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Modeling Krebs cycle from
liver, heart and hepatoma
mitochondria, supported
Complex I as target for
specific inhibition of
cancer cell proliferation
Luz Hernández-Esquivel1‡, Isis Del Mazo-Monsalvo1,2†‡,
Silvia Cecilia Pacheco-Velázquez1†,
Rocı́o Daniela Feregrino-Mondragón1,
Diana Xochiquetzal Robledo-Cadena1,
Rosina Sánchez-Thomas1, Ricardo Jasso-Chávez1,
Emma Saavedra1and Álvaro Marı́n-Hernández1*

1Departamento de Bioquı́mica, Instituto Nacional de Cardiologı́a Ignacio Chávez, Mexico City, Mexico,
2Posgrado en Ciencias Biológicas, Universidad Nacional Autónoma de México, Mexico City, Mexico
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
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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.
KEYWORDS

cancer, Krebs cycle, mitochondria, Complex I, heart, liver, kinetic modeling, metabolic
control analysis
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).
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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-1a degradation and

hence its stabilization. HIF-1a 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 (CJ
Ei); this coefficient quantitatively indicates

the dependence of a pathway flux on the individual pathway
frontiersin.org
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enzyme activities. Among several MCA strategies, kinetic modeling

of metabolic pathways permits detailed calculation of the CJ
Ei 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
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(CICUAL) with number INC/CICUAL/004/2021 from Instituto

Nacional de Cardiologıá 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 mg) 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 b-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) fol lowed 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-b-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 (b-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 PDHwere 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
frontiersin.org
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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 mMDL-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 mMMal 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

mMNAD+, 1U CS, 0.05 mMAcCoA, 0.25-5 mMMal 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%
Frontiers in Oncology 04
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.

v =

Vmaxf
KaKbKc

½A�½B�½C� − ½P�½Q�
Keq

� �

1 + ½A�
Ka

+ ½A�½B�
KaKb

+ ½A�½B�½C�
KaKbKc

+ ½P�½Q�
KpKq

+ ½Q�
Kq

(1)

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
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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.

v =

Vmaxf
KaKb

½A�½B� − ½P�½Q�
Keq

� �

1 + ½A�
Ka

+ ½B�
Kb

+ ½A�½B�
KaKb

+ ½P�
Kp

+ ½Q�
Kp

+ ½P�½Q�
KpKq

+ ½A�½Q�
KaKq

+ ½P�½B�
KpKb

(2)

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.

v =

Vmaxf
Ka

½A� − ½P�
Keq

� �

1 + ½A�
Ka

+ ½P�
Kp

(3)

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).

v = Vmaxf
½A�
Ka

1 + ½A�
Ka

0
@

1
A ½1 + ½B�

Kb
�3

L(1 + ½I�
Ki )

4 + ½1 + ½B�
Kb
�4

0
@

1
A −

½P�½Q�
KpKqKeq

1 + ½P�
Kp

+ ½Q�
Kq

+ ½P�½Q�
KpKq

0
@

1
A

0
@

1
A (4)

For RLM model, IDH-NAD was adjusted in the range

determined (Table 1, Supplementary Table S1).

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).
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v =

Vmaxf
KaKb

½A�½B� − ½P�½Q�
Keq

� �

1 + ½A�
Ka

+ ½A�½GSH�
KaKiGSH

+ ½P�½A�
KpKa

+ ½Q�½B�
KqKb

+ ½Q�½P�
KqKp

+ ½Q�
KQ

+ ½NAD+ �
KiNAD

  (5)

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).

v =

Vmaxf
KaKbKc

½A�½B�½C� − ½P�½Q�½R�
Keq

� �

1 + ½A�
Ka

+ ½A�½B�
KaKa

+ ½A�½B�½C�
KaKbKc

+ ½P�½Q�½R�
KpKqKr

+ ½Q�½R�
KpKr

+ ½R�
Kr

(6)

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).

v =

Vmaxf
KaKb

½A�½B� − ½P�½Q�
Keq

� �

1 + ½A�
Ka

+ ½A�½B�
KaKb

+ ½P�½Q�
KpKq

+ ½Q�
Kq

(7)

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.
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TABLE 1 Kinetic parameters of the Krebs cycle and anaplerotic enzymes.

Enzyme HepM RLM RHM

CS Vmaxf 1260 ± 468 (5)* 495 ± 141 (3) 1128 ± 781 (3)

Km OAA 0.011 (1) 0.006 (1) 0.007 ± 0.004 (3)

Km AcCoA 0.003 (1) 0.005 (1) 0.004 ± 0.003 (3)

ACO Vmaxf 23 ± 8 (3) 13 ± 8 (3) 173 ± 28 (3) #

Km citrate 0.26 (2) 0.1 (1) 0.22 ± 0.06 (4)

IDH-NAD Vmaxf 125 ± 76 (8)* a 35 ± 14 (4) a 225 ± 129 (4)

Km Iso 0.5 (2) 0.15 (2) 1.8 ± 0.4 (4)

Km NAD+ 0.13 (2) 0.18 (1) 0.2 (1)

Vmaxf 51 ± 17 (6)* 13 ± 4 (6) N.D.

Km Iso 5.7 ± 0.02 (3) 3 ± 0.3 (3) N.D.

Ki NADH vs Iso 0.04 ± 0.008 (3) 0.03 ± 0.017 (3) N.D.

n 2.33 ± 0.33 (3) 1.9 ± 0.5 (3) N.D.

L 0.64 (2) 1.5 ± 0.75 (3) N.D.

Km NAD+ 0.25 ± 0.07 (3) 0.45 ± 0.2 (3) N.D.

Ki NADH vs NAD+ 0.08 ± 0.01 (3) 0.05 ± 0.02 (3) N.D.

2OGDH Vmaxf 22 ± 10 (3) 14 ± 4 (3) 58 ± 21 (3)

Km 2-oxo 1 ± 0.3 (3) 1.1 ± 0.9 (3) 0.4 ± 0.4 (3)

Km CoA 0.015 (1) 0.05 (1) 0.02 ± 0.01 (3)

Km NAD+ 0.4 ± 0.2 (3) 0.4 ± 0.2 (3) 0.5 ± 0.2 (3)

SDH Vmaxf 13 ± 8 (3) 39 ± 11 (3) 388 ± 352 (3)

Km Suc 0.07 (2) N.D. 1 ± 0.5 (3)

FH Vmaxf 3356 ± 335 (4)* 172 ± 10 (3) 527 ± 209 (3)

Km Fum 1 (1) 0.53 (1) 0.26 ± 0.06 (3)

Vmaxr 340 ± 96 (5) 187 ± 78 (3) 523 ± 235 (4)

Km Mal 0.4 (1) 1.7 (1) 0.3 ± 0.01 (3)

MDH Vmaxf 269 ± 122 (6) 523 ± 270 (5) 1320 ± 642 (3)

Km Mal 0.45 (1) N.D. 1.4 ± 0.7 (3)

Km NAD+ 0.11 (1) N.D. 0.2 ± 0.15 (3)

Vmaxr 2074 ± 831 (7) 1103 ± 518 (3) 666 ± 105 (3)

Km OAA 0.007 (1) 0.05 (1) 0.01 (2)

Km NADH 0.017 (1) 0.04 (1) 0.02 ± 0.01 (3)

IDH-NADP Vmaxf 587 ± 234 (6)* 108 ± 40 (4) 1059 (2)

Km Iso 0.046 (1) 0.04 (1) 0.03 (1)

Km NADP+ 0.078 (1) N.D. 0.02 (2)

PDH Vmaxf 26 ± 2 (4)* 1.4 ± 0.6 (3) 44 ± 9 (3)

Km Pyr 0.21 ± 0.15 (3) N.D. 0.2 ± 0.040 (3)

Km CoA 0.014 ± 0.002 (3) N.D. 0.04 ± 0.03 (3)

Km NAD+ 0.34 ± 0.13 (4) N.D. 0.6 ± 0.4 (3)

(Continued)
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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).

v =
Vmaxf ½A�

KA
− Vmaxr ½P�

KP

1 + ½A�
KA

+ ½P�
KP

  (8)

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).

v =
Vmaxf ½A�½B�

KaKb
− Vmaxr ½P�½Q�

KpKq

1 + ½A�
Ka

+ ½A�½B�
KaKb

+ ½P�½Q�
KpKq

+ ½Q�
Kq

(9)

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).
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0
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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).

v =  

Vmaxf
KaKb ½A�½B� − ½P�½Q�½R�

Keq

� �
 

1 + ½A�
Ka +

½A�½B�
KaKb +

½P�½Q�½R�
KpKqKr +

½Q�½R�
KqKr +

½Q�
Kq +

½R�
Kr

(11)

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
TABLE 1 Continued

Enzyme HepM RLM RHM

AST Vmaxf 527 (2) 417 ± 252 (4) N.D.

Km 2-oxo 1.3 (2) N.D. N.D.

Km Aspartate 0.6 (2) N.D. N.D.

ME Vmaxf 6.5 ± 3 (5) b N.D. 70 ± 26 (3)

Km Mal 1.1 ± 0.5 (5) N.D. 1.4 ± 0.4 (3)

Km NADP+ 0.4 ± 0.2 (3) N.D. 0.5 ± 0.3 (3)

GDH Vmaxf N.D. N.D. 2 ± 0.8 (3)

Km NADP N.D. N.D. 0.53 (1)

Km Glu N.D. N.D. 8.8 (1)

Vmaxr N.D. N.D. 19 ± 7 (3)

Km 2-oxo N.D. N.D. 0.08 (1)

ALT Vmaxf 327 ± 269 (3) 56 ± 30 (3) N. Det.

Km Ala 10 ± 6 (3) 9 ± 7 (3)

Km 2-oxo 2 ± 1 (3) 1 ± 0.4 (3)
Vmaxf and Vmaxr values in nmol/min*mg mitochondrial protein; Km, Ki, Ka, K0.5 values in mM. a with 2 mMMnCl2;
b with 10 mM Fum. *p ≤ 0.05 vs RLM; #p ≤ 0.05 vs HepM using Student’s t-

test for non-paired samples. N. D., Not determined; N. Det., Not detected.
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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
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discarded, and the formazan crystals were dissolved with 100 μL

DMSO. After 5 min incubation at 37°C, the absorbance was

measured at l 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.
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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,
Frontiers in Oncology 09
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.
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.
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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).

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
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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).

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

Metabolite/
flux

HepM RLM RHM

In vivo Model In vivo Model In vivo Model

CoA 0.27-2.4* 1.1 0.27-2.4* 0.74 0.27-2.4* 0.73

Pyruvate 0.21± 0.17 (5) 0.23 1 ± 0.6 (4) 1.2 0.16 ± 0.11 (6) 0.15

Acetyl-CoA 0.1-0.86* 0.003 0.1-0.86* 0.003 0.1-0.86* 0.005

Citrate 0.06 ± 0.03 (3) 0.11 3 ± 1.8 (5) 0.2 0.8 ± 0.8 (6) 0.26

Isocitrate 0.07 ± 0.05 (4) 0.13 0.15 ± 0.08 (5) 0.4 0.31 ± 0.02 (5) 0.013

2-oxoglutarate 0.5 ± 0.4 (3) 0.1 0.18 ± 0.17 (4) 0.11 0.05 ± 0.004 (3) 0.015

Succinyl-CoA 0.5 ± 0.05 (3) 0.8 0.2 ± 0.2 (4) 0.85 0.5 ± 0.57 (3) 1.2

Succinate 0.9 ± 0.16 (3) 0.5 0.63 ± 0.37 (4) 0.74 1.2 ± 1 (3) 0.67

Fumarate 0.31 ± 0.1 (3) 0.42 0.18 ± 0.02 (3) 1.2 0.05 ± 0.03 (6) 0.33

Malate 1.35 ± 0.26 (3) 1.41 2 ± 0.71 (3) 2.9 2 ± 1 (6) 0.36

Oxaloacetate 0.1 ± 0.09 (5) 0.07 0.2 ± 0.11 (4) 0.56 0.1 ± 0.03 (5) 0.063

NAD+ 4-6.4* 5.2 4-6.4* 4.8 4-6.4* 5.1

NADH 0.1-0.3* 0.02 0.1-0.3* 0.4 0.1-0.3* 0.025

NADP+ 0.5-1.35* 0.33 0.5-1.35* 0.29 0.5-1.35* 0.04

NADPH 0.2-1.2* 1.37 0.5-1.35* 1.4 0.5-1.35* 1.65

GSH 1.6-5* 3.2 2.8-7.4* 5.3 3.4-5* 3.9

GSSG 0.35* 0.39 0.1-0.5* 0.18 0.15-0.55* 0.49

KC-flux 66 ± 1 (4) 65.5 45 ± 3 (4) 45.2 152 ± 4 (4) 153.4
Metabolite concentration in mM; Krebs cycle flux in nmol/min*mg of mitochondrial protein. *Values reported (16, 28, 33, 37, 38).
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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.
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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
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.
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.
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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.

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
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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.

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 (throughMDH). 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.
TABLE 3 Flux control coefficients (CJ
Ei) of Krebs cycle and anaplerotic

enzymes obtained by kinetic modeling.

CJ
Ei

Pathway step HepM RLM RHM

CS -5 x 10-5 0.001 -6 x 10-5

ACO -5 x 10-7 1.4 x 10-6 -2 x 10-6

IDHNAD -0.24 -0.09 -0.009

2OGDH -2.8 8.57 -0.27

SCS -0.02 0.8 -0.016

SDH -0.01 0.05 -0.004

FH -0.001 0.01 -3 x 10-4

MDH 0.0008 0.02 0.0003

PDH -1.9 5.43 -0.48

AST 0.0005 0.1 0.0005

ALT -0.27 -0.15 *

GDH -0.08 0.24 -9 x 10-5

IDHNADP -0.12 -0.14 -0.008

GR 0.0002 2.3 x 10-5 6 x 10-5

ME 0.31 * 7 x 10-5

Pyr Transport -1.6 0.1 -0.077

Mal-Suc transporter -0.0009 0.11 -0.009

Mal/2-
oxo Transporter

-0.04 * 0.005

Mal-Iso Transporter 0.076 0.008 0.017

GSH oxidation 0.63 -1.6 0.008

NADH consumption 7.1 -12.4 1.85
The CJ
Ei shown were those obtained for the flux through MDH. The values in boldface type

indicate the higher CJ
Ei of KC enzymes in each mitochondria type. *These reactions do not

have values because they were not considered in the corresponding kinetic models.
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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 5 IC50 values of rotenone and malonate on proliferation of
normal and cancer cells.

Cell line Rotenone (µM) Malonate (mM)

Non-cancer cell lines

MCF10A >50 43 ± 9

H9c2 34 ± 10 25 ± 5

Cancer cell lines

MCF7 0.15 ± 0.09a 41 ± 1

SiHa 18 ± 3a 32 (2)

HeLa 17 ± 5a 27 ± 5

PC3 13 ± 1a 40 ± 2

COLO-205 37 ± 9 32 ± 3
Data shown represent the mean ± S.D. of at least three different preparations. ANOVA/Tukey:
ap < 0.05 vs. H9c2.
TABLE 4 Concentration control coefficients on NADH (CNADH
Ei) of the

Krebs cycle and anaplerotic enzymes obtained by kinetic modeling.

CNADH
Ei

Pathway step HepM RLM RHM

CS 0.0008 0.003 -1 x 10-4

ACO 7 x 10-6 3.9 x 10 -6 3x 10-6

IDHNAD 0.65 0.08 0.011

2OGDH 40.3 23.6 1.12

SCS 0.28 2.2 0.028

SDH 0.12 0.13 0.006

FH 0.02 0.037 -6 x 10-4

MDH 0.54 0.043 0.51

PDH 37.3 15 -2.2

AST 0.33 0.21 1.0

ALT 1.83 -0.43 *

GDH 0.59 0.66 0.011

IDHNADP 0.83 -0.4 0.98

GR -0.001 6.4 x 10-5 -0.008

ME -2.1 * -0.008

Pyr Transport 10.9 0.31 6.6

Mal-Suc transporter 0.014 0.32 0.016

Mal/2-
oxo Transporter

0.68 * 0.06

Mal-Iso Transporter -0.25 0.004 -0.85

GSH oxidation -8.5 -4.2 -1.1

NADH consumption -83.5 -37.6 -6.2
The values in boldface type indicate the higher concentration control coefficients in each
mitochondria type. *These reactions do not have values because they were not considered in
the corresponding kinetic models.
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.
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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.
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
Frontiers in Oncology 14
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
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.
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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).
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 b-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
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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-a, 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
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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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Acknowledgments

The results obtained for IDM-M were part of her thesis for

obtaining an M.Sc. degree in the Posgrado en Ciencias Biológicas

UNAM. IDM-M was supported by a CONACyT fellowship

(No 339199).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

The author(s) declared that they were an editorial board

member of Frontiers, at the time of submission. This had no

impact on the peer review process and the final decision.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fonc.2025.1557638/

full#supplementary-material
References
1. Ghosh P, Vidal C, Dey S, Zhang L. Mitochondria targeting as an effective strategy
for cancer therapy. Int J Mol Sci. (2020) 21:3363. doi: 10.3390/ijms21093363

2. Huang M, Myers CR, Wang Y, You M. Mitochondria as a novel target for cancer
chemoprevention: Emergence of mitochondrial-targeting agents. Cancer Prev Res.
(2021) 14:285–306. doi: 10.1158/1940-6207.CAPR-20-0425
3. Czibik G, Steeples V, Yavari A, Ashrafian H. Citric acid cycle intermediates in
cardioprotection.CircCardiovascGenet. (2014) 7:711–9. doi: 10.1161/CIRCGENETICS.114.000220

4. Coleman PS, Parlo RA. Warburg’s ghost—Cancer’s self-sustaining phenotype: the
aberrant carbon flux in cholesterol-enriched tumor mitochondria via deregulated
cholesterogenesis. Front Cell Dev Biol. (2021) 9:626316. doi: 10.3389/fcell.2021.626316
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fonc.2025.1557638/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2025.1557638/full#supplementary-material
https://doi.org/10.3390/ijms21093363
https://doi.org/10.1158/1940-6207.CAPR-20-0425
https://doi.org/10.1161/CIRCGENETICS.114.000220
https://doi.org/10.3389/fcell.2021.626316
https://doi.org/10.3389/fonc.2025.1557638
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Hernández-Esquivel et al. 10.3389/fonc.2025.1557638
5. Schlichtholz B, Turyn J, Goyke E, Biernacki M, Jaskiewicz K, Sledzinski Z, et al.
Enhanced citrate synthase activity in human pancreatic cancer. Pancreas. (2005) 30:99–
104. doi: 10.1097/01.mpa.0000153326.69816.7d

6. Chen L, Liu T, Zhou J, Wang Y, Wang X, Di W, et al. Citrate synthase expression
affects tumor phenotype and drug resistance in human ovarian carcinoma. PloS One.
(2014) 9:1–19. doi: 10.1371/journal.pone.0115708

7. Wang P, Mai C, Wei YL, Zhao JJ, Hu YM, Zeng ZL, et al. Decreased expression of
the mitochondrial metabolic enzyme aconitase (ACO2) is associated with poor
prognosis in gastric cancer. Med Oncol. (2013) 30:552. doi: 10.1007/s12032-013-
0552-5

8. Snezhkina AV, Krasnov GS, Zaretsky AR, Zhavoronkov A, Nyushko KM,
Moskalev AA, et al. Differential expression of alternatively spliced transcripts related
to energy metabolism in colorectal cancer. BMC Genomics. (2016) 17:1011.
doi: 10.1186/s12864-016-3351-5

9. Denton RM, Pullen TJ, Armstrong CT, Heesom KJ, Rutter GA. Calcium-
insensitive splice variants of mammalian E1 subunit of 2-oxoglutarate
dehydrogenase complex with tissue-specific patterns of expression. Biochem J. (2016)
473:1165–78. doi: 10.1042/BCJ20160135

10. Anderson NM, Mucka P, Kern JG, Feng H. The emerging role and targetability
of the TCA cycle in cancer metabolism. Protein Cell. (2018) 9:216–37. doi: 10.1007/
s13238-017-0451-1

11. Wise DR, Deberardinis RJ, Mancuso A, Sayed N, Zhang XY, Pfeiffer HK, et al.
Myc regulates a transcriptional program that stimulates mitochondrial glutaminolysis
and leads to glutamine addiction. Proc Natl Acad Sci U.S.A. (2008) 105:18782–7.
doi: 10.1073/pnas.0810199105

12. Gao P, Tchernyshyov I, Chang TC, Lee YS, Kita K, Ochi T, et al. C-Myc
suppression of miR-23a/b enhances mitochondrial glutaminase expression and
glutamine metabolism. Nature. (2009) 458:762–5. doi: 10.1038/nature07823

13. Dietzen DJ, Davis EJ. Oxidation of pyruvate, malate, citrate, and cytosolic
reducing equivalents by AS-30D hepatoma mitochondria. Arch Biochem Biophys.
(1993) 305:91–102. doi: 10.1006/abbi.1993.1397
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22. López-Gómez FJ, Eugenia-Torres-Márquez M, Moreno-Sánchez R. Control of
oxidative phosphorylation in AS-30D hepatoma mitochondria. Int J Biochem. (1993)
25:373–77. doi: 10.1016/0020-711X(93)90627-Q
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