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Introduction

The Krebs cycle (KC) is an important pathway for cancer cells because it produces reduced coenzymes for ATP synthesis and precursors for cellular proliferation. Described changes in cancer KC enzyme activities suggested modifications in the reactions that control the KC flux compared to normal cells.





Methods

In this work, kinetic metabolic models of KC of mitochondria from cancer (HepM), liver (RLM) and heart (RHM) to identify targets to decrease the KC flux were constructed from kinetic parameters (Vmax and Km) of enzymes here determined.





Results

The enzymes Vmax values were higher in the following order: RHM > HepM > RLM; meanwhile, Km values were similar. Kinetic modeling indicated that the NADH consumption reaction (complex I) exerted higher control on the Krebs cycle flux in HepM versus RLM and to a lesser extent in RHM. These results suggested that cancer cells may be more sensitive to complex I inhibition than heart and other non-cancer cells. Indeed, cancer cell proliferation was more sensitive to rotenone (a complex I inhibitor) than heart and non-cancer cells. In contrast, cell proliferation had similar sensitivities to malonate, an inhibitor of succinate dehydrogenase, an enzyme that does not exert control.





Discussion

Our results showed that kinetic modeling and metabolic control analysis allow the identification of high flux-controlling targets in cancer cells that help to design strategies to specifically inhibit their proliferation. This can minimize the toxic effects in normal cells, such as the cardiac ones that are highly sensitive to conventional chemotherapy.
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1 Introduction

In cancer cells, mitochondria produces approximately 80% of ATP and provides building blocks. Tumor suppressor inactivation or oncogene activation alters mitochondrial metabolism (oxidative phosphorylation, Krebs cycle, fatty acid beta-oxidation, glutamine metabolism, heme metabolism), contributing to cell proliferation, cell survival, metastasis and drug resistance. For this reason, mitochondria are considered a target for designing new therapeutic strategies against cancer (1, 2).

The citric acid or Krebs cycle (KC) is an essential hub in the cell intermediary metabolism; it produces reducing equivalents (NADH and FADH2) to synthesize ATP through oxidative phosphorylation (OxPhos); it generates GTP through substrate-level phosphorylation and provides precursors such as oxaloacetate (OAA) for gluconeogenesis, citrate for the synthesis of fatty acids and cholesterol, 2-oxoglutarate (2-oxo) for amino acid anabolism and succinyl CoA for heme biosynthesis (3).

In mitochondria of experimental rat hepatomas, it was initially considered that the Krebs cycle was truncated compared to rat liver mitochondria. In contrast to what is normally expected, oxygen consumption by tumor mitochondria was low when pyruvate (Pyr) was oxidized because citrate produced by citrate synthase (CS) was mainly exported to the cytosol to support the active cholesterol biosynthesis, thus, decreasing citrate availability to oxidation through the conventional KC flux. Such difference in oxygen consumption was not observed when tumor mitochondria were fueled with substrates after citrate synthesis, indicating that KC was complete and functional (4).

Citrate synthase is overexpressed or increases its activity in pancreatic and ovarian cancer (5, 6). In contrast, mitochondrial aconitase (ACO) is downregulated in gastric cancer (7). Furthermore, of the three E1, E2, and E3 subunits that form the 2-oxoglutarate dehydrogenase complex (2OGDH), the E1 subunit (thiamine diphosphate dependent 2-oxo acid dehydrogenase) has splice variants; one of them lacks three regions, one of which is involved in calcium sensitivity and is over-expressed in colorectal cancer according to analysis of genes transcription (8). It has been suggested that the expression of this variant might modify the Ca2+ sensitivity of 2OGDH in cancer cells, as occurs with the 2OGDH complex from rat brain mitochondria which contains a greater proportion of E1 Ca2+ insensitive subunit (9).

On the other hand, mutations in some enzymes such as succinate dehydrogenase (SDH) and fumarase (FH) have been identified in some types of cancer (renal carcinoma, leukemia, breast cancer); these mutations induce succinate (Suc) or fumarate (Fum) accumulation which in turns promotes prolyl hydroxylases inhibition preventing HIF-1α degradation and hence its stabilization. HIF-1α stabilization promotes increased fluxes of glycolysis and lactate production as end product, thus decreasing carbon flux to pyruvate dehydrogenase (PDH) and KC in mitochondria. As a compensation mechanism, tumor cells increase the use of glutamine to fuel carbon skeletons to the KC at the level of 2OGDH (10). Furthermore, some oncoproteins improve KC functionality in tumor cells; for example, Myc, increases gene expression of the glutamine transporters (ASCT2 and SN2) and glutaminase 1, which together augments glutamine consumption, thus supplying 2-oxo to KC (11, 12).

Increases in the activities of the KC enzymes CS, ACO, isocitrate dehydrogenase (IDH), 2-OGDH, malate dehydrogenase (MDH), besides of PDH have been reported in isolated rat hepatoma mitochondria in comparison to rat liver mitochondria that correlated with an increase in CO2 production, a product of KC (13).

The changes in enzyme isoforms expression and enzyme activities in cancer cells suggest possible changes in the steps that exert control on the KC flux compared to non-cancer cells. Metabolic Control Analysis (MCA) permits identifying the main controlling steps in metabolic pathways by determining the flux control coefficients (CJEi); this coefficient quantitatively indicates the dependence of a pathway flux on the individual pathway enzyme activities. Among several MCA strategies, kinetic modeling of metabolic pathways permits detailed calculation of the CJEi for each individual pathway enzyme; by obtaining the pathway´s flux control distribution, the steps with higher control on its flux can be proposed as the most promising potential targets to induce flux inhibition (14).

Previous KC kinetic models (15) or oxidative phosphorylation models that included KC have been constructed only for non-tumor cells or tissues such as rat heart mitochondria and neural cells (16–18). Since KC inhibition has been suggested as a therapeutic option in cancer treatment (10) a kinetic model of KC is a platform to determine the control structure of KC in cancer cells and establish the enzymes, transporters or processes that may be inhibited for decreasing the KC flux specifically in cancer cells. This specific targeted approach against cancer cells of a metabolic pathway also present in normal cells is crucial, as standard chemotherapy agents cause several toxic effects on non-cancer cells (19).

In this investigation, KC kinetic models were constructed using kinetic parameters experimentally determined here for that purpose; furthermore, metabolites and fluxes obtained from AS-30D cancer cells mitochondria and non-cancer mitochondria from rat liver and heart were determined to validate the kinetic model predictions. The models helped to identify potential targets and to understand the KC regulatory and controlling mechanisms. From the differences in the kinetic and functional properties of the KC in normal and cancer cells, it may be possible to design strategies to specifically inhibit the energy metabolism in cancer cells without altering or minimizing the effects on the normal cells’ metabolism, in particular heart metabolism that is severed affected by the standard chemotherapy (19).




2 Materials and methods



2.1 Chemicals

Acetyl-Coenzyme A (Ac-CoA), ADP, coenzyme A (CoA), citrate, CS, DL-isocitrate (DL-Iso), IDH-NADP, 2-oxo, Suc, Fum, FH, malate (Mal), MDH, malic enzyme (ME), OAA, thiamine pyrophosphate (TPP), pyridoxal 5- phosphate (PP), NAD+, NADH, NADP+ and NADPH were purchased from Sigma Chemical (St Louis, MO, USA).




2.2 Mitochondria isolation

Rat liver (RLM), rat heart (RHM) and AS-30D rat hepatoma (HepM) mitochondria were prepared as previously described (20–22). All animals were manipulated according to the guidelines NOM-062-ZOO-1999 (Norma Oficial Mexicana) for the care and use of laboratory animals, and the project received approval from the Internal Committee for the Care and Use of Laboratory Animals (CICUAL) with number INC/CICUAL/004/2021 from Instituto Nacional de Cardiología Ignacio Chávez. To decrease contamination by cytosolic proteins, the mitochondrial fractions were resuspended in SHE buffer (250 mM sucrose, 10 mM HEPES, 1 mM EGTA, pH 7.3) and centrifuged at 12857 x g for 10 min at 4°C; this process was performed three times. The final pellets were resuspended in SHE buffer plus 1 mM PMSF, 1 mM EDTA and 5 mM DTT at protein concentrations of 30-80 mg/mL and stored at -70°C until use for determination of enzyme activities and Western blotting.




2.3 Western blot

Cells were dissolved in RIPA lysis buffer (PBS 1X pH 7.2, 1% IGEPAL NP40, SDS 0.1% and sodium deoxycholate 0.05%) plus 1 tablet of complete protease inhibitors cocktail (Roche; Mannheim, Germany), and mechanically disrupted by passage through an insulin syringe. The lysate was centrifuged at 9600 x g at 4°C for 30 min and the supernatant was recovered and stored at -20°C. Protein samples (40 μg) were resuspended in loading buffer (10% glycerol; 2% SDS and 0.5 M Tris-HCl, 0.002% bromophenol blue, pH 6.8) plus 5% of β-mercaptoethanol and the proteins were separated by SDS-PAGE in 10 or 12.5% polyacrylamide gels under denaturalizing conditions (23). Electrophoretic transfer of proteins to PVDF membranes (BioRad; Hercules, CA, USA) was done as described before (24) followed by overnight immunoblotting at 4°C with antibodies anti-PDH1, anti-CS, anti-IDH2, anti-IDH3, anti-2OGDH, anti-SDH, anti-FH, anti-MDH, anti-ND1 (mitochondrial complex I), anti-COX IV (mitochondrial complex IV), anti-GLUTA (glutaminase), anti-GDH, anti-ME and anti-β-actin at 1:500 dilution. The hybridization bands were revealed with the corresponding secondary antibodies conjugated with horseradish peroxidase (Santa Cruz Biotechnology; Dallas, TX, USA). The signal was detected by chemiluminescence using the ECL-Plus detection system (Amersham Bioscience; Little Chalfont, Buckinghamshire, UK). Densitometry analysis was performed using the Scion Image Software (Scion; Bethesda, MD, USA) and normalized against its respective load control (β-actin).




2.4 Determination of enzyme activities and kinetic parameters

The mitochondrial activities of ACO, IDH-NAD, IDH-NADP, 2OGDH, SDH, FH, MDH, Aspartate aminotransferase (AST), ME, glutamate dehydrogenase (GDH), alanine aminotransferase (ALT) and PDH were determined spectrophotometrically at 340 nm (13, 25) and 37°C, except where indicated. The assay buffer was KME (120 mM KCl, 20 mM MOPS, 1 mM EGTA, pH 7.20) plus 0.02% Triton X-100 and 5 µM rotenone (when the assay was coupled to the production or consumption of NADH).

CS activity was determined as CoA liberation by its thiol reaction with DTNB monitored at 412 nm (13, 25); the standard assay contained 0.1 mM DTNB, 0.003-0.3 mM AcCoA, 0.005-0.2 mM OAA (freshly prepared) and 0.003-0.006 mg of mitochondrial protein. ACO assay contained 1 U IDH-NADP, 2 mM MgCl2, 0.5 mM NADP+, 0.4-1.6 mM citrate and 0.15 mg of mitochondrial protein. IDH-NAD assay contained 0.015-3 mM NAD+, 2 mM MgCl2, 0.1-8 mM DL-Iso and 0.1 mg of protein. IDH-NADP activity was determined with 0.01-1 mM NADP+, 0.1 mM MgCl2, 0.015-1.5 mM DL-Iso and 0.1-0.2 mg of mitochondrial protein. The 2-OGDH assay contained 0.15-2 mM NAD+, 2 mM MgCl2, 1 mM DTT, 1 mM TPP, 0.025-1 mM CoA, 0.75-12 mM 2-oxo and 0.25-0.5 mg of protein. SDH assay contained 0.075 mM DCPIP, 0.4 mM PMS, 0.1-10 mM Suc and 0.025-0.12 mg of protein; the reaction was monitored at 600 nm. The FH reaction assay in the Mal synthesis direction contained 0.5 mM NADP+, 1U ME, 2 mM MgCl2, 0.1-10 mM Fum (freshly prepared) and 0.03-0.06 mg of protein. The FH reverse reaction assay included 0.08-8 mM Mal and 0.03-0.06 mg of protein, and the formation of the double bond of Fum was detected at 250 nm. MDH assay in the forward reaction included 0.004-0.8 mM NAD+, 1U CS, 0.05 mM AcCoA, 0.25-5 mM Mal and 0.04-0.08 mg of protein; the reverse reaction assay contained 0.008-0.1 mM OAA, 0.001-0.1 mM NADH and 0.006-0.012 mg of protein. The ME assay contained 0.1-2.5 mM NADP+, 1-15 mM Mal, 1 mM MgCl2, and 0.2 mg of protein. GDH assay included 0.1-25 mM glutamate, 0.8 mM MgCl2, 2.4 mM ADP, 0.25-10 mM NAD+ and 0.05-0.2 mg of protein. GDH reverse reaction assay contained 0.02-0.15 mM NADH, 2.4 mM ADP, 5-120 mM NH4Cl, 0.1- 2.5 mM 2-oxo and 0.03-0.125 mg of protein. AST assay contained 0.1-20 mM aspartate, 0.04 mM PP, 0.15 mM NADH, 1U MDH, 0.05-10 mM 2-oxo and 0.02-0.08 mg of protein. ALT assay contained 50 mM alanine, 0.05-10 mM 2-oxo, 0.15 mM NADH, 1U LDH and 0.01-0.025 mg of protein. PDH assay included 0.03-12 mM Pyr, 0.1-10 mM NAD+, 0.005-0.4 mM CoA, 1 mM TPP, 1 mM DTT and 0.01 mg of protein.




2.5 Determination of metabolite levels and oxygen consumption in isolated mitochondria

To determine levels of KC metabolites, mitochondria (10 mg protein/mL) were incubated at 37°C in KME buffer plus 5 mM Pi, 0.2 mM ADP and one of the following substrates: 2 mM Pyr plus 5 mM Mal, 4 mM glutamine, 10 mM 2-oxo or 5 mM Suc plus 2 µM rotenone for 10 min under orbital shaking at 150 rpm. When incubation was finalized, 5 mM ADP was added; after 3 min, aliquots (1 mL) were withdrawn, mixed with ice-cold KME buffer, and centrifuged at 17,000 × g for 1 min at 4°C. The supernatant (extramitochondrial metabolites) was mixed with ice-cold 3% (vol/vol) perchloric acid (PCA) in 1 mM EDTA and kept on ice. The mitochondrial pellet was resuspended in cold KME buffer and centrifuged at 17,000 × g for 1 min at 4°C. This procedure was repeated once. The final mitochondrial pellet (intramitochondrial metabolites) was mixed with ice-cold 3% PCA/1 mM EDTA. The supernatant and mitochondrial samples were neutralized with 3 M KOH/0.1 mM Tris and stored at -72°C until used for determination of metabolites by standard enzymatic methods (26).

Mitochondrial respiration (1-2 mg protein/mL) was measured at 37°C using a Clark-type O2 electrode in an air-saturated KME medium supplemented with 2 mM Pi. The substrates were 2 mM Pyr plus 5 mM Mal, 4 mM glutamine, 10 mM 2-oxo or 5 mM Suc plus 5 µM rotenone. State 3 respiration was initiated with the addition of 0.3 mM ADP.




2.6 Kinetic model construction

The kinetic models of KC of mitochondria of AS-30D, heart and liver included the reactions from CS to MDH besides, the reactions of the anaplerotic enzymes PDH, GDH, ALT, ME and AST. The mitochondrial membrane transport reactions included were pyruvate transport (that represents the pyruvate-proton (Pyr-/H+) cotransporter) as well as Mal/Suc, Mal/2-oxo and Mal/Iso exchangers (Supplementary Table S1). In the models, the CO2 concentration was fixed at 2.2 mM, considering CO2 dissolved in plasma oscillated between 1.2 and 2.4 mM (27). The CO2 concentration was incorporated into the Keq value of the equations of the enzymes that produce it (PDH, IDH, 2OGDH) as the ratio Keq/[CO2] (28). The activity of some enzymes and transporters was parameterized for the simulations to attain the concentrations of metabolites and KC fluxes determined in mitochondria (Supplementary Table S1). Concentrations of ADP, Pi, ATP, aspartate, glutamate, NH4, GTP, Pyrout, Malout, Sucout, 2-oxoout, coenzyme Q (CoQ), ubiquinol (QH2), Isoout and alanine were fixed in the models; these values were here determined or taken from the literature (Supplementary Table S2). The model construction and simulations were carried out with COPASI, which also performs MCA and calculates the flux control coefficients from the elasticity coefficients (29). The rate equations used for the KC and anaplerotic enzymes and transporters are as follows:

An ordered reversible ter-bi Michaelis-Menten equation (Equation 1) was used for PDH and 2OGDH kinetics, where A = Pyr or 2-oxo, B= CoA, C= NAD+, P= AcCoA or SCoA and Q= NADH. Ka, Kb, Kc, Kp and Kq are the Km values for the corresponding substrates and products, and Keq is the equilibrium constant of the reaction.

 

In RLM and HepM models, PDH and 2OGDH activities were the values reported previously (13) (Supplementary Table S1). In RHM model, PDH activity was adjusted 2 times respect to the activity determined (Supplementary Table S1) to improve the model prediction of metabolite concentrations and KC flux.

The CS equation (Equation 2) was a random bi-bi reversible Michaelis-Menten equation, where A= AcCoA, B= OAA, P= CoA and Q= Cit. Ka, Kb, Kp and Kq are the Km values for the corresponding substrates and products, and Keq is the equilibrium constant of the reaction.

 

Mono-reactant reversible equations (Equation 3) described ACO and pyruvate transporter kinetics, where A= Cit or Pyrout and B= Iso or Pyr, Ka and Kb are the Km values for the corresponding substrates and products, respectively, and Keq is the equilibrium constant of each reaction.

 

In RLM and HepM models, ACO activity was adjusted in the range determined previously (13) (Supplementary Table S1) as well as pyruvate transporter velocity was adjusted in all models to improve the simulation of metabolite concentrations and KC flux (Supplementary Table S1).

The rate equation of IDH-NAD was the concerted transition model of Monod-Wyman and Changeux for exclusive ligand binding (isocitrate) together with simple Michaelis-Menten terms for NAD+ and reverse reaction (Equation 4). L is the allosteric transition constant. A= NAD+, B= Iso, P= 2-oxo and Q= NADH. Ka, Kb, Kp and Kq are the Km values for the corresponding substrates and products, and Keq is the equilibrium constant of the reaction (Supplementary Table S1).

 

For RLM model, IDH-NAD was adjusted in the range determined (Table 1, Supplementary Table S1).


Table 1 | Kinetic parameters of the Krebs cycle and anaplerotic enzymes.



The NADP+-dependent IDH isoform (IDH-NADP) was also incorporated in all models since this enzyme competes with the IDH-NAD for Iso. The initial predictions indicated that IDH-NADP was the main Iso consumer because its Km Iso value is 100 times lower than that of IDH-NAD (Table 1). The IDH-NADP activity is modulated by the ratio NADPH/NADP+ and by inhibition of NAD+ and GSH (28) (Supplementary Table S1). Incorporating GR in the model regulated the GSH/GSSG ratio and partially the NADPH/NADP+ ratio, allowing modulation of IDH-NADP activity. IDH-NADP kinetics was described by an ordered bi-bi reversible Michaelis-Menten equation (Equation 5) where A= NADP+, B= Iso, P= 2-oxo and Q= NADPH; Ka, Kb, Kp and Kq are the Km values for the corresponding substrates and products, and Keq is the equilibrium constant of the reaction. The GSH competitive inhibition versus Iso and NAD+ competitive inhibition versus NADP+ were included (30). KiGSH and KiNAD are the inhibition constants for GSH and NAD+, respectively (Supplementary Table S1).

 

The succinyl-CoA synthetase (SCS) equation was an ordered ter-ter reversible Michaelis-Menten equation, where A= succinyl-CoA (SCoA), B= ADP, C= Pi, P= ATP, Q= CoA and R= Suc. Ka, Kb, Kc, Kp, Kq and Kr are the Km values for the corresponding substrates and products, and Keq is the equilibrium constant of the reaction (Equation 6). In HepM model, SCS activity was parameterized because the measured enzyme activity experienced difficulties that were not understood. For RLM and RHM models, SCS activity was adjusted in the range reported (31) and kinetic parameters were taken from the literature (Supplementary Table S1). Although there are two isoforms of SCS, ADP and GDP dependent, in the models only the ADP dependent isoform was considered because it participates mainly in the catabolism and GDP dependent in the anabolism (31).

 

SDH, AST, ALT, ME and substrate transporters (Mal/Iso, Mal/Suc, Mal/2-oxo) kinetics were defined as ordered bi-bi reversible Michaelis-Menten equations (Equation 7). In the case of SDH, A= Suc, B= CoQ, P= QH2 and Q= Fum. For ME, A= NADP+, B= Mal, P= Pyr and Q= NADPH. The kinetic mechanism of AST and ALT is ping-pong, but its kinetics was simplified by an ordered mechanism, where A= Asp or Ala, B= 2-oxo, P= OAA or Pyr and Q= glutamate. For transporters, A= Malout, B= Iso, 2-oxo or Suc, P= Mal and Q= Isoout, 2-oxoout or Sucout. Ka, Kb, Kp and Kq are the Km values for the corresponding substrates and products, and Keq is the equilibrium constant of the reaction (Supplementary Table S1).

 

In all models, SDH activity was assumed to be the rate of mitochondrial oxygen consumption in the presence of Suc plus rotenone (Supplementary Table S1); SDH activity directly measured was low because an artificial electron acceptor was used in the assay (25). For the RLM model, ME was not included because this enzyme is not present in RLM (32). Meanwhile, the RHM model did not include ALT because its activity was undetected (Table 1, Supplementary Table S1). The activity of substrate transporters Mal/Iso, Mal/2-oxo and Mal/Suc were parameterized to simulate the concentrations of metabolites and KC fluxes determined in mitochondria and kinetic parameters were taken from the literature (Supplementary Table S1). Mal/2-oxo transporter was not included in RLM model because 2-oxo was not detected in the mitochondrial medium incubation when Mal was oxidized.

The FH rate equation was considered a mono-reactant reversible Michaelis-Menten equation (Equation 8), in which A= Fum and P= Mal. Ka and Kp are the Km values for Fum and Mal, respectively (Supplementary Table S1).

 

MDH kinetics was described by an ordered reversible Michaelis-Menten equation (Equation 9) where A= NAD+, B= Mal, P= OAA and Q= NADH. Ka, Kb, Kp and Kq are the Km values for the corresponding substrates and products (Supplementary Table S1).

 

Glutamate dehydrogenase (GDH) kinetics (Equation 10) was described by simple Michaelis-Menten terms for NADP+ and glutamate and reverse reaction for NADPH and 2-oxo together with the concerted transition model of Monod-Wyman and Changeux for exclusive ligand binding for NH4+ (33). L is the allosteric transition constant; KaADP is the activation constant for ADP, and KiGTP is the inhibition constant for GTP. Ka, Kb, Kp, Kq and Kr are the Km values for the corresponding substrates and products (Supplementary Table S1).

 

GR was incorporated as an NADPH consumption system, permitting NADPH/NADP+ concentrations to be free variable; indeed, GR is the main NADPH consuming reaction in the models. The GR kinetics were described with an ordered Bi-Ter Michaelis-Menten equation (Equation 11). Where A= NADPH, B= GSSG, P= NADP+, Q= GSH and R= GSH. Ka, Kb, Kp, Kq and Kr are the Km values for the corresponding substrates and products (28) (Supplementary Table S1).

 

To maintain the GSSG concentration available to GR, a GSH oxidation reaction was included that represents the glutathione peroxidase reaction and non-enzymatic reaction of GSH with ROS. In addition, a reaction of NADH consumption was incorporated that represents complex I of the respiratory chain. Both reactions were included as irreversible constant fluxes. These fluxes were parameterized to simulate the concentrations of metabolites and KC fluxes determined in mitochondria (Supplementary Table S1).




2.7 Effect of metabolic inhibitors on cellular proliferation

Human cervix cancer HeLa and SiHa, human prostate cancer PC3, human colon cancer colo-205, and rat heart myoblast H9c2 cells (CRL-1446, ATCC, Manassas, VA, USA) were cultured in DMEM medium, while human breast cancer MCF7 cells were cultivated in MEM medium. Human breast epithelial MCF-10A cells (CRL-10317, ATCC, Manassas, VA, USA) were cultivated in F-12/DMEM medium. All media were supplemented with 25 mM glucose, 10% fetal bovine serum (Biowest, Riverside, MO, USA) and 10,000 U streptomycin/penicillin/mL under an atmosphere of 5% CO2 and 95% air at 37°C until 80-90% confluence. All human cancer cell lines were genotyped by the Instituto Nacional de Medicina Genómica (INMEGEN, Mexico City, Mexico) and the analysis showed that the cell lines used shared 87-100% alleles reported by the ATCC (American Type Culture Collection, Manassas, VA, USA) original clones for their authentication.

The cell lines (20 × 103 cells/well) were grown in 96-well plates containing Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma-Aldrich, St Louis, MO, USA) for 24 h. Afterward, the cells were exposed to rotenone (1 nM to 50 µM) or malonate (0.1µM to 100 mM) for 24 h. Drug effects on cell proliferation were determined by using the 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma-Aldrich, St Louis, MO, USA) assay. Plates were incubated at 37°C for 3 h; after, the medium was discarded, and the formazan crystals were dissolved with 100 µL DMSO. After 5 min incubation at 37°C, the absorbance was measured at λ 595 nm (34).




2.8 Statistical analysis

Analysis was performed using non-paired two tailed Student’s t-test, ANOVA/Tukey or ANOVA and Scheffé post-hoc test. p values ≤ 0.05 were considered significant.





3 Results



3.1 Protein levels of Krebs cycle and anaplerotic enzymes

Western blot analysis showed that the protein levels of pyruvate dehydrogenase (PDH1), isocitrate dehydrogenase 3 (IDH3), succinate dehydrogenase (SDH) and complex I subunits (ND1) are increased 28%- 60% in RHM in comparison to HepM and RLM. Meanwhile, 2OGDH in RLM has lower protein levels (30%) than RHM and HepM. In addition, IDH 2, MDH, GLUTA (glutaminase) and ME content increased between 1.7 to 4.1-folds in HepM compared to RLM and RHM. However, cytochrome c oxidase levels decreased by 48-58% in HepM. In turn, CS and FH had similar levels in the three types of mitochondria (Figure 1). These changes in the protein enzyme content suggested differences in enzyme activities among RLM, HepM and RHM.




Figure 1 | Protein levels of enzymes in isolated mitochondria from heart (RHM), liver (RLM) and AS-30D (HepM) cells. Data are expressed as mean ± standard deviation of 3 independent experiments. All groups were statistically compared using ANOVA and Scheffé post-hoc tests with p values < 0.05 as the significance criterion. Original membranes are show in Supplementary Figure S1. *p values < 0.05 as the significance criterion.






3.2 Krebs cycle and anaplerotic enzyme activities

The kinetic parameters of the Krebs cycle and anaplerotic enzymes were determined in isolated mitochondria. In general, the Vmax values of all enzymes showed a tendency to increase (1.7-18-fold) in HepM compared to RLM; with only CS, IDH-NAD, FH, IDH-NADP and PDH showing statistically significant differences (Table 1). In contrast, the Vmax values in RHM were higher (2-31-fold) than in RLM and showed a tendency to increase (1.8-11-fold) compared to HepM; with significant differences observed for ACO, SDH, MDH and ME, IDH-NADP. These results suggested that HepM displays more active enzymes than RLM but shows similar or lower levels than heart mitochondria.

The Km values of the enzymes in the three types of mitochondria (Table 1) were similar and are within the interval reported in Brenda enzyme database (https://www.brenda-enzymes.org).




3.3 Krebs cycle metabolites

The levels of Krebs cycle metabolites were determined in HepM, RLM and RHM incubated with Pyr/Mal, glutamine, 2-oxo or Suc plus rotenone (Figure 2, Table 2). Intramitochondrial KC metabolites concentration varied depending on the oxidizable substrates used, with concentrations increasing in the order of 2-oxo >Pyr/Mal > glutamine > Suc plus rotenone. In RLM, certain metabolites (Cit, Pyr and OAA) showed higher levels than in HepM and RHM, possibly due to the lower activity of Krebs cycle enzymes in RLM (Figure 2). The metabolite concentrations observed in the three types of mitochondria were within the range reported for liver, brain and heart mitochondria (35–38).




Figure 2 | Levels of Krebs cycle metabolites in isolated mitochondria in the presence of different oxidable substrates. The levels of metabolites that were found inside the mitochondria (mit) and released into the incubation medium (out) when (A) pyruvate/malate, (B) glutamine, (C) 2-oxoglutarate or (D) succinate/rotenone were used. Data are expressed as mean ± standard deviation of 2-6 independent experiments. Cit, citrate; Iso, isocitrate; 2-oxo, 2-oxoglutarate; SCoA, succinyl-CoA; Suc, succinate; Fum, fumarate; Mal, malate; OAA, oxaloacetate; Pyr, Pyruvate.




Table 2 | Metabolite concentrations and metabolic fluxes determined in vivo and simulated by in silico modeling for the Pyr-Mal condition.



Metabolite levels in the extramitochondrial incubation medium were determined (Figure 2). When Pyr and Mal were used as substrates, Iso, 2-oxo and Suc were observed in the medium. Low levels of Mal were detected with glutamine. Iso, citrate, Suc, and Mal were expelled into the extramitochondrial medium when 2-oxo was oxidized. In the case of Suc oxidation, Mal was detected mainly in the extramitochondrial medium (Figure 2). The presence of these metabolites in the extramitochondrial medium might be related to the carriers that transport substrates into the mitochondria.




3.4 Rates of oxygen consumption and KC fluxes

The mitochondrial oxygen consumption rate is a quantitative measure of the electron transport rate that oxidizes NADH and FADH2, products of KC. Therefore, such O2-consumption rate was considered an indirect measurement of the KC flux, particularly the O2-consumption rate in the presence of ADP (state 3 respiration) that stimulates ATP synthesis. When Pyr/Mal was oxidized, the state 3 respiration in HepM was 49% higher than RLM but 43% lower than in RHM (Figure 3). Using 2-oxo as substrate, the state 3 respiration in HepM was 29% and 41% lower than in RLM and RHM, respectively; with glutamine, HepM respiration was 25% and 2-fold higher than RHM and RLM, respectively. Meanwhile, the state 3 respiration of HepM with Suc was 45% higher than RLM but just 49% that of RHM (Figure 3).




Figure 3 | The rates of state 3 respiration in liver, heart and hepatoma mitochondria in the presence of different substrates. Data are expressed as mean ± standard deviation of 4 independent experiments. *p < 0.01 vs. HepM using Student’s t-test for non-paired samples. Pyr, pyruvate; Mal, malate; 2-oxo, 2-oxoglutarate; Suc, succinate; Rot, rotenone.



The Krebs cycle fluxes for each type of mitochondria (Table 2) can be estimated considering that each reducing equivalent (NADH and FADH2) consumes ½ O2 molecule in the electron transport chain (39). Hence, oxidation of Pyr/Mal produces 4 NADH (from PDH, IDH, 2OGDH, MDH) and 1 FADH2 (from SDH), therefore a KC turn consumes 2 ½ O2 molecules. With this stoichiometry, the KC fluxes estimated were 66 ± 1 (HepM), 45 ± 3 (RLM) and 152 ± 4 (RHM) nmol/min*mg (Table 2), indicating that in HepM the KC flux is higher than in its control tissue RLM, but lower than in RHM.




3.5 Kinetic models of Krebs cycle

The kinetic models included the reactions of KC, anaplerotic enzymes (PDH, GDH, ALT, ME and AST), metabolite transporters, and reactions involved in GSH reduction and NADH consumption that represents complex I of the respiratory chain (Figure 4). The exceptions were the ME and 2-oxo/Mal transporter which were not included in the RLM model, and the ALT reaction which was not included in the RHM model. In the RHM model, the 2-oxo/Mal exchanger and pyruvate transporter were initially the only ones included in the model. However, the Suc/Mal and Iso/Mal exchangers were later included to modulate the concentrations of Iso and Suc because without these carriers, the first simulations predicted high concentrations of these metabolites.




Figure 4 | Pathway reactions included in the kinetic models of Krebs cycle. Some reactions were not included in liver and heart. PDH, pyruvate dehydrogenase; CS, citrate synthase; IDH, isocitrate dehydrogenase; 2OGDH, 2-oxoglutarate dehydrogenase; SDH, succinate dehydrogenase; MDH, malate dehydrogenase; ALT, alanine amino transferase; AST, aspartate amino transferase; GR, glutathione reductase; GDH, glutamate dehydrogenase; Glu, glutamate, Asp, aspartate, GSH, reduced glutathione; GSSG, oxidized glutathione.



After an exhaustive refinement process of the kinetic models in a feed-forward working loop that involved experimentation ->model building->simulations ->experimentation -> model refinement, their simulations predicted the majority of metabolites within the same range of concentrations reported or experimentally determined (Table 2). The exceptions were the predictions of the levels of AcCoA (in all models), Iso (in RHM), NADH (in HepM and RHM), Fum (in RLM) and NADP+ (in RHM), which were two orders of magnitude lower and one order of magnitude higher than the concentrations experimentally determined (Table 2).

Regarding the KC fluxes, the one predicted with Pyr/Mal by all models was similar to the flux estimated from the O2-consumption rate of state 3 respiration (Table 2). In addition, the fluxes through the individual KC enzymes simulated by the models (Supplementary Table S3) are in the range previously experimentally determined in RLM and RHM (40, 41). It was considered to analyze only the KC fluxes using Pyr/Mal because in that case all KC enzymes should be working as occurs physiologically with the complete cycle. In contrast, with the other substrates experimentally used such as 2-oxo, Suc/rotenone and glutamine, only partial sections of KC are active during their oxidation.

In general, the kinetic models revealed that AST is a relevant reaction for providing 2-oxo or OAA to keep KC working; these distinguish two main elementary modes comprising CS to IDH and 2OGDH to MDH (Figure 4). Interestingly, experimental evidence obtained in rat brain synaptosomes suggested this KC functional organization (42). Furthermore, although IDH2 is not considered a KC component, with its incorporation in the kinetic models, the model predictions suggested that it plays an important role because it is the connection of KC with the antioxidant system by regenerating GSH, an essential metabolite for reactive oxygen species (ROS) detoxification, using the NADPH produced in mitochondria by IDH2 (Figure 4).




3.6 The flux control distribution of the KC

With the validated kinetic models, the COPASI´s metabolic control analysis tool was used to obtain the concentration and flux control coefficients (Table 3). Considering the flux through MDH as the KC flux, the models pointed to the NADH consumption reaction (specifically Complex I) as the main controlling step in the KC of HepM and RHM, being higher in the first. In contrast, the flux control in RLM was shared between 2OGDH and PDH and negatively by the NADH consumption reaction (Table 3). This variation in control distribution is attributed to differences in the rates between the reactions of NADH production (PDH, IDH, 2OGDH and MDH) and the NADH consumption reaction. In HepM and RHM, the reaction with lower activity was the NADH consumption reaction; meanwhile, in RLM, it was the NADH production reaction.


Table 3 | Flux control coefficients (CJEi) of Krebs cycle and anaplerotic enzymes obtained by kinetic modeling.



The flux control coefficients can be positive if an enzyme, transporter, or system favors the pathway flux, while negative does the contrary. In this sense, PDH and 2OGDH have a negative flux control coefficient in HepM and RHM because they compete with MDH for NAD+, decreasing the flux through KC (through MDH). In contrast, PDH has a positive flux control coefficient in RLM because its activity promotes the KC flux. Similarly, the flux control coefficient for the NADH consumption reaction in HepM and RHM is positive because it produces NAD+, a substrate for PDH, 2OGDH and MDH that favors the KC flux. In contrast, in RLM, the NADH consumption reaction has a negative coefficient because the NAD+ production does not stimulate the KC flux.

It is worth noting that in the three kinetic models, the same three high controlling steps were identified 2OGDH, PDH and NADH consumption, either negative or positive, being the latter the reaction with the highest control of all.




3.7 The distribution of control of the NADH concentration

In all mitochondria types, the NADH consumption reaction has high negative concentration control coefficient on NADH because it is its substrate (Table 4). On the other hand, 2OGDH, PDH and pyruvate transport have high positive concentration control coefficients on NADH in HepM; 2OGDH and PDH in RLM and pyruvate transport in RHM controlling the NADH concentration as part of the NADH producer reactions. Interestingly, in RHM, PDH has a negative concentration control coefficient on NADH because this enzyme maintains a high flux compared to 2OGDH (Supplementary Table S3).


Table 4 | Concentration control coefficients on NADH (CNADHEi) of the Krebs cycle and anaplerotic enzymes obtained by kinetic modeling.






3.8 Effect of complex I inhibition on cellular proliferation

The models predicted that the NADH consumption reaction was the foremost controlling step; as complex I represents the primary site of NADH consumption, rotenone was used as an inhibitor and its effect on cellular proliferation was evaluated in normal and cancer cells. Remarkably, after 24 h of treatment, the proliferation of all cancer cell lines was more sensitive to rotenone than H9c2 cells (heart cells), except for colon cancer cells (COLO-205). In addition, proliferation of breast non-cancer cells (MCF10A) was not affected by the higher concentration of 50 µM rotenone as in MCF7 breast cancer cells (Table 5, Figure 5). Conversely, non- and cancer cells had similar sensitivity to malonate, an inhibitor of SDH that does not exert control on KC flux (Table 5, Figure 5). These results suggested that complex I inhibition affected the proliferation mainly in cancer cells, with less effect on heart cells and a null effect on non-cancer cells, which might be attributed to the higher control that complex I exerts on KC in cancer cells.


Table 5 | IC50 values of rotenone and malonate on proliferation of normal and cancer cells.






Figure 5 | Effect of rotenone and malonate on proliferation of non- and cancer cells. Cells were treated with rotenone from 1 nM to 50 µM (A) or malonate from 0.1 µM to 100 mM (B) for 24 h. Afterward, proliferation was measured as indicated in the methods. Data are expressed as mean ± standard deviation of 3 independent experiments.







4 Discussion



4.1 Distribution of KC enzymes control of mitochondria from different cells

In cancer cells, alterations in gene expression and regulation of KC enzymes modify their activity (10). In this study, the protein levels of KC enzymes did not correlate with the activity, which might be attributed to covalent posttranslational modifications that modulate the enzyme activity, such as phosphorylation, ubiquitination, glycosylation, acetylation, and methylation. For example, acetylation inhibits CS and SDH activity while activate ACO and MDH activity (43).

When comparing cancer mitochondria (HepM) with non-tumoral mitochondria (RLM), an increase in the activity of almost all KC enzymes and anaplerotic enzymes was observed, mainly PDH, IDH-NAD+ and 2OGDH, enzymes considered the main controlling steps in normal tissues (13). However, compared to heart mitochondria (RHM), these enzymes showed less activity in HepM, which may be due to the highly oxidative metabolism of heart. The increase in PDH, IDH-NAD+, and 2OGDH activity observed in HepM and RHM compared to RLM correlated with an increase in their KC fluxes. These differences already suggested differences in the distribution of control of the KC between these types of mitochondria.

PDH and 2OGDH, together with CS and IDH-NAD+, are generally considered controlling steps of KC flux in non-cancer cells due to their regulatory mechanisms (44, 45). Here, kinetic modeling and MCA indicated that PDH and 2OGDH in RLM and NADH consumption in RHM exert the main control on KC flux. This variation in control distribution between mitochondria of different organs is attributed to differences in the rates between the reactions of NADH production (PDH, IDH, 2OGDH and MDH) and NADH consumption; in RHM, the NADH consumption reaction has lower activity and therefore has higher control, meanwhile, in RLM, the NADH production reactions are the ones with lower activity and therefore the ones with higher control. HepM showed a similar pattern to that of RHM (Figure 6). Similar findings in the flux control distribution of KC were reported using the mitochondrial energetics computational model of RHM, where the respiratory chain (NADH consumption) is the main control on KC flux, with the lower contribution of the KC enzymes (46). This difference in KC control structure observed between RLM and RHM has also been reported for oxidative phosphorylation (OxPhos) using the inhibitor method to determine flux control coefficients; OxPhos was mainly controlled by ATP synthase and the phosphate carrier in RLM and by the respiratory chain in RHM, attributed to differences in the activity of the components of OxPhos in each mitochondria type (47). Also, it has been reported that complex I exerts an important control on OxPhos flux in cancer cells compared to non-cancer cells (48), positioning it as a promising target for inhibiting cancer cell proliferation (49).




Figure 6 | Relation of fluxes of NADH production/consumption and cellular proliferation. (A) The variation in flux control distribution is attributed to differences in the rates (arrows) between the reactions of NADH production (PDH, IDH, 2OGDH and MDH) and the NADH consumption reaction (Complex I). Arrow thickness represents rates. (B) Inhibition of the NADH consumption reaction with rotenone affected tumor cells in a higher degree than in non-cancer cells due to its higher control of flux.






4.2 Specific targeted inhibition in cancer cells based on flux control distribution

In cancer, 2OGDH inhibition has been considered a therapeutic option because cancer cells are 2OGDH-dependent for growth and survival. However, non-cancer cells are also sensitive to 2OGDH inhibition (50–52), which suggests that 2OGDH exerts control on KC flux in non-cancer cells. Indeed, our results demonstrated the high control that 2OGDH has on both cell types, suggesting that 2OGDH inhibition in cancer cells should be tackled with highly specific inhibitors for cancer cells.

On the other hand, Complex I is the principal consumer of the NADH produced by KC and fatty acids β-oxidation, maintaining the NAD+ available in the mitochondrial matrix to sustain the activity of the NADH producing enzymes PDH, 2OGDH, IDH and MDH. A halt in NADH oxidation promotes its build up with the consequent KC flux inhibition. The NADH consumption in HepM was the foremost controlling step, even over RHM, suggesting more sensitivity to NADH consumption inhibition in cancer cells. This was demonstrated in the experiments with inhibitors showing that complex I inhibition with rotenone affected more tumor cells than non-cancer cells or highly oxidative cells such as cardiomyocytes (Figure 6). This finding is important because several classes of antitumoral agents produce cardiotoxicity that impacts the quality of life of patients (19). Our results suggest a potential strategy to decrease the toxic effects on cardiac and normal cells by inhibiting the high flux-controlling NADH consumption reaction (Complex I) in cancer cells. This is consistent with in vitro and in vivo findings for several complex I inhibitors (rotenone, metformin, BAY 87-2243, magnolia extract) that have higher negative effects on tumor compared to normal cells (53–57).

The next step is the experimental validation of our findings in in vivo tumor models, however, rotenone has the limitation by its neurotoxic effects (58). Notwithstanding, some clinically relevant complex I inhibitors such as metformin, MS-L6 and IACS-010759 have shown low toxicity in vitro in mouse liver organoids, rat hepatocytes, non tumoral human cells (lymphocytes, skin fibroblast, lung fibroblast) and murine embryonic fibroblasts in comparison with rotenone (59–61), and their administration inhibits tumor growth in murine xenograft models (human colon cancer, human non-Hodgkin´s B-cell lymphoma cancer, acute myeloid leukemia, glioblastoma and neuroblastoma) without toxicity (56, 59, 61). In addition, some of them and new complex I inhibitors have been used in clinical trials as antitumoral agents, such as metformin (in colorectal, breast and prostate cancer), IACS-010759 (in acute myeloid leukemia and certain solid tumors), IM156 (in gastric, colorectal and ovarian cancer) and MitoTam (in renal cell carcinoma) (62–65).

However, cancer cells can develop resistance to complex I inhibition by metabolic reprogramming. It has been reported that in resistant cells or with deficient complex I activity, glycolysis increase to compensate for mitochondrial dysfunction induced by inactive complex I (66, 67). This metabolic switch might be associated with the activation of HIF1-α, a knowing promoter of glycolysis (67). In addition, the resistant cells maintain an active mitophagy to maintain low levels of complex I (66). Moreover, due to complex I inhibition, ROS production increases and resistant cells can upregulate their antioxidant system, promoting increased ratios of NADPH/NADP+ and GSH/GSSG to contend ROS (68). Therefore, multiple inhibitions of controlling steps of other energy metabolism pathways, such as glycolysis and glycogen metabolism, as well as inhibition of the antioxidant system or mitophagy, might be a strategy to avoid the induction of compensatory mechanisms to prevent drug resistance.




4.3 Utility of kinetic modeling to understand regulatory mechanisms in metabolic pathways

The results obtained with kinetic modeling and Metabolic Control Analysis validated previous findings on the role of complex I in cell proliferation (53–57). However, as kinetic models are computational simplifications of complex metabolic pathways functions they have some limitations; predictions of some metabolite levels are sometimes outside the range determined or reported, such as occurs here with AcCoA, Iso, NADH, Fum, and NADP+. In the case of AcCoA, mitochondrial endogenous substrates such as fatty acids or amino acids may contribute to the production of AcCoA, reactions that were not considered in the models. Meanwhile, the possible explanation for predictions of the levels of the rest of the metabolites might be the existence of yet unknown regulatory mechanisms of the enzymes involved in producing or consuming these metabolites, which are not considered in the models. Therefore, the kinetic models predictions, help to propose hypotheses that should be experimentally validated (28, 69); in this way, the model serves as a reliable tool for investigating cancer cell metabolism.

Our kinetic model applies to cancer cells that maintain active mitochondria and KC. However, the tumoral environment select populations with different dependences on mitochondria metabolism due to metabolic adaptation and plasticity. For example, some regions of tumors are poorly vascularized, and the supply of oxygen is limited, inducing mitochondria dysfunction. In addition, in some cancer types, mutations in the enzymes of oxidative phosphorylation are reported to limit mitochondrial function. In both cases, cancer cells adapt their energy metabolism, decreasing their dependence on mitochondria with a parallel increase in glycolysis that allows them to survive under these conditions (70). Therefore, the use of combinations of inhibitors of both energy metabolism pathways might be a strategy to decrease cancer populations.





5 Conclusion

Kinetic modeling and Metabolic Control Analysis allowed the identification of complex I as a promising target for developing therapeutic strategies to selectively inhibit cancer cell proliferation due to its higher flux control on the Krebs Cycle pathway.
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