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Abstract

Glutamate plays diverse roles in neuronal cells, affecting cell energetics and reactive oxy-

gen species (ROS) generation. These roles are especially vital for neuronal cells, which

deal with high amounts of glutamate as a neurotransmitter. Our analysis explored neuronal

glutamate implication in cellular energy metabolism and ROS generation, using a kinetic

model that simulates electron transport details in respiratory complexes, linked ROS gener-

ation and metabolic reactions. The analysis focused on the fact that glutamate attenuates

complex II inhibition by oxaloacetate, stimulating the latter’s transformation into aspartate.

Such a mechanism of complex II activation by glutamate could cause almost complete

reduction of ubiquinone and deficiency of oxidized form (Q), which closes the main stream

of electron transport and opens a way to massive ROS generating transfer in complex III

from semiquinone radicals to molecular oxygen. In this way, under low workload, glutamate

triggers the respiratory chain (RC) into a different steady state characterized by high ROS

generation rate. The observed stepwise dependence of ROS generation on glutamate con-

centration experimentally validated this prediction. However, glutamate’s attenuation of oxa-

loacetate’s inhibition accelerates electron transport under high workload. Glutamate-

oxaloacetate interaction in complex II regulation underlies the observed effects of uncou-

plers and inhibitors and acceleration of Ca2+ uptake. Thus, this theoretical analysis uncov-

ered the previously unknown roles of oxaloacetate as a regulator of ROS generation and

glutamate as a modifier of this regulation. The model predicted that this mechanism of com-

plex II activation by glutamate might be operative in situ and responsible for excitotoxicity.

Spatial-time gradients of synthesized hydrogen peroxide concentration, calculated in the

reaction-diffusion model with convection under a non-uniform local approximation of ner-

vous tissue, have shown that overproduction of H2O2 in a cell causes excess of its level in

neighbor cells.
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Introduction

Glutamate is the most abundant excitatory neurotransmitter in the central nervous system

(CNS) [1]. The glutamatergic neurotransmission plays a crucial role in synaptic plasticity,

which is in charge of cognition, memory, and learning [2]. It is also highly required in synaptic

induction and elimination, cell migration, differentiation, and death [3].

Since glutamate permeation through the blood-brain barrier is highly restricted [4], the

cells should synthesize it endogenously. Most of the brain glutamate is de novo synthesized

from Krebs cycle intermediate α-ketoglutarate [5], by aminotransferase reactions. However, a

novel intra-neuronal metabolic pathway converting urocanic acid to glutamate after UV-expo-

sure is also reported [6].

Ambient extracellular glutamate concentration should be kept below 0.5–5 μM [7] to pre-

vent excessive glutamate receptor stimulation. Glutamatergic synapses assemble almost one-

third of all excitatory synapses in CNS. Glutamate can induce neuronal dysfunction and

degeneration when present in abnormally high extra-cellular concentrations [8]. Since late six-

ties of the past century, this process is referred to as glutamate excitotoxicity when John W.

Olney extended the ability of parenterally administered glutamate to kill neurons in the hypo-

thalamus and hippocampus [9]. Glutamate is the major excitatory neurotransmitter in the

brain, and its excessive release leads to repeated depolarization-repolarization cycles in gluta-

mate terminals. Consequently, the degeneration of postsynaptic neurons occurs due to the

increase in calcium influx, mainly through N-methyl-D-aspartate (NMDA) ionotropic recep-

tor activation [10]. There is a wide-observed pathway of cell death in the brain induced by glu-

tamate excess for various pathological processes such as stroke/ischemia, temporal lobe

epilepsy, Alzheimer’s disease, and amyotrophic lateral sclerosis [11–13]. Neuroinflammation

can be considered as the process which has a key role to prompt excitotoxicity. In particular,

inflammation causes tryptophan catabolic transformation into an agonist of NMDA receptors,

probably increasing glutamate concentrations in the brain interstitial fluids (ISF) [14]. Tumor

necrosis factor alpha (TNF-α) can potentiate glutamate-mediated cytotoxicity by two comple-

mentary mechanisms: indirectly, by inhibiting glutamate transport on astrocytes, and directly,

by increasing the localization of ionotropic glutamate receptors to synapses [15].

Recent advances in brain energy metabolism studies strongly suggest that glutamate recep-

tor-mediated neurotransmission is coupled with molecular signals that switch-on glucose utili-

zation pathways to meet neurons’ high energetic requirements [16]. Failure to adequately

coordinate energy supply for neurotransmission ultimately results in a positive amplifying

loop of receptor over-activation leading to neuronal death. While the neurotransmitter’s

homeostatic balance is disrupted, elevated glutamate levels in the extracellular environment of

the central nervous system play a pivotal role in neurodegeneration in acute CNS injuries [17].

Glutamate-induced excitotoxicity is mainly linked to an impaired ability of glial cells to reup-

take and respond to glutamate. This impairment is considered a common hallmark in many

neurodegenerative diseases, including Parkinson’s disease [18] and tumor-associated epilepsy

[19]. Although glutamate-dependent excitotoxicity is the primary mechanism in neuronal

apoptosis, the rapid excitation of neurons due to a massive influx of calcium without the neu-

rotransmitter glutamate level increase (glutamate-independent excitotoxicity) is also a contrib-

uting factor, especially in traumatic brain injury [20].

Our study aimed at a deep qualitative analysis of the destructive intracellular processes, ini-

tiated by excessive accumulation of glutamate, that can lead to cell death. Therefore, we con-

sider glutamate transport into the neuronal cells and its interactions with cellular metabolism

that can promote harmful effects. Five types of glutamate transporters, called Excitatory

Amino Acid Transporters (EAAT) in the general classification, on the cytoplasmic membrane
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have been caracteryzed. All EAATs belong to a Solute carrier 1 family. The types of EAATs dif-

fer by their affinity to substrate and capacity to substrate translocation [21], but share the same

mechanism of transport, which is accounted for in our analysis (see section Models). EAATs

protomers also possess an anion channel activity to avoid excessive membrane depolarization.

This anion activity is associated but not stoichiometrically coupled to substrate translocation

[22].

EAATs are secondary active transporters with general stoichiometry. The membrane gluta-

mate transport process is electrogenic and facilitated by negative transmembrane potential, as

a net of two positive charges is translocated inside the cell during each transport cycle [23]. In

one catalytic cycle, the protein binds and moves into the neuron one molecule of glutamate,

three sodium ions, and one proton, and carries out one potassium ion. The sequence of ele-

mentary events of the protein transport cycle is conserved among EAATs types. The proton-

ated transporter form binds a glutamate molecule after the first sodium ion binding [24].

Thus, glutamate is the only substance that flows up counter to its concentration gradient, as

the other co-transported ions flow down corresponding concentration gradients. Sodium ions

are essential for glutamate binding, and potassium ion is necessary for transformation back to

the initial state. Anion activity of EAATs, associated with the transport cycle, is glutamate and

sodium–gated [25]. Our theoretical study accounts for this mechanism of glutamate transport.

The glutamate molecules are stored in presynaptic vesicles, which contain up to 100 mM of

glutamate [5] concentrated by vesicular glutamate transporters using proton gradient gener-

ated by V-type H+-ATPase across synaptic vesicular membrane [26].

Glutamatergic neurotransmission begins with calcium-dependent glutamate efflux from

the nerve terminals to the synaptic cleft after cytoplasmic membrane depolarization. Then the

neurotransmitter interacts with metabotropic and ionotropic receptors on the postsynaptic

neuronal terminal membrane. These receptors also have ion channel activity. The activation

leads to the influx of calcium and sodium ions and potassium efflux from the postsynaptic

nerve terminals and depolarization of the corresponding neuron membrane. Such a depolari-

zation terminates after clearance of synaptic cleft from glutamate after action potential genera-

tion [23]. That part of glutamate, which was not removed from the synaptic cleft by glutamate

transporters, can diffuse, filling the whole extracellular space. This process, called spillover,

which is crucial in intersynaptic crosstalk and so in synaptic plasticity [1, 2], is considered in

our analysis as the primary source of extracellular glutamate affecting cellular metabolism

(Fig 1).

Glial cells enclosing glutamatergic synapse remove up to 90% of released glutamate, which

is rapidly converted into glutamine by glutamine synthetase (GS). A considerable proportion

of glutamate undergoes oxidative degradation in astrocytes, where oxidation of glutamate is

initiated by transamination catalyzed by an aminotransferase (AAT), or oxidative deamination

catalyzed by glutamate dehydrogenase (GDH) [27]. Synthesized glutamine is released into

extracellular space and uptaken by neurons, where glutaminase (GLS) converts it back to glu-

tamate [28]. The neuronal glutamate is also converted to GABA, the primary inhibitory trans-

mitter in the CNS. Moreover, glutathione is synthesized including glutamate as a composing

compound. It is remarkable, that glutamate not only contributes to brain energy buffering

through the transformation to α-ketoglutarate by GDH or AAT [5]. Together with direct met-

abolic reactions supplying ATP synthesis, glutamate can affect cellular energy metabolism as a

potent regulator. We previously found that glutamate activates H2O2 synthesis in nonsynaptic

brain mitochondria [29]. Specifically:

• the activation was observed in the presence of rotenone (inhibitor of respiratory complex I)

and high concentrations (5 mM) of succinate as a substrate for the respiratory chain (RC);
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• the concentration dependence of the activation appears as a stepwise process, so that low

glutamate concentrations <100 μM induce maximal activation and further increase of gluta-

mate does not further activates H2O2 production;

• low glutamate concentration accelerates uptake of Ca2+;

• glutamate does not further increase the antimycin-induced activation of H2O2 generation

and vice versa;

Fig 1. Extended scheme of glutamate involvement in complex II regulation. While a whole system of principal glutamate reactions is

shown, the subject of the model is painted in color. It illustrates the implementation in the model mechanism of complex II activation by

glutamate. The processes not included directly in the model are shown in grey. The most common glutamate-involved processes are

separated in the different cells. Several types of transporters of the EAAT family are indicated in appropriate membranes. The metabolic

reactions of GLS, GS, GDH, and AAT are shown in local areas of a neuron (presynapse and postsynapse) and glia. Dashed blue arrows

indicate spillover of glutamate. According to the specificity of glutamate transporter localization [3, 21, 23], EAAT3 is considered as the

carrier used in the model. The reactions in a neuroplasm (for example glycolysis, NADH metabolism, etc) are omitted for the clearaty of

presentation.

https://doi.org/10.1371/journal.pone.0255164.g001
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• uncouplers of electron transport and ATP synthesis prevent the activation of H2O2

generation.

These experimental data indicate that glutamate affects the RC operation. Respiratory com-

plex II is the main gate for electron influx into the RC under the considered experimental condi-

tions (excess of succinate in the presence of rotenone). The listed above effects of glutamate, at

first glance, seem to be consistent with a hypothesis that glutamate activates complex II. Panov

et al. proposed that glutamate can attenuate complex II inhibition by oxaloacetate [30]. This

hypothesis is based on the well-known facts that oxaloacetate is an inhibitor of complex II [31,

32]. Two processes contribute directly to the attenuation of oxaloacetate inhibition. First, aspar-

tate transaminase transforms oxaloacetate into aspartate, taking an amino group from glutamate

and transforming it into alpha-ketoglutarate. Second, aspartate is forced out of mitochondria in

exchange for external glutamate. In this way, glutamate causes a decrease of oxaloacetate con-

centration. Further, this process is referred to as activation of complex II by glutamate.

Complex II inhibition by oxaloacetate is especially notable in brain cells [33]. Therefore, the

interaction of glutamate with this process can play an essential regulatory role in the brain.

The scheme of respective reactions is shown in Fig 1. When succinate is added as a substrate

for the RC, its subsequent oxidation produces fumarate, malate, and then oxaloacetate. Oxida-

tion of the latter in the Krebs cycle requires acetyl Co-A, a product of pyruvate dehydrogenase

reaction. If pyruvate supply is not sufficient, oxaloacetate concentration can increase and

inhibit succinate oxidation in complex II [32].

We previously developed a detailed kinetic model of the RC functioning [34–36]. We used

software Mitodyn [37] that implements an extended version of this model to analyze the observed

effects of glutamate in depth. To our knowledge, no mathematical models were developed previ-

ously to analyze the consequences of complex II inhibition by oxaloacetate and the interaction of

glutamate with this process. The first objective of this contribution was to check whether the

hypothetical mechanism of complex II activation by glutamate underlies the glutamate effects on

the RC observed in [29]. To this end, we simulated data of [29] with a model that implements the

above described hypothesis of the RC activation by glutamate. Specifically, we qualitatively simu-

lated the following data reported in [29]: the stepwise activation of ROS generation summarized

in Fig 2F, Ca2+ uptake presented in Fig 4A, combined effect of inhibitors myxothiazol and antimy-

cin shown in Fig 5C and an uncoupler in Fig 6 of [29]. Suppose glutamate, indeed, provokes such

significant changes in ROS production, and these changes are relevant in situ. In that case, regula-

tion of the RC operation by glutamate in neuronal cells may have significant physiological conse-

quences. Revealing the possible outcome of glutamate accumulation in neuronal cells in situ
under excessive stimulation was the second objective of this contribution.

We qualitatively simulated the data of Lobysheva et al. [29], to get a more in-depth insight

into the mechanism of glutamate interaction with the RC and ROS production in complexes II

and III. The model used for the simulations assumed the mechanism of glutamate interaction

with mitochondrial metabolism, as Fig 1 shows. After validating this hypothesis by the experi-

mental data simulation, we predicted the possible effects of glutamate in neuronal cells in situ,

including the visualization of ROS propagation dynamics to the neighbor cells, using a three-

dimensional reaction-diffusion model.

Results

I. Isolated mitochondria

1. ROS generation by functionally isolated complex II. ROS production in complex II,

functionally isolated from complexes I and III by applying inhibitors rotenone and
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myxothiazol, was studied experimentally [38–40]. These studies revealed a bell-shaped depen-

dence on succinate at low concentrations. Our simulation of ROS production in the flavin site

of complex II (according to Messner and Imlay [41]) with inhibited electron transport through

complexes I and III reproduced such a bell-shaped peak at low succinate concentrations

(~50 μM). The simulation shows a much steeper drop in ROS generation than observed in the

experiments (curve 1 in Fig 2) if myxothiazol completely inhibits upstream electron flow.

However, if inhibition by myxothiazol is not complete, but a small part of complexes III

remains active, the drop in ROS generation by complex II is not so steep (curves 1–4 in Fig 2).

It becomes similar to that observed in the experiments. According to the model, this depen-

dence is bell-shaped because the fraction of flavin semiquinone reaches its highest value at low

succinate concentration. With succinate increase, flavin becomes fully reduced, and the con-

centration of ROS generating semiquinone decreases.

2. Stepwise activation of ROS production by glutamate. It was found [29] that gluta-

mate, applied in low concentrations, induces a stepwise increase of mitochondrial ROS pro-

duction. Fig 3 shows a simulated abrupt change in the RC state related to ROS generation as a

function of glutamate concentrations.

This discontinuous change is a normal consequence of commonly recognized reactions tak-

ing place in respiratory complexes and mitochondrial matrix, implemented in the differential

equations of the model. The model implements an aminotransferase reaction that, using gluta-

mate as a substrate, transforms oxaloacetate into aspartate. This reaction decreases oxaloace-

tate concentration (Fig 3A) and, respectively, complex II inhibition. Such activation of

Fig 2. Simulated dependence of ROS production in functionally isolated complex II on succinate concentration.

The model simulated ROS generation in complex II functionally isolated by rotenone (setting to 0 the binding

constant of quinone to complex I) and myxothiazol (changing the binding constant of QH2 to the Qo site of complex

III). Curve “0” simulates absence of myxothiazol (binding QH2 to the Qo site not changed, 700 (nmol/mg)-1s-1), curves

1–4 characterize various extents of inhibition by myxothiazol. The remaining activity is reflected by the changed

binding constant (relative to the unchanged one) 4×10−8 for curve 1, 1.4×10−6 for curve 2, 2×10−6 for curve 3, 4×10−6

for curve 4. The values of ROS generation are normalized to the maximal peak (obtained for curve 1).

https://doi.org/10.1371/journal.pone.0255164.g002
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complex II at moderate workloads results in the reduction of free ubiquinone pool (Fig 3B)

and, consequently, in the deficiency of oxidized form (Q). Since the latter is the substrate

acceptor of electrons in Qi site of complex III, its deficiency causes the electron, accepted from

QH2 at Qo site and designed for Q, to be accepted by molecular oxygen, giving superoxide rad-

ical O2-. Thus, the switch of main electron flow between the two acceptors: Q or O2 in com-

plex III underlies the switch between the two branches of steady states. In this way, when it

reaches a critical concentration corresponding to the bifurcation point, glutamate stimulates

positive feedback: activation of complex II leads to Q deficiency. The latter slows down QH2

oxidation, resulting in higher ubiquinone reduction that aggravates Q deficiency. This positive

feedback leads to the switch to a different branch of steady states where the level of semiqui-

none radicals (SQ) at Qo site of complex III is high (Fig 3C), and, respectively, the rate of ROS

generation (Fig 3D) is high. The maximal levels of ROS generation shown in Fig 3D quantita-

tively correspond to those measured experimentally in [29] when the rate constant of ROS

generation is 2×10−5 s-1. However, we realize that it could be higher because the model does

not account for ROS inactivation in the real object. This change in complex III functioning

leads to a temporal increase of flavin semiquinone radicals in complex II. Thus, the reason for

an abrupt switch in ROS generation is the multistationarity of the RC operation [34–36].

Practically the two branches of steady states were calculated as follows. Starting from a

point corresponding to an "active" steady state the program solves many initial value problems

(IVP), applying a small increment in glutamate concentration, thus calculating steady states

Fig 3. Stepwise activation of ROS generation by glutamate. Gradual increase of glutamate concentration leads to abrupt changes

(bifurcation) in the RC state (indicated by dotted and dashed lines). Mitochondrial oxaloacetate concentration decreases (A). Free

ubiquinone becomes practically completely reduced (B, QH2 ratio to the total ubiquinone amount is shown). The fraction of

semiquinone (SQ) formed at the Qo site of complex III increases (C). ROS generation in complexes II and III increases (D, the ratio of

ROS accumulated during the first minute to the amount of these complexes is shown). The maximal rate of ROS generation corresponds

to that obtained experimentally when the rate constant of ROS formation is 2×10−5 s-1. Curves 1–4 are obtained with different values of

rate constant of FAD reduction by succinate in the flavin center of complex II (in (nmol/mg)-1s-1), 1: 175, 2: 131, 3: 88, 4: 70.

https://doi.org/10.1371/journal.pone.0255164.g003
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corresponding to the incremented parameter. The curve of active steady states is calculated by

repeating this operation, taking each obtained solution as an initial point for a subsequent cal-

culation. At some iteration, it reaches a bifurcation point where a solution discontinuously

changes to a branch indicated in Fig 3 as "inactive". This switch is shown in Fig 3 by dashed

lines. After further incrementing and subsequent decrementing the glutamate concentration,

the solution stays in this "inactive" branch, even after decreasing glutamate concentration

below the bifurcation point. In this way, the program finds two branches of stable steady states

existing in the same interval of parameters. The system reaches one or another of them

depending on the initial values of variables. Probably there exist a branch of unstable steady

states between them and connected to the "active" branch at the bifurcation point. However,

the applied method does not allow to locate unstable steady states, and the "active" branch

seems terminated at the bifurcation point, whereas "inactive" states exist for all possible gluta-

mate concentrations. Probably, the switch to this branch corresponds to excitotoxicity and

leads to cell death. It is possible that perturbation of other model parameters can induce a

switch back to an "active" state, but it is a subject of future investigation.

The comparable glutamate dependence of ROS generation shown in Fig 2 of [29] also

reaches saturation at low glutamate concentration. Still, it is not as steep as the curves pre-

sented in Fig 3D. However, a variation of the rate constant of succinate binding to complex II

leads to a shift of the bifurcation point. Therefore, we believe that the switch between the

steady states described in the model, in principle, corresponds to the stepwise dependence

observed in the experiment. The latter is not so steep as in the model because of the RC charac-

teristics heterogeneity in the mitochondrial suspension.

3. The effect of the RC uncoupling on ROS production. Fig 4 shows an impact of uncou-

pler simulated as an increase of proton leak. Glutamate increases ROS production in com-

plexes II and III by the mechanism outlined above. Experimentally, uncouplers, such as PCP,

prevent an increase of ROS production stimulated by glutamate. The model simulates this

effect of uncouplers. According to the model, ROS production decreases because ubiquinol

(QH2) produced by the activated complex II is quickly oxidized for proton translocation giving

Q, which is necessary to avoid the switch to excessive ROS production. Thus, the increased

demand for active electron and proton transport in the respiratory chain, as an effect of uncou-

plers, causes a decrease in ROS production. In this case, activation of complex II by glutamate

does not result in increased ROS production.

Fig 4. Uncoupling prevents the glutamate stimulated ROS production. Calculated ROS accumulation produced in complexes II (A)

and III (B) after complex II activation by glutamate in the presence (blue curves) and absence (orange curves) of an uncoupling agent.

Uncoupling is simulated as an increase of proton leak rate constant (from 2 to 40 s-1×mV-1). The calculations stimulated the application

of uncoupler PCP, as reported in Fig 6 of [29].

https://doi.org/10.1371/journal.pone.0255164.g004
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Although both complexes respond similarly to glutamate stimulation without an uncoupler,

the time courses of their responses are different. Whereas in complex III the rate is constant,

in complex II it is high at the beginning, but then it rapidly decreases. The latter dynamics

reflect a fast increase of flavin semiquinone radical content immediately following the switch

to the new steady state. Then flavin became fully reduced, and the ROS production rate drops

down.

4. Application of antimycin and myxothiazol together with glutamate. Fig 5 shows that

glutamate, as well as antimycin, induces an increase in ROS production. The subsequent appli-

cation of the second of these two active compounds does not further accelerate ROS produc-

tion. The absence of additivity in the effects of these stimulators of ROS productions supports

the idea of bistability in the RC operation. Any of these compounds switch the RC into the

steady-state, where ROS production is maximally stimulated. The subsequent addition of the

other compound does not change this steady-state.

Although the effects of glutamate and antimycin are similar, the delays between the effector

addition and the response are different. Complex III practically immediately responds to anti-

mycin and delays in response to glutamate. This difference is understandable: antimycin

affects complex III directly, blocking Q reduction in the Qi site, whereas glutamate affects

complex III after reducing the ubiquinone pool. In complex II, the situation is different. The

content of flavin semiquinone radicals rapidly increases when the ubiquinone pool is highly

reduced. This threshold of ubiquinone reduction is reached faster when glutamate stimulates

complex II. When ubiquinone became practically completely reduced, the content of flavin

semiquinone radicals decreases because flavin became completely reduced. Then the ROS pro-

duction rate in complex II drops.

According to the model, myxothiazol itself induces ROS production in complex II similar

to that caused by antimycin or glutamate. It agrees with [42], where stimulation of ROS pro-

duction by mitochondria respiring on succinate in the presence of myxothiazol was found.

The delay for the complex II response is a bit shorter than that for antimycin because myx-

othiazol stops the reaction of QH2 oxidation in complex III. In contrast, antimycin accelerates

the reaction of ROS production that oxidizes QH2. This oxidation delays the complete QH2

reduction that is translated into an increase in flavin semiquinone content.

Fig 5. Simulated ROS production response of complexes II (A) and III (B) to combinations of antimycin, glutamate, and myxothiazol.

The action of antimycin simulated as a block of ubiquinone binding and dissociation in the N-center of complex III (rate constants of

these reactions are 0). Myxothiazol blocks ubiquinol binding in the Qo-center of complex III (corresponding rate constant is 0).

Glutamate activates complex II as described in the Introduction. The orange and blue curves simulate different orders of additions.

Orange: glutamate is added before antimycin, blue: antimycin is added before glutamate. These simulations qualitatively reproduce a

direct record of H2O2 accumulation varying the order of addition of glutamate and antimycin, as shown in Fig 5 of [29]. The code, initial

values and rate constants corresponding to this simulation is available at https://github.com/seliv55/cell_mito/tree/fig6.

https://doi.org/10.1371/journal.pone.0255164.g005
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5. Acceleration of Ca2+ uptake by mitochondria. Ca2+ enters mitochondria through

Ca2+ uniporter forced by the transmembrane electric potential (Δψ). According to the simula-

tions shown in Fig 6, glutamate accelerates Ca2+ entry. This acceleration of Ca2+ entry is in

accordance with the measurements reported in Fig 4 of [29].

Complex II stimulation by glutamate is the reason for faster Δψ recovery. The entry of posi-

tively charged Ca2+ ions decreases the Δψ. In this way the effect of Ca2+ is similar to that of

uncouplers (see part 3 of Results). As in the case of uncouplers, glutamate does not induce the

Fig 6. Glutamate—activated Ca2+ uptake by mitochondria. The calculated dynamics of transmembrane potential (A) and

Ca2+ (B) in response to multiple additions of 20 nmol Ca2+. The uptake of positive Ca2+ ions discharges the membrane. After

the uptake, Δψ recovers. The model accounts for the uptake as JCa = P�Δψ�([Ca2+]o-[Ca2+]i)� exp(zFΔψ/RT) /(1-exp((zFΔψ/

RT)), here JCa is the uptake flux of Ca2+, P = 0.005 s-1×mV-1 is permeability coefficient, Δψ is the transmembrane potential,

z = 2 is the ion charge, R is the ideal gas constant, T is the temperature in kelvins, F is Faraday’s constant. RT/F is ~25.693

mV. d(Δψ)/dt = F/C � 2�JCa describes the JCa dependent change of Δψ. C is the electric capacity of the membrane, F/C = 500

mV�nmol-1�mg protein. The simulations correspond to the direct record of Ca2+ uptake reported in Fig 4 of [29].

https://doi.org/10.1371/journal.pone.0255164.g006
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switch to ROS production but stimulates effective electron transport that recovers Δψ faster.

The faster Δψ recovery causes more rapid Ca2+ uptake.

It should be noted that Ca2+ uptake was simulated to show one more phenomenon that

supports the suggested here mechanism of complex II activation by glutamate. We realize that

Ca2+ metabolism is complex, it includes Ca2+ / H+ antiport, Ca2+ / Na+ exchange, binding by

proteins, precipitation as phosphate salt [43, 44]. However, details of this metabolism are out

of the scope of the presented study. Our objective was to demonstrate that activation of the RC

by glutamate provides faster uptake of externally added Ca2+, higher levels and faster recovery

of Δψ. Since the Δψ-dependent Ca2+ uptake of added Ca2+ is the main way of its transport

under the considered conditions, only this way was implemented in the simulations shown in

Fig 6. Since inside mitochondria, Ca2+ is mainly bound to proteins or precipitated, its concen-

tration inside was constant in the model. Δψ here is calculated as described in equations

H.1-H.7 in [35], taking into account that complex I is inhibited by rotenone and Δψ is main-

tained by electron transport in complex III.

II. Intact cells in situ

Astrocytes, as widely accepted, mediate the bulk of glutamate uptake in the brain. Petr et al.

showed that the biochemical uptake assays could dramatically overemphasize neuronal uptake

[45]. Therefore, glutamate dynamics and glutamate transporter function should be studied in
situ [46–48]. Such studies have shown that synaptic activity generates extrasynaptic glutamate

dynamics with magnitude and duration sufficient to activate extrasynaptic glutamate recep-

tors. Okubo et al. measured extracellular glutamate dynamics in response to a series of stimu-

lating pulses at 100 Hz using optical glutamate sensors [49]. They found that average

extracellular glutamate concentration after fife stimulating pulses at 100 Hz reached 20μM.

This glutamate was uptaken during ~15 ms after the fifth pulse. Pinky et al. [46] found that

after more prolonged stimulation (50–100 pulses), the extracellular glutamate reached a higher

concentration, above the threshold for optical sensor saturation. This increased glutamate con-

centration in the extracellular space persists during some seconds after the stimulation [46]. If

the extracellular volume is close to that for the intracellular one, then extracellular 20 μM cor-

responds to 10 nmol/mL of tissue. If this amount is uptaken during 15 ms and the rate remains

the same during and after prolonged stimulation, then after 5 s of stimulation, more than

3 μmol/mL of tissue can be uptaken by nervous cells. A simulation of the possible conse-

quences of this uptake is shown in Fig 7.

The model used for such simulations is an extension of the model used to analyze glutamate

effects on isolated mitochondria described above. This extension includes a mathematical

description of glutamate transport into the cells from extracellular space and a summation of

glutamate released from neighboring synapses into extracellular space, cytosolic reactions of

malate—aspartate shuttle, Na+/K+ ATPase, integral cellular ATPase, ATP synthase, glycolysis

in simplified form, NADH metabolism (see Methods).

Fig 7 simulates the dynamics of ROS production rate, mitochondrial glutamate level, and

ATP concentration in neuronal cells in situ. At low glutamate concentrations in mitochondria

and slow ATP consumption, cells maintain a high level of ATP (dashed curves in panels A-D,

labeled as “glu”). The increase of glutamate concentration resulted in the RC switch to an inac-

tive state with high ROS generation rate and decreased ATP synthesis rate. In this situation,

ATP levels drop (blue curves in panels A-D, labeled as “GLU”). Suppose under the latter con-

ditions of glutamate uptake, ATPase activity increases an order of magnitude. In that case,

mitochondrial glutamate concentration does not increase because the entered glutamate is
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transformed into α-ketoglutarate and consumed in the Krebs cycle. Thus, the increased

ATPase activity prevents a rise in ROS production, and high ATP levels are maintained.

III. Spatial-time gradients of hydroperoxide in a local brain area

Although the initial, primary death signals, i.e., those that induce NMDA receptor-mediated

death and oxidative stress, may be localized in a narrow area, the further development of gluta-

mate excitotoxicity seems to be essentially spatially dependent. In particular, it can necessarily

mediate through Connexin 36-containing gap junctions [50]. Indeed, the metabolism of ROS

has been accurately described to be aberrant in many neurodegenerative diseases [51]. Due to

a lofty level of oxidative reaction with a single electron transfer, the respiratory chain in the

inner mitochondrial membrane seems to be the main ROS production source. Nevertheless, it

appears under very high rates of H2O2 scavenging by brain mitochondria [52], which can be as

high as 100 times more than the highest rate of experimentally measured brain ROS generation

[53]. This essential difference between the metabolic fluxes causes doubts about the ground

hypothesis of ROS source in nervous tissue. Recently, Starkov et al. have shown that mitochon-

dria are neither a sink nor a source of H2O2 but can function as both at the same time, effi-

ciently stabilizing exogenous H2O2 concentration at a level directly proportional to the ratio of

the H2O2 generation rate to the rate constant of the first order scavenging reaction [54].

Despite the balance of production and consumption fluxes, the question about possible ROS

distribution still arises. It may be caused by both diffusion and convection of the species away

Fig 7. Cellular ATP levels and ROS production at various glutamate concentrations and workload (ATPase).

Dynamics of ROS production rate in complex II (A), complex III (B), mitochondrial glutamate (C), and cellular ATP

levels (D) at various rates of glutamate uptake and cellular ATPase activity. Dashed green curves in panels A-D, labeled

as “glu,” represent simulations of conditions when excitation results in uptake of 1 μmol of glutamate per 1 g of tissue

and ATPase rate of 1nmol×g-1×s-1. Blue curves in panels A-D marked as “GLU” represent simulations of conditions

when excitation results in glutamate uptake of 3 μmol/g of tissue and the sameATPase rate. Orange curves labeled as

“work” represent simulations of conditions when excitation results in glutamate uptake of 3 μmol/g of tissue and

ATPase rate of 10nmol×g-1×s-1. The code, initial values and rate constants corresponding to this simulation are

available in https://github.com/seliv55/cell_mito/tree/fig8.

https://doi.org/10.1371/journal.pone.0255164.g007
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from the local area of their generation. A local virtual area of brain tissue has been considered

to analyze the possibility of increased hydrogen peroxide level appearance. It is approximated

by a set of non-uniform 3D objects, which is designed in a manner when two central bodies

are surrounded by other ones (see Fig 8).

Under such a condition, we suppose that glutamate initiates increased hydrogen peroxide

production in the central core of mentioned two bodies. The other objects keep the production

of H2O2 at the normal level. The flux defining the changes of hydrogen peroxide point concen-

tration is the sum of production and consumption net rates (see part II of Models). It is

assumed that the final summand will be positive because the cells have a non-zero level of ROS

production. The results of numerical modeling are shown in Fig 9.

Initially, the spatial distribution of hydrogen peroxide seems to be similar for normal and

high production fluxes. At the first moment of time concentration of H2O2 is equal to 5 and 10

nM in ISF and cell space, respectively (see part II of Models). This difference approximates the

gradient by a kink like function which is further smoothed by diffusion and convection. Due

to only 4.8% of the considered phantom volume has got an increased production, the gradients

near the objects are akin. However, an essential difference appears when the system becomes

close to a steady state condition. It is clearly seen for the partial example of axis-oriented con-

centration distribution (Fig 10). Under normal conditions, hydrogen peroxide concentration

decreases slowly in time. There is a maximal amount in the central area, but the level is never

more than an initial value for the objects. However, if the hydrogen peroxide production is

induced by glutamate, the level of H2O2 will excess over the initial values (a dark red spot in

the central area in the right draw). Then, the gradient goes down as like as the same one under

normal conditions. Exceeding the initial level is approximately 2.5%. A slightly increased con-

centration of H2O2 is kept in the central area of glutamate-induced tissue even though the

steady state condition is reached.

Discussion

In the presented theoretical analysis we checked whether the hypothetical mechanism of com-

plex II activation by glutamate underlies the glutamate effects on the RC, observed in [29]. The

analysis has confirmed that glutamate, indeed, can provoke such significant changes in ROS

production. The biochemical basis for the observed huge increase in ROS production rate is

complex II activation by glutamate, according to the mechanism visualized in Fig 1.

A stepwise switch from low to high ROS production rate is an essential characteristic of glu-

tamate-induced activation of ROS production. Simulation of this phenomenon was possible

because the model admits multistationarity in the RC operation. According to the model, the

RC can function in two different steady states, as Fig 4B–4D indicates. Various agents induce a

switch between these steady states. The absence of additivity in the effects of two agents caus-

ing an increase in ROS production, glutamate and antimycin, is also consistent with the

hypothesis of the RC bistability. Once the switch to the state of high ROS production has

occurred, an additional agent cannot further increase the effect of the first one.

The detailed kinetic model presented here uncovers a novel role of the well-known phe-

nomenon of complex II inhibition by oxaloacetate as a key factor in the dramatic increase of

ROS induced by a rise in glutamate concentration in brain mitochondria. The simulations in

the most detailed kinetic model of respiration that accounts for this inhibition have shown

that the latter is an essential factor controlling respiration rate and ROS generation. The analy-

sis has demonstrated that if glutamate attenuates oxaloacetate’s inhibition under the condition

of high workload, the RC provides the necessary energy more effectively. However, suppose

such an attenuation takes place under conditions of decreased workload. In that case, the
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Fig 8. A multi-object simplified phantom of a local brain area. A limited area containing neurons and astrocytes is

approximated by the set of 26 non-uniform objects, which simulate cell bodies and combinations of incoming

dendrites and axons. The set of the bodies is formed as a bunch, where two central objects are surrounded by other

ones (A). The character size of the objects is around 5 μm, and the distance between the surfaces of neighbors varied

with a median of 8 nm [55]. The central axis is a line that penetrates the phantom at the level of y = -5μm (a red arrow).

It lies in the central XY plane. The considered set of bodies is placed into parallelepiped 16×17×19 μm (B). ISF flow is

constant, and it has an orthogonal direction to the YZ plane (B, black arrows). The production and consumption of

H2O2 are localized into the objects.

https://doi.org/10.1371/journal.pone.0255164.g008

PLOS ONE Oxaloacetate and glutamate roles in ROS generation

PLOS ONE | https://doi.org/10.1371/journal.pone.0255164 August 3, 2021 14 / 25

https://doi.org/10.1371/journal.pone.0255164.g008
https://doi.org/10.1371/journal.pone.0255164


increase of complex II activity can lead to the RC switch into an ineffective and primarily ROS

generating state thus provoking oxidative stress with its pathological consequences.

The analyzed here details of the RC stimulation by glutamate and switch of the RC to an

“inactive” state where ROS generation rate highly increases and provokes oxidative stress pro-

vides a new understanding of the processes underlying excitotoxicity. We believe that such a

deep understanding of this phenomenon will be a stimulus towards a potential therapeutic

approach.

One of the main regulatory aspects of a glutamate tissue overload is a physiological or a

therapeutic ability to reduce its toxic effect on the brain tissue. In general, diminution of exci-

totoxicity is achieved by an acceleration of excess glutamate clearance. In particular, it can be

mediated through ISF flow, which distributes a high glutamate concentration to be moved by a

bulk flow of the vascular system. Nevertheless, it has been functionally estimated that gluta-

mate transport across brain endothelial cells in physiological conditions is minimal [1]. How-

ever, when the extracellular concentration of glutamate increases in the brain, EAATs

accumulate it into brain endothelial cells with further facilitated diffusion to the blood. Several

experiments have demonstrated that acceleration of the trans-endothelial to vascular luminal

efflux of glutamate may be an important mechanism to reduce the neurotoxic effects of gluta-

mate [56]. Convection and diffusion are the essential processes for toxic chemical gradients as

Fig 9. Numerical approximation of hydrogen peroxide concentration in a local brain area. Time dependent gradients of H2O2

concentration are represented in the two orthogonal planes cross the phantom in the central position. A mesh contour objects are also

drawn but a front quarter is omitted for a clear visualization. The distributions are represented for several time points describing both

initial and pre-steady state conditions. The normal condition (upper panel) means that the rate of H2O2 production in all objects in the

phantom is physiological. Glutamate induction of hydrogen peroxide overproduction indicates that a high rate appears in the two

central objects. The surrounding objects keep a normal rate of production.

https://doi.org/10.1371/journal.pone.0255164.g009
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Fig 10. Spatial-time dependence of hydrogen peroxide concentration alone the central axis of the phantom. A 3D surface

dependence of H2O2 concentration on time and coordinate is represented in the top for a normal condition (left) and a glutamate-

induced overproduction(right). The red arrow indicates the direction of the center axis shown in Fig 8. The central XY plane with iso-

lines of H2O2 concentrations and corresponding filled areas is shown below. The corresponding time moments are indicated in the left

column.

https://doi.org/10.1371/journal.pone.0255164.g010
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well. Analysis of the spatial-time distribution of hydrogen peroxide indicates that even a small

area treated with glutamate can be a potential source of radicals. The balance between ISF and

cell initial concentrations has been chosen to get a mean value of nearly 8 nM in the brain tis-

sue [54]. Indeed, the considered initial value of 10 nM is well below toxic levels of H2O2 [57].

Nevertheless, it is remarkable that glutamate overproduction causes an increased hydrogen

peroxide level exceeding the initial level. The relatively low increased percent of concentration

should be explained by an especial feature of the local considered area. Indeed, the enhanced

level of hydrogen peroxide production appears in the two central objects only. The surround-

ing area produces H2O2 at a normal rate. Due to the typical size of the object of 5 μm, this

example has to be deemed as the narrowest possible localization of measurable hydrogen per-

oxide synthesis. In other dimensions of the glutamate induced area, the effect will be more sig-

nificant. Moreover, a small number of neighbors enhances the role of convection. However,

Jin et al. modeling results do not support a physiologically important role for local parenchy-

mal convective flow in solute transport through brain extracellular space [58]. Extension of the

phantom border and enlarge the number of the objects will result in a shift of the balance to

diffusion. It should be stressed that in our model tensor of diffusion is reduced to a zero rank

(see part II of Models, (11)) because a tortuosity of the medium is considered explicitly. The

results of our modeling agree with the previous ones obtained for inside hydrogen peroxide

diffusion in HeLa cells [59]. Showed the time and length scales for H2O2 diffusion after mem-

brane permeation to be approximately 1ms and 4 μm, respectively.

The possibility to counteract with vitamin E the maladaptive morphological and functional

changes of brain related to glutamate-mediated excitotoxicity, neuroinflammation, and oxida-

tive stress is clearly shown in the kainic acid model of pharmacological excitotoxicity and epi-

leptogenesis [60].

The risk of glutamate excitotoxicity can also be diminished by microRNA, which exerts its

effects by changing the transcriptional level of glutamate receptors in post-ischemic stroke

[61]. Resveratrol suppresses the increase of extracellular Glu levels induced by stretch injuries

by enhancing the Glu transport, thus increasing Glu uptake, glutathione content, glutamine

synthetase activity, and S 100B (a neurotrophic cytokine) secretion in cortical astrocyte cul-

tures and C6 glioma cells [62].

Curiously, the inhibitor (antimycin) and activator (glutamate) produced similar effects on

ROS production. However, these opposite extremes result in the same: almost complete reduc-

tion of ubiquinone pool and deficiency of oxidized form that participates in QH2 oxidation in

complex III Q-cycle. Thus, glutamate’s effects are controversial: it activates electron flow, but

this activation could lead to the RC inhibition at low energy demand. This controversial out-

come underlies the glutamate effects in the cells.

In addition to the considered here direct activation of complex II, the critical reason for glu-

tamate excitotoxicity is that glutamate can markedly activate NMDA receptors, and increase

the concentration of intracellular calcium, which is a potent activator of many processes. Such

an activation could lead to their dysregulation and finally induce neuronal death. However,

activation of the receptors and final glutamate effect seems to be not unambiguously con-

nected. For example, the noncompetitive NMDA receptor antagonist memantine can protect

dissociated cortical neurons from glutamate excitotoxicity [63], but glutamate antagonists

induce schizophrenia-like symptoms through modulation of the NMDA receptor [63]. It

means that the pathophysiology of schizophrenia may similarly result from dysregulation of

the NMDA receptor, and the clinical syndrome of such a pathology reflects simply the behav-

ioral pattern resulting from generalized disruption of NMDAR-mediated neurotransmission

within the brain [64]. Current proponents of the glutamatergic hypothesis postulate that hypo-

functional NMDA receptors located on gamma-aminobutyric acid (GABA)–ergic inhibitory
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interneurons disinhibit pyramidal neurons, leading to a paradoxical increase in glutamatergic

activity [65].

The observed acceleration of Ca2+ uptake ([29], Fig 4) indicates that glutamate accelerates

electron flow through the RC. These data validate the mechanism of complex II activation by

glutamate (Fig 6) implemented in the model. In this case, rapid oxidation of QH2, necessary to

recover Δψ compensates the accelerated reduction of Q, induced by glutamate, and the switch

to high ROS production does not occur. The uncoupling conditions are qualitatively similar.

That is why uncoupling prevents the switch to an elevated ROS producing state.

Reproducing the experimental data observed in isolated mitochondria validated the pro-

posed mechanism of complex II activation by glutamate and the idea of bistability of the RC

operation. Having this validation, we extended the model to simulate glutamate transport into

cells from extracellular space and into mitochondria and energetic metabolism starting from

glucose. The simulations of in situ conditions have shown that an increased concentration of

glutamate might occur in situations of excessive sustained stimulation. It may result in the

effect observed in isolated mitochondria, i.e., switching to the ROS producing state and cellular

energetics compromising. Such a switch of the RC operation triggered by glutamate may have

significant physiological consequences.

Conclusions

• The model, simulating experimental data here developed, describes qualitatively all the

experimentally measured effects of glutamate on isolated mitochondria and validated the

hypothesis that glutamate activates complex II by stimulating oxaloacetate utilization, thus

lowering its inhibition on complex II.

• The model, simulating experimental data unveils that the indirect activation of complex II,

resulting from glutamate’s attenuation of oxaloacetate’s inhibition, plays a key role on ROS

production in the respiratory chain and the interaction of respiratory complexes in this

process.

• The model’s analysis has shown that the respiratory chain’s functional structure, which

implements Mitchell’s Q-cycle in complex III, is consistent with multistationarity and

hysteresis.

• The stepwise activation of ROS production by glutamate results from the glutamate-induced

switch from a branch of slow ROS production steady states to a different one of rapid ROS

production.

• Simulation of in situ conditions has shown that glutamate, which diffuses from synapses into

extracellular space, may stimulate the switch of mitochondria into the state of high ROS pro-

duction under moderate workloads. The reason for such a switch is increasing QH2 concen-

tration due to the increasing rate of its production by complex II, and, respectively, Q

deficiency. Such a switch disturbs cellular energetics and leads to a drop in ATP levels.

• Under high workloads, glutamate stimulates respiration but not a switch to the state of high

ROS production, because the produced QH2 is readily utilized due to increased demand in

ATP synthesis.

• Glutamate induced overproduction of hydrogen peroxide results in detectable increase of

H2O2 in the model reaction-convection-diffusion. This effect depends on the size of the con-

sidered area.
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Models

I. A kinetic model of mitochondrial and cellular energy metabolism

The open-source software tool "Mitodyn" was used to analyze the mitochondrial and cellular

energy metabolism dynamics. It is based on a kinetic model, i.e., a system of ordinary differen-

tial equations (ODE) that describes the processes briefly summarized in Fig 1 of S1 Text. The

model simulates the dynamics of redox states of the respiratory chain (RC) complexes, glycoly-

sis, Krebs cycle, oxidative phosphorylation, ATP consumption, and transport of some metabo-

lites through the cellular and inner mitochondrial membranes. Accounting the details of

neurotransmitter glutamate transport and metabolism, including malate—aspartate shuttle,

allows using this model to analyze neuronal cell specificity. The software is freely available at

https://github.com/seliv55/cell_mito. The metabolic reactions not directly involved in the

respiratory electron transport but presented in the model are described in S1 Text.

The software simulates the time course of model variables: the concentrations of metabo-

lites and redox states of respiratory complexes, mitochondrial and sarcolemmal membrane

potentials. It shows in output some functions of state variables: reactive oxygen species (ROS)

production separately in various sites of the RC. Each time derivative of ODE variables, is a

sum of reaction rates where the given variable participates. A reaction rate is positive if the var-

iable is a product and negative if it is a substrate. The model respects NADH and ATP genera-

tion stoichiometry in the simulated processes. Mitodyn enables continuous calculations of the

system’s dependencies on model parameters to study its bifurcation characteristics.

The model is mainly designed to analyze rates of electron transport in the RC and related

reactive oxygen species (ROS) generation. It accounts for the details of these processes,

whereas the others are simplified. The model of the RC is represented by ~300 ODEs because

we describe details of electron transport in respiratory complexes that consist of fixed in space

electron carriers. In this case, an accurate description should include the redox states of whole

complexes as variables. The number of such states is large, and the number of variables corre-

sponds to it. Such a detailed description is necessary to model the details of ROS generation

separately in various sites of the RC. It should be noted that the model contains much fewer

parameters than equations because the same electron transport reactions for different redox

states are described using the same rate constants [37]. In simulations of the experiments per-

formed in the presence of rotenone, we did not account for ROS generation in complex I. It

was shown that even with rotenone present, if NADH levels are sufficiently elevated, ROS can

be generated at the FMN redox centers when hydrophilic quinones are used as electron accep-

tors [66, 67]. However, as stated in [67], it is not the case without artificially added hydrophilic

quinones in the presence of rotenone. Therefore, in the model, we did not account for ROS

generation in rotenone inhibited complex I.

The model accounts for the detail of neurotransmitter glutamate transport from extracellu-

lar space to study its interaction with intracellular energy metabolism. The steps of this trans-

port accounted for in the model are indicated in Fig 11. As currently accepted, the transport

cycle starts with sodium ion binding to the transporter (EAAT) [68, 69]. Then a second

sodium ion is bound [70, 71]. Computational study shows that the most suitable glutamate

clearance scenario is that the glutamate ion binds after the second sodium ion [24] to the pro-

tonated transporter [72]. Conformation change in the transport domain after glutamate bind-

ing facilitates the closing of extracellular gates [70]. The third sodium ion association stabilizes

the transporter in closed configuration [73] to provide cross membrane movement of the

EAAT transport domain. After the dissociation of the externally bound ions to the cytosol,

which proceeds in reverse order, EAAT can bind K+ ion. Then reverse conformation change

transfers the bound K+ outside the cell, thus terminating the transport cycle. This mechanism,
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outlined in [24], is implemented in our model (see S1 Text).

II. Spatial-temporal gradients of hydrogen peroxide in a local phantom of a

nervous tissue

Diffusion of hydrogen peroxide is considered in a cluster of non-uniform bodies with nar-

row sheets and tunnels between them. This cluster is placed into the parallelepiped as

described above (Fig 9). A limited area containing neurons and astrocytes approximated by

the set of 26 non-uniform objects, which simulate cell bodies and combinations of incom-

ing dendrites and axons. Diffusion and convection of hydrogen peroxide in the phantom

are combined with production of H2O2 in the objects. This production can be considered

either as normal or as high depending on glutamate influence. Incoming flux through S00
O

is

described according to Danckwerts border condition. The outflow stream out through S0
O

.

For other sides of the parallelepiped the fixed concentration conditions have been chosen.

For modeling of reaction-diffusion in neuropils, tortuosity of the medium is usually taken

into account [74, 75]. However, we do not need to make assumption about porosity of the

phantom because the complex form of the bodies/ISF space is considered explicitly. It

results in reduction of diffusion tensor to a zero rank. The mathematical border problem

with initial condition will have the following form:

@cH2O2
ð r!; tÞ
@t

¼ r � DH2O2
� rcH2O2

ð r!; tÞ
� �

� u!ISF � rcH2O2
ð r!; tÞ þ JH2O2

;

cH2O2
ð r!; tÞjt¼0

¼

(CH2O2

cell; r!2 Ocell

cH2O2

ISF; r!2 OISF

; JH2O2
¼

( J 6¼ 0; r!2 Ocell

0; r!2 OISF

;

n!� ð J!þ u!� cH2O2
ð r!; tÞÞ ¼ n!� ð u!ISF � cH2O2

ISFÞ; r!2 S00
O
;

n!� ðDH2O2
� rcH2O2

ð r!; tÞÞ ¼ 0; r!2 S0
O
;

cH2O2
ð r!; tÞ ¼ cH2O2

ISF; r!=2S00
O
_ S0

O
;

ð11Þ

The numerical solution of (11) was obtained using COMSOL Multiphysics ver. 5.5. The

parameters used in the modelling of convectional diffusion have been represented in Table 1.

Fig 11. The scheme of glutamate transport implemented in the model. Outside Na+ (Nao) binds to the free transporter in the ‘outer’

configuration (T), accessible for binding outside ions. This binding facilitates the binding of glutamate (Gluo) and then Na+ atoms again.

The model assumes fast equilibrium in these steps. The transporter changes configuration (T’), facilitating dissociation of all bound Na

+ ions and glutamate inside cells. K+ binding facilitates a switch of the transporter to the outer structure and dissociation of bound K+

outside.

https://doi.org/10.1371/journal.pone.0255164.g011
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15. Olmos G, Lladó J. Tumor necrosis factor alpha: A link between neuroinflammation and excitotoxicity.

Mediators of Inflammation. 2014; 2014. https://doi.org/10.1155/2014/861231 PMID: 24966471

16. Rodriguez-Rodriguez P, Almeida A, Bolaños JP. Brain energy metabolism in glutamate-receptor activa-

tion and excitotoxicity: Role for APC/C-Cdh1 in the balance glycolysis/pentose phosphate pathway.

Neurochemistry International. 2013; 62(5):750–6. https://doi.org/10.1016/j.neuint.2013.02.005 PMID:

23416042

17. Jia M, Njapo SAN, Rastogi V, Hedna VS. Taming glutamate excitotoxicity: Strategic pathway modula-

tion for neuroprotection. CNS Drugs. 2015; 29(2):153–62. https://doi.org/10.1007/s40263-015-0225-3

PMID: 25633850

18. Iovino L, Tremblay ME, Civiero L. Glutamate-induced excitotoxicity in Parkinson’s disease: The role of

glial cells. Journal of Pharmacological Sciences. 2020; 144(3):151–64. https://doi.org/10.1016/j.jphs.

2020.07.011 PMID: 32807662

19. Liubinas SV, O’Brien TJ, Moffat BM, Drummond KJ, Morokoff AP, Kaye AH. Tumour associated epi-

lepsy and glutamate excitotoxicity in patients with gliomas. Journal of Clinical Neuroscience. 2014; 21

(6):899–908. https://doi.org/10.1016/j.jocn.2014.02.012 PMID: 24746886

20. Tehse J, Taghibiglou C. The overlooked aspect of excitotoxicity: Glutamate-independent excitotoxicity

in traumatic brain injuries. European Journal of Neuroscience. 2019; 49(9):1157–70. https://doi.org/10.

1111/ejn.14307 PMID: 30554430

21. Mim C, Balani P, Rauen T, Grewer C. The glutamate transporter subtypes EAAT4 and EAATs 1–3

transport glutamate with dramatically different kinetics and voltage dependence but share a common

uptake mechanism. Journal of General Physiology. 2005; 126(6):571–89. Article DB—Scopus.

22. Machtens JP, Kortzak D, Lansche C, Leinenweber A, Kilian P, Begemann B, et al. Mechanisms of

anion conduction by coupled glutamate transporters. Cell. 2015; 160(3):542–53. https://doi.org/10.

1016/j.cell.2014.12.035 PMID: 25635461

23. Grewer C, Rauen T. Electrogenic glutamate transporters in the CNS: Molecular mechanism, pre-

steady-state kinetics, and their impact on synaptic signaling. Journal of Membrane Biology. 2005; 203

(1):1–20. Review DB—Scopus. https://doi.org/10.1007/s00232-004-0731-6 PMID: 15834685

24. Zagubnaya OA, Boronovskiy SE, Nartsissov YR. Probability analysis of mammalian glutamate trans-

porter activity. Journal of Physics: Conference Series. 2018; 1141(1).

25. Torres-Salazar D, Gonzalez-Suarez ADM, Amara SG. Transport and channel functions in EAATs: The

missing link. Channels. 2016; 10(2):86–7. https://doi.org/10.1080/19336950.2015.1119631 PMID:

26683197

PLOS ONE Oxaloacetate and glutamate roles in ROS generation

PLOS ONE | https://doi.org/10.1371/journal.pone.0255164 August 3, 2021 22 / 25

https://doi.org/10.3390/biom6020016
http://www.ncbi.nlm.nih.gov/pubmed/27023624
https://doi.org/10.1016/j.cell.2018.04.014
http://www.ncbi.nlm.nih.gov/pubmed/29779945
https://doi.org/10.1177/1073858407308518
http://www.ncbi.nlm.nih.gov/pubmed/17947494
https://doi.org/10.1016/j.ejphar.2012.10.032
https://doi.org/10.1016/j.ejphar.2012.10.032
http://www.ncbi.nlm.nih.gov/pubmed/23123057
https://doi.org/10.3389/fnins.2020.579953
http://www.ncbi.nlm.nih.gov/pubmed/33192266
https://doi.org/10.1615/JEnvironPatholToxicolOncol.2016016399
http://www.ncbi.nlm.nih.gov/pubmed/27992316
https://doi.org/10.1111/cns.12095
http://www.ncbi.nlm.nih.gov/pubmed/23593992
https://doi.org/10.4061/2011/491597
http://www.ncbi.nlm.nih.gov/pubmed/21234391
https://doi.org/10.3389/fncel.2020.00051
https://doi.org/10.3389/fncel.2020.00051
http://www.ncbi.nlm.nih.gov/pubmed/32265656
https://doi.org/10.1007/s00702-014-1187-1
https://doi.org/10.1007/s00702-014-1187-1
http://www.ncbi.nlm.nih.gov/pubmed/24633997
https://doi.org/10.1155/2014/861231
http://www.ncbi.nlm.nih.gov/pubmed/24966471
https://doi.org/10.1016/j.neuint.2013.02.005
http://www.ncbi.nlm.nih.gov/pubmed/23416042
https://doi.org/10.1007/s40263-015-0225-3
http://www.ncbi.nlm.nih.gov/pubmed/25633850
https://doi.org/10.1016/j.jphs.2020.07.011
https://doi.org/10.1016/j.jphs.2020.07.011
http://www.ncbi.nlm.nih.gov/pubmed/32807662
https://doi.org/10.1016/j.jocn.2014.02.012
http://www.ncbi.nlm.nih.gov/pubmed/24746886
https://doi.org/10.1111/ejn.14307
https://doi.org/10.1111/ejn.14307
http://www.ncbi.nlm.nih.gov/pubmed/30554430
https://doi.org/10.1016/j.cell.2014.12.035
https://doi.org/10.1016/j.cell.2014.12.035
http://www.ncbi.nlm.nih.gov/pubmed/25635461
https://doi.org/10.1007/s00232-004-0731-6
http://www.ncbi.nlm.nih.gov/pubmed/15834685
https://doi.org/10.1080/19336950.2015.1119631
http://www.ncbi.nlm.nih.gov/pubmed/26683197
https://doi.org/10.1371/journal.pone.0255164


26. Liguz-Lecznar M, Skangiel-Kramska J. Vesicular glutamate transporters (VGLUTs): The three muske-

teers of glutamatergic system. Acta Neurobiologiae Experimentalis. 2007; 67(3):207–18. PMID:

17957901

27. McKenna MC, Stridh MH, McNair LF, Sonnewald U, Waagepetersen HS, Schousboe A. Glutamate oxi-

dation in astrocytes: Roles of glutamate dehydrogenase and aminotransferases. Journal of Neurosci-

ence Research. 2016; 94(12):1561–71. Review DB—Scopus. https://doi.org/10.1002/jnr.23908 PMID:

27629247

28. Mazat JP, Ransac S. The fate of glutamine in human metabolism. The interplay with glucose in prolifer-

ating cells. Metabolites. 2019; 9(5). Article DB—Scopus C7–81.

29. Lobysheva NV, Selin A.A., Vangeli I.M., Byvshev I.M., Yaguzhinsky L.S., Nartsissov Y.R. Glutamate

induces H2O2 synthesis in nonsynaptic brain mitochondria. Free Radical Biology and Medicine. 2013;

65:428–35. https://doi.org/10.1016/j.freeradbiomed.2013.07.030 PMID: 23892051

30. Panov A, Schonfeld P, Dikalov S, Hemendinger R, Bonkovsky HL, Brooks BR. The neuromediator glu-

tamate, through specific substrate interactions, enhances mitochondrial ATP production and reactive

oxygen species generation in nonsynaptic brain mitochondria. Journal of Biological Chemistry. 2009;

284(21):14448–56. https://doi.org/10.1074/jbc.M900985200 PMID: 19304986

31. Yu L, Sivitz W.I. Oxaloacetate Mediates Mitochondrial Metabolism and Function. Current Metabolomics

and Systems Biology. 2020; 7:11–23.

32. Fink BD, Yu L, Sivitz WI. Modulation of complex II-energized respiration in muscle, heart, and brown

adipose mitochondria by oxaloacetate and complex I electron flow. FASEB Journal. 2019; 33

(11):11696–705. https://doi.org/10.1096/fj.201900690R PMID: 31361970

33. Stepanova A, Shurubor Y, Valsecchi F, Manfredi G, Galkin A. Differential susceptibility of mitochondrial

complex II to inhibition by oxaloacetate in brain and heart. Biochimica et Biophysica Acta—Bioenerget-

ics. 2016; 1857(9):1561–8. https://doi.org/10.1016/j.bbabio.2016.06.002 PMID: 27287543

34. Selivanov VA, Votyakova TV, Zeak JA, Trucco M, Roca J, Cascante M. Bistability of mitochondrial res-

piration underlies paradoxical reactive oxygen species generation induced by anoxia. PLoS Computa-

tional Biology. 2009; 5(12). https://doi.org/10.1371/journal.pcbi.1000619 PMID: 20041200

35. Selivanov VA, Votyakova TV, Pivtoraiko VN, Zeak J, Sukhomlin T, Trucco M, et al. Reactive oxygen

species production by forward and reverse electron fluxes in the mitochondrial respiratory chain. PLoS

Computational Biology. 2011; 7(3). https://doi.org/10.1371/journal.pcbi.1001115 PMID: 21483483

36. Selivanov VA, Cascante M, Friedman M, Schumaker MF, Trucco M, Votyakova TV. Multistationary and

Oscillatory Modes of Free Radicals Generation by the Mitochondrial Respiratory Chain Revealed by a

Bifurcation Analysis. PLoS Computational Biology. 2012; 8(9). https://doi.org/10.1371/journal.pcbi.

1002700 PMID: 23028295

37. Selivanov VA, Zagubnaya O.A., Foguet C., Nartsissov Y.R., Cascante M. MITODYN: An open source

software for quantitative modeling of mitochondrial and cellular energy metabolic flux dynamics in health

and disease. In: Cortassa S, Aon M.A. editor. Computational Systems Biology in Medicine and Biotech-

nology for the series Methods in Molecular Biology: Springer Nature; 2021.

38. Imlay JA. A metabolic enzyme that rapidly produces superoxide, fumarate reductase of Escherichia

coli. Journal of Biological Chemistry. 1995; 270(34):19767–77. PMID: 7649986

39. Quinlan CL, Orr AL, Perevoshchikova IV, Treberg JR, Ackrell BA, Brand MD. Mitochondrial complex II

can generate reactive oxygen species at high rates in both the forward and reverse reactions. Journal of

Biological Chemistry. 2012; 287(32):27255–64. https://doi.org/10.1074/jbc.M112.374629 PMID:

22689576

40. Grivennikova VG, Kozlovsky VS, Vinogradov AD. Respiratory complex II: ROS production and the

kinetics of ubiquinone reduction. Biochimica et Biophysica Acta—Bioenergetics. 2017; 1858(2):109–

17. https://doi.org/10.1016/j.bbabio.2016.10.008 PMID: 27810396

41. Messner KR, Imlay JA. Mechanism of superoxide and hydrogen peroxide formation by fumarate reduc-

tase, succinate dehydrogenase, and aspartate oxidase. Journal of Biological Chemistry. 2002; 277

(45):42563–71. https://doi.org/10.1074/jbc.M204958200 PMID: 12200425

42. Starkov AA, Fiskum G. Myxothiazol induces H2O2 production from mitochondrial respiratory chain. Bio-

chemical and biophysical research communications. 2001; 281(3):645–50. https://doi.org/10.1006/

bbrc.2001.4409 PMID: 11237706

43. Jasielec JJ, Filipek R, Dołowy K, Lewenstam A. Precipitation of inorganic salts in mitochondrial matrix.

Membranes. 2020; 10(5). https://doi.org/10.3390/membranes10050081 PMID: 32349446

44. Belosludtsev KN, Dubinin MV, Belosludtseva NV, Mironova GD. Mitochondrial Ca2+ Transport: Mecha-

nisms, Molecular Structures, and Role in Cells. Biochemistry (Moscow). 2019; 84(6):593–607. https://

doi.org/10.1134/S0006297919060026 PMID: 31238859

PLOS ONE Oxaloacetate and glutamate roles in ROS generation

PLOS ONE | https://doi.org/10.1371/journal.pone.0255164 August 3, 2021 23 / 25

http://www.ncbi.nlm.nih.gov/pubmed/17957901
https://doi.org/10.1002/jnr.23908
http://www.ncbi.nlm.nih.gov/pubmed/27629247
https://doi.org/10.1016/j.freeradbiomed.2013.07.030
http://www.ncbi.nlm.nih.gov/pubmed/23892051
https://doi.org/10.1074/jbc.M900985200
http://www.ncbi.nlm.nih.gov/pubmed/19304986
https://doi.org/10.1096/fj.201900690R
http://www.ncbi.nlm.nih.gov/pubmed/31361970
https://doi.org/10.1016/j.bbabio.2016.06.002
http://www.ncbi.nlm.nih.gov/pubmed/27287543
https://doi.org/10.1371/journal.pcbi.1000619
http://www.ncbi.nlm.nih.gov/pubmed/20041200
https://doi.org/10.1371/journal.pcbi.1001115
http://www.ncbi.nlm.nih.gov/pubmed/21483483
https://doi.org/10.1371/journal.pcbi.1002700
https://doi.org/10.1371/journal.pcbi.1002700
http://www.ncbi.nlm.nih.gov/pubmed/23028295
http://www.ncbi.nlm.nih.gov/pubmed/7649986
https://doi.org/10.1074/jbc.M112.374629
http://www.ncbi.nlm.nih.gov/pubmed/22689576
https://doi.org/10.1016/j.bbabio.2016.10.008
http://www.ncbi.nlm.nih.gov/pubmed/27810396
https://doi.org/10.1074/jbc.M204958200
http://www.ncbi.nlm.nih.gov/pubmed/12200425
https://doi.org/10.1006/bbrc.2001.4409
https://doi.org/10.1006/bbrc.2001.4409
http://www.ncbi.nlm.nih.gov/pubmed/11237706
https://doi.org/10.3390/membranes10050081
http://www.ncbi.nlm.nih.gov/pubmed/32349446
https://doi.org/10.1134/S0006297919060026
https://doi.org/10.1134/S0006297919060026
http://www.ncbi.nlm.nih.gov/pubmed/31238859
https://doi.org/10.1371/journal.pone.0255164


45. Petr GT, Sun Y, Frederick NM, Zhou Y, Dhamne SC, Hameed MQ, et al. Conditional deletion of the glu-

tamate transporter GLT-1 reveals that astrocytic GLT-1 protects against fatal epilepsy while neuronal

GLT-1 contributes significantly to glutamate uptake into synaptosomes. Journal of Neuroscience. 2015;

35(13):5187–201. https://doi.org/10.1523/JNEUROSCI.4255-14.2015 PMID: 25834045

46. Pinky NF, Wilkie CM, Barnes JR, Parsons MP. Region-and activity-dependent regulation of extracellu-

lar glutamate. Journal of Neuroscience. 2018; 38(23):5351–66. https://doi.org/10.1523/JNEUROSCI.

3213-17.2018 PMID: 29760178

47. Armbruster M, Hanson E, Dulla CG. Glutamate clearance is locally modulated by presynaptic neuronal

activity in the cerebral cortex. Journal of Neuroscience. 2016; 36(40):10404–15. https://doi.org/10.

1523/JNEUROSCI.2066-16.2016 PMID: 27707974

48. Barnes JR, Mukherjee B, Rogers BC, Nafar F, Gosse M, Parsons MP. The relationship between gluta-

mate dynamics and activity-dependent synaptic plasticity. Journal of Neuroscience. 2020; 40

(14):2793–807. https://doi.org/10.1523/JNEUROSCI.1655-19.2020 PMID: 32102922

49. Okubo Y, Sekiya H, Namiki S, Sakamoto H, Iinuma S, Yamasaki M, et al. Imaging extrasynaptic gluta-

mate dynamics in the brain. Proceedings of the National Academy of Sciences of the United States of

America. 2010; 107(14):6526–31. https://doi.org/10.1073/pnas.0913154107 PMID: 20308566

50. Belousov AB. Novel model for the mechanisms of glutamate-dependent excitotoxicity: Role of neuronal

gap junctions. Brain Research. 2012; 1487:123–30. https://doi.org/10.1016/j.brainres.2012.05.063

PMID: 22771704

51. Collin F. Chemical basis of reactive oxygen species reactivity and involvement in neurodegenerative

diseases. International Journal of Molecular Sciences. 2019; 20(10). https://doi.org/10.3390/

ijms20102407 PMID: 31096608

52. Drechsel DA, Patel M. Respiration-dependent H2O2 removal in brain mitochondria via the thioredoxin/

peroxiredoxin system. Journal of Biological Chemistry. 2010; 285(36):27850–8. https://doi.org/10.1074/

jbc.M110.101196 PMID: 20558743

53. Starkov AA. The role of mitochondria in reactive oxygen species metabolism and signaling. Annals of

the New York Academy of Sciences2008. p. 37–52. https://doi.org/10.1196/annals.1427.015 PMID:

19076429

54. Starkov AA, Andreyev AY, Zhang SF, Starkova NN, Korneeva M, Syromyatnikov M, et al. Scavenging

of H2O2 by mouse brain mitochondria. Journal of bioenergetics and biomembranes. 2014; 46(6):471–

7. https://doi.org/10.1007/s10863-014-9581-9 PMID: 25248416

55. Kinney JP, Spacek J, Bartol TM, Bajaj CL, Harris KM, Sejnowski TJ. Extracellular sheets and tunnels

modulate glutamate diffusion in hippocampal neuropil. Journal of Comparative Neurology. 2013; 521

(2):448–64. Article DB—Scopus. https://doi.org/10.1002/cne.23181 PMID: 22740128

56. Gudiño-Cabrera G, Ureña-Guerrero ME, Rivera-Cervantes MC, Feria-Velasco AI, Beas-Zárate C. Exci-
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