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Abstract
There was elaborated the mathematical model of erythrocytes metabolism, including glycolysis (Embden-Mey-

erhof pathway), pentose phosphate pathway, metHb restoration pathway, Н2О2 metabolism reaction. The final model 
includes 50 reactions and 60 metabolites. Within the model was studied the change of activity of some enzymes and 
concentrations of metabolites in stationary state, that take part in the processes of utilization of oxygen active forms and 
restoration of metgemoglobin, depending on amount of exogenous and endogenous Н2О2. There was demonstrated the 
threshold character of changes of the many studied parameters, that testifies that the cells can be practically in physio-
logical state at the change of external conditions for rather long time. 

There was carried out an assessment of redox-state of erythrocytes at oxidizing load: was demonstrated the 
change of EGSSG/2GSH and from the concentration of endogenous Н2О2. There was established that in the studied diapason 
of concentrations of endogenous Н2О2 was observed the high slope of the change of EGSSG/2GSH, that was not observed for  
and the other redox-pairs. 



40

Original Research Article:
full paper

(2016), «EUREKA: Life Sciences»
Number 1

The results of modeling coincide with existing views on the functioning of enzymes of antioxidant protection in 
human erythrocytes and testify to the possibility of practical use of the model. 

Keywords: erythrocytes, oxidizing stress, in silico modeling, redox potentials.
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1. Introduction
Erythrocytes are often undergone the action of hydrogen peroxide (H2O2), that is referred to 

the oxygen active forms (OAF) and has a toxic effect on these cells. The base of peroxide toxicity 
is in its ability to disintegration with formation of highly reactive products, especially hydroxyl 
radical. The hydrogen peroxide in small concentrations (10-6−10-7 М) at oxygen is able to initiate 
the oxidation of hemoglobin, and in result the number of oxidized heme-groups can significantly 
exceed the initial amount of peroxide. So far as the any oxyhemoglobin oxidation is connected with 
the production of active forms of oxygen and hydrogen peroxide, we must suggest that this process 
is an important link in methemoglobinemias development [1]. 

In this connection the redox-regulation of the cellular processes is the one of fundamental 
mechanisms of regulation of the cells functional activity. As the result of conjugated functioning of 
the systems of regeneration of oxygen active forms and antioxidizing protection and also membrane 
systems of transport of the different redox-molecules types the certain balance of the processes of 
accumulation and utilization of oxidizers and reoxidizers or redox-state is established in the cell. 
The support of this balance is vitally necessary for separate cells and organism as a whole [2]. 

It is possible to prognosticate the direction of redox-processes course and influence of the 
different physical-chemical factors on cell’s redox-state with the help of the mathematical models, 
constructed using chemical kinetics laws. 

The aim of the work is in elaboration of kinetic mathematical model for studying redox pro-
cesses in erythrocytes on the base of the main carbonaceous metabolism made by Holzhütter [3].

2. Survey of the state of problem
Metabolic modeling is the promising approach for in silico prognostication of the ways of 

cell functioning on the base of interconnection and interaction of all cellular components [4].
There are two big classes of models, used for description and analysis of metabolic net-

works: stoichiometric and dynamic ones [5, 6]. Stoichiometric models are the detailed momentary 
picture of metabolic ways that are in stationary mode, established in given conditions. The dynamic 
models describe the changes of metabolites in time, using kinetic dependences for possibility to 
prognostication of changes in metabolism as the response on actions of external factors or genetic 
modifications [7].

For the better understanding of the work of cellular molecular networks at the system level 
(system biology) there were made many attempts of computed modeling of metabolic networks. 
Because of simplicity of structure, components and accessibility of kinetic information the metab-
olism of erythrocyte was the center of mathematical modeling for more than three decades and it 
is the main example of the use of mathematical modeling not only for understanding biochemical 
regulation but also as the base of constructing the other mathematical networks [6–11]. For exam-
ple, the erythrocytes metabolism models were able to prognosticate the importance of glutathione 
de novo synthesis and its role in cells that have deficiency of glucose-6-phospate dehydrogenase 
(G6PDH) [7, 8], the results of enzymopathies of G6PDH and pyruvate kinase, to demonstrate the 
differences between patients with chronic and non-chronic anemia and deficiency of these two 
enzymes [7]. The erythrocytes metabolism models were used for analysis of physiological role 
of the two enzyme methemoglobin-restoring systems [9] and 3 band protein clustering process-
es at oxidizing stress [10] The one of the most known kinetic models of metabolism of human 
erythrocytes are Holzhütter [3] and Mulquiney & Kuchel models [11], that are freely accessible  
(http://www.jjj.bio.vu.nl/database).
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3. Materials and Methods
The central carbonaceous metabolism is modeled using Holzhütter model [3], where 38 dif-

ferential equations were constructed on the base of exact kinetic equations. This model was added 
with kinetic equations, describing the following processes: 

1. Diffuse flows of exogenous О2 and Н2О2 are described by diffuse equations:

                                                 ( )ν = −      2 2O O 2 2D O _ out O _ in ,                                                       (1)

where = ⋅   22 OO _ out P k, where 
2OР – partial pressure О2 – 720 mm of mercury column, k – oxygen 

solubility in the blood plasma. Diffusion coefficient DO2
=0,00684 h–1 [12].

                                ( )ν = −      2 2 2 2H O H O 2 2 2 2D H O _out H O _ in .                                                    (2)

Diffusion coefficient −=
2 2

1
Н OD 15,12 h [13]. Extracellular concentration of hydrogen perox-

ide −=  
4

2 2Н O _ out 10 mM/l, −=  
9

2 2Н O _ in 10  mM/l.
2. Oxygenation processes were described according to [12]:

                                        ν = ⋅ −        
n

дис 2 22 2
K k O _ in Hb k HbO ,                                              (3)

where: дисK – constant of oxyhemoglobin dissociation – 2030, 2k – constant of the speed of oxyhe-
moglobin dissociation reaction – 1584 1/h, n-cooperativeness degree – 3. 

3. Generation of intracellular superoxydanion-radical and hydrogen peroxide:
3. 1. Process of hemoglobin autoxidation:

                                                            − ⋅
ν ⋅ = ⋅   

2
2O

k HbO ,                                                                   (4) 

k – constant of the speed of oxyhemoglobin autoxidation reaction – 1×10-5 h-1 [14].
3. 2. Processes of endogenous hydrogen peroxide regeneration:
3. 2. 1. Hemoglobin oxidation

                                            −ν⋅ = ⋅ ⋅ ⋅2k [Hb] [O ] ,                                                 (5)

k – constant of the reaction speed, 14400 mM-1×h-1 [14].
3. 2. 2. Glutathione autoxidation:

ν⋅ = ⋅ ⋅2
2k [GSH] [O _in] ,                                        (6)

k – constant of reaction speed – − −2 10,36 mM h [15].
3. 2. 3. Dismutation reaction − ⋅2О  with participation of superoxide dismutase:

                                                 −ν⋅ = ⋅ ⋅ 2
2k [O ] ,                                                                           (7)

k – constant of the speed of the second-order reaction – − −1 1300mM h [15].
4. Inactivation of endogenous hydrogen peroxide in reactions catalyzed by catalase and glu-

tathione peroxidase:
4. 1. Reaction, catalyzed by catalase:

                                                  ν⋅ = ⋅ 2
2 2k [H O ] ,                                                                              (8)

k – constant of the speed of second-order reaction – 7,5×106 mM-1×h-1 [16].
4. 2. Reaction, catalyzed by glutathione peroxidase:

                                                        

ν⋅ =
+

x

1 2

2 2

[GP ]
k k

[H O _ in] [GSH]

.                                                               (9)
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The conclusion of equation was described in [17], x[GP ] – glutathione peroxidase concen-
tration 9,7×10-4 mM. k1=1,32×10-8, k2=6,97×10-6.

5. Processes of methemoglobin restoration were described by equations offered in [17], me-
tabolites concentrations and parameters values were taken from this work. 

Scheme of the network used in the work is demonstrated on the Fig. 1. 

Fig. 1. Schematic representation of the pathways included in the model: Metabolite: GLC, glucose; 
G6P, glucose 6-phosphate; F6P, fructose 6-phosphate; FDP, fructose 1,6-diphosphate; DHAP, 

dihydroxyacetone phosphate; GA3P, glyceraldehyde 3-phosphate; D13PG, 1,3-diphosphoglycerate; 
D23PG, 2,3-diphosphoglycerate; D23PGband, band-form 2,3-diphosphoglycerate; P2G, 

2-phosphoglycerate; P3G, 3-phosphoglycerate; PEP, phosphenolpyruvate; PYR, pyruvate; LAC, 
lactate; GL6P, gluconolactone 6-phosphate; GO6P, gluconate 6-phosphate; RU5P, ribulose 

5-phosphate; R5P, ribose 5-phosphate; X5P, xylulose 5-phosphate; S7P, sedoheptulose 7-phosphate; 
E4P, erythrose 4-phosphate; GSH, reduced glutathione; GSSG, oxidized glutathione; H2O2, hydrogen 

peroxide, HbO2, oxyhemoglobin, MetHb , methemoglobin; O2, oxygen; − ⋅2О , superoxide anion 
radical; cytb5_ox, oxidized cytochrome b5; cytb5_red, reduced form cytochrome b5. Enzymes: HK, 
hexokinase (EC 2.7.1.1), PGI, glucose-6-phosphate isomerase (EC 5.3.1.9); PFK, phosphofructokinase 

(EC 2.7.1.11); ALD, aldolase (EC 4.1.2.13); TPI, triosephosphate isomerase (EC 5.3.1.1); GAPDH, 
glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.12); PGK, phosphoglycerate kinase (EC 2.7.2.3); 
DPGase, diphosphoglycerate phosphatase (EC 3.1.3.13); PGM, phosphoglycerate mutase (EC 5.4.2.1); 

EN, enolase (EC 4.2.1.11); PK, pyruvate kinase (EC 2.7.1.40); LDG, lactate dehydrogenase  
(EC 1.1.1.27); G6PDH, glucose-6-phosphate dehydrogenase (EC 1.1. 1.49) GAPDH, glyceraldehyde-
3-phosphate dehydrogenase (EC 1.2.1.12); GL6PDH, phosphogluconate dehydrogenase (EC 1.1.1.44), 
RPI, ribose-5-phosphate isomerase (EC 5.3.1.6); XPI, ribulose phosphate epimerase (EC 5.1.3.1); TA, 
transaldolase (EC 2.2.1.2); TK, transketolase (EC 2.2.1.1); PRPPsyn, phosphoribosylpyrophosphate 

synthetase (EC 2.7.6.1); cytb5R, (NADH-dependent) cytochrome b5 reductase (EC 1.6.2.2);  
FR, (NADPH-dependent) flavin reductase (EC 1.5.1.30); GPx, glutathione peroxidase (EC 1.11.1.9); 
SOD, Superoxide dismutase (EC 1.15.1.1), CAT- catalase (1.11.1.6); GSSGR, glutathione-disulfide 

reductase (EC 1.8.1.7); GSHox –glutathione autoxidation reaction
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4. Experimental procedures
Model was created in COPASI program. Instruments of this program support the modeling 

procedure, guaranteeing the flexible system of changes of parameters values [18]. The final model 
includes 50 reactions and 60 metabolites and consists of glycolysis reactions, 2,3-biphosphoglycer-
ate shunt, pentose phosphate pathway, MetHb restoration pathways and the few obligatory process-
es of interaction of hemoglobin with metabolites (for example, ATP 2,3-biphosphoglycerate) and 
metabolism reactions of the hydrogen peroxide. The oxidizing load on erythrocyte was modeled 
changing the amount of exogenous Н2О2.

Mathematical methods used in the work:
1. Calculation of stationary concentrations and reaction flows for verification of adequacy 

of elaborated model.
2. The scanning of parameters. This procedure was used for the study of sensitivity of re-

action flows and metabolites of model to the value of extracellular Н2О2 that reflects intensity of 
oxidizing load on the cell. 

5. Results and Discussion
The calculations demonstrated that the change of Н2О2 content in interval of 10-6–102 mM 

results in the change of endogenous Н2О2 content 10-8–10-2 mM. The change of reaction flows and 
metabolites concentrations was analyzed depending on endogenous Н2О2.

The data of modeling demonstrated that an increase of oxidizing load on the cell results in in-
crease of flow through the Embden-Meyerhof pathway but if the flow through hexokinase increases in  
2 times (Fig. 2, dependence 1), the increase of the flow through glyceraldehyde phosphate dehydroge-
nase is 17 % of the initial value (Fig. 2, dependence 4), that is connected with the reverse of flow at the 
level of glucosephosphatimerase and reorientation of the glycolytic flow to the pentose phosphate path-
way (Fig. 2, dependence 2). At the increase of oxidizing load there is registered also the displacement of 
catalyzed LDG to the pyruvate side (Fig. 2, dependence 3). It is well known that in conditions of surplus 
oxidation the risen demand for NADH is connected with the prevalence of the reverse lactadehydroge-
nase (LDG) reaction. The pyruvate accumulation in plasma as the result of the pyruvate/lactate shuttle 
in erythrocytes in the conditions of surplus oxidation and MetHb increase is experimentally proved [9].

                               а                                                                                                 b

Fig. 2. The change of enzyme activity in stationary state in conditions of oxidizing load:  
а – НК (1), PGI (2); b – LDG (3), GAPDH (4)

In conditions of the oxidizing load the flow through G6PDG essentially increases, that is 
connected with the necessity to support the certain NADPH level as the restoring equivalent. Ac-
cording to the modeling data, the flow through G6PDG increases in 6 times at extracellular Н2О2 
content exceeding 10-4 mМ (Fig. 3, a, dependence 2). It is well known, that G6PDG has the surplus 
activity [8] that allows support the high NADPH and GSH level at the surplus oxidizing load. 
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According to the received data, the increase of intracellular Н2О2 content to 10-4 mМ is the 
critical one and results in abrupt decrease of both NADPH and GSH content in cell despite the high 
activity of G6PDG and glutathione reductase (GR) (Fig. 3, a, dependencies 2, 3). The increase of 
NADP concentration (Fig. 3, b, dependence 2) can be explained by the intensive use of NADPH in 
the other reactions, especially for methemoglobin restoration and glutathione oxidized by glutathi-
one reductase, which concentration also increases at oxidizing load (Fig. 4, a).

                               а                                                                                               b

Fig. 3. The change of flows and stationary concentrations of metabolites in conditions of 
oxidizing load: a – autoxidation GSH (1), G6PDH (2); b – [NADPH] (2) and [NADP+] (1)

                  а                                                                                              b

Fig. 4. The change of flows and stationary concentrations of metabolites in conditions of 
oxidizing load: а – [GSH] (1) and [GSSG] (2); b – CAT (1), GPx (2), SOD (3)

The protection of erythrocyte from oxidizing load probably plays the significant role in the 
life of these cells. In this connection the system of restoring equivalents production has the practi-
cally threshold behavior at the increase of oxidizers content. It means that to the certain values of 
oxidizing load the system can be in the practically physiological state for the rather long time by the 
degree of GSH and NADPH restoration. 

In fact the main mission of the source of NADPH restoring equivalents in erythrocytes is 
the transformation of the oxidized glutathione form (GSSG) into its restored form (GSH) in reac-
tion, catalyzed by the glutathione reductase. GSH is necessary to avoid the irreversible oxidation 
of intracellular proteins, including membrane proteins and enzymes whereas GSSG accumulation 
causes the protein dysfunction as the result of creation of disulfide connections between SH-cyste-
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ine groups and methionine residuals [19]. That is why the high activities of G6PDH and glutathione 
reductase in human erythrocytes are evolutionary determined to avoid the intense NADPH emaci-
ation and GSSG accumulation at oxidizing load [8].

On the Fig. 4, b is demonstrated the change of enzymes, inactivating the surplus amount of 
Н2О2 and − ⋅2О . The modeling data are well agreed with the literature data on the fact, that the first 
glutathione peroxidase works more effectively at the low substrate concentrations, whereas in cells 
protection from oxidizing stress, caused by the high hydrogen peroxide concentrations, the node 
role belongs to catalase [17].

On the Fig. 5. is demonstrated the change of redox-potentials of GSSG/2GSH, NAD+/NADH 
and NADP+/NADPH pairs at the increase of oxidizing load. 

                                        а                                                                                                b

Fig. 5. The change of redox-potentials at oxidizing load:  
а – redox-potential GSSG/2GSH; b – NAD+/NADH (1) and NADP+/NADPH (2)

Redox-potentials for GSSG/2GSH pair are more sensitive to the change of endogenous H2О2 
content, especially in the range of its high concentrations (10-4–10-2 mМ). For this range of Н2О2 
concentrations is typical the high slope of EGSSG/2GSH change, that is not observed for +NADP /NADPH

E . 
As to +NAD /NADH

E , the essential changes of this parameter were not detected at work. 
Kinetics of GSSG/2GSH pair interaction, conjugated with others redox-active systems, for ex-

ample, with NADP+/NADPH, is not sufficient for attaining balance in ordinary biological conditions. 
According to the calculations, EGSSG/2GSH  changes in diapason −400 − −100 мV and +NADP /NADPH

E  is 
in the range −400 − −270 mV. It is possibly connected with the fact, that GR has the relatively high 
Km for GSSG, so its activity is limited by the speed of GSSG restoration in the normal cells. In this 
case the stationary speed of GSH oxidation is sufficient for support of oxidizing-restoring balance of  
GSSG/2GSH pair that essentially changes comparing with NADP+/NADPH [20]. The existent liter-
ary data demonstrate that the oxidizing-restoring state of GSSG/2GSH pair is surprisingly similar in 
the different cellular types and can play the central role in the cellular metabolism regulation. 

6. Conclusions
In the cell function mechanisms, directed on the support of certain, typical for this cell, 

balance of processes of accumulation and utilization of electrons donors and acceptors. As the 
result of the work of these mechanisms the redox-homeostasis of cells is supported. The system of 
production of restoring equivalents has practically threshold behavior at the increase of oxidizers 
content. The cellular redox-homeostasis is supported by the work of these mechanisms. 
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