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Abstract

Mitochondrial outer membrane plays a crucial role in the regulation of energy metabolism in
aerobic cells, controlling the exchange of various charged metabolites and inorganic ions through
its voltage-dependent anion channels (VDACs). Several possible mechanisms of generation of
the outer membrane potential (OMP) have been proposed. One of them, the VDAC-hexokinase
(VDAC-HK) mechanism, explained the Warburg and Crabtree effects as a result of an electrical
suppression of mitochondria by the metabolically dependent OMP. This work proposes a new
VDAC-glycerol kinase (VDAC-GK) mechanism for OMP generation, taking into account that
glycerol kinase competes with hexokinase for the same binding site on VDAC. The computational
model developed demonstrated the possibility of OMP generation. The OMP magnitude predicted
by the model depends on the intracellular concentrations of glycerol and glycerol-3-phosphate.
According to the thermodynamic analysis, a relatively high positive OMP should accelerate the
oxidation of external glycerol-3-phosphate by the glycerol-3-phosphate dehydrogenase (GPD2)
localized on the outer side of the mitochondrial inner membrane. The possible physiological and
pathophysiological roles of generated OMP in cell metabolism regulation through the “electrical
crossroad” of lipid metabolism, glycolysis, and oxidative phosphorylation are subjects for future
experimental study.

Keywords: VDAC; Glycerol kinase; Glycerol-3-phosphate dehydrogenase, GPD2; Mitochondrial
outer membrane; Membrane potential.

Resumen

La membrana mitocondrial externa desempefia un papel crucial en la regulacion del metabolismo
energético en las células aerdbicas al controlar el intercambio de diversos metabolitos cargados e
iones inorganicos a través de sus canales anionicos dependientes de voltaje (voltage-dependent
anion channels, VDAC). Se han propuesto diversos mecanismos para la generacion del potencial
de membrana externa (OMP). Uno de ellos, el mecanismo VDAC-hexoquinasa (VDAC-HK),
permitié explicar los efectos Warburg y Crabtree como resultado de una supresion eléctrica de las
mitocondrias por el OMP dependiente del metabolismo. Se propone aqui un nuevo mecanismo,
el VDAC-glicerol quinasa (VDAC-GK), para la generacion del OMP, considerando que la
glicerol quinasa compite con la hexoquinasa por el mismo sitio de unién en los VDAC. El modelo
computacional desarrollado demostré la posibilidad de generar el OMP. La magnitud del OMP
predicha por el modelo depende de las concentraciones intracelulares de glicerol y glicerol-3-
fosfato. Seguin el analisis termodinamico, un OMP positivo relativamente alto, generado por los
complejos VDAC-GK, deberia acelerar la oxidacion del glicerol-3-fosfato externo por accion
de la glicerol-3-fosfato deshidrogenasa (GPD2), localizada en el lado externo de la membrana
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mitocondrial interna. Las posibles funciones fisioldgicas y fisiopatologicas del OMP generado en la
regulacion del metabolismo celular a través de la «encrucijada eléctrica» del metabolismo lipidico,
la glucolisis y la fosforilacion oxidativa, constituyen temas para futuros estudios experimentales.

Palabras clave: VDAC; Glicerol quinasa; Deshidrogenasa de glicerol-3-fosfato GPD2; Membrana
mitocondrial externa; Potencial de membrana.

Introduction

Mitochondrial outer membrane (MOM) plays a crucial role in the regulation of the
exchange of negatively charged metabolites and inorganic ions between the mitochondria
and the cytoplasm of aerobic cells, mainly through the voltage-dependent anion
channels VDACI1, VDAC2, and VDAC3 (Colombini & Mannella, 2012; Lemasters,
2017; Rostovtseva et al., 2021; Lemeshko, 2023). The preferential direct access to the
mitochondrial ATP is realized through the interaction of kinases such as creatine kinase
or hexokinase, with some VDACSs in MOM (Lemeshko, 2023). In the heart, for example,
creatine kinase-VDAC (CK-VDAC) complexes are part of the creatine phosphate-
creatine shuttle, providing fast transfer of the energy from mitochondria to sarcomeres
(Wallimann et al., 2011). In cancer cells, the hexokinase (HK) activity associated with the
mitochondrial VDAC:s is more than two orders of magnitude higher than in normal cells
(Arora & Pedersen, 1988; Mathupala ez al., 2009). Considering VDAC-HK complexes
as a biological battery that generates OMP using the Gibbs free energy of HK reaction,
the Warburg type metabolism and Crabtree effect may be explained as consequences of an
electrical suppression of mitochondria (Lemeshko, 2021, 2023).

Interestingly, glycerol kinase (GK) is able to compete with HK for the same binding site
on VDAC (Adams et al., 1991). Both GK and HK are rate-limiting enzymes in glycerol and
glucose metabolism, respectively (Kaneko & Ishibashi, 1985). A relatively high quantity of
GK associated with mitochondria has been reported for the brain, for example (Kaneko &
Ishibashi, 1985; Ostlund et al., 1983). Glycerol-3-phosphate (G3P?) produced by the GK
reaction is oxidized by the glycerol-3-phosphate dehydrogenase (GPD2) localized on the
outer surface of the mitochondrial inner membrane (MIM) in some normal tissues (Ostlund
et al., 1983; Mracek et al., 2013) and cancers (Mracek et al., 2013; Oh et al., 2023, 2024;
Gaertner et al., 2025). If we assume that VDAC-GK complexes in MOM generate positive
OMP, as suggested for the VDAC-HK complexes (Lemeshko, 2021, 2023), we may conclude
that they can cause a strong electrical control of the G3P* oxidation rate in mitochondria,
which is known as an important lipid crossroad of metabolism, glycolysis, and oxidative
phosphorylation (Mracek et al., 2013; Oh et al., 2023, 2024; Gaertner et al., 2025).

Here, 1 propose the mechanism of VDAC-GK-dependent generation of OMP (Figure
1) and estimate its possible magnitudes using a computational model. Based on the thermo-
dynamic analysis performed, the model demonstrated that OMP generated under physio-
logical concentrations of glycerol and G3P* depends on the occupancy of mitochondrial
VDAC:s by GK, on the voltage-gating properties of free VDACs (non-bound to GK), and
the quantity of voltage-insensitive VDAC3 in MOM. According to the estimations, the
generated positive OMP should strongly accelerate the G3P* mitochondrial oxidation rate.

In general, OMP generation by the VDAC-GK, VDAC-HK, and CK-VDAC complexes
may play a crucial physiological role in the crossroad of lipid metabolism, glycolysis,
and oxidative phosphorylation. Such a new “electrical crossroad” in the regulation of
cell energy metabolism under physiological and pathophysiological conditions seems
interesting for further experimental study.

Materials and methods
Computational model of VDAC-glycerol kinase-dependent generation of OMP

Mitochondrial outer membrane contains various VDAC isoforms (Figure 1), some of
which (VDACI) form VDACI1-GK complexes. The total conductance of all VDACs in
their open state (g7) was equated to 100 arbitrary units (a.u.). This total conductance (g7)
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Figure 1. Possible mechanism of the VDAC1-GK-dependent generation of OMP and the electrical
potentiation of G3P* oxidation in mitochondria. According to the equivalent electrical circuit, OMP
is a voltage drop on the R, resistance of free VDACs in MOM. The E,, voltage of the VDAC1-GK
battery depends on the Gibbs free energy of the GK reaction; the internal R, resistance of this
battery depends on the quantity of VDAC1-GK complexes in MOM, and is lower at larger quantities
of these complexes.

included the N, conductance of the VDACT fraction forming VDAC1-GK complexes, the
N, conductance of the remaining VDACI fraction, and the VDAC2 fraction, as well as the
N conductance of the VDACS3 voltage-insensitive fraction (Figure 1):

NVG+NV.9+an:gT (1)

The N fraction was taken at gT" 10%, although some estimations were also performed
at 5%, 15%, and 20%. The N, , fraction was taken at 4% for most estimations, but also at
3.5% and 3.0%.

The total MOM conductance (permeability) gV, for P and G3P*> through the free
VDACI and VDAC2 N fraction, non-bound to GK, and the VDAC3 N__ fraction (Figure
1) was expressed in a.u. by a bell-shaped function of OMP (Figure 2):

gVP:NnS"'_NvS. [gc+ (1 - g() 1 eXp (_ (S OMP)Z)]’ (2)

where g is the relative conductance of electrically closed VDAC1 and VDAC2, S is their
voltage-gating sensitivity, taken at $=0.04 mV-, §=0.035 mV", and S=0 mV!. OMP is
expressed in mV.

The functioning of the VDACI1-GK complexes in MOM may be considered as a
biological battery that uses the Gibbs free energy of the GK reaction to move the negatively
charged P" across MOM from ATP* in MIM to glycerol in the cytoplasm, thus generating
positive OMP. The voltage E, , of this battery (Figure 1) is:

e F ' F " ([ATP]/[4DP])-[G],

E =_ (AG;K RT [G3P], ) A3)

where AG°,, = —21.3 kJ/mol is the standard Gibbs free energy of GK reaction, F is the
Faraday constant, R is the universal gas constant, and 7 = 310 K. [ATP], and [4DP]. are
concentrations of ATP* and ADP?*, respectively, in the mitochondrial intermembrane space
(IMS). The ratio [ATP]/[ADP], in IMS was taken at 200 for all estimations. [G]_ is the

concentration of glycerol and [G3P], that of glycerol-3-phosphate in the cytoplasm.
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Figure 2. The voltage-gating properties of VDAC1 and VDAC2 in MOM were used at (a) a voltage-
gating sensitivity of $=0.04 mV", and (b) of $=0.035 mV"'. g_: relative conductance of electrically
closed VDAC:s (eq. 2)

The gV'G conductance of the VDAC1-GK complexes (N, fraction) for P,'~ depends
on the activity of GK bound to VDACT:

Vm,VG ) NVG. [G]o

VG =
g Km,G+ [G]o

(4)

Here,v "N is the maximum GK activity of MOM (P, conductance of the VDAC1-
GK complexes), where v |, .=1.0 for the control. To estimate an 80% effect of inhibition
of this activity, it was taken that v | =0.2. The Michaelis-Menten constant was taken at
K, ;=4 pM glycerol (Seltzer & McCabe, 1984). [G]_ is the concentration of glycerol in
the cytoplasm.

The circulation of P~ across MOM may be presented as an electrical current /,
(Figure 1). According to Ohm’s law, the voltage E, . (eq. 3) of the VDACI1-GK battery
is the sum of OMP and the voltage drop on the internal resistance R, .=1/gV'G of the
VDACI1-GK battery:

1
E, =OMP+ _"r_. 5
o = )

OMP is the voltage drop on the resistance R, =1/gV,, of all free VDACs in MOM non-

bound to GK (Figure 1):

OMP = v . 6)
gV,

The system of equations 1-6 allowed the estimation of generated OMP as a function of
glycerol and glycerol-3-phosphate concentrations, depending on the VDACs characteristics
in MOM mentioned above. It was assumed that the steady state electroneutral exchange
G3PZ*/DHAP?* across MOM (Figure 1) did not influence OMP generation.

OMP-dependent oxidation of glycerol-3-phosphate in mitochondria

The G3P? oxidation rate in mitochondria with GPD2 localized on the other side of MIM
should depend on the OMP that influences G3P* concentration in IMS (Figure 1). Let us
represent GPD?2 activity as the rate of a unidirectional reaction:

— vm[GBP]L , (7)
Km,gp+[G3P];
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where [G3P], is the concentration of G3P* in IMS, v_ is the maximum GPD2 activity taken

at 100 a.u., and K . is the Michaelis-Menten constant taken at 1 mM (Beleznai et al.,

1988) or 18 mM (Patole et al., 1986).
According to the Goldman equation, the J_,, of G3P* flux across MOM depends on

OMP and G3P* concentrations in the cytoplasm ([G3P] ) and IMS ([G3P]):

(CF-omPy
_ n'F-OMP [G3P];—[G3P],"exp RT 8
Jezp = —9Vp - T —nF-OMP ®)
1—exp" RT

where F is the Faraday constant, R is the gas constant, and 7= 310 K, n = -2 is the
G3P? valence.
In a steady state, the v rate (eq. 7) should be equal to J,, (eq. 8):

V=, ©)

The system of egs. 1,2,7-9 was solved assuming the total conductance: g7=100 a.u.,
N,;=4 % of gT, and N_=10% of g7 (eqgs. 1,2). OMP for these estimations was changed in
arange of -50 mV to +50 mV.

VDAC-glycerol kinase-mediated electrical modulation of glycerol-3-phosphate oxidation
rate in mitochondria

In this section, the G3P* oxidation rate in mitochondria was calculated using the full
system of eqs. 1-9 as a function of OMP generated by the VDACI-GK complexes in
MOM at various glycerol and G3P* concentrations for the VDACs characteristics in
MOM indicated in figure legends.

All calculations were performed by numerical methods using the licensed software
Mathcad Professional 20011 (MathSoft, Cambridge, MA).

Results

The OMP estimations generated by the VDAC1-GK complexes of MOM (egs. 1-6) are
shown in Figure 3 as functions of glycerol at a fixed concentration of G3P*=0.5 mM. The
data indicated that OMP magnitude strongly decreased when the quantity of VDACI1-GK
complexes in MOM decreased from N, ,=4% (Figure 3A) to N,,;=3.5% (Figure 3C) and to
N, ;=3% (Figure 3D) at the VDAC’s voltage-gating sensitivity parameter of $=0.04 mV"'.
Additionally, a remarkable decrease in OMP (Figure 3) was revealed when the percentage
of permanently open VDAC3 (N ) increased. All these were predicted even for the range
of relatively low glycerol concentrations.

The effect of a decrease in the voltage-gating sensitivity of free VDACI,2 from $=0.04
mV"! (Figure 34) to $5~0.035 mV"' (Figure 3B) at the same N, =4% is essentially similar
to that revealed by the quantity of the VDAC1-GK complexes N, decreasing from 4%
(Figure 3A) to 3.5% (Figure 3C) at $=0.04 mV"'. On the other hand, very low magnitudes
of OMP with no abrupt rise parallel to glycerol concentration increase were seen for S=0
mV"', even for the case of relatively low VDAC3 quantity at N =10% (Figure 3A).

When positive inside, OMP should increase the rate of G3P> oxidation in mitochondria
(Figure 1) according to the data shown in Figure 4 for the cases of K =1 mM G3P*
(Figure 4A) and K_ =18 mM G3P> (Figure 4B) of mltochondrlal GPD2 (eq. 7).
OMP-dependent increase in the G3P* oxidation rate, most pronounced at G3P* low
concentrations, may be attributed to a significant decrease of apparent K _ ... At OMP=+30
mV, for example, K _ ., decreased from 1 mM to an apparent K, of approx1mately 0.1
mM (Figure 4A), or from 18 mM to approximately 1.8 mM (Flgure 4B). This apparent
decrease in K ;, answers to the OMP-dependent capture of cytoplasmic G3P* into IMS,
which thus increases its concentration near GPD2 (Figure 1).

OMP generated by the mitochondria VDACI1-GK complexes (at N, ,=4%) was
calculated as a function of glycerol and G3P* concentrations in the cytoplasm (Figure 5).
The corresponding impact of this OMP on the rate of mitochondrial oxidation of G3P* for
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Figure 3. Glycerol-dependent generation of OMP by the VDAC1-GK complexes of MOM (egs.
1-6) at N, ;=4% (A, B), N,;=3.5% (C), N,,;=3% of gT (D) (eq. 1), and at various quantities of the
voltage-insensitive VDAC3 in MOM (V). A, C, D: at VDAC’s voltage-gating sensitivity of $=0.04
mV"! and, only in A, also at $=0 mV"' for N, =10%; B: at $~0.035 mV"'. Cytoplasmic concentration
of G3P*=0.5 mM, K, =4 uM glycerol, and v, ,.=1.0 (eq. 4)
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Figure 4. Influence of OMP on the rate of G3P* oxidation in mitochondria (egs. 1,2,7-9). A. at
K =1 mM;B.atK =18 mM (eq. 7). g7=100 a.u., N\, ;=4%, N, =10% (eq. 1), and $=0.04 mV-,
“G3P>, mM” is [G3P] in eq. 8.

K, =1 mM G3P* was also estimated (Figure 5A and C, respectively) and for K, =18
mM G3P* (Figure 5B and D, respectively). The full system of eqs. 1-9 was used for
such estimations, showing equal results for OMP generated at K ;=1 mM G3P* and
K, =18 mM G3P? (Figure 5A and C, respectively), because OMP generation does not
depend on the G3P* oxidation that produces dihydroxy acetone phosphate (DHAP?) of the
same valence (Figure 1). At the critical increasing glycerol concentrations and the critical
G3P? decreasing concentration, OMP strongly increased, abruptly switching the rates of
mitochondrial oxidation of cytoplasmic G3P* to significantly higher levels (Figure 5B
and D). The prediction was that this would be most pronounced for the case of K ;=18
mM (Figure 5D).
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The computational model also demonstrated that the critical concentrations of
glycerol for an abrupt increase in the OMP generated at lower VDACI,2 voltage-gating
sensitivity (§=0.035 mV*!) shifted to significantly higher concentrations at any given G3P*
concentration, thus causing a remarkable abrupt increase in the rate of mitochondrial
oxidation of cytoplasmic G3P* (Figure 6A and B, respectively).

Very low magnitudes of OMP with no abrupt increase were predicted when the maximum
activity of the VDAClI-attached GK was reduced from v, =1 tov =02 (eq. 4), as it
would be at an 80% restriction of the conductance gV'G of the VDAC1-GK complexes for
P (eq. 3) by GK attached to the VDACI N, . fraction. That explained why a several-fold
increase in the quantity of the VDAC1-GK complexes, from N, ;=4% to N, ,=16%, was
needed to reveal an abrupt glycerol concentration-dependent increase in OMP and in the
mitochondrial G3P* oxidation rate (Figure 6C and D, respectively), compared with the
corresponding results obtained at v, =1 (Figure SC and D, respectively).

These results, based on the thermodynamic estimations, demonstrated a high probability
of glycerol-dependent generation of OMP by the VDAC-GK complexes in MOM and a

strong electrical acceleration of the G3P? oxidation rate in mitochondria containing GPD2.

Discussion

Glycerol kinase transforms glycerol into glycerol-3-phosphate, which is also the product
of glycolysis. Glycerol-3-phosphate is oxidized in mitochondria containing GPD2, thus
providing a direct link of lipid metabolism and glycolysis to the oxidative phosphorylation
system through the glycerol-3-phosphate shuttle (Ostlund et al., 1983; Mracek et al.,
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Figure 5. Glycerol-dependent generation of OMP by the VDAC1-GK complexes (A,C), and the
electrical, OMP-dependent modulation of the rate of G3P?* oxidation in mitochondria (B, D) (egs.
1-9). A,B:atK =1 mM G3P* C,D:atK =18 mM G3P* (eq. 7); $0.04 mV"'. g7=100 a.u.,
Ny=4%, N =10% (eq. 1), K, =4 uM glycerol and v, ,=1.0 (eq. 4)
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Figure 6. Glycerol-dependent generation of OMP by the VDAC1-GK complexes (A, C) and OMP-
dependent modulation of the rate of G3P? oxidation in mitochondria (B, D) (egs. 1-9) at a decreased
VDAC voltage-gating sensitivity, $=0.035 mV! (A, B), and decreased GK activity (C, D). A, B: at
§=0.035 mV"'. g7=100 a.u., N, ;~4%, and v, ,=1.0. C, D: at $0.04 mV"'. gT=100 a.u., N ,;=16%
andv, =02 (eq. 4); K =18 mM G3P*, K =4 pM glycerol, and N, =10% (eq. 1)

VG

2013; Oh et al., 2023, 2024; Gaertner et al., 2025). Alterations of this shuttle have been
implicated in thermogenesis, cell growth, and several pathologies (Adams et al., 1991;
Mracek et al., 2013; Oh et al., 2023, 2024; Gaertner et al., 2025).

Glycerol kinase associated with MOM VDAC:s in the mitochondria of some tissues
might function as a biological battery, using its Gibbs’ free energy for the generation of OMP
(Figure 1). This idea is based on the thermodynamic estimations showing the possibility
of generation of relatively high positive OMP, depending on the glycerol concentration at
a given quantity of G3P* (Figure 3), the occupancy of mitochondrial VDACs with GK
(Figure 3A, C, D), the quantity of voltage-insensitive VDAC3 in MOM (Figure 3), and the
voltage-gating sensitivity of VDACI1,2 (Figure 3A, B). These data allow the assumption
that 10-40 mV OMP, sufficiently high to modulate MOM permeability (Figure 2), might
be generated by the VDAC-GK complexes in the range of physiological concentrations of
glycerol and G3P*.

Interestingly, according to a recent short communication, the possibility of the VDAC-
HK-dependent generation of relatively high mitochondrial OMP, hypothesized earlier
(Lemeshko, 2014), has been confirmed in experiments with HeLa cells (Abrantes e al.,
2024). On the other hand, the magnitude of the plasma membrane potential in many tumors
has been reported to be significantly diminished (Yang & Brackenbury, 2013; Yu et al.,
2017). Both the decreased negative plasma membrane potential and the highly positive
OMP generated should lead to a more pronounced accumulation of membrane-permeable
lipophilic anions in IMS of mitochondria in cancer cells than in normal cells. If such a
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lipophilic anion can cause mitochondrial dysfunction, it might be selectively toxic for
cancer cells at certain concentrations without significant damage to normal cells, although
some toxicity may yet be revealed for the heart and brain, for which relatively high positive
OMP has also been predicted (Lemeshko, 2018, 2021). In this respect, the lipophilic
anionic flavonoid morin, which has the capacity to uncouple oxidative phosphorylation
and inhibit the mitochondrial respiratory chain and ATP/ADP exchange (Nanami et al.,
2025), has been shown to suppress the progression of colorectal cancer (Li et al., 2025).

The new, very important effect of OMP might consist in the modulation of the G3P*
mitochondrial oxidation rate produced in the cytoplasm and/or by the mitochondrial
VDAC-GK complexes. Estimations of a possible influence of generated OMP on the rate
of mitochondrial oxidation of cytoplasmic G3P?, performed for K, p=1mMandK =18
mM of GPD2 (eq. 7), predict that the positive OMP should strongly accelerate G3P*
oxidation (Fig. 4), by decreasing an apparent K, .

The activity of GPD2, which is the rate-limiting step of the G3P shuttle, is elevated in
many cancers and has been considered as a factor increasing the growth of various human
tumors (Oh et al., 2023, 2024; Lu et al., 2020). In this respect, recent experimental work
has suggested that glycerol, even in the amounts possibly derived from some foods and
beverages, might promote the growth of prostate cancer (DeGuzman et al., 2022).

According to the estimations in this study (Figure 5), mitochondrial oxidation of G3P*
may be strongly activated by the positive OMP generated by the VDAC-GK complexes
in MOM. Such a VDAC-GK-mediated electrical acceleration of the G3P shuttle might
contribute to the growth of human tumors and to the promoting effect of glycerol on the
growth of prostate cancer already mentioned.

Even a relatively small change in the VDAC voltage-gating sensitivity might strongly
influence this effect (Figure 6A, B). NADH, for example, is one of the natural modulators
of the VDAC voltage-gating properties (Lee et al., 1996). A several-fold decrease in the
maximum activity of GK attached to VDACI requires an almost proportional increase
in the quantity of the VDAC-GK complexes in MOM to recover glycerol-dependent
generation of high OMP (Figure 6C, D). Thus, the thermodynamic estimations performed
(Figures 5 and 6) demonstrated the possibility of a VDAC-GK-dependent generation of
a relatively high positive OMP and a remarkable activation by this potential of the rate of
mitochondrial oxidation of cytoplasmic G3P*.

On the other hand, a strong inhibition of the G3P* oxidation in Saccharomyces
cerevisiae mitochondria has been reported at high NADH concentrations oxidizing
NADH dehydrogenase on the outer side of the MIM (Pahlman et al., 2002; Bunoust
et al., 2005). These experimental data were interpreted as a result of G3P* electrons and
NADH dehydrogenases competing to enter the respiratory chain, but only for the case of
the respiration rate monitoring (Bunoust ef al., 2005). No competition was observed using
ferricyanide (Fc*) as a final acceptor of electrons, which was converted into ferrocyanide
(Fc*) (Bunoust et al., 2005).

I would propose an alternative explanation of these experimental data based on my
previously published model of NADH-dependent generation of the negative OMP in
mitochondria of S. cerevisiae of up to -35 mV as a result of a steady state NADH?*/
NAD!- exchange across MOM (Lemeshko, 2017). The negative OMP generated by the
oxidation of external NADH should strongly decrease G3P? concentration in MIM and,
consequently, the rate of its oxidation. Additionally, NADH should increase VDAC’s
voltage-gating sensitivity (Lee et al., 1996), favoring OMP generation. The negative
OMP might be canceled by a simultaneous steady state Fc*/Fc* exchange across MOM,
thus preventing inhibition of mitochondria oxidation of G3P* by the oxidation of
NADH as reported in Pahlman et al. (2002) and Bunoust et al. (2005). Finally, the
experimental data interpreted as a competition of electrons to enter the respiratory chain
from G3P% and NADH dehydrogenases (Bunoust ef al., 2005) can be explained as an
OMP-dependent electrical competition between these negatively charged metabolites to
enter the IMS of mitochondria.
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Overall, the G3P* mitochondrial oxidation dependent on OMP generated by the
VDAC-GK complexes (Figures 5 and 6) or/and by the VDAC-HK and CK-VDAC
complexes (Lemeshko, 2014, 2018, 2021, 2023), or even by the direct oxidation of
external NADH (Lemeshko, 2017), may represent a new “electrical crossroad” of lipid
metabolism, glycolysis, and the oxidative phosphorylation system. This opens a new field
of experimental study of a possible OMP-dependent regulation of cell metabolism under
normal and pathophysiological conditions.

Conclusions

The thermodynamic analysis of the proposed VDAC-GK mechanism of OMP generation in
mitochondria demonstrated a strong dependence of OMP on the quantity of the VDAC-GK
complexes in MOM, their maximum GK activity, the glycerol concentrations, and G3P* in
the cytoplasm, and the voltage-gating properties of free VDACs in MOM. According to
the computational model, the positive OMP generated by the VDAC-GK complexes, or by
other mechanisms (Lemeshko, 2023), should strongly activate mitochondrial oxidation
of G3P%*, known as the crossroad of lipid metabolism, glycolysis, and the oxidative
phosphorylation system. Such a new, “electrical crossroad” in the regulation of cell
metabolism is interesting for future experimental studies under various physiological and
pathophysiological conditions.
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