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Abstract. The main goal of this work is to develop a computational model of
reactive oxygen species (ROS) production by the mitochondrial respiratory chain
and analyze the control of oxidative stress that is enhanced by acute and excessive
chronic ethanol treatment, resulting in ethanol-induced injury. The computational
model consists of a system of 35 ordinary differential equations and describes the
oxidized and reduced states of different electron carriers and the electron flow
through Complexes I, 11, 1l and IV as well as the rates of superoxide and H,0;
production and degradation in the control and upon ethanol-related alterations in
different segments of the respiratory chain and glutathione peroxidase and
glutathione reductase reactions. The effect of acute ethanol metabolism on ROS
production was simulated in the computational model by an increase in the
mitochondrial NADH/NAD ratio and a closure of voltage dependent anionic
channel (VDAC) in the outer mitochondrial membrane. Excessive chronic ethanol
consumption was modeled in accord with experimental observations available in
the literature through inhibition of the activity of different segments of the
respiratory chain and glutathione peroxidase as well as activation of glutathione
reductase and changes in the total mitochondrial glutathione levels. Computational
analysis of AW dependencies of ROS production upon chronic ethanol
consumption during oxidation of different respiratory substrates was carried out.
Computational results show that chronic ethanol increases the concentration of
superoxide and H:O- in the mitochondrial matrix over the entire range of the
membrane potential of 0 < A¥Y < 180 mV during oxidation of NADH alone and
NADH + succinate. Ethanol-induced changes in the concentration of superoxide in
the intermembrane space (IMS) are non-monotonic and depend on the membrane
potential under this condition due to non-monotonic alterations in the rate of
superoxide generation by the unstable semiquinone of Complex Ill. Ethanol-
induced alterations in the concentration of both superoxide and H.O. in the
mitochondrial matrix and IMS are also non-monotonic and depend on AY during
oxidation of succinate alone. Computational results are very compatible with
available experimental observations of ROS production under control condition
and acute and chronic ethanol treatment and predict that the effect of ethanol on
ROS production depends on the membrane potential, i.e. metabolic state of
mitochondria.

Keywords: reactive oxygen species (ROS), mitochondrial respiratory chain,
computational model, acute and chronic alcohol.

INTRODUCTION

Mitochondria are the major intracellular source of re active oxygen species (ROS) and
they are recognized as an important target for damaging effects of ethanol [1-3]. The main
sites of formation of reactive oxygen in mitochondria are complexes | and Il of the
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mitochondrial respiratory chain. Complex I-generated superoxide is vectorially released into
the mitochondrial matrix while Complex Il releases superoxide to both sides of the inner
mitochondrial membrane [4].

Acute ethanol exposure increases ROS production by both Complexes | and 11l due to
generation of excess of cytosolic NADH resulting from alcohol dehydrogenase reaction [5-7].
Cytosolic NADH is oxidized indirectly by mitochondrial NADH dehydrogenase (Complex 1)
which depends on the malate-aspartate shuttle in the inner mitochondrial membrane [8].
Another important ethanol dependent process that controls oxidative stress to the cytosol is a
release of superoxide and hydrogen peroxide H20> through VDAC located in the outer
mitochondrial membrane. It was demonstrated recently [9] that acute ethanol exposure
decreases mitochondrial outer membrane permeability, which is very likely due to inhibition
of VDAC. This inhibition results in additional acute ethanol-induced increase in the ROS
level in mitochondria because of a decrease in efflux of ROS to the cytosol through VDAC.

Chronic ethanol treatment can also increase mitochondrial ROS production due to
depression of the activity of different segments of the respiratory chain and inhibition of
glutathione peroxidase reaction [1, 10, 11]. Chronic ethanol-induced activation of ROS
generation occurs via multiple structural changes in the individual components of the
respiratory chain resulting in inhibition of its activity [12]. Electron transfer through Complex
| is reduced due to a decrease in the content of iron-sulfur centers of Complex I in
mitochondria from ethanol-fed animals [13]. Chronic ethanol consumption also decreases the
cyt b content in Complex Il [14] as well as the activity of cytochrome c oxidase [14, 15].
Chronic ethanol-induced inhibition of ROS degradation in glutathione peroxidase reaction
occurs via inhibition of the activity of glutathione peroxidase and changes in the
mitochondrial glutathione level [11, 16].

These experimental observations show very complex alterations in mitochondria
associated with acute and chronic excessive ethanol consumption. The effect of these
alterations on the rate of ROS generation in the respiratory chain and steady-state
concentration of mitochondrial ROS within the mitochondrial matrix and intermembrane
space (IMS) is difficult to predict when based just on experimental studies. It requires a
computational modeling analysis which takes into account ethanol-induced alterations in both
processes of ROS generation and degradation. Cadenas and Devies [17] reviewed earlier the
mitochondrial rates of ROS production and degradation and steady state levels of the
mitochondrial concentration of superoxide and H20- in the absence of alcohol treatment.

In this work, we analyzed quantitatively alterations in the steady state of mitochondrial
ROS production and degradation upon acute and chronic ethanol treatment with the help a
computational model taking into account ethanol-induced alterations in different parts of
mitochondrial ROS metabolism.

METHODS AND MODELS

1. Schematic kinetic model of the respiratory chain

A kinetic scheme of electron transfer and production of superoxide anion and hydrogen
peroxide H>O> underlying a mechanistic computational model of the mitochondrial
respiratory chain is presented in Fig. 1. This simplified kinetic scheme includes the following
electron carriers: a) for Complex | (NADH dehydrogenase, also called NADH:Ubiquinone
Oxidoreductase), flavine mononucleotide (FMN), the sequence of iron-sulfur clusters
beginning N3 and Nla and ending N2 cluster, and coenzyme Q; b) for Complex IlI
(Cytochrome bcl complex, also called Ubiquinol:Cytochrome ¢ Oxidoreductase), coenzyme
Q, non-heme iron-sulfur protein (ISP), cytochromes bL, bH and c1; ¢) Cytochrome ¢ and d)
Cytochrome ¢ oxidase, also known as Complex IV. Complex Il (Succinate dehydrogenase)
and Complex IV are taken as the total complexes, since Complexes Il and IV are not direct
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sources of ROS during mitochondrial electron transport. Electron transfer in Complexes | and
I11 were described in detail to take into account electron carrier states responsible for bypass
reduction of O resulting in superoxide formation. These bypass reactions are marked by red
arrows in the kinetic scheme (Fig. 1).
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Figure 1. Kinetic scheme of electron transfer in the respiratory chain and reactions of superoxide and
hydrogen peroxide H,O. production and utilization. Reactions of superoxide and H,O. formation and
utilization are shown by red arrows. Detailed reaction network is presented in Table 1.

The entire reaction network of electron transfer and ROS production and degradation
corresponding to the kinetic scheme in Fig. 1 consists of 45 reaction rates which are described
in detail in Table 1.
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Table 1. Chemical and rate equations in the model of respiratory chain

No Reaction Rate equation
Electron transfer in Complex |
1 | NADH + FMN = FMN.NADH | Vi=k; - (NADH - FMN — FMN.NADH/Keq1)
2 | FMN.NADH = FMNH .NAD" | V2=kz - (FMN.NADH — FMNH .NAD"/Keg2)
3 FMNH .NAD"* = V3=ks - (FMNH.NAD* — FMNH" - NAD*/Kegs)
FMNH- + NAD*
4 FMN + NAD* = FMN.NAD" | V4=Ks - (FMN - NAD* — FMN.NAD*/Keg4)
5 FMNH- + NADH = Vs = ks - (FMNH" - NADH — FMNH".NADH/Kegs)
FMNH .NADH
The first electron transfer
6 | FMNH + N3=FMNH + N3~ | Ve=ks - (FMNH" - N3 — FMNH - N3/Keg)
7 N3~ + N2 =N3+ N2- V7=kz - (N3 - N2 — N3 - N2 /Keg7)
8 Cl+0Qn=CLQ Vg=kg - (CI - Qn — CI.Q/Kegs)
9 CL.LQ+N2 =CLQ + N2 Vo=ko - (CL.Q - N2- — CL.Q" - N2/Keqo)
The second electron transfer
10° FMNH + Nla = Vio=Kio - (FMNH - Nla—-FMN - Nla -
FMN + Nla + Hi* exp(2.3 - (7 — pHi))/Kegio)
112 FMNH + N3 = Vi1 =k - (FMNH - N3 - FMN - N3~ -
FMN + N3~ + Hi* exp(2.3 - (7 — pHi))/Keq1)
12 N2 + N3 =N2 + N3 V12 = Kio - (N2 - N3 — N2 - N3/Keq12)
132 N2-+CLQ + 8- Hi*= Viz=kiz - (N27- CLQ - exp(2 - 2.3 - (7 — pHi)) — N2 -
N2 + CL.QH2 + 6 - Ho* CL.QH2 - exp(4 - (F-AY/R-T + 2.3 - (pHi — pH0)))/Keq13)
14 C|.QH2 =Cl+ QH2 Via=Kya - (C|.QH2 —CI- QHZ/Keq14)
NAD* reduction to NADH in mitochondrial matrix
15 | NAD* = NADH | Vis= kis - (NAD* — NADH/Kequs)
Superoxide anion (O2mx) production by Complex | into the mitochondrial matrix
16 FMNH- + 02 = V15= kle . (FMNH7 . Oz —FMNH - Oz'fo /Keq16)
FMNH' + O wmx
17 Q +0:,=Q+ Orwmx Viz=Ki7- (Q7 - 02— Q - Oz mx [Keqr7)
Superoxide anion dismutation in the mitochondrial matrix
18 202 wx + 2HI" — V18 = Keat1s * Etot - O27mx/(Kmis + O27mix)
O + H202 mx
Succinate dehydrogenase reaction (Complex I1)
19° | Succ + Qn — Fum +QH2n | Vi9= Vinaao - Qn/(Qn + QH2n)/(Kig + Qn/(Qn + QH2n))
Q and QH2 intramembrane diffusion
20°¢ QH2n = QHZp V 20 = Koo (QH2n - QHZp/Keqzo)
21° Qp=0Qn Va1 = Ka1 - (Qp — Qn/Kegz1)
Qo-site reactions (Complex 111)
22 bL + ISPox + QH2p = V2 =Ko - (bL - ISPoX - QH2p — bL.QH2.I1SPoX/Keq22)
bL.QH2.1SPox
232 bL.QH2.I1SPox = Va3 = koz - (bL.QH2.1SPox — bL.Q.ISPH - exp(F - 61 - AY/
bL.Q.ISPH + Ho* R-T+2.3"(7—pHo)) /Kegs)
24 bL.Q.ISPH = bL .Q.ISPH V24=Kos- (bL.Q.ISPH — bL".Q.ISPH/Keg24)
252 bL".Q.ISPH + bH = Va5 =Kos - (bL".Q.ISPH - bH-bL.Q.ISPH - bH™ - exp(F - 62
bL.Q.ISPH + bH- - AP/R - T)/Keqas)
26 | bL.Q.ISPH =ISPH + Qp + bL | V26 =kos- (bL.Q.ISPH — ISPH - Qp - bL/Keq2s)
27% | ISPH + c1 = ISPox + ¢1™ + HO* | Vo7 =ko7- (ISPH - ¢1 — ISPox - c1 - exp(2.3 - (7 — pHO0))

/ Keq27)

Superoxide anion (02~ ms) production by Complex 11 into the intermembrane space (IMS)

28

bL.Q .ISPH + O, =
bL.Q.ISPH + Oy s

Vg = kzs' (bL.Q'_.|SPH . Oz - bL.Q.|SPH . Oz'_||\/|s /Keqzs)
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Superoxide anion (O;mx) production by Complex 111 into the mitochondrial matrix

29 bL.Q'_.|SPH + Oz = Vo = kzg' (bL.Q'_.|SPH . Oz - bL.Q.|SPH . Oz'_Mx /Keng)
bL.Q.ISPH + Oz mx

Superoxide anion spontaneous dismutation and oxidation by cyt c in IMS

30 | 202 ims + 2H" — Oz + H202 | Vo= kzo - (O271ms)?

IMS
31 Oy iMms+Cc=0+cC Va1 =Ka1- (O27ims - € — Oz € /Kegar)
Qi-site reactions (Complex I11)
32 bH + Qn=bH .Q Va2 = ka2 - (bH™ - Qn — bH™.Q/Keg32)
332 bH™.Q + Hi* = bH.QH’ Va3 =kasz - (b0H".Q —bH.QH - exp(F - 83 - A¥/R -T-2.3"-

(7 — pHi))/Keqz3)

34° | bH.QH +bL.Q =bH-.QH + | Vas=kKas - (bH.QH - bL~.Q — bH~.QH - bL.Q - exp(F - 3 -
bL.Q AP/R - T)/Kegaa)

352 bH.QH + Hi* = bH.QH2 V35=kss- (bH".QH — bH.QH2 - exp(F - 8s- AWY/R - T —
2.3 (7 — pHi))/Keq35)

36 bH.QH2 = bH + QH2n V36 = kss - (bH.QH2 — bH - QH2n/Keg3s)
Cytochrome c¢ reduction

37 cl +c=cl.c Va7 =Ks7 (017 C— le.C/Keq37)
38 cl.c=clc V3g= k3g : (le.C — Cl.CflKeqe,g)
39 clc=cl+c V39 = Kag - (€1.C" — €1 - ¢ /Kegg)

Cytochrome c oxidase reaction (Complex 1V)
40d 2cC+4-Hit+ (1/2) -0, = Va0 = Kao Cf/Ctot/(l + koz/Oz) .

2¢ + H,O + 2-Ho* (exp(-AGP/2RT) - exp(2 - 2.3 - (7 + pHo — 2 - pHi)) -

eXp(-AY-F/RT) - 0% - ¢ — ¢ - exp(A¥ - FIRT))

Mitochondrial Glutathione peroxidase (GPX)

aTe 2GSH + H,0p mx — Var = Kata - etz - [Ewd - [H203] - [GSHY/
GSSG + 2H,0 (ka1 - [H202] + ka12 - [GSH])

Mitochondrial Glutathione reductase (GR)

42" GSSG + NADPH + H* — V42 = Vimaxa2 - [GSSG] - [NADPH] /

2GSH + NADP* (KmnappH - [GSSG] + Kmesse - [NADPH] + [GSSG] -
[NADPH])

H20: transport through IMM

43 | H202 mx = H202 1vs | Vaz = kaz ([H202 mx] — [H202 ims]/Kegaz)
H20: transport through OMM

44 | H202 ims = H207 oyt | Vaa= ks - ([H2021ms] — [H202 eyl /Keqas)
O, transport through OMM

45 | O27ivms = Oz eyt | Vas = kas - ([O271ms] — [0 cyi]/Keaas)

aReactions include steps dependent on membrane potential (AW) and/or inside (matrix) and/or
outside (intermembrane space) H* concentration, pHi and pHo, respectively. The equilibrium
constants (Keq) dependence of these reactions on AY were described as Keg(AW) = Keq - exp(n -
F -6 - AY/RT), where Keq is Keq at AY = 0, n is number of electrons or H* transferred through a
part of the membrane 8. Other constants F, R, and T have usual meaning. The equilibrium
constants dependence on pH were described as in the paper [18]: Ke(pH) = Kegrexp(2.3:(7 —
pH)), where Keq is Keq at pH = 7.

PRate equation was taken from experimental observations [19].

°Diffusion process was described as in the paper [18].

9Rate equation was taken from the theoretical work [20].

*Rate equation was derived from the work [21]

‘Rate equation was derived from the work [22] at the simplest suggestion ping pong mechanism
of Glutathione reductase.
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Table 2. Parameter values for the model

Reac- Midpoint Equilibrium
tion potential constant Kforward Other parameters Reference
No Emn=E, (mV) Keq
Electron transfer in Comp
1 001 pM?t [ 83 puMtst [23]°
[24]°
2 0.032¢ 1.44-10%2 51 [25]°
3 25 uM 1085t [23]°
4 0.001 uM ™ | 0.1 pMLst [23]°
5 0.02 pM™ 2 uMtst [23]°
The first electron transfer
6 E(FMNH/ 4.2 5108 uM L5t [26]°[27]°
FMNH") = 286 [25]°
E(N3) =-250
7 E(N3) = -250 400 10* pM L5t [28]°
E(N2) =100 [24, 29]°
8 0.1 pM! 10f uM L.t
9 E(N2) =100 0.005 4105 pML.s! [28]°[25]°
E(CL.Q/
Cl.Q") =-233f
The second electron transfer
10 E(FMN/ 0.75 2108 uM 15t pHi =75 [26]°[27]F
FMNHY) = -363 [25]°
E(N1a) =-370
11 E(FMN/ 92 109 pM L5t pHi =75 [26]°[27]°F
FMNHY) = -363 [25]°
E(N3) =-250
12 E(N3) =250 400 10* uM L5t [28]%[24,
E(N2) =100 29]°
13 21087 2.7-105 pM L5t pHi =75 [25]°
pHo=7.0
14 20" uM 1000 s
NAD" reduction to NADH in mitochondrial matrix
15 | | 45 | 045s! | | [20]"
Superoxide anion (O2n~) production by Complex | into the mitochondrial matrix
16 E(0,/02°) = 150 2 uM st [30]°[26]°
-160
E(FMNH?/
FMNH") = -286
17 | E(Q/Q) =—233f 18.5 0.04" uM 1.5 [30]°
E(Oz/Oz'_) =
-160

Superoxide anion dismutation catalyzed by MnSOD in the mitochondrial matrix

18 Keatis = 4:10% 1 [31]
Km1s=50 uM [32]
Etote = 37 },lM
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Succinate dehydrogenase reaction (Complex I1)

19 Ko = 0.6; [19]
Vmax1o = 256 mM/min
(4270 uM/s)
Q and QH2 transmembrane diffusion
20 1 22000 s [18]°
21 1 22000s™* [18]°
Qgsite reactions (Complex I11)
22 105f uM2 0.1  uM 2.5t
23 |AEm=-200 mV 3.410% 103st pHo =7.0 [33]2
for the reaction 6:=0.2
24 557 uM 1055t
25 40 105" uM1st 3,=0.5 [341°
26 105F M 5:10% st
27 Emaspny) = 300 0.3 105" uM1st pHo=7.0 [35]¢
Em(cl) =270
Superoxide anion (02~ ums) production by Complex I11 into the intermembrane space (IMS)
28 E(bL.Q.ISPH/ 1 2uMtst [18]2 [30]2
bL.Q.ISPH) =
-160
E(Oz/Oz'f) =
-160
Superoxide anion (O2~mx) production by Complex 111 into the mitochondrial matrix
29 E(bL.Q.ISPH/ 1 2uMtst [18]2 [30]2
bL.Q.ISPH) =
-160
E(Oz/Oz'f) =
-160
Superoxide anion spontaneous dismutation and oxidation by cyt c in the intermembrane
space (IMS)
30 0.6 uM tst pHo =7.0 [36]°
31 |E(O/O77) =-160 2.2:107 0.26 uM st [30]2 [37]2
Eme = 263 [38, 39]°
Qi-site reactions (Complex I11)
32 0.022 uM* 1 uMts?t [40]°
33 55 5-10*s?t pHi =75
03=0.3
34 40 105fs 8,=0.5 [34]°
35 0.67 105fs pHi =75
83=0.3
36 45 uM 5007s? [401°
Cytochrome c reduction
37 117 2:10° uM st [41, 42]"
38 Emey =270 0.8 1.410%s? [35]2 [37]*
Emg) = 263 [41, 42]°
39 0.85 1.7-103s? [41, 42]"
Cytochrome c oxidase reaction (Complex 1V)
40 1007s? Koz =1 uM; [20]
AG® =-122.94 kJ-mol;
pHi =75
pHo=7.0
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Glutathione peroxidase

41 ka1 =41 MM71-571 [43]
k412 =0.23 MM71'871
[Etot]g =1.77 HM

Glutathione reductase

42 Vma><42h =196.44 P-M/S [44], [45]
Km naopH = 63 uM;
Kmessc = 154 uM;
[NADPH] = 85 uM

H20: transport through IMM

43 | | 1 | 300st | |
H20: transport through OMM

44 | | 1 | 3005t | [HO2cy]=1-108M | [46]
O, transport through OMM

45 | | 1 | 500“st [ [Orcy]=2510"M  |[9]° [46]

aReference for the midpoint redox potential En

bReference for the equilibrium constant Keg

*Reference for the forward rate constant Ksorward

%Value used is computed from the relation Keq1 - Keqz - Kegz = exp(2 - F - (Ermn — Enap+)/R - T) in
accord with the thermodynamic cycle pointed out by Kussmaul and Hirst [26], where midpoint
redox potentials Ervn = —380 mV (pH 7.0) and Enap+ =-320 mV (pH 7.0), respectively, [27]
and F, R and T have usual meaning.

®Value used was calculated from experimental data on Mn-SOD content in liver mitochondria
which is around of 8.8 nmol/g prot [32]. Taking into account that 1 nmol/mg protein = 275 uM
and matrix water space fraction Wux = 0.6514, concentration of Mn-SOD normalized by
mitochondrial matrix volume equals to 0.0088-:275 uM /0.6514 = 3.7 uM (see Section 5 for
detail).

falues adjusted to match experimental data on kinetics of superoxide production.

9[Ewt] value was calculated from the equation Va1 = Kai1 - Ka1z - [Etet] - [H202] - [GSH]/

(kKa11 - [H202] + ka2 - [GSH]) for the rate of GPx reaction (Table 1) at the following values of
kinetic parameters. As shown above in Table 2, ka1 = 41 uM st and ka2 = 0.23 uMtst,
Besides, experimentally observed activity of mitochondrial GPx—1 which accord with the rate
Va1 is of 219 nmol/min/mg protein at [H202]=200 uM and [GSH] = 10 nmol/mg protein ([GSH]
equals approximately the total mitochondrial glutathione content at the experimental measure of
GPx activity) [11]. Taking into account that 1 nmol/mg protein = 275 uM and matrix water
space fraction Wux = 0.6514, concentration [GSH] and the rate Vi normalized by mitochondrial
matrix volume equals to 10 - 275 uM /0.6514 = 4222 uM and 219 - 275 uM /0.6514/60 s = 1540
uM/s, respectively. It results in the value of matrix GPx—1 concentration [Ew] = 1.77 pM.
"Vmaxa2 Was calculated from the equation Va2 = Viaxaz - [GSSG]-[NADPH]/

(Km nappH [GSSG] + K gsse © [NADPH] + [GSSG]-[NADPH]) for the rate of GR reaction
(Table 1) at K nappH = 63 uM and K gsse = 154 uM [44] as shown above in Table 2. Besides,
experimentally observed mitochondrial GR activity, Vi, equals to 22 nmol/min/mg prot. at
[NADPH] = 0.255 mM and [GSSG] = 7 mM [47]. Taking into account that the rate Vi,
normalized by mitochondrial matrix volume equals to 22 - 275 uM/0.6514/60 s = 154.8 uM/s
we get Vimaxaz = 196.44 pM/s.

'Value used is derived from experimental data [45] at the following suggestions. Experimentally
observed values of mitochondrial NADPH level vary from 0.15 to 0.25 nmol/mg mit
protein [45], so, we took medium value of NADPH equal to 0.2 nmol/mg mit protein which
corresponds matrix concentration [NADPH] = 0.2-275 uM /0.6514 = 85 uM

Value used equals to the rate constant of the water flux through IMM and OMM [48].

kValue used is a computer modeling result.

Conserved moeties (nmol/mg mitochondrial protein): Complex | content which changes in
different tissues from 0.1 to 0.4 [49, 50] was taken of 0.2, values of total ubiquinone and
Complex Il content were taken as follows [12], [total Q] = 4, [total cyt bL] = [total cyt bH] =
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[total cyt c1] = [total ISP] = 0.325. Translation of whole membrane concentration expressed in
nmol/mg mit.prot. to local protein concentration expressed in uM presented in Section 2.5.
Besides, [total cyt c] = 700 uM [51] and [total mitochondrial Glutathione] = 10 nmol/mg
protein [11] which according to matrix concentration 4222 uM.

2. Detailed kinetic model of Complex |

Initial steps of electron transfer in Complex | (reactions 1-5) were taken from the kinetic
model developed by Kussmaul and Hirst [26] for isolated Complex I. In this model Kussmaul
and Hirst proposed that superoxide is formed by the transfer of one electron from the fully
reduced flavin FMNH- to O. (reaction 16 in Fig. 1 and Table 1). Detailed analysis of
NADH/NAD" binding to Complex | is reviewed by Vinogradov [52]. In the Kinetic
description of electron transfer through the chain of Fe-S clusters we took into account the
generally accepted suggestion that FMNH- donates the first electron to the Fe-S cluster N3
(reaction 6). Electron transfer from N3 to the terminal cluster N2 through the chain of
equipotential redox centers N1b, N4, N5, N6a, and N6b [27] is approximated as a single step
(reaction 7) with an apparent rate constant of 10* s since electron movement through the
entire chain takes about 100 ps [24, 29]. Subsequently, the first electron transfers from N2 to
ubiquinone (Q) bound to Complex I (reactions 8, 9), reducing ubiquinone to semiquinone.

The second electron transfers from the semireduced flavin radical FMNH- to either cluster
N1a or cluster N3 (reactions 10 and 11). Electron transfer from cluster N1a to cluster N3 is
very slow (Krorward is about of 160 s [25]) compared to other reactions in Complex 1, so we
propose that cluster N1a only deposits single electrons without their delivery to the chain of
seven redox centers. A kinetic model of electron transfer in the membrane domain of
Complex | and the coupling mechanism of proton translocation through the membrane takes
into account recent X-ray structures of complex I and the hypothesis of a “piston” mechanism
of transmembrane H* movement, as reported by Sazanov and colleagues [53]. It is very likely,
in accord with this mechanism that 3 H* move through the mitochondrial membrane
simultaneously during electron transfer from N2 to quinone. We propose that a
conformational switch and translocation of 3 H™ occurs during electron transfer from reduced
N2~ to ubisemiquinone to form QH2 (reaction 13) reflecting the experimentally observed
increase in ubisemiquinone concentration upon an increase in Apx+ [54, 55].

The path of the fourth proton translocation in Complex 1 is not clear [53]. It is very likely
that the fourth proton transfer is also controlled by a conformational switch in the membrane
arm [56]. We propose that the fourth H* translocation is also coupled with electron transfer
from reduced N2~ to semiquinone (reaction 13). Therefore, we suggest that 4 H* move
through the mitochondrial membrane simultaneously in reaction (13).

Reactions 8 and 14 in Fig. 1 and Table 1 describe binding and dissociation of Qn and
QH2n, respectively, in the quinone-binding site where the subscript “n” refers to the negative
side of the inner membrane.

Furthermore, we hypothesize that semiquinone Q~ in the complex CIL.Q~ (Fig. 1 and
Table 1) is the second site of superoxide formation in Complex | (reaction 17). This
hypothesis is supported by numerous experimental evidence that ubisemiquinone can be one
of the sites of superoxide generation in Complex | (for review see [57]).

3. Detailed kinetic model of Complex 111

Fully reduced quinone QH2n generated by Complex | or Complex Il (reaction 19)
transports to the positive side of the inner membrane (reaction 19), and QH2p is doubly
oxidized at the Qo-site of Complex Il (reactions 22—-26). Then, oxidized Qp is transported
from the positive to the negative side of the inner membrane (reaction 20), and Qn is doubly
reduced at the Qi-site of Complex Il (reactions 32—-36) completing Mitchell’s Q-cycle [58]
after binding and oxidation of the second QH2p molecule at the Qo-site.
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The kinetic scheme of QH2p oxidation at the Qo-site is based mainly on the work of
Crofts and colleagues [59]. They suggested the initial formation of an ES-complex (the
complex bL.QH2.ISPox in Fig. 1) at the Qo-site (reaction 22) with the following bifurcated
reaction where the first electron of QH: is transferred to the high-potential chain, consisting of
ISP (reaction 23) and cyt cl (reaction 27). The second electron is transferred from the
semiquinone Q- to the low-potential chain, consisting of cyt bL (reaction 24) and cyt bH
(reaction 25). Crofts and colleagues [59] proposed, that reduced iron-sulfur protein ISPH
(extrinsic domain of ISP) moves from the b-position to the cl-position (reaction 24) before
the second electron passes to cyt bL. However, another hypothesis [60] suggests that the
conformational switch of ISPH occurs only after the second electron transfers from cyt bL to
bH. We propose the second hypothesis [60] in the current work. Based on direct experimental
observations [61] it is generally accepted that the semiquinone Q- of the Qo-site (complex
bL.Q") is the site of superoxide formation in Complex Ill. This superoxide is released to the
IMS and matrix (reactions 28, 29) [4].

All other reactions are described in detail in Tables 1 and 2.

4. Computational model

A computational model consisting of 35 ordinary differential equations (ODE) and 14
moiety conservation equations was derived from the reaction network using the law of mass
action, Michaelis and Hill kinetics for all 45 kinetic processes. All equations are presented
below. The model was implemented in DBSolve Optimum software available at website
http://insysbio.ru . The details of the mathematical model describe oxidized and reduced
states of different carriers and electron flows through Complexes I, 11, 11l and 1V. Values of
model parameters, rate constants and concentration of different electron carriers, were taken
from literature experimental data on thermodynamics and kinetics of electron transfer in
respiratory chain (Tables 1 and 2).

5. Dimension of local and whole mitochondrial concentration and rates

Experimental data on intramembrane protein concentration presented in Table 2 in
nmole/mg mit. prot. while we use uM for concentration in our computational model.
Moreover, we use in the model local concentration of proteins in different fractions of
mitochondrion which normalized by volume of these fractions. So, NADH and matrix
superoxide concentration normalized by the matrix volume (Vwmx), cyt ¢ and superoxide in the
intermembrane space (IMS) normalized by the IMS volume (Vius), and concentration of all
intramembrane proteins of respiratory chain normalized by the volume of the inner membrane
(Vime). First, we normalized concentration of all proteins by total mitochondrial volume Vmit
and then whole mitochondrial concentration translated to local concentration using space
fractional ratio of matrix (Wwx = Vmx/Vmit), IMS (Wims = Vims/Vmit) and the inner membrane
(Wime = Vime/Vmit) of the total mitochondrial volume. In order to calculate matrix water space
fraction Wwmx and IMS water fraction Wius we used the following experimental data.
Mitochondrial water weight fraction and mitochondrial density is of 0.664 g/g and 1.09 g/mli,
respectively [62]. That means that mitochondrial water space fraction, Ww, is of
0.664:1.09 =0.724. Taking into account that Ws~1/14~0.072 for the orthodox
mitochondria configuration [51], matrix water space fraction Wux = Wwmit — Wims = 0.724 —
0.072 = 0.652. It should notice that values of Wius and Wwux coincide with those used in
[63].Value of Wive was calculated as follows. VVolume and inner membrane area of the
average mitochondrion are of 0.27 pm® and 6.47 um?, respectively [64]. Suggesting the
overage thickness of inner membrane about 0.01 um we get the inner membrane space
fraction (Wimb) in mitochondrion of about 0.24. Mitochondrial protein weight fraction Wprot IS
about 0.25 g/g [62]. Therefore, 1 mg mit. prot. corresponds to 4 mg whole mitochondria and
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takes 4 mg/1090 mg/ml = 3.67-102 ml = 3.67-107° I. So, common used content 1 nmol/ mg
mitochondrial protein is equal to whole mitochondrial concentration 10~° mole/ 3.67-107° | =
1 mM/3.67 = 273 uM which normalized by whole mitochondrial volume, i.e. 1 uM = 3.67
pmol/mg mit prot. In order to get local concentration of different proteins in the matrix, IMS
and inner membrane whole mitochondrial concentration were divided by Wwmx, Wims and
Wiwms, respectively. Then, total local intramembrane concentration of ubiquinone Q and
Complexes | and Il had the following values: total Q = 4 nmol/ mg mit prot = 4-10~° mole
/3.67-10°1/0.24 = 4541 uM; ISP = bL = bH = cyt ¢1 = 0.325 nmol/ mg mit prot = 0.325-10~°
mole /3.67-10°1/0.24 = 369 uM; FMN = N3 = N1a = N2 = 0.2 nmol/ mg mit prot = 0.2-10°
mole /3.67-107° 1 /0.24 = 227 uM. In order to present computer simulated rates of respiration
and ROS production which occur only in the inner membrane as the whole mitochondrial
rates we multiplied all the rates of intramembrane processes by Wigm = 0.24. In addition, in
order to compare computer simulated rates of respiration and ROS production presented in the
current paper in pM/s with experimentally observed rates expressed in pmol/min/mg mit. prot.
the computer simulated rates should be multiplied by factor 3.67-60 = 220, i.e. 1 uM/s = 220
pmol/min mg mit prot.

RESULTS AND DISCUSSION

1. Analysis of the effect of chronic ethanol-induced inhibition of Complexes I, 111 and 1V
on the rate of ROS generation in the mitochondrial respiratory chain

In order to simulate computationally the effects of chronic ethanol exposure on ROS
production in mitochondria we took into account experimentally observed chronic ethanol-
induced alterations in different segments of the respiratory chain [13-15] and glutathione
peroxidase and reductase reactions [11, 16]. First, we analyzed the effects of alterations in the
respiratory chain which include a decrease in the content of FeS redox centers in Complex |
and cyt b in Complex I, and the catalytic activity of cytochrome c¢ oxidase [13-15]. The
effects of the simultaneous 2- and 4-fold decrease in the level of FeS redox center and cyt b,
and the catalytic rate constant of cytochrome c oxidase, ki (Table 1), on the rate of
superoxide generation by different sites of the respiratory chain during oxidation of NADH
alone, succinate alone, and NADH + succinate are shown in Fig. 2, Fig. 3, and Fig. 4,
respectively. The control condition corresponds to the following kinetic parameter values
presented in Table 2: the content of FeS = 0.2 and cyt b = 0.325 nmol/ mg mit prot; ks =
100 st (solid black curves in Fig. 2—4). In accord with these parameter values, the 2-fold
decrease corresponds to FeS = 0.1 and cyt b = 0.1625 nmol/ mg mit prot; ks = 50 s (red
dashed curves) and the 4-fold decrease corresponds to FeS = 0.05 and cyt b = 0.0813 nmol/
mg mit prot; kao= 25 st (blue dash-dot curves).

Fig. 2,A-D present a computer simulated steady-state AY dependency of the superoxide
production rate total (Fig. 2,A) and by different sites of Complex | (Fig. 2,B and 2,C) and
Complex 11 (Fig. 2,D) during oxidation of NADH alone. Results presented in Fig. 2,A show
a considerable increase in the total rate of superoxide production during inhibition of the
respiratory chain over the range of membrane potential of approximately 50 < A¥ < 170 mV.
This increase occurs due to a strong increase in the rate of superoxide generation at the site
FMNH" of Complex I under the same condition (Fig. 2,B). The superoxide production rate by
the second site of Complex I, the semiquinone CI.Q7, is little affected by chronic ethanol-
induced depression of the respiratory chain (Fig. 2,C). The effect of chronic ethanol-induced
inhibition of Complexes I, Il and IV on the rate of superoxide generation by the unstable
semiquinone of Complex IllI, the complex bL.Q".ISPH in Fig. 1, is more complex and
depends on the membrane potential (Fig. 2,D). As Fig. 2,D shows the rate of superoxide
generation in Complex 111 decreases at A¥ > 120 mV, increases at AY < 90 mV and has non-
monotonic changes at 90 < AY < 120 mV upon depression of the respiratory chain. These
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chronic ethanol and AY dependent changes in the rate of superoxide generation by different
sites of the respiratory chain are related directly to the chronic ethanol and AY dependency of
the respiration rate during oxidation of NADH alone (Fig. 2,E).
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Figure 2. Computer simulated changes in the steady-state rates of respiration and superoxide production
upon chronic ethanol-induced alterations in different segments of the respiratory chain during oxidation
of NADH alone. Computer simulation was carried out with the mathematical model at kinetic parameter
values presented in Table 2. Different curves (black solid, red dashed and blue dash-dot curves)
correspond to different values of the levels of FeS redox centers in Complex | and cytochrome b in
Complex I11, and the catalytic rate constant, ki, of cytochrome c oxidase. Black solid curves correspond
to the control values — FeS = 0.2 nmol/ mg mit prot; cyt b = 0.325 nmol/ mg mit prot; ke =100 s. Red
dashed curves — FeS = 0.1 nmol/ mg mit prot; cyt b = 0.1625 nmol/ mg mit prot; ks =50 s™. Blue dash-
dot curves — FeS = 0.05 nmol/ mg mit prot; cyt b = 0.0813 nmol/ mg mit prot; ks =25 s*. Designation
for every curve is also shown in Fig. 2. (A) The total rate of superoxide production by Complexes I
and I1l. (B-D) The rate of superoxide generation by different sites of Complexes | and Ill: (B) the site
FMNH- of Complex I; (C) the semiquinone of Complex | (site CI.Q); (D) the unstable semiquinone of
Complex I11 (site bL.Q~.ISPH). (E) The steady-state respiration rate at different values of the membrane
potential. (F) Relationships between rates of superoxide production and respiration. All these computer
simulated results were obtained during oxidation of NADH alone, i.e. kis= 0.3 s and Viaxis = 0.

First, we consider a AY dependency of the rate of superoxide generation by different sites
of the respiratory chain under control condition which presented with black solid curves in
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Fig. 2. The steady-state rate of respiration in the control (black solid curve in Fig. 2,E)
increases with a decrease in the membrane potential and becomes saturated at AY =~ 120 mV
due to the almost complete oxidation of NADH and QH2. Saturation of the respiration rate
results in a drastic decrease in the rate of superoxide generation by the FMNH™ site of
Complex | (Fig. 2,B) and the unstable semiquinone of Complex Il (Fig. 2,D) at
AY <120 mV. A monotonic decrease in the rate of superoxide generation by the FMNH" site
of Complex I with decreasing AY from 180 to 120 mV (Fig. 2,B) is accounted for by
monotonic decreasing NADH and FMNH™, respectively, during monotonic increasing the rate
of respiration. By contrast, the rate of superoxide generation by the unstable semiquinone of
the Qo-site of Complex Ill, the complex bL.Q.ISPH in Fig. 1, increases with decreasing AY
from 180 to 120 mV (Fig. 2,D) due to the increasing concentration of the upstream complex
bL.QH2.1SPox (Fig. 1). The concentration of the complexes bL.QH2.ISPox and bL.Q.ISPH
increases at 120 < AY < 180 mV for the following reason. Increasing the rate of respiration
with decreasing AY from 180 to 120 mV under control condition (black solid curve in
Fig. 2,E) results in opposite changes in the concentration of electron carriers bL, ISPox and
QH2 which form the complex bL.QH2.ISPox (see Fig. 1). The concentration of oxidized cyt
bL and ISPox increases while the concentration of QH2 decreases with increasing respiration
rates (data are not shown). The simultaneous increase in the oxidized form of cyt b and ISPox
is steeper compared to a decrease in the concentration of QH2 with the increasing rate of
respiration. Therefore, this results in an increase in the concentration of the complexes
bL.QH2.1SPox and bL.Q.ISPH as well as in the rate of superoxide generation by Complex |11
with a decrease in AY from 180 to 120 mV. Saturation of the respiration rate at AY ~ 120 mV
is accompanied by a considerable decrease in the concentration of QH2 and complexes
bL.QH2.1SPox and bL.Q".ISPH (data are not shown) which result in a drastic decrease in the
rate of superoxide generation by Complex Ill as shown by the black solid curve in Fig. 2,D.
Results presented in Fig. 2,C show a very high AY sensitivity of the rate of superoxide
generation by the semiquinone of Complex I, the site CI.Q in Fig. 1. This is accounted for by
a high AY sensitivity of the reduction of the semiquinone C1.Q~ to CI.QH: (reaction 13 in
Fig. 1 and Table 1) which is coupled with electrogenic transport of 4 H* through the inner
mitochondrial membrane. A peak in a AY dependency of the rate of superoxide generation by
the site C1.Q~ at AY around of 130 mV under control condition (black solid curve in Fig. 2,C)
is accounted for by a peak in the concentration of the semiquinone CI.Q~ which results from a
drastic increase in the concentration of oxidized ubiquinone (free, Q, and bound to Complex I,
CI1.Q) at this values of the membrane potential. An additional reason for this peak is a slow
decrease in the steady-state concentration of the reduced redox center N2-, electron donor for
Q, with decreasing AW from 180 to approximately 120 mV (data are not shown). As to
hysteresis in a AY dependency of different rates of ROS production presented in Fig. 2,A-D,
this is an intrinsic feature of the respiratory chain which was analyzed in detail
elsewhere [65].

The effect of chronic ethanol-induced inhibition of the respiratory chain on the AY
dependency of the respiration rate is presented in Fig. 2,E. The computer simulated 2- and 4-
fold decrease in the content of FeS redox centers in Complex | and cyt b in Complex 111, and
the catalytic rate constant of cytochrome c oxidase, kao, results in a considerably slower
increase in the steady-state rate of respiration with a decrease in the membrane potential
compared to the control (Fig. 2,E) which is very compatible with our laboratory experimental
observations of ethanol-induced inhibition of the respiratory rate during oxidation of
glutamate plus malate in liver mitochondria isolated from control and ethanol feeding rats
(Fig. 1,C in [12]). As a result, the computer simulated steady-state rate of superoxide
generation total (Fig. 2,A) and by the site FMNH™ (Fig. 2,B) also decreases at a slower rate
with decreasing the membrane potential and becomes negligible at A¥ ~ 90 mV and A¥ = 50
mV which corresponds to values of the membrane potential of saturation of the respiration
rate under 2- and 4-fold inhibition of the respiratory chain. An initial increase in the rate of
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superoxide generation by the unstable semiquinone of Complex Il with decreasing the
membrane potential from 180 mV is followed by a drastic decrease in superoxide production
at AY ~ 90 mV and AY ~ 50 mV under 2- and 4-fold inhibition of the respiratory chain for the
reason pointed above.
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Figure 3. Computer simulated changes in the steady-state rates of respiration and superoxide production
upon chronic ethanol-induced alterations in different segments of the respiratory chain during oxidation
of succinate alone. Computer simulation was carried out with the mathematical model at kinetic
parameter values presented in Table 2. Different curves (black solid, red dashed and blue dash-dot curves)
correspond to different values of the levels of FeS redox centers in Complex | and cytochrome b in
Complex 111, and the catalytic rate constant, kao, of cytochrome c oxidase. Black solid curves correspond
to the control values — FeS = 0.2 nmol/ mg mit prot; cyt b = 0.325 nmol/ mg mit prot; ks = 100 s. Red
dashed curves — FeS = 0.1 nmol/ mg mit prot; cyt b = 0.1625 nmol/ mg mit prot; ks =50 s*. Blue dash-
dot curves — FeS = 0.05 nmol/ mg mit prot; cyt b = 0.0813 nmol/ mg mit prot; ks =25 s™. Designation
for every curve is also shown in Fig. 3. (A) The total rate of superoxide production by Complexes | and
I1l. (B-D) The rate of superoxide generation by different sites of Complexes | and Ill: (B) the site
FMNH- of Complex I; (C) the semiquinone of Complex | (site CI1.Q"); (D) the unstable semiquinone of
Complex I11 (site bL.Q~.ISPH). (E) The steady-state respiration rate at different values of the membrane
potential. (F) Relationships between rates of superoxide production and respiration. All these computer
simulated results were obtained during oxidation of succinate alone, i.e. kis = 0 and Vimaxo = 3000 uM/s.

The computer simulated relationship between the rates of total superoxide generation in
the mitochondrial respiratory chain and respiration during oxidation of NADH alone
(Fig. 2,F) shows an unexpected decrease in the ratio of rates of superoxide production and
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respiration upon chronic ethanol-induced inhibition of the respiratory chain. The most
considerable decrease in this ratio is observed at a high value of the membrane potential with
a low rate of respiration. These results require some explanation. The all curves in Fig. 2,F
were drawn from AY dependencies of rates of superoxide production and respiration
presented in Fig. 2,A and Fig. 2,E, i.e. obtained at different values of the membrane potential
which is fixed parameter in our computational model. This means that the same value of the
rate of respiration for different curves was obtained at different values of the membrane
potential. Therefore, a decrease in the rate of superoxide production at the same the
respiratory rate upon inhibition of the respiratory chain relates to a decrease in the membrane
potential. More detailed explanation of relationships between the rates of total superoxide
generation in the mitochondrial respiratory chain and respiration upon inhibition of the
respiratory chain will be done below at consideration of oxidation of succinate alone
(Fig. 3,F).

Fig. 3 presents the computer simulated effect of chronic ethanol-induced inhibition of the
respiratory chain on the steady-state rates of respiration and superoxide production during
oxidation of succinate alone at different values of the membrane potential. Chronic ethanol-
induced inhibition of the respiratory chain is simulated by the simultaneous 2- and 4-fold
decrease in the level of FeS redox center and cyt b, and the catalytic rate constant of
cytochrome c oxidase, kao, just as in the previous case of oxidation of NADH alone presented
in Fig. 2.

In contrast to oxidation of NADH alone, chronic ethanol-induced changes in the total rate
of superoxide production by the respiratory chain during oxidation of succinate alone are non-
monotonic and depend on the membrane potential (Fig. 3,A). The total rate of superoxide
production increases over the entire range of membrane potential below a AY of
approximately 145 mV and it decreases at A¥Y > 145 mV upon inhibition of Complexes I, III
and IV. Such non-monotonic changes in the total rate of superoxide production result from
non-monotonic changes in the rate of superoxide generation by the semiquinone of Complex |
(Fig. 3,C) as the main site of superoxide generation in the respiratory chain during oxidation
of succinate alone. A considerable decrease in the rate of superoxide generation by the
semiquinone of Complex I at high values of the membrane potential upon chronic ethanol-
induced inhibition of the respiratory chain are accounted for by a decrease in the respiration
rate under this condition and, as a consequence, a considerable decrease in the concentration
of oxidized Q which participates in formation of the superoxide generating site C1.Q~ (Fig. 1).
The rate of superoxide generation by the site FMNH™ increases upon chronic ethanol-induced
inhibition of the respiratory chain (Fig. 3,B) due to inhibition of the rate of respiration and
more reduced state of flavine.

Chronic ethanol-induced changes in the rate of superoxide generation by the unstable
semiquinone of Complex Il during oxidation of succinate alone (Fig. 3,D) resemble those
during oxidation of NADH alone (Fig. 2,D) and also depend on the membrane potential. An
initial increase in the rate of superoxide generation by the unstable semiquinone of Complex
I11 with decreasing the membrane potential from 180 mV is followed by a drastic decrease in
superoxide production at A¥ =~ 145 mV, A¥Y = 125 mV and AY ~ 85 mV under the control
condition, 2- and 4-fold inhibition of the respiratory chain, respectively. These values of the
membrane potential just correspond to a AW of saturation of the respiration rate during
oxidation of succinate alone (Fig. 3,E). A relationship between rates of total superoxide
production and respiration during oxidation of succinate alone (Fig. 3,F) shows a very high
decrease in the ratio of rates of superoxide production and respiration upon chronic ethanol-
induced inhibition of the respiratory chain. This is accounted for by the following two factors.
First, curves of a computer simulated steady-state AY dependency of the respiration rate shift
considerably to low values of the membrane potential upon chronic ethanol-induced inhibition
of the respiratory chain (Fig. 3,E) and, second, the total rates of superoxide production decline
steep with decreasing the membrane potential and become negligible at AY < 120 mV under
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the same condition (Fig. 3,A). This results in a considerable decrease in the total rate of
superoxide production at any fixed value of the respiration rate upon chronic ethanol-induced
inhibition of the respiratory chain. Consider, for instance, the value of the respiration rate of
20 nmol/min/mg mit. prot. in Fig. 3,E and 3,F. As Fig. 3,E shows the respiration rate takes the
value of 20 nmol/min/mg mit. prot. at AY =~ 165 mV, A¥Y =~ 145 mV and AY = 110 mV under
the control condition, 2- and 4-fold inhibition of the respiratory chain, respectively. The total
rates of superoxide production corresponding to these values of AY (165, 145 and 110 mV)
decrease considerably upon chronic ethanol-induced inhibition of the respiratory chain
(Fig. 3,A) just as presented in Fig. 3,F. In order to avoid any confusion at interpretation of
relationships between rates of total superoxide production and respiration presented in
Fig. 3,F we would like to point out that a considerable decrease in the rate of superoxide
production at the same respiratory rate upon 2- and 4-fold inhibition of the respiration chain is
accounted for by a decrease in the membrane potential only which is a fixed parameter in our
computational model. Therefore, each of the curves presented in Fig. 3,F should be
considered separately as a sample of that how relationship between rates of total superoxide
production and respiration changes upon chronic ethanol-induced inhibition of the respiratory
chain during oxidation of succinate alone.

It should be pointed out that inhibition of the respiratory rate over the range of membrane
potential below a AY of approximately 180 mV obtained above computationally is compatible
with experimental observations of ethanol-induced inhibition of the respiratory rate during
oxidation of succinate alone in liver mitochondria isolated from control and ethanol feeding
rats (Fig. 1,B in [12]).

Computer simulated results of the effect of inhibition of the respiratory chain on the
steady-state rates of respiration and superoxide production during oxidation of NADH +
succinate at different values of the membrane potential are presented in Fig. 4. These results
predict that a AY dependency of all steady-state characteristics are very similar to those
observed during oxidation of NADH alone presented in Fig. 2. However, there is a difference
between them which relates to the rate of respiration for the following reason. When the
respiratory chain is fueled by two substrates, NADH and succinate, through different inputs, a
competition arises between Complexes | and Il for oxidized ubiquinone Q in reactions 8 and
19 (see Fig. 1). This competition results in a slower increase in the steady-state rate of
respiration with decreasing AY during oxidation of NADH + succinate (Fig. 4,E) compared to
oxidation of NADH alone (Fig. 2,E). As a consequence, addition of succinate as the second
respiratory substrate to NADH results in a slower decline of the total rate of superoxide
production (Fig. 4,A) and at the sitte FMNH" (Fig. 4,B) with a decrease in AY, than is found
during oxidation of NADH alone (Fig. 2,A and 2,B). Moreover, chronic ethanol-induced
inhibition of the respiratory chain results in additional slowing down of the respiration rate
and increasing the total rate of superoxide production (Fig. 4,A) and at the site FMNH"~
(Fig. 4,B). The rate of superoxide generation by the semiquinone of Complex I (Fig. 4,C) is
not affected by chronic ethanol treatment during oxidation of NADH + succinate just as
during oxidation of NADH alone (Fig. 2,C). By contrast, chronic ethanol exposure shifts the
rate of superoxide generation by the unstable semiquinone of Complex 11 to a lower values of
the membrane potential which results from slowing down in the rate respiration and, as a
result, saturation of the respiration rate at a lower AW.

Besides, it should be pointed out that the maximal rate of respiration during oxidation of
NADH + succinate (Fig. 4,E) becomes equal to the sum of the maximal respiration rates
during oxidation of NADH alone (Fig. 2,E) and succinate alone (Fig. 3,E). However, it affects
a little bit a relationship between the total rate of superoxide production and the respiration
rate (Fig. 4,F).
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Figure 4. Computer simulated changes in the steady-state rates of respiration and superoxide production
upon chronic ethanol-induced alterations in different segments of the respiratory chain during oxidation
of NADH + succinate. Computer simulation was carried out with the mathematical model at kinetic
parameter values presented in Table 2. Different curves (black solid, red dashed and blue dash-dot curves)
correspond to different values of the levels of FeS redox centers in Complex | and cytochrome b in
Complex I11, and the catalytic rate constant, ks, of cytochrome c oxidase. Black solid curves correspond
to the control values — FeS = 0.2 nmol/ mg mit prot; cyt b = 0.325 nmol/ mg mit prot; ks = 100 s*. Red
dashed curves — FeS = 0.1 nmol/ mg mit prot; cyt b = 0.1625 nmol/ mg mit prot; ks = 50 s*. Blue dash-
dot curves — FeS = 0.05 nmol/ mg mit prot; cyt b = 0.0813 nmol/mg mit prot; ks = 25 s™. Designation for
every curve is also shown in Fig.4. (A) The total rate of superoxide production by Complexes I and IlI.
(B-D) The rate of superoxide generation by different sites of Complexes | and I11: (B) the site FMNH- of
Complex I; (C) the semiquinone of Complex | (site C1.Q"); (D) the unstable semiquinone of Complex 111
(site bL.Q~.ISPH). (E) The steady-state respiration rate at different values of the membrane potential. (F)
Relationships between rates of superoxide production and respiration. All these computer simulated
results were obtained during oxidation of NADH + succinate, i.e. kis = 0.3 s and Vmaxig = 3000 pM/s.

Summarizing results in this section we may conclude that our computer simulated results
account for chronic ethanol-related inhibition of the respiratory rate over the range of
membrane potential of a AY < 180 mV during oxidation of different respiratory substrates
observed experimentally in our laboratory [12]. Besides, computational results predict an
increase in the total ROS production rate over the same range of membrane potential during
oxidation of NADH alone and NADH + succinate. We predict that the effect of chronic
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ethanol consumption on the total ROS production rate during oxidation of succinate alone
depends on the membrane potential. Chronic ethanol consumption is expected to inhibit the
ROS production rate during oxidation of succinate alone over the range of membrane
potential of approximately A¥ > 145 mV. The ROS production rate is activated after chronic
ethanol consumption at A¥ < 145 mV during oxidation of succinate alone.

2. Computer simulated changes in the steady-state mitochondrial concentration of
superoxide and H202 upon chronic ethanol exposure

Changes in the mitochondrial ROS concentration upon chronic ethanol exposure depend
on alterations in both the ROS generating respiratory chain and ROS utilizing glutathione
cycle. We analyzed above the effect of chronic ethanol-induced inhibition of the respiratory
chain on the rate of superoxide production during oxidation of different substrates. Now, we
consider additionally the effect of experimentally observed chronic ethanol-induced
alterations in the glutathione cycle [11, 16] on the mitochondrial ROS concentration during
oxidation of different respiratory substrates.

Chronic ethanol-induced alterations in the glutathione cycle include a decrease in the
mitochondrial glutathione peroxidase activity and an increase in the activity of glutathione
reductase [11]. Besides, there are contradictory published data about the effect of chronic ethanol
consumption on the mitochondrial glutathione levels. As experimental observations show the total
glutathione levels in liver mitochondria can decrease [66, 67], increase [11] or remain unchanged
[68] after chronic ethanol consumption. Analysis of our computational model shows that the
2-fold decrease or 2-fold increase in the total glutathione level only does not affect the steady-state
concentration of superoxide and H2O in mitochondria (data are not shown). Therefore, we
used in our computational modeling analysis the all set of experimental data published in [11]
which include an increase in the total glutathione level in mitochondria. In accord with
experimental observations [11], mitochondrial glutathione peroxidase (GSHPx-1) activity
decreased approximately (30%) from 219 to 162 nmol NADPH oxidized /min/mg prot and
glutathione reductase (GR) activities increased (10%) from 20 to 22 nmol NADPH oxidized
/min/mg prot. upon chronic ethanol treatment. We approximated chronic ethanol-induced
decrease (219/162 = 1.35) in the GSHPx-1 activity and an increase (22/20 = 1.1) in GR
activity due to 1.35-fold decrease in mitochondrial GSHPx-1 concentration [Et] from 1.77
uM (Table 2) to 1.31 uM and 1.1-fold increase in the maximal rate (Vmaxs2) of GR from 1
uM/s to 1.1 uM/s. Besides, the mitochondrial glutathione level was increased (25%) from 10
to 12.5 nmol/mg prot. upon chronic ethanol exposure [11], i.e. from 4222 (Table 2) to 5278
uM in our computations.

Computer simulated changes in the steady-state concentration of superoxide and H2O> in
the mitochondrial matrix and IMS upon chronic ethanol-induced alterations in different
segments of the respiratory chain and glutathione cycle during oxidation of different
respiratory substrates are presented in Fig. 5-7. In order to better understand the effect of
different alterations on the ROS concentration, Fig. 57 present separately ROS concentration
under control condition which correspond to control parameter values presented in Table 2
(black solid curves), under chronic ethanol-induced alterations in the respiratory chain only
(red dashed curves), only glutathione cycle (blue dash-dot curves), and simultaneous
alterations in the respiratory chain and glutathione cycle (green dash-dot-dot curves).

Fig. 5 presents computer simulated chronic ethanol-induced changes in the steady-state
concentration of superoxide in the mitochondrial matrix (Fig. 5,A) and IMS (Fig. 5,B), and
the H>O, concentration in the mitochondrial matrix (Fig. 5,C) and IMS (Fig. 5,D) during
oxidation of NADH alone. First of all, it should be pointed out that the experimentally
observed steady-state concentration of superoxide and H20- in rat liver mitochondria that
equal to 0.083 nM and 4.8 nM, respectively, [17] is very close to those obtained
computationally in the mitochondrial matrix at AY =~ 170 mV under control condition (black
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solid curves in Fig. 5,A and 5,C). The overall computer simulated steady-state concentration
of superoxide and H20 in mitochondria will be a little higher due to taking into account
higher values of the steady-state concentration of superoxide and H>O> in the IMS (Fig. 5,B
and 5,D).
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Figure 5. Computer simulated changes in the steady-state concentration of superoxide and H.O; in the
mitochondrial matrix and IMS upon chronic ethanol-induced alterations in different segments of the
respiratory chain and glutathione cycle during oxidation of NADH alone. Different curves (black solid,
red dashed, blue dash-dot, and green dash-dot-dot curves) correspond to different chronic ethanol-induced
alterations in the respiratory chain and glutathione cycle. Alterations in the respiratory chain include
simultaneous changes in values of the levels of FeS redox centers in Complex | and cytochrome b in
Complex Ill, and the catalytic rate constant, ks, of cytochrome c oxidase. Chronic ethanol-induced
alterations in the glutathione cycle include a decrease in the mitochondrial glutathione peroxidase
concentration, [GPxJ:wt, an increase in the maximal rate of glutathione reductase reaction, Vmaxaz, and an
increase in the mitochondrial glutathione concentration, [G]w:. Black solid curves correspond to the
control values of the model parameters which are presented in Table 2 and have the following values for
the glutathione cycle: [GPX]Jwt = 1.77 uM, Vmaxao=1 uM/s, and [Glwt = 4222 uM. Red dashed curves
correspond to alterations only in the respiratory chain — FeS = 0.1 nmol/ mg mit prot; cyt b = 0.1625
nmol/ mg mit prot; ke = 50 s*. Blue dash-dot curves correspond to alterations only in the glutathione
cycle — [GPXJwt = 1.31 uM, Va2 = 1.1 puM/s, and [Glwe = 5278 uM. Green dash-dot-dot curves
correspond to simultaneous alterations in the respiratory chain and glutathione cycle -
FeS = 0.1 nmol/ mg mit prot; cyt b = 0.1625 nmol/ mg mit prot; ke = 50 s%; [GPX]wt = 1.31 uM,
Viaxaz = 1.1 uM/s, and [Gliwt = 5278 uM. Designations for every curve are also shown in Fig. 5. (A, B)
The concentration of superoxide in the mitochondrial matrix (A) and IMS (B). (C, D) The concentration
of H20; in the mitochondrial matrix (C) and IMS (D). All these computer simulated results were obtained
during oxidation of NADH alone, i.e. kis = 0.3 s and Vmaas = 0. Other kinetic parameter values are
presented in Table 2.

A AY dependency of the concentration of superoxide in the mitochondrial matrix
(Fig. 5,A) and IMS (Fig. 5,B) resembles AY dependency of the total rate of superoxide
production (Fig. 2,A) and the rate of superoxide generation by the unstable semiquinone of
Complex 1l (Fig. 2,D), respectively. This is an expected result because a degradation of
superoxide does not dependent on the membrane potential in the computational model. As to
the effect of chronic ethanol-induced alterations in the respiratory chain and glutathione cycle
on the ROS concentration, we should point out the following. The concentration of
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superoxide in the mitochondrial matrix (Fig. 5,A) and IMS (Fig. 5,B) is affected by alterations
in the respiratory chain only while H>O2 concentration (Fig. 5,C and 5,D) increases upon
alterations in both the respiratory chain and glutathione cycle during oxidation of NADH
alone. Independence of the superoxide concentration on alterations in the glutathione cycle is
accounted for by irreversible dismutation of superoxide to H20 in the mitochondrial matrix
(reaction 18) and IMS (reaction 30 in Fig. 1 and Table 1).
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Figure 6. Computer simulated changes in the steady-state concentration of superoxide and H,0; in the
mitochondrial matrix and IMS upon chronic ethanol-induced alterations in different segments of the
respiratory chain and glutathione cycle during oxidation of succinate alone. Different curves (black solid,
red dashed, blue dash-dot, and green dash-dot-dot curves) correspond to different chronic ethanol-induced
alterations in the respiratory chain and glutathione cycle. Alterations in the respiratory chain include
simultaneous changes in values of the levels of FeS redox centers in Complex | and cytochrome b in
Complex 11, and the catalytic rate constant, ks, 0of cytochrome c oxidase. Chronic ethanol-induced
alterations in the glutathione cycle include a decrease in the mitochondrial glutathione peroxidase
concentration, [GPx]twt, an increase in the maximal rate of glutathione reductase reaction, Vmaxaz, and an
increase in the mitochondrial glutathione concentration, [G]w:. Black solid curves correspond to the
control values of the model parameters which are presented in Table 2 and have the following values for
the glutathione cycle: [GPX]wt = 1.77 UM, Vimaxaz = 1 uM/s, and [Glwt = 4222 pM. Red dashed curves
correspond to alterations only in the respiratory chain — FeS=0.1 nmol/ mg mit prot; cyt b = 0.1625 nmol/
mg mit prot; ks = 50 s*. Blue dash-dot curves correspond to alterations only in the glutathione cycle —
[GPX]Jtot = 1.31 uM, Vmaxaz = 1.1 uM/s, and [Glwt = 5278 uM. Green dash-dot-dot curves correspond to
simultaneous alterations in the respiratory chain and glutathione cycle — FeS = 0.1 nmol/ mg mit prot; cyt
b = 0.1625 nmol/ mg mit prot; kao = 50 s%; [GPX]tot = 1.31 pM, Vinaxaz = 1.1 uM/s, and [Gliet = 5278 uM.
Designations for every curve are also shown in Fig. 6. (A, B) The concentration of superoxide in the
mitochondrial matrix (A) and IMS (B). (C, D) The concentration of H,O- in the mitochondrial matrix (C)
and IMS (D). All these computer simulated results were obtained during oxidation of NADH alone, i.e.
kis = 0 and Vmaxio = 3000 uM/s. Other kinetic parameter values are presented in Table 2.

The computer simulated effects of ethanol-induced alterations in both the respiratory
chain and glutathione cycle on the ROS concentration in the mitochondrial matrix and IMS
during oxidation of succinate alone are presented in Fig. 6,A-D. Likewise during oxidation of
NADH alone, the concentration of superoxide in the mitochondrial matrix (Fig. 6,A) and IMS
(Fig. 6,B) is affected by alterations in the respiratory chain only while H20. concentration
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(Fig. 6,C and 6,D) changes upon alterations in both the respiratory chain and glutathione cycle
during oxidation of succinate alone. However, in contrast to oxidation of NADH alone, the

ethanol-induced effect on the concentration of O, in the mitochondrial matrix and IMS is

non-monotonic and depends on the membrane potential just as in the case of the total rate of
superoxide production (Fig. 3,A) and by the unstable semiquinone of Complex 11 (Fig. 3,D)
during oxidation of succinate alone.
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Figure 7. Computer simulated changes in the steady-state concentration of superoxide and H,O; in the
mitochondrial matrix and IMS upon chronic ethanol-induced alterations in different segments of the
respiratory chain and glutathione cycle during oxidation of NADH + succinate. Different curves (black
solid, red dashed, blue dash-dot, and green dash-dot-dot curves) correspond to different chronic ethanol-
induced alterations in the respiratory chain and glutathione cycle. Alterations in the respiratory chain
include simultaneous changes in values of the levels of FeS redox centers in Complex | and cytochrome b
in Complex Il1, and the catalytic rate constant, ki, of cytochrome ¢ oxidase. Chronic ethanol-induced
alterations in the glutathione cycle include a decrease in the mitochondrial glutathione peroxidase
concentration, [GPxJ:wt, an increase in the maximal rate of glutathione reductase reaction, Vmaxaz, and an
increase in the mitochondrial glutathione concentration, [G]w:. Black solid curves correspond to the
control values of the model parameters which are presented in Table 2 and have the following parameter
values for the glutathione cycle: [GPX]wt = 1.77 uM, Vmaxaz = 1 uM/s, and [Glwt = 4222 uM. Red dashed
curves correspond to alterations only in the respiratory chain — FeS = 0.1 nmol/ mg mit prot; cyt b =
0.1625 nmol/ mg mit prot; ks = 50 s X Blue dash-dot curves correspond to alterations only in the
glutathione cycle — [GPX]Jwt = 1.31 uM, Va2 = 1.1 uM/s, and [Glit = 5278 puM. Green dash-dot-dot
curves correspond to simultaneous alterations in the respiratory chain and glutathione cycle — FeS = 0.1
nmol/ mg mit prot; cyt b = 0.1625 nmol/ mg mit prot; kao = 50 s7; [GPX]wot = 1.31 puM, Vimaxaz = 1.1 uM/s,
and [Glwt = 5278 uM. Designations for every curve are also shown in Fig. 7. (A, B) The concentration of
superoxide in the mitochondrial matrix (A) and IMS (B). (C, D) The concentration of H,O, in the
mitochondrial matrix (C) and IMS (D). All these computer simulated results were obtained during
oxidation of NADH + succinate, i.e. kis = 0.3 s and Vimaxs = 3000 uM/s. Other kinetic parameter values
are presented in Table 2.

The superoxide concentration as well as the rate of superoxide production increases over
the entire range of membrane potential below a AY of approximately 145 mV and it decreases
at AY > 145 mV upon chronic ethanol-induced inhibition of Complexes I, Il and IV. The
concentration of H2O> in the mitochondrial matrix and IMS upon inhibition of the respiratory
chain only (dashed red curves in Fig. 6,C and 6,D) follows the superoxide concentration and
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is also non-monotonic and depends on the membrane potential. However, the concentration of
H2O> increases over the entire range of membrane potential of a AY < 180 mV upon
alterations in the glutathione cycle during oxidation of succinate alone (Fig. 6,C and 6,D).

Fig. 7 shows that the effect of chronic ethanol-induced alterations in both the respiratory
chain and glutathione cycle on the concentration of superoxide and H20- in the mitochondrial
matrix and IMS during oxidation of NADH + succinate is very similar to that observed during
oxidation of NADH alone (Fig. 5). There is only a difference between them that the ROS
concentration during oxidation of NADH + succinate is a little higher than during oxidation of
NADH alone. These computer simulated chronic ethanol-induced increase in the
mitochondrial ROS concentration during oxidation of NADH + succinate are compatible with
the increased level of ROS in isolated hepatocytes from ethanol-fed rats compared to the
control rats [7].

3. Computer simulation of the effects of acute ethanol consumption on ROS production

One of the consequences of acute ethanol consumption which affects ROS production by
the respiratory chain is a shift in the intracellular redox state due to generation of excess of
cytosolic NADH during oxidation of ethanol by alcohol dehydrogenase [5, 69]. Ethanol-
induced excess of cytosolic NADH results in an increase in the mitochondrial NADH/NAD*
ratio depending on malate-aspartate shuttle in the inner mitochondrial membrane [8] and a
considerable increase in the rate of ROS generation in the respiratory chain [6, 7]. Besides, an
increase in the mitochondrial NADH/NAD? ratio can considerably increase the rate of ROS
production by a-ketoglutarate dehydrogenase [70] which is also an important mitochondrial
source of ROS as was demonstrated in isolated brain mitochondria [71].
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Figure 8. Computer simulated changes in the steady-state rates of superoxide production at different sites
of the respiratory chain upon acute ethanol-induced alterations in NADH/NAD" ratio during oxidation of
NADH + succinate. Different curves (black solid, red dashed, blue dash-dot, and green dash-dot-dot
curve) correspond to different sites of superoxide formation in the respiratory chain. Black solid curve is
the total rate of superoxide production by Complexes I and I11; red dashed curve is the rate of superoxide
generation by the FMNH~ of Complex I; blue dash-dot curve — by the semiquinone of Complex | (site
ClL.Q"); green dash-dot-dot curve — by the unstable semiquinone of Complex Il (site b .Q~.ISPH).
Designation for every curve is also shown in Fig. 8. Computer simulation was carried out with the
mathematical model at kinetic parameter values presented in Table 2, exclude Keqis = 50 and kis which
was varied in order to keep different steady-state values of NADH/NAD? ratio presented in Fig. 8. at AY
= 165 mV. It should note that NADH and NAD" in the ratio NADH/NAD" are total, free and bound to
FMN, concentration of NADH and NAD*, respectively, i.e. [NADH]ita = [NADH] + [FMN.NADH] +
[FMNH".NADH]; [NAD*]wta = NAD* + [FMN.NAD*] + [FMNH".NAD"]. Computer simulated results
were obtained during oxidation of NADH + succinate, i.e. kis = 0.3 s and Vimaxio = 3000 pM/s.

In this work, we analyzed computationally the effect of variation in the mitochondrial
NADH/NAD" ratio on ROS production by the respiratory chain only. Although, the
mitochondrial NADH/NAD" ratio in intact cells varies from 0.1 to 1 [72] we considered
changes in this ratio from 0.1 to 10 in our computational study in order to take into account
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additional generation of NADH due to ethanol oxidation. Fig. 8 presents alterations in the rate
of superoxide production by different sites of the respiratory chain during acute ethanol-
induced increase in the value of NADH/NAD" ratio from 0.1 to 10. As Fig. 8 shows the total
rate of superoxide production (black solid curve) as well as the rate of superoxide generation
by the site FMNH" (red dashed curve) increases with increasing the NADH/NAD™ ratio.
However, the rate of superoxide generation by the semiquinone of Complex | decreases and
by the unstable semiquinone of Complex Il is not changed with increasing the NADH/NAD™
ratio. An increase in the rate of superoxide generation by the FMNH™ with increasing the
NADH/NAD" ratio is clear and accounted for by increasing FMNH~ with increasing of
reduced NADH.
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Figure 9. Computer simulated changes in the steady-state concentration of superoxide and H-O; in the
mitochondrial matrix and IMS upon acute ethanol-induced alterations in the outer mitochondrial
membrane permeability and NADH/NAD™ ratio. Figs. (A-D) present changes in the concentration of
superoxide anion and hydrogen peroxide in the mitochondrial matrix, (A) and (C), and in the
intermembrane space (IMS), (B) and (D), with changing relative OMM permeability for O3~ and H20> at
different values of NADH/NAD" ratio. Black solid curves in all Figs correspond to NADH/NAD™* = 0.5;
red dashed curves — NADH/NAD* = 2; blue dash-dot curves — NADH/NAD™ = 8. Designation for every
curve is also shown in Fig. 10. Simulation of decreasing OMM permeability was made computationally
as follows. A coefficient a = Peur/Pentr, Where Peyrr and Pengr are the current and control OMM permeability,
respectively, was introduced in order to describe current relative OMM permeability which, if measured
in %, equals to 100-a. In this case, current values of the rate constants of transport of H20, and superoxide
through OMM were taken as o - kas and o - kss, where control values ks = 30 s and kss = 500 s
(Table 2). Values of NADH/NAD" ratio were adjusted by variation in value of the rate constant kis at
Keqis = 10 and A¥Y = 160 mV. NADH/NAD"* = 0.5 corresponds to kis = 0.024 s; NADH/NAD* = 2
corresponds to kis = 0.055 s'; NADH/NAD* = 8 corresponds to kis = 0.57 s™. All presented computer
simulated results were obtained at AY = 160 mV during oxidation of NADH + succinate, i.e. Vmaxg =
3000 uM/s and values of kis pointed above. Other kinetic parameter values are presented in Table 2.

However, computational study shows that the rate of respiration changes very little with
increasing the NADH/NAD" ratio from 0.1 to 10 at A¥ = 165 mV (data are not shown). As a
result the rate of superoxide generation by the unstable semiquinone of Complex Il is not
changed and ROS production by the semiquinone of Complex | decreases slowly with
increasing the NADH/NAD™ ratio from 0.1 to 10. It should be pointed out that these computer
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simulated results are compatible with experimental observations of ROS production in freshly
isolated hepatocytes during acute ethanol metabolism [6, 7]. Treatment of hepatocytes with 1
and 10 mM ethanol led to a dose-related increase in ROS production by 72 and 151 %,
respectively, [6] just as with increasing the NADH/NAD™ ratio up to approximately of 2 and 4
in our computer simulations.

Fig. 9 presents changes in the concentration of superoxide anion and hydrogen peroxide in
the mitochondrial matrix, (Fig. 9,A) and (Fig. 9,C), and in the intermembrane space (IMS),
(Fig. 9,B) and (Fig. 9,D), with changing relative OMM permeability for superoxide and H20-
at different values of NADH/NAD? ratio. The concentration of superoxide in IMS increases
considerably upon ethanol-induced decrease in the OMM permeability due to very low values
of superoxide in the cytoplasm, which is around 2.5-10'! M [46]. By contrast, the
concentration of H>O, decreases in the both IMS and mitochondrial matrix with decreasing
the OMM permeability because of a high concentration of H.O> in the cytoplasm, which is
around 10 nM [46].

CONCLUSION

A computational mechanistic model of electron transfer and superoxide formation in the
mitochondrial respiratory chain was developed in the current work. The model takes into
account also reactions of formation and degradation of mitochondrial hydrogen peroxide
catalyzed by Superoxide anion dismutatase (Mn-SOD), Glutathione peroxidase and reductase. The
computational model consists of 35 ordinary differential equations (ODE) and 14 moiety
conservation equations. The control, acute and chronic alcohol consumption were simulated
with the help of the model to account for available experimental data on ROS production
under different physiological conditions. Computational analysis shows very good
quantitative coincidence experimental and computer simulated results under control condition
and predicts a A¥-dependent effect of acute and chronic ethanol on mitochondrial ROS
production which can be tested experimentally.
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