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Abstract: A mathematical model of energy metabolism in erythrocyte-bioreactors loaded with alco-17 

hol dehydrogenase and acetaldehyde dehydrogenase was constructed and analyzed. Such erythro-18 

cytes can convert ethanol to acetate using intracellular NAD and, thus, can be used to treat an alco-19 

hol intoxication. Analysis of the model reveals that the rate of ethanol consumption by the erythro-20 

cyte-bioreactors increases proportionally to activity of incorporated ethanol-consuming enzymes 21 

until their activity reaches a specific threshold level. When the ethanol-consuming enzyme activity 22 

exceeds this threshold, the steady state in the model becomes unstable and the model switches to 23 

an oscillation mode caused by a competition of glyceraldehyde phosphate dehydrogenase and eth-24 

anol-consuming enzymes for NAD. An amplitude and period of metabolite oscillations first increase 25 

with the increase in the activity of e encapsulated enzymes. A further increase in these activities 26 

leads to a loss of the glycolysis steady state, and a permanent accumulation of glycolytic intermedi-27 

ates. The oscillation mode and the loss of the steady state can lead to osmotic destruction of eryth-28 

rocyte-bioreactors due to an accumulation of intracellular metabolites. Our results demonstrate that 29 

the interaction of enzymes encapsulated into erythrocyte-bioreactors with erythrocyte metabolism 30 

should be taken into account in order to obtain an optimal efficacy of these bioreactors. 31 

Keywords: acetaldehyde dehydrogenase; alcohol dehydrogenase; erythrocyte-bioreactor; ethanol; 32 

glycolysis; mathematical model; NAD, oscillations  33 

 34 

1. Introduction 35 

Erythrocytes with encapsulated enzymes which are not presented naturally in these 36 

cells, are named as erythrocyte-bioreactors (EBRs) and may be used for many biological 37 

and medical tasks [1,2]. Such EBRs can be used for consumption or production of different 38 

substances during circulation in the blood. The efficiency of the EBR may be affected by 39 

different factors, such as the permeability of the erythrocyte cell membrane to substrates 40 

and/or products of encapsulated enzymes, the stability of encapsulated enzymes inside 41 

erythrocytes etc. Also, an interaction of encapsulated enzymes with erythrocyte metabolic 42 

systems may affect the function of both encapsulated enzymes and metabolic systems. 43 

Many different applications of EBRs were described in the literature, including removal 44 
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of asparagine from blood for antitumor therapy [3,4], removal of excess adenosine at 45 

adenosine deaminase deficiency [5], transformation of thymidine to thymine at deficiency 46 

of thymidine phosphorylase [6,7], removal of ammonium [8–11] and alcohol (ethanol) 47 

[12–17] from blood in case of intoxication, etc.  48 

It was shown previously, that encapsulated into erythrocytes ammonium neutraliz-49 

ing enzymes may significantly affect energy metabolism in cells [18]. Here, using mathe-50 

matical modeling, we investigated the effects of the interaction of glycolysis with enzymes 51 

encapsulated in EBR prepared for removal of alcohol from the blood.  52 

Excessive alcohol consumption is a rather important problem of modern society. 53 

Therefore, the fight against alcohol intoxication is not only an important social task, but 54 

also an urgent task of modern medicine [19]. Several attempts have been described in the 55 

literature to produce EBRs that remove ethanol from the bloodstream [12–17]. The most 56 

effective and promising version of such EBRs are those prepared with simultaneous en-57 

capsulation of alcohol dehydrogenase (ADH) and acetaldehyde dehydrogenase (ALDH) 58 

[15–17]. In such EBRs ethanol is first oxidized to acetaldehyde in ADH reaction: 59 

 60 

ETH + NAD ↔ ACALD + NADH, 61 

 62 

where ETH denotes ethanol and ACALD denotes acetaldehyde. Next, acetaldehyde pro-63 

duced in the ADH reaction is further oxidized to acetate in ALDH reaction, which is irre-64 

versible under intracellular conditions [20]: 65 

 66 

ACALD + NAD → ACT + NADH. 67 

 68 

Since glycolysis and the EBR-encapsulated ADH and ALDH enzymes use NAD and 69 

NADH as substrates, they can affect each other via these metabolites. The general scheme 70 

demonstrating an interaction of glycolysis with the ADH and ALDH reactions via NAD 71 

and NADH (NAD/NADH loop) is shown in Figure 1. 72 

In this work, we constructed and analyzed a mathematical model of the EBR, which 73 

describes the metabolic system shown in Figure 1. Analysis of the model revealed that the 74 

interaction of glycolysis with the encapsulated into EBR enzymes ADH and ALDH via 75 

NAD/NADH loop can cause metabolic oscillations and the disappearance of the steady 76 

state in glycolysis that, in turn, can decrease the efficacy of alcohol consumption and cause 77 

the EBR death. 78 

2. Results and Discussion 79 

In the absence of ethanol or at zero activity of ADH and ALDH the model has a single 80 

steady state with variables values close to those obtained in other models and in intact 81 

erythrocytes [10,21,22] (Table 1). 82 

Simulation of experimental conditions in the presence of ethanol shows that EBR can 83 

provide a consumption of ethanol, added to the blood or to erythrocyte suspension, at a 84 

rate proportional to the activity of ADH and ALDH in the EBR and to the ethanol concen-85 

tration (Figure 2A, B). 86 

Concentration of NAD decreases in proportion to ADH and ALDH activity and eth-87 

anol concentration (Figure 2C). If EBRs contain only ADH, at the initial ethanol concen-88 

tration of 10 mM, equilibrium in the ADH reaction is achieved after consumption of 40 89 

µM ethanol and accumulation of 40 µM acetaldehyde and no further ethanol consump-90 

tion can be achieved (Figure 2D). If we set the acetaldehyde concentration in the model 91 

equal to zero, the initial rate of ethanol consumption is slightly higher compared with the 92 

model in which the acetaldehyde concentration is calculated as an intermediate between 93 

the ADH and ALDH reactions (Figure 2D). But the overall kinetics of ethanol consump-94 

tion is almost the same in these two versions of the model (Figure 2D). Thus, our results 95 

reveal that EBRs loaded with ADH alone cannot provide efficient ethanol removal. For 96 

efficient consumption of ethanol, EBRs must contain ALDH in addition to ADH. The 97 
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model predicts very low acetaldehyde concentrations, which even decrease during etha-98 

nol consumption in EBRs containing both ADH and ALDH (Figure 2F). Those low acetal-99 

dehyde levels decrease the reverse ADH reaction rate and thus provide efficient ethanol 100 

consumption in the model. The model well describes the results obtained earlier in in vitro 101 

experiments with EBRs containing ADH and ALDH [15] (Figure 2F). 102 

 103 

 104 

Figure 1. Interaction of glycolysis with encapsulated enzymes in erythrocyte-bioreactors 105 

consuming ethanol. The encapsulated enzymes are shown inside the blue frame. The fol-106 

lowing abbreviations were used: GLC – glucose, G6P – glucose-6-phosphate, F6P – fruc-107 

tose-6-phosphate, FDP – fructose-1,6-diphosphate, DAP – dihydroxyacetone phosphate, 108 

GAP – glyceraldehyde phosphate, 1,3-DPG – 1,3-diphosphoglycerate, 2,3-DPG – 2,3-di-109 

phosphoglycerate, 3-PG – 3-phosphoglycerate, 2-PG – 2-phosphoglycerate, PEP – phos-110 

phoenolpyruvate, PYR – pyruvate, LAC – lactate, PO4 – orthophosphate, ETH – ethanol, 111 

ACALD – acetaldehyde, ACT – acetate, HK – hexokinase, GPI – glucose-6-phosphate iso-112 

merase, PFK – phosphofructokinase, ALD – aldolase, TPI – triosephosphate isomerase, 113 

GAPDH – glyceraldehyde phosphate dehydrogenase, PGK – phosphoglycerate kinase, 114 

PGM – phosphoglycerate mutase, ENO – enolase, PK – pyruvate kinase, LDH – lactate 115 

dehydrogenase, ADH – alcohol dehydrogenase, ALDH – acetaldehyde dehydrogenase, 116 

ATP-ases denotes summary rate of ATP consumption by cell ATP-ases. 117 

 118 

Figure 3 shows the dependence of the steady-state ethanol consumption rate in 119 

EBRs on activity of encapsulated ADH and ALDH (Figure 3A) and on concentration of 120 

ethanol (Figure 3B). The graphs were obtained under an assumption that the ethanol con-121 

centration is constant.  122 
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Analysis of the model shows that the steady-state rate of ethanol consumption in-123 

creases with the increase in the activity of ADH and ALDH inside the EBR or with the 124 

increase in the ethanol concentration (Figure 3). At the ethanol concentration of 10 mM 125 

the model has a single non-zero stable steady state in the range of ADH and ALDH activ-126 

ity from 0 to 101.5 mM/h (Figure 3A). The glycolysis rate remains constant, as well as the 127 

most of the model variables, except for the concentrations of FDP, DAP, G3P, PYR, LAC, 128 

NAD, NADH, and acetaldehyde (Figure 4). The steady-state rates of HK and PFK are 1.12 129 

mM/h, the steady-state rates of GAPGH and PK are 2.24 mM/h, and the steady-state rate  130 

 131 

Table 1. The steady-state concentrations of metabolites obtained in the model in the ab-132 

sence of ethanol or/and at zero activity of ADH and ALDH. 133 

Metabolitea) Concentration, mM Metabolitea) Concentration, mM 

G6P 0.073 PEP 0.01 

F6P 0.024 PYR 0.07 

FDP 0.0084 LAC 1.43 

DAP 0.034 NAD 0.048 

GAP 0.015 NADH 0.002 

1,3-DPG 5.7×10-4 ATP 1.471 

2,3-DPG 3.5 ADP 0.235 

3-PG 0.034 AMP 0.038 

2-PG 0.008 ACALD 0 

a) Abbreviations are described in the legend to Figure 1. 134 

of PGK reaction is 1.61 mM/h. The rate of the PGK reaction is lower compared with the 135 

rates of the GAPDH and PK reactions, since part of the glycolytic flux bypasses the PGK 136 

via the 2,3-DPG shunt (Figure 1). After the increase in the ADH and ALDH activity above 137 

101.5 mM/h, the non-zero steady state in the model becomes unstable and the system 138 

switches to an oscillation mode (Figures 4, 5). In Figure 5A-C one can see synchronous 139 

oscillations in groups of metabolites interconnected via rapid, near-equilibrium enzymatic 140 

reactions. The amplitude and period of oscillations increase with the increase in the ADH 141 

and ALDH activity from 101.5 to 108.5 mM/h (Figure 6). Interestingly, the oscillations in 142 

the ethanol consumption rate (VADH) are quite small compared with the steady-state rate 143 

of ethanol consumption (Figure 5F). Thus, the steady-state rate can be used to characterize 144 

the rate of ethanol consumption in the oscillation mode.The increase in the ADH and 145 

ALDH activity above 108.5 mM/h causes a switch from the oscillation mode to an infinite 146 

accumulation of glycolysis intermediates such as FDP, DAP, and GAP (Figure 7A). Finally, 147 

the steady state in the model disappears at the activity of the encapsulated enzymes equal 148 
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to 157 mM/h, that is also associated with the accumulation of glycolysis intermediates 149 

(Figure 7A). 150 

 151 

 152 

Figure 2. Kinetics of ethanol consumption in the model. (A) – Simulated dependence of 153 

ethanol concentration on time in а 50% EBR suspension at ADH and ALDH activities equal 154 

to 30 (black line), 60 (red line), and 90 (green line) mM/h after addition of ethanol to a final 155 

concentration of 10 mM. (B) – Simulated dependence of ethanol concentration on time in 156 

the 50% EBR suspension at ADH and ALDH activities equal to 60 mM/h after addition of 157 

ethanol to a final concentration of 5 mM (black line), 10 mM (red line), and 20 mM (green 158 

line). (C) – Kinetics of NAD concentration in the model at activity of the encapsulated en-159 

zymes equal to 30 mM/h at 10 mM ethanol (black line), 60 mM/h at 10 mM ethanol (red 160 

line), and 60 mM/h at 20 mM ethanol (green line). (D) - Simulated dependence of ethanol 161 

concentration on time in the EBR suspension (hematocrit 50%) at ADH activity equal to 60 162 

mM/h. Activity of ALDH was equal to 60 mM/h (black and red lines) or to zero (green 163 

line). Acetaldehyde concentration was calculated from the model (black and green lines) 164 

or set to zero (red line). (E) – Kinetics of acetaldehyde concentration in the model under 165 

conditions described for panel C. (F) – Experimental dependence of ethanol concentration 166 

on time obtained in [15] for the 25% suspension of human EBRs loaded with ADH (78 167 

mM/h) and ALDH (18 mM/h), after addition of ethanol to a final concentration of 30 mM 168 

(symbols) and simulation results obtained for the same parameter values (line). 169 
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 170 

A similar behavior of the model was observed with increasing ethanol concentration. 171 

At ADH and ALDH activity of 40 mM/h the model has one stable steady state in the 172 

ethanol concentration range from 0 to 31 mM. The increase in the ethanol concentration 173 

above 31 mM causes instability of the steady state, that switches the model into the 174 

oscillation mode. At the further increase in the ethanol concentration (above 34 mM) the 175 

oscillation mode is replaced by the infinite accumulation of glycolysis intermediates (FDP, 176 

DAP, and GAP). Eventually, the model loses its stationary state at the ethanol 177 

concentration of 59 mM. 178 

 179 

 180 

Figure 3. Dependence of the steady-state ethanol consumption rate in the model on the 181 

activity of ADH and ALDH and on the ethanol concentration. (A) – The ethanol con-182 

sumption rate was calculated at the ethanol concentration of 10 mM assuming that the 183 

ADH activity is equal to the ALDH activity. (B) – The ethanol consumption rate was cal-184 

culated assuming that the ethanol concentration was constant and the activities of ADH 185 

and ALDH were equal to 40 mM/h. The orange, black, and cyan lines indicate stable steady 186 

states, unstable steady states with oscillation mode, and unstable steady states with me-187 

tabolite accumulation respectively. 188 

 189 

Interestingly, within the oscillation mode, the model predicts the existence of a 190 

sharp transition between relatively fast low-amplitude oscillations and relatively slow 191 

high-amplitude oscillations (Figure 6).  192 

The interaction of ethanol consuming enzymes with glycolysis in the EBRs is pro-193 

vided via NAD, a common substrate for GAPDH, ADH, and ALDH. The increase in etha-194 

nol consumption rate due to the increase in the ADH and ALDH activity or due to the 195 

increase in ethanol concentration causes a decrease in the NAD concentration (Figure 4E) 196 

and thus a temporal decrease in the GAPDH reaction rate. This causes the accumulation 197 

of GAP, the second substrate of GAPDH (Figure 4B). The increased GAP concentration 198 

allows the rate of the GAPDH reaction (and the rate of ATP production) to be maintained 199 
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at a normal physiological steady-state level despite the decrease in [NAD]. Thus, increas-200 

ing ethanol consumption rate in EBR is associated with a decrease in [NAD] and an in-201 

crease in [GAP] (Figures 3, 4).  202 

The concentrations of GAP, DAP and FDP are in equilibrium. These concentrations 203 

increase significantly (up to 0.26, 0.55, and 2.3 mM, respectively) with the increase in the 204 

ethanol consumption rate to 1.49 mM/h ([NAD] decreases to 0.031 mM), and small changes 205 

in the concentration of NAD cause significant changes in the concentrations of GAP, DAP 206 

and FDP (Figure 4B, E). Under these conditions, glycolysis cannot respond fast enough to 207 

changes in the system, that causes a loss of the steady state stability and turns the system 208 

to an oscillation mode. 209 

 210 

 211 

Figure 4. Dependence of the model steady state on the activity of ADH and ALDH. The 212 

ethanol concentration was constant and equal to 10 mM. The activity of ADH was equal 213 

to the ALDH activity. Dashed lines correspond to unstable steady states. 214 

 215 

An analysis of the phase shifts between oscillations in the concentrations of different 216 

metabolites (Figure 8) allows us to suggest the following explanation for the oscillations. 217 

At high ATP concentrations, corresponding to low AMP concentrations in cells (Figure 218 

8A) the PFK reaction is suppressed, since ATP is a strong inhibitor while AMP is a strong 219 

activator of this enzyme [23]. Under these conditions, the doubled rate of PFK reaction is 220 
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lower than the rate of GAPDH reaction (Figure 8B) that causes a decrease in [GAP], a de-221 

crease in GAPDH reaction rate and a decrease in ATP production in the following glyco-222 

lytic reactions. As a result, the ATP level decreases while the AMP level increases, that 223 

activates the PFK reaction and, finally, the doubled PFK reaction rate begins to exceed the 224 

GAPDH reaction rate. At this moment, the GAP level begins to increase, followed by an 225 

increase in the GAPDH reaction rate. This causes the increase in the ATP production rate, 226 

the increase in ATP concentration, the decrease in AMP concentration and the decrease in 227 

the inhibition of the PFK reaction. Then the next cycle begins. Thus, oscillations appear 228 

due to the interaction between the upper and the lower parts of glycolysis under condi-229 

tions when the decreased NAD level limits the GAPDH reaction rate and the ATP produc-230 

tion rate in the lower part of glycolysis. Ethanol-consuming enzymes ADH and ALDH 231 

decrease NAD levels. This decreases the GAPDH reaction rate providing conditions for 232 

the oscillations in glycolysis. 233 

 234 

 235 

Figure 5. Steady oscillations of the metabolite concentrations and enzymatic reaction 236 

rates in the model. Oscillations of the metabolite concentrations in the upper part of gly-237 

colysis (A), the lower part of glycolysis (B, C), adenine nucleotides (D), NAD, NADH, and 238 

acetaldehyde (E), and enzymatic reaction rates (F). Calculations were made at the constant 239 

ethanol concentration of 10 mM and at the ADH and ALDH activities equal to 102.5 mM/h.  240 

 241 
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 242 

 243 

Figure 6. Dependence of oscillation parameters in the model on the ADH and ALDH 244 

activity. The dependence of [FDP] oscillation amplitude (A) and period (B) on the ADH 245 

and ALDH activity. The red dotted lines show a switch of the model between fast low-246 

amplitude and slow high-amplitude oscillations. Vertical black dashed lines indicate a bor-247 

der of the oscillation mode at high activity of the encapsulated enzymes. The ethanol con-248 

centration was constant and equal to 10 mM. The activity of ADH was equal to the ALDH 249 

activity. 250 

 251 

 252 

Figure 7. Kinetics of [FDP] (A) and [ATP] (B) in the model at high ADH and ALDH 253 

activity. Calculations were performed at the constant ethanol concentration of 10 mM and 254 

ADH and ALDH activity equal to 120 (black line), 150 (red line), 180 (green line), and 240 255 

(blue line) mM/h. 256 

 257 

 258 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 May 2023                   doi:10.20944/preprints202305.0652.v1

https://doi.org/10.20944/preprints202305.0652.v1


Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 10 of 20 
 

 

Above the ethanol consumption rate of 1.50 mM/h (with [NAD] decreased to 0.030 259 

mM), the oscillation mode is replaced by an infinite accumulation of glycolysis intermedi-260 

ates. Finally, when the ethanol consumption rate increases to 1.55 mM/h (with [NAD] de-261 

creased to 0.025 mM), the increase in the GAP concentration cannot compensate for the 262 

decrease in the GAPDH reaction rate caused by the decrease in the NAD level. The steady 263 

state in the model disappears. 264 

Interestingly, the rate of glycolytic intermediates accumulation decreases with in-265 

creasing activity of ADH and ALDH (Figure 7A). It happens because the accumulation of  266 

 267 

 268 

Figure 8. Time shifts between principal metabolite concentrations and reaction rates 269 

during steady oscillations in the model. (A) – Comparison of ATP concentration with 270 

GAP concentration multiplied by 3 and AMP concentration multiplied by 10. (B) – Com-271 

parison of doubled PFK reaction rate and GAPDH reaction rate. Calculations were carried 272 

out at the constant ethanol concentration of 10 mM and ADH and ALDH activities of 102.5 273 

mM/h. 274 

 275 
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glycolytic intermediates is associated with a significant decrease in ATP concentration 276 

(Figure 7B). Under these conditions, the PFK reaction rate decreases because [ATP] drops 277 

so significantly that PFK gets limited by ATP as a substrate. 278 

Thus, our data shows that the maximal rate of ethanol consumption by EBRs loaded 279 

with ADH and ALDH is about 1.5 mM/h (Figure 3). 280 

In conclusion, we would like to note that, along with ADH, ALDH is an essential 281 

component of EBR, which is necessary to provide an efficient removal of ethanol from the 282 

blood. Our results reveal that attempts to encapsulate the maximum activity of ADH and 283 

ALDH into EBR make no sense. Indeed, at very high ALD and ALDH activities, EBR gly-284 

colysis can go into the oscillation mode or into endless accumulation of glycolytic interme-285 

diates. In the oscillation mode, the concentrations of metabolites can increase by more than 286 

30 mM above their normal physiological levels (Figures 5, 6), that can cause osmotic dam-287 

age of EBR [24]. Of course, the endless accumulation of glycolysis intermediates (FDP, 288 

DAP, and GAP) (Figure 7) should also cause such osmotic damage. We mast note that the 289 

oscillation mode as well as the permanent accumulation of glycolysis intermediates, were 290 

obtained in the model under the assumption about the constant ethanol concentration, that 291 

is not the case in most real situations. However, these modes may be actual in other EBR 292 

applications, when the function of encapsulated enzymes is associated with the consump-293 

tion of intracellular NAD. 294 

3. Mathematical model 295 

The mathematical model is a system of 16 ordinary differential equations and 3 al-296 

gebraic equations describing the kinetics of concentrations of glycolysis intermediates, 297 

ATP, ADP, AMP, NAD, NADH, ethanol, and acetaldehyde (Table 2). Equations for the 298 

reaction rates in glycolysis and for the rates of ATP consumption, as well as the parameter 299 

values were taken from [21] with a few modifications (Table 3). The model was supple-300 

mented with equations describing the pyruvate and lactate transport across the erythro-301 

cyte cell membrane (Table 2) in accordance with the information presented in [25]. Equa-302 

tions for the ADH and ALDH reaction rates and the parameter values were taken from 303 

[17,26,27]. All model equations describing the enzymatic reaction rates and the pyruvate 304 

and lactate transport across the cell membrane are presented in Table 3. 305 

The following modifications in the glycolysis reaction rate equations were made: 306 

TPI (αTPI), PGK (αPGK), and ENO (αENO) activities were changed from 3000, 7330, and 307 

83 mM/h [21] to more correct values of 19522, 2115, and 120 mM/h, respectively [28]. 308 

The following assumptions were made regarding the model: 309 

1. The rate of hexokinase reaction does not depend on glucose concentration because 310 

the normal physiological glucose concentration in the blood is significantly bigger than 311 

the value of hexokinase Michaelis constant for glucose [29]. 312 

2. The concentration of orthophosphate is constant and equal to 1.0 mM [21]. 313 

3. The sums of concentrations [NAD]+[NADH] and [ATP]+[ADP]+[AMP] are con-314 

stant and equal to 0.05 and 1.744 mM respectively [21,30]. 315 

4. Adenylate kinase reaction is in equilibrium because of the high activity of adenyl-316 

ate kinase in erythrocytes [21,30]. 317 

5. The erythrocyte cell membrane is impermeable to glycolysis metabolites, except for 318 

glucose, pyruvate, and lactate [25,31]. 319 

6. The extracellular concentrations of pyruvate ( [PYR]ext) and lactate ( [LAC]ext) are 320 

constant and equal to 0.07 and 1.2 mM respectively [21]. 321 
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7. The permeability of erythrocyte cell membrane for ethanol and acetate is high, and 322 

intracellular concentrations of these metabolites are equal to the extracellular concentra-323 

tions [32,33]. 324 

8. The extracellular concentration of acetate is zero. 325 

9. Acetaldehyde produced in the EBR from ethanol does not leave the cells. 326 

10. The possible effect of the transmembrane potential on the transport of metabolites 327 

was not taken into account. 328 

11. The erythrocyte cell volume is constant. 329 

All metabolite concentrations, enzyme activities, and enzymatic reaction rates 330 

were normalized per liter of cells (erythrocytes) and expressed in mM or mM/h respec-331 

tively. 332 

All numeric solutions of the model system of equations were obtained in MATLAB 333 

using a variable-step variable-order solver based on numerical differentia-tion formulas of 334 

order 1 to 5 (the ode15s function) [34]. Steady-state values of concentrations and reaction 335 

rates were obtained as solutions of algebraic equations systems with trust-region algo-336 

rithm (fsolve function). 337 

Kinetics of ethanol consumption by EBR was simulated using metabolite concentra-338 

tions shown in Table 1 as initial values. The initial ACALD concentration was set equal to 339 

zero. Volume fractions occupied by erythrocytes and by external medium were taken into 340 

account in such simulations. 341 

 342 

Table 2. Differential and algebraic equations describing the kinetics of metabolite con-343 

centrations in the model of erythrocyte-bioreactors prepared for ethanol consumption. 344 

№ Variablea) Equationb) 

1 [G6P] 
𝑑[𝐺6𝑃]

𝑑𝑡
= 𝑉𝐻𝐾 − 𝑉𝑃𝐺𝐼 

2 [F6P] 
𝑑[𝐹6𝑃]

𝑑𝑡
= 𝑉𝑃𝐺𝐼 − 𝑉𝑃𝐹𝐾 

3 [FDP]  

4 [DAP]  

5 [GAP] 
𝑑[𝐺𝐴𝑃]

𝑑𝑡
= 𝑉𝐴𝐿𝐷 + 𝑉𝑇𝑃𝐼 − 𝑉𝐺𝐴𝑃𝐷𝐻 

6 [1,3-DPG] PGKDPGMGAPDH VVV
dt

DPGd


 ]3,1[
 

7 [2,3-DPG] 
𝑑[2,3 − 𝐷𝑃𝐺]

𝑑𝑡
= 𝑉𝐷𝑃𝐺𝑀 − 𝑉𝐷𝑃𝐺𝑃 

8 [3-PG] 
𝑑[3 − 𝑃𝐺]

𝑑𝑡
= 𝑉𝑃𝐺𝐾 + 𝑉𝐷𝑃𝐺𝐷 − 𝑉𝑃𝐺𝑀 

9 [2-PG] 
𝑑[2 − 𝑃𝐺]

𝑑𝑡
= 𝑉𝑃𝐺𝑀 − 𝑉𝐸𝑁𝑂 

ALDPFK VV
dt

FDPd


][

TPIALD VV
dt

DAPd


][
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10 [PEP]  

11 [PYR] 
𝑑[𝑃𝑌𝑅]

𝑑𝑡
= 𝑉𝑃𝐾 − 𝑉𝐿𝐷𝐻 + 𝑉𝑡𝑟𝑃𝑌𝑅 

12 [LAC] 
𝑑[𝐿𝐴𝐶]

𝑑𝑡
= 𝑉𝐿𝐷𝐻 + 𝑉𝑡𝑟𝐿𝐴𝐶  

13 [NAD] 
𝑑[𝑁𝐴𝐷]

𝑑𝑡
= 𝑉𝐿𝐷𝐻 − 𝑉𝐺𝐴𝑃𝐷𝐻 − 𝑉𝐴𝐷𝐻 − 𝑉𝐴𝐿𝐷𝐻 

14 Energy charge (Φ)c) 

𝑑𝛷

𝑑𝑡
=

1

2𝑃
(𝑉𝑃𝐺𝐾 + 𝑉𝑃𝐾 − 𝑉𝐻𝐾 − 𝑉𝑃𝐹𝐾 − 𝑉𝐴𝑇𝑃

− 𝑉𝐴𝑇𝑃𝑁𝑎) 

15 [ETH] 
𝑑[𝐸𝑇𝐻]

𝑑𝑡
= −𝑉𝐴𝐷𝐻 

16 [ACALD] 
𝑑[𝐴𝐶𝐴𝐿𝐷]

𝑑𝑡
= 𝑉𝐴𝐷𝐻 − 𝑉𝐴𝐿𝐷𝐻 

17 Adenylate pool [ATP]+[ADP]+[AMP] = P 

18 
Adenylate kinase equilib-

rium 

[𝐴𝑇𝑃][𝐴𝐷𝑃]

[𝐴𝐷𝑃]2
= 1 

19 NAD/NADH pool [NAD]+[NADH] = N 

a) The abbreviations are described in the legend to Figure 1. 345 

b) The right parts of the differential equations represent the sum of the reaction rates, 346 

producing and consuming of the corresponding metabolite and are denoted as VX, where 347 

X is the abbreviation for the corresponding enzyme. The right part for the energy charge 348 

equation includes the rates of ATP consumption by transport Na/K-ATP-ase (VATPNa) and 349 

additional ATP-ase (VATP). The right parts of the equations for pyruvate and lactate also 350 

include the rates of pyruvate and lactate transport across the erythrocyte cell membrane 351 

(VtrPYR and VtrLAC, respectively). 352 

c) Energy charge Φ=(2[ATP]+[ADP])/(2([ATP]+[ADP]+[AMP])) 353 

 354 

 355 

 356 

 357 

PKENO VV
dt

PEPd


][
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Table 3. Model equations for the rates of enzymatic reactions. 358 

 359 

Hexokinase [21] 

 

 

 

12HKa  mM/h, 11 HKK  mM , 
32 105.5 HKK  mM  

 

Glucose-6-phosphate isomerase [21] 

 

 

 

360GPIa  mM/h, 31 GPIK  mM , 3.02 GPIK  mM , 2.03 GPIK  mM  

Phosphofructokinase [21] 

 

 

 

380PFKa  mM/h, 1.01 PFKK  mM , 22 PFKK  mM , 01.03 PFKK  mM , 

195.04 PFKK  mM , 
45 107.3 PFKK  mM  

Aldolase [21] 

 

 

 

76ALDa  mM/h, 
41 102 ALDK  mM , 

52 102.1 ALDK  
2mM , 01.03 ALDK  mM , 

032.04 ALDK  mM , 
35 101.2 ALDK  mM , 26 ALDK  mM , 065.07 ALDK  mM  

21

1

/]6[/][1

/][

HKHK

HK
HKHK

KPGKATP

KATP
aV




32

21

/]6[/]6[1

/)]6[]6([

GPIGPI

GPIGPI
GPIGPI

KPFKPG

KKPFPG
aV







































4543

44
812

33

)/]6[1()/][1(

])/[1(
101])6[])([(

][

][2

/][1

1
]6][[*1.1

PFKPFK

PFK
PFKPFK

PFKPFK

PFKPFK

KPFKAMP

KATP
PFKATPK

AMPK

AMP

KAMP
PFATP

aV

7464

2

43543

21

]][[][]][[][][][
1

/]][[/][

ALDALDALDALDALDALDALDALDALD

ALDALD
ALDALD

KK

GAPDAP

KK

DAP

KK

DAPFDP

K

GAP

K

DAP

K

FDP

KGAPDAPKFDP
aV





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Triosephosphate isomerase [21,28] 

 

 

 

𝑎𝑇𝑃𝐼 = 19522 mM/h, 82.01 TPIK  mM , 45.02 TPIK  mM , 43.03 TPIK  mM  

Glyceraldehyde phosphate dehydrogenase [21] 

 

𝑉𝐺𝐴𝑃𝐷𝐻 = 𝑎𝐺𝐴𝑃𝐷𝐻

([𝐺𝐴𝑃][𝑁𝐴𝐷][𝑃𝑖] − [1,3𝐷𝑃𝐺][𝑁𝐴𝐷𝐻]/𝐾𝐺𝐴𝑃𝐷𝐻
4 )/𝐾𝐺𝐴𝑃𝐷𝐻

1 𝐾𝐺𝐴𝑃𝐷𝐻
2 𝐾𝐺𝐴𝑃𝐷𝐻

3

1.29 (1 +
[𝐺𝐴𝑃]

𝐾𝐺𝐴𝑃𝐷𝐻
1 +

[1,3𝐷𝑃𝐺]

𝐾𝐺𝐴𝑃𝐷𝐻
5 ) (1 +

[𝑁𝐴𝐷]
𝐾𝐺𝐴𝑃𝐷𝐻

2 +
[𝑁𝐴𝐷𝐻]
𝐾𝐺𝐴𝑃𝐷𝐻

6 )

 

 

690GAPDa  mM/h, 13.01 GAPDHK  mM , 13.02 GAPDHK  mM , 4.33 GAPDHK  mM , 

136.04 GAPDHK  𝑚𝑀−1, 013.05 GAPDHK  mM , 
36 102 GAPDHK  mM  

Phosphoglycerate kinase [21,28] 

 

 

 

 

 

𝑎𝑃𝐺𝐾 = 2115 mM/h, 
31 102.2 PGKK  mM , 14.02 PGKK  mM , 3803 PGKK  mM , 

3.04 PGKK  mM , 27.05 PGKK  mM , 4.16 PGKK  mM , 4.07 PGKK  mM  

Diphosphoglycerate mutase [21] 

 

 

 

3892DPGMa  mM/h, 04.01 DPGMK  mM , 013.02 DPGMK  mM  

 

31

12

/][/][1

/)/][]([

TPITPI

TPITPI
TPITPI

KGAPKDAP

KKGAPDAP
aV






6125

213

/]3[/]3,1[/][/][1

/)/]][3[]][3,1([

PGKPGKPGKPGK

PGKPGKPGK

PGKPGK
KPGBKDPGAKADPKATP

KKKATPPGADPDPG
aV






,/)/][][( 2544

PGKPGKPGKPGK KKATPKADPKA 

5277 /)/][][( PGKPGKPGKPGK KKADPKATPKB 

]3,2[]3,1[

]3,1[
21 DPGDPGKK

DPG
aV

DPGMDPGM
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
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Diphosphoglycerate phosphatase [21] 

 

 

 

65.0DPGPa  mM/h, 02.01 DPGPK  mM , 
32 106 DPGDK  mM 

Phosphoglycerate mutase [21] 

 

 

 

1100PGMa  mM/h, 27.01 PGMK  mM , 24.02 PGMK , 02.03 PGMK  mM  

Enolase [21,28] 

 

 

 

𝑎𝐸𝑁𝑂 = 120 mM/h, 𝐾𝐸𝑁𝑂
1 = 0.056 mM , 𝐾𝐸𝑁𝑂

2 = 6.7, 𝐾𝐸𝑁𝑂
3 = 2 ⋅ 10−3 mM  

Pyruvate kinase [21] 

 

 
 

120PKa  mM/h, 05.01 PKK  mM , 43.02 PKK  mM , 35.03 PKK  mM  

Lactate dehydrogenase [21] 

 

6521

544

1

213

/]][[]][[][][
1

/)/]][[]][([

LDHLDHLDHLDH

LDHLDHLDH
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K
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KKKNADLACNADHPYR
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
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
  

1767 /]][[]][[][][ LDHLDHLDHLDH KNADPYRKLACNADLACKNADKC   

 

)/]3[]2[1(]3,2[

]3,2[
21

DPGPDPGP

DPGP
KPGPGKDPG

DPG
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
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


31
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/][/]2[1
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aV





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550LDHa  mM/h, 022.01 LDHK  mM , 
32 107 LDHK  mM , 4263 LDHK , 

14.04 LDHK  mM , 3805 LDHK  mM , 1.06 LDHK  mM , 1707 LDHK  mM  

Na+-K+-АТPase [21] 

 

045.0NaKATPa  mM/h, [𝑁𝑎+] = 10 𝑚𝑀 [30] 

All other ATPases are presented by the following equation [21] 

 

6.1ATPa  mM/h, 1ATPK  mM  

Alсohol dehydrogenase [26,27] 

𝑉𝐴𝐷𝐻 = 𝐴𝐷𝐻

[𝑁𝐴𝐷][𝐸𝑇𝐻] −
[𝐴𝐶𝐴𝐿𝐷][𝑁𝐴𝐷𝐻]

𝐾𝐴𝐷𝐻
𝑒𝑞

𝐷𝐴𝐷𝐻

 

𝐷𝐴𝐷𝐻 = 𝐾𝐴𝐷𝐻
2 𝐾𝐴𝐷𝐻

3 + 𝐾𝐴𝐷𝐻
3 [𝑁𝐴𝐷] + 𝐾𝐴𝐷𝐻

1 [𝐸𝑇𝐻] + [𝑁𝐴𝐷][𝐸𝑇𝐻] +
𝐾𝐴𝐷𝐻

2 𝐾𝐴𝐷𝐻
3

𝐾𝐴𝐷𝐻
8

[𝑁𝐴𝐷𝐻]

+
𝐾𝐴𝐷𝐻

2 𝐾𝐴𝐷𝐻
3 𝐾𝐴𝐷𝐻

7

𝐾𝐴𝐷𝐻
5 𝐾𝐴𝐷𝐻

8
[𝐴𝐶𝐴𝐿𝐷] +

𝐾𝐴𝐷𝐻
2 𝐾𝐴𝐷𝐻

3

𝐾𝐴𝐷𝐻
5 𝐾𝐴𝐷𝐻

8
[𝐴𝐶𝐴𝐿𝐷][𝑁𝐴𝐷𝐻] +

𝐾𝐴𝐷𝐻
3 𝐾𝐴𝐷𝐻

7

𝐾𝐴𝐷𝐻
5 𝐾𝐴𝐷𝐻

8
[𝐴𝐶𝐴𝐿𝐷][𝑁𝐴𝐷]

+
𝐾𝐴𝐷𝐻

1

𝐾𝐴𝐷𝐻
8

[𝐸𝑇𝐻][𝑁𝐴𝐷𝐻] +
[𝐴𝐶𝐴𝐿𝐷][𝐸𝑇𝐻][𝑁𝐴𝐷]

𝐾𝐴𝐷𝐻
6

+
𝐾𝐴𝐷𝐻

2 𝐾𝐴𝐷𝐻
3

𝐾𝐴𝐷𝐻
4 𝐾𝐴𝐷𝐻

5 𝐾𝐴𝐷𝐻
8

[𝐴𝐶𝐴𝐿𝐷][𝐸𝑇𝐻][𝑁𝐴𝐷𝐻] 

𝐾𝐴𝐷𝐻
1 = 0.074 𝑚𝑀,  𝐾𝐴𝐷𝐻

2 = 0.61 𝑚𝑀,  𝐾𝐴𝐷𝐻
3 = 13 𝑚𝑀,  𝐾𝐴𝐷𝐻

4 = 0.43 𝑚𝑀,  

𝐾𝐴𝐷𝐻
5 = 0.78 𝑚𝑀, 𝐾𝐴𝐷𝐻

6 = 0.67 𝑚𝑀, 𝐾𝐴𝐷𝐻
7 = 0.11 𝑚𝑀, 𝐾𝐴𝐷𝐻

8 = 0.018 𝑚𝑀  

𝐾𝐴𝐷𝐻
𝑒𝑞

= 2 ∙ 10−4 

𝐴𝐷𝐻  - ADH activity – this is a varied parameter in the model. 

Acetaldehyde dehydrogenase [20] 

𝑉𝐴𝐿𝐷𝐻 = 𝐴𝐿𝐷𝐻

[𝑁𝐴𝐷][𝐴𝐶𝐴𝐿𝐷]

([𝑁𝐴𝐷][𝐴𝐶𝐴𝐿𝐷] + 𝐾𝐴𝐿𝐷𝐻
3 [𝑁𝐴𝐷] + 𝐾𝐴𝐿𝐷𝐻

1 [𝐴𝐶𝐴𝐿𝐷] + 𝐾𝐴𝐿𝐷𝐻
2 𝐾𝐴𝐿𝐷𝐻

3 ) (1 +
[𝑁𝐴𝐷𝐻]

𝐾𝐴𝐿𝐷𝐻
4 )

 

𝐾𝐴𝐿𝐷𝐻
1 = 0.02 𝑚𝑀, 𝐾𝐴𝐿𝐷𝐻

2 = 0.07 𝑚𝑀, 𝐾𝐴𝐿𝐷𝐻
3 = 0.009 𝑚𝑀, 𝐾𝐴𝐿𝐷𝐻

4 = 0.1 𝑚𝑀 

𝐴𝐿𝐷𝐻  – ALDH activity - this is a varied parameter in the model 

]][[ ATPNaaV NaKATPNaKATP



ATP

ATPATP
KATP

ATP
aV




][

][
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Pyruvate transport [25] 

𝑉𝑡𝑟𝑃𝑌𝑅 = 𝐴𝑡𝑟𝑃𝑌𝑅

[𝑃𝑌𝑅]𝑒𝑥𝑡 − [𝑃𝑌𝑅]

[𝑃𝑌𝑅]𝑒𝑥𝑡 + [𝑃𝑌𝑅] + (1 +
[𝐿𝐴𝐶] + [𝐿𝐴𝐶]𝑒𝑥𝑡

𝐾𝐼
𝑡𝑟𝑃𝑌𝑅 ) 𝐾𝑚

𝑡𝑟𝑃𝑌𝑅

 

 

𝐴𝑡𝑟𝑃𝑌𝑅 = 120 𝑚𝑀/ℎ; 𝐾𝑚
𝑡𝑟𝑃𝑌𝑅 = 1.9 𝑚𝑀; 𝐾𝐼

𝑡𝑟𝑃𝑌𝑅 = 11 𝑚𝑀 

Lactate transport [25] 

𝑉𝑡𝑟𝐿𝐴𝐶 = 𝐴𝑡𝑟𝐿𝐴𝐶

[𝐿𝐴𝐶]𝑒𝑥𝑡 − [𝐿𝐴𝐶]

[𝐿𝐴𝐶]𝑒𝑥𝑡 + [𝐿𝐴𝐶] + (1 +
[𝑃𝑌𝑅] + [𝑃𝑌𝑅]𝑒𝑥𝑡

𝐾𝐼
𝑡𝑟𝐿𝐴𝐶 ) 𝐾𝑚

𝑡𝑟𝐿𝐴𝐶

 

 

𝐴𝑡𝑟𝐿𝐴𝐶 = 120 𝑚𝑀/ℎ; 𝐾𝑚
𝑡𝑟𝐿𝐴𝐶 = 9 𝑚𝑀; 𝐾𝐼

𝑡𝑟𝐿𝐴𝐶 = 1.6 𝑚𝑀 

 360 

 361 
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