HAP1 parental and ΔVDAC1 cellular extracts into a Hypersil column (250 × 4.6 mm, 5 µm particle size) according to a well-established binary gradient. Analyte identification and quantification were conducted using a highly sensitive UV6000LP diode array detector (Thermo Electron) equipped with a 5-cm light path flow cell and set up with a wavelength between 200 and 300 nm. A standard mixture run was used as reference control.




4.8. Determination of Intracellular Lactate


The intracellular lactate was tested by colorimetric assay as in [70]. Briefly, 50 µL of cellular extracts were mixed with a lactate oxidase/peroxidase-based reagent in Tris buffer and 4-aminoantipyrine to create a colored adduct. The absorbance variation, directly proportional to lactate concentration, followed in an automatic microplate photometer Elx800 Box 998 (BioTek Instruments, Winooski, VT, USA) set up at 545 nm wavelength. This variation was compared to a standard curve.




4.9. Statistical Analysis


All data are expressed as means or a median with standard deviation. A minimum of three independent experiments were performed for each assay. Data were statistically analyzed by t-test or two-way ANOVA using Prism software (GraphPad, San Diego, CA, USA). The following values * p < 0.05, ** p < 0.01, *** p < 0.001 were taken as significant.
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Figure 1. Phenotypical characterization of HAP1 cells used in this work. (A) Schematization of VDAC1 knock-out: a 2 bp deletion in the exon VI of VDAC1 gene was performed. (B) Representative Western blotting (left) and the relative protein level quantification (right) of total lysates from parental and ΔVDAC1 cells, showing the expression of the three VDAC isoforms. As expected, no VDAC1 protein band was detected in knock-out cells. N.D.—not detectable. (C) Proliferation assay showing no significant difference between samples. Data are shown as mean ± SD of n = 3 independent counts and statistically analyzed by two-way ANOVA; ns—not significant. (D) Cell viability analysis by MTT assay showing no significant difference between samples. (E) Quantification of the MitoTraker signal in parental and ΔVDAC1 cells by flow cytometry. A slight but significant difference of approximately 10% was observed. Data in (D,E) are expressed as mean ± SEM of n = 3 independent counts and statistically analyzed by unpaired t-test, with ** p < 0.01; ns—not significant. 
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Figure 2. Oxygen consumption in HAP1 cells. (A) Representative curve of mitochondrial respiratory profile of parental HAP1 cells along with the SUIT protocol used for both intact and permeabilized cells. P—pyruvate; M—malate; G—glutamate; Dig—digitonin; S—succinate; Rot—rotenone; Ama—antimycin. (B) Quantitative analysis of the oxygen consumption rate of ROUTINE, OXPHOS, and maximal ET capacity in HAP1 cells, expressed as pmol/second per million cells. A significant reduction of oxygen consumption was observed in each state for ΔVDAC1 cells in comparison to parental. Data are shown as median ± SEM of n = 6 independent experiments and statistically analyzed by unpaired t-test, with *** p < 0.001. 
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Figure 3. Oxygen consumption in HAP1 cells upon exposure to VBIT-12. (A) A representative curve of mitochondrial respiratory profile of parental HAP1 intact cells along with the SUIT protocol here used. Uncoupler CCCP was added for the achievement of maximal respiratory capacity. (B) Quantitative analysis of the oxygen consumption rate of ROUTINE and maximal ET capacity in HAP1 parental cells previously treated with VBIT-12 or DMSO (control). A significant reduction of ET capacity was observed in treated cells. Data are expressed as pmol/second per million cells and shown as median ± SEM of n = 6 independent experiments. Data were statistically analyzed by unpaired t-test, with * p < 0.05; ns—not significant. 
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Figure 4. Analysis of flux control ratios (FCRs) in HAP1 cells. (A) The specific contribution of ROUTINE and OXPHOS states to ET capacity was calculated and demonstrated as FCRs, along with the respiratory reserves (dashed histograms), E-Reserve, and E-Excess. A significant increase in both FCR values was observed for ΔVDAC1 cells, which correspond to a proportional decrement of the reserves. (B) FCRs calculated for LEAK state. No significant differences were detected between parental and ΔVDAC1 cells. Data in (A,B) are shown as mean ± SEM of n = 6 independent experiments and statistically analyzed by unpaired t-test, with ** p < 0.01 and *** p < 0.001; ns—not significant. 
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Figure 5. Analysis of N- and S-pathways in HAP1 cells. (A,B) Schematization of ET chain activity in our experimental HRR setup. Activation of complex III via Q-junction can occur exclusively by complex I or II, precisely by stimulating complex I with NADH-linked substrates and in the absence of succinate (N-pathway, A) or by stimulating complex II with succinate upon inhibition of complex I with rotenone (S-pathway, B). P—pyruvate; M—malate; G—glutamate; S—succinate; Rot—rotenone. (C) Quantitative analysis of the oxygen consumption rate of N- and S-pathway expressed as pmol/second per million cells. A significant reduction of oxygen consumption was observed in each state for ΔVDAC1 cells in comparison to parental. (D) FCRs calculated for N- and S-pathways revealed an increasement of N- over the S-pathway in ΔVDAC1 cells. Data are shown as median (C) or means (D) ±SEM of n = 6 independent experiments and statistically analyzed by unpaired t-test, ** p < 0.01 and *** p < 0.001. 
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Figure 6. Analysis of NADH reduction in HAP1 cells. Quantitative analysis of total level of nicotinamide cofactors NAD+, NADH, NADP+, and NADPH (A), the ratio NAD+/NADH (B) and the overall level of lactate (C). The lower level of nicotinamide cofactors in ΔVDAC1 cells is counterbalanced by high ratio of NAD+/NADH value. Data are expressed as fold increase using parental HAP1 as control. Data are shown as median ± SEM of n = 4 independent experiments and statistically analyzed by unpaired t-test, with ** p < 0.01; ns—not significant. 
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Figure 7. Sensitivity of HAP1 cells to complex I and II inhibitors assayed by HRR. (A) A representative curve of mitochondrial respiratory profile of parental HAP1 intact cells, in addition to the SUIT protocol used here. After achieving the of ET capacity with CCCP, respiration was monitored upon rotenone titration (1–16 nM). (B) Quantitative analysis of ET capacity upon rotenone titration showing a reduction for both parental and ΔVDAC1 cells. However, an increased sensitivity to rotenone was observed for ΔVDAC1 cells in comparison to the parental cells. (C) A representative curve of the mitochondrial respiratory profile of parental HAP1 intact cells, in addition to the SUIT protocol used here for malonic acid titration (0.1–1.6 μM). (D) Quantitative analysis showing reduction of ET capacity upon titration with malonic acid. No significant difference in the respirometric profile was observed for parental and ΔVDAC1 cells. Data in (B,D) are shown as means ± SEM of n = 3 independent experiments and statistically analyzed by a two-way ANOVA, with ** p < 0.01 and *** p < 0.01. 
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