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Kinetic modelling overcomes some of the drawbacks of purely intuitive thinking in integrating information
accumulated on chemical reactions involved in oxidative stress. However, it is important to assess if current
knowledge about the reactions that mediate lipid peroxidation already allows satisfactory modelling of this
process in near-to-physiological conditions. In this paper, a set of increasingly complex in vitro experiments
on antioxidants (a-tocopherol and ascorbate) and lipid peroxidation in heterogeneous systems is simulated.
Quantitative to semiquantitative agreement is found between experimental and simulation results. In
addition, this theoretical analysis provided useful insights, suggested new hypotheses and experiments and
pointed out relevant aspects needing further research. The results encourage and serve as partial validation
for the formulation of relatively detailed mathematical models of in vivo lipid peroxidation. Some important
aspects of the formulation and analysis of such models are discussed.
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Abbreviations and symbols:  Asc, dehydroascorbate; Asc™, semidehydroascorbate radical; AscH™, ascorb-
ate monoanion; DLPC, L-o-1,2-dilinoleoylphosphatidylcholine; k,, rate constant for
reaction number n; k;, rate constant for propagation; k., rate constant for second order
termination; L, fatty acyl carbon centred radical; LH, unsaturated fatty acyl; LHn,
unsaturated fatty acyl with n double bounds; LO’, fatty acyl alkoxyl radical, LOH,
hydroxy-fatty acyl; LOO', fatty acyl peroxyl radical; LOOH, fatty acyl hydroperoxide; ny,
number of moles of substance X; PUFA, polyunsaturated fatty acid; R;, rate of initiation
of lipid peroxidation; ROO’, peroxyl radical of aqueous phase initiator of lipid peroxida-
tion; ROO", hydroperoxide anion of aqueous phase initiator; ROOH, hydroperoxide of
aqueous phase initiator; Ry, rate of production of lipid hydroperoxides; SOD, superoxide
dismutase; TBARS, thiobarbituric acid reactive substances; TocO', a-tocopheroxyl radi-
cal; TocOH, a-tocopherol; V., volume of the aqueous phase; Vi, volume of the membrane
phase; Xaq, species in aqueous phase; Xm, species in membrane phase.

INTRODUCTION

A great amount of quantitative kinetic data on reactions related to lipid peroxidation
has been collected over the last decades. However, the complexity of this metabolic
process sometimes makes difficult to understand intuitively if and how the observed
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experimental responses arise from those known reactions. On the other hand, such data
enable the setting up of reasonably detailed kinetic models. These mathematical models
are a more rigorous formal setting that overcomes many of the limitations of purely
intuitive reasoning. So, they can be more successful in addressing the above mentioned
issues. Several workers' ' have already applied this approach to the study of lipid
peroxidation and oxygen activation.

In vivo lipid peroxidation occurs in an heterogeneous open system (with permanent
exchange of lipids,"’® oxidants, antioxidants and peroxidation products between
membranes and their environment) and under the influence of a multitude of enzymatic
activities. These factors usually interact in complicated ways. Even very elaborate in
vitro experiments are far from reproducing such conditions. Therefore, the extrapola-
tion of in vitro results on to the biological environment is rot straightforward. In this
regard, quantitative determinations of kinetic parameters of individual reactions,
though less informative about integrative aspects, seem more robust than results from
in vitro studies of the responses of more ‘complete’ systems. However, if well controlled,
the latter experiments may be useful in revealing gaps and inconsistencies on the
knowledge about the reactional mechanisms of such responses, as explained below.

Mathematical models of oxidative stress in ‘intact’ biological systems integrate data
from chemical kinetics and bridge it to studies of physiological responses. Taking the
preceding discussion into account, it can be conjectured that such models may prove
themselves very effective in deepening our understanding of biological oxidative stress.
Setting them up, however, requires careful selection of the available data. Some
assumptions have also to be made, either for the sake of simplicity or to cover eventual
gaps of knowledge. Therefore, a systematic evaluation of the quality of the data and
of the assumptions is necessary. One way of doing it, is to assess the performance of
simpler, suitably adapted, (sub)models in predicting the behaviour of in vitro peroxida-
tion systems with intermediate degrees of complexity. We call this approach ‘low level
validation’.

In this work, increasingly complex published in vitro experiments on lipid peroxida-
tion and antioxidants are simulated using a set of kinetic models. The theoretical results
show acceptable agreement with the experimental observations, giving support to the
use of (more complicated) mathematical models of specific biological environments.
In addition, the theoretical analysis of the experiments provided useful insights into
the processes under scrutiny and suggested new hypotheses and experiments.

Some important aspects concerning the formulation and analysis of complex models
of in vivo oxidative stress are discussed.

METHODS

A set of experiments involving different aspects of lipid peroxidation and of the action
of several antioxidants was simulated. Whenever possible, experiments done under
well-controlled conditions and allowing a direct quantitative comparison between
experimental and simulation results were chosen. The independent variables and initial
conditions have been estimated so that the particular conditions of each experiment
could be reproduced. No further adjustments or fittings were made.

'See also: A.L. Tappel, A.A. Tappel and C. Fraga (1989) Application of simulation modeling to lipid
peroxidation processes. Free Radical Biology and Medicine, 7, 361-368.
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FIGURE 1 Simplified diagram of the processes under consideration by the different models in this work.
The table in inset shows which modules are accounted for in each model. The reactions in each module are
described in Table 1. Cat and ROS stand for catalase and reactive oxygen species, respectively.

With one exception, only experiments using heterogeneous systems have been
chosen. This was done because this work is intended to contribute to a ‘low level’
validation of a model" for lipid peroxidation in biological membranes.

A lipid and an aqueous compartment (with volumes Vn, and V., respectively) were
considered in the simulations, each with a characteristic composition and reactivity.
Al lipid species and a-tocopherol are only present in the lipid phase. HO, and O, are
considered to distribute instantaneously between the two compartments, with partition
coefficients (lipid to aqueous phase) of 1 and 3™" % respectively. All other species are
assumed to be present only in the aqueous phase. Some interfacial reactions are
allowed. Unless otherwise stated, local concentrations referred to the compartment
where the species is present are considered. The rates of interfacial reactions are referred
to the membrane phase. Multiplication of these rates by Vu/Vaq and by the appropriate
stoichiometric factor yields the rates of change of the concentrations of the aqueous
species due to those reactions. The mathematical treatment of compartmentation is
described in further detail in".

All reactions were assumed to obey mass action kinetics.

A general diagram of the processes considered in each model is presented (Figure 1).
The respective sets of reactions and rate constants are shown in Table 1. Further details
pertaining to each model are given in the Results section. More extended discussions
about the estimation and biological relevance of the rate constants appear in'”.

Setting up of the models, implementation of the systems of ordinary differential
equations, simulations and analyses were carried out using PARSYS,™ % a set of

RIGHTS

i,



154 A.SALVADOR, F. ANTUNES AND R.E. PINTO
TABLE |
Reactions and rate constants considered in the simulations.
Module No Reaction Rate constant Source
1 LHi > L #
2 LH2->L ?
3 LH3 L’ ¢
4 LH4-» L’ 2
5 LH5S-> L °
6 LH6 L' N
7 L + L' —Products 108 M's™ Estimated from data in®?
8 L' + 0, - LOO 2.2x 10°M's™ Estimated from data in®*
d 1 9 LOO'-» L'+ 0, 150s™ »
3 10 L'+ LOO - Products 5% 10°M7's™ Estimated from data in*"*
S 11 LOO +LOO - Products 10° M's™ Estimated from data in*
b 12 LHI + LOO > L'+ LOOH 9% 10°M's” Estimated from data in®"?
E 13 Li3+L00 ST + LOOH WOIMYS'  Estimated from data i
= 14 LH3+LOO->L'+ H . s” stimated from data in”"
k] 15 LH4+LOO — L +LOOH 47.9 M5 Estimated from data in®”
2 16 LHS+LOO - L +LOOH 68.83 M™'s™ Estimated from data in®"”
5 17  LH6+LOO - L'+ LOOH 89.75 M 's™ Estimated from data in®"”
) 18 LOO’ + TocOH — LOOH + TocO’ 5.8x l]O’l‘Vl"s" » i 4 »
£ 19 LH1+TocO — L' + TocOH 0.1 M's” Estimated from data in
B 20 LH2+ TocO — L'+ TocOH 0.1 M7 Estimated from data in”
T 21 LH3 4+ TocO' — L' + TocOH 0.1 M5 Estimated from data in”
ks) 2 22  LH4+ TocO — L' + TocOH 0.1 M s Estimated from data in®
> 23 LHS+ TocO' = L'+ TocOH 0.1 M7s” Estimated from data in®
8 24  LH6+ TocO — L'+ TocOH 0.1M's™ Estimated from data in®
g = 25  LOO + TocO' — Products 2.5x 10°M7's™ »
=5 26  TocO + TocO — Products 10° M s 0
g % 27  LOOH + TocO' — LOO’ + TocOH I M Estimated from data in”"'
>
Sz 28 Fe* +0,- Fe" + 0, 6x 10°M-'s™ »
% g 29  Fe+0, 5 Fe" +0; 2% 10°M™'s™ »
ey 30 Fe** + 0,” + 2H" - Fe* + H,0, 2x 106 M 2
§ 2 31 Fe’* + H,0, » Fe* + O," + 2 H* 3.5x 10°M™'s™ 2
£ 2 32 Fe'" + H,;0, o Fe*" + HO' + HO™ 2x 10°M7's™ 2
c 3 33 Fe** + HO — Fe** + HO™ 34x10°M7s” 3
5 34 H,0,+HO - HO,a+H,0 3.4x10'M7s” Estimated from data in***
= 35 HO' +0,"+H" - 0,+ H,0 10° M5! %*
= 36 AscH + Fe" — Fe* + Asc™ + H' 5x10°M™'s Estimated from data in %
S 37  AscH + HO - H,0 + As¢™ 10°M's™ Estimated from data in®
:é ‘38 Asc™ + Fe” — Asc + Fe' 4x10°M™s™* *
® 39 HOa— O, +H' 5.02x107s™ Estimated from data in
= 40 0, "+H —>HO;a 10%™ Estimated from data in®
= 41 HOz‘a + HO,a —> HzOz +0, 7.6 % 105 M_‘S_‘ “
8 42 HOa+0, +H - H0,+0, 8.5% 10" M's” “
] 43  AscH + 0,5 Asc”+ 0, +H' 6x10°M7's” 2
14 3,4 44  AscH + O, + H' = H,0, + Asc™ 10° M5 Estimated from data in®*
= 45 AscH™ + HO, - H,0O, + Asc™ 1.2x10° M's™ #
g 46  Asc +0,—- Asc+ O, 6x10°M's" a
o 47 Asc™+ 0,7+ 2H' - Asc + H:O, 2.6x 10° M's™ ®
8 48 Asc+Asc+ H' - Asc + AscH- 10° M7's™ @
L 49 Asc™ + HO; + H" — Asc + H;0, 5x10°M's™ “®
50  AscH + TocO — Asc™ + TocOH 2x10°M™'s™ o
51 HO/m+LH2 > H,O,+L’ 1.18x 10° M™'s™ 3
52 HO/m+LH3 > HO, +L’ 1.7x10° M™'s™ 3
53 HO;m +LH4 > H,0, + L’ 3.05x 10° M 5t
54 HO,m+LH5-5H0,+L 6.7x10°M™'s” Estimated from data in®'
4 55 HO/m+LH6 - H0,+L 1.6x 10* M™'s™ Estimated from data in*
56  TocO +0,”+ H - O;m + TocOH 45x10°M's™ 2
57 TocOH + O, + H* — H,0, + TocO’ 6 M5! 5
58  TocOH + HO;m — H,0; + TocO' 2% 10° M™s™ 3
59 HO,;m - HO,a 10'%
60 HO;a - HO,’m 10'%
61 HO,m + HO;m —» H;0, + O, 7.6x10°M's™ #
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62 Fe** + LOOH - Fe** + LO' + HO 32x10°M™'s™ 8
63 LHI+LO - L +LOH 3.8x 10°M™s™ Estimated from data in*
64 LH2+LO -»L +LOH 88x10°M's” Estimated from data in *
65 LH3+LO —»L+LOH 1.3x10'Ms™ Estimated from data in *
66 LH4+LO —»L +LOH 2.05x 10 M's™ Estimated from data in *
67 LHS+LO' - L +LOH 3Ix 107 M"s‘l Estimated from data in *
5 68 LH6+LO — L +LOH 4x 100 M™'s™ Estimated from data in *
69 LH1 +HO » L’ Sx10°M's™ s
70 LH2 +HO -» L’ 5x10° M_l ! i
71 LH3+HO » L’ Sx10°M's™ 7
72 LH4+HO > L 5% 10°M's™ 7
73 LHS+HO - L’ 5x10°M's™ 57
74 LH6+ HO - L’ 5><108M 's™! 7
75  LO + TocOH — TocO' + LOH 10° M's Estimated from data in”*
76  CatFe™ + H;0, - Compound] 1.7x 10 M™s™ *
77 Compoundl + H,0, - CatFe’* + O, 2.6%x10° M™'s™ ®
6 78 O,”+ SODCu* - 0, + SODCu" 1.9x 10°M's™ Estimated from data in®®'
79  0,”+SODCu' + 2H" - H,0, + SODCu* 1.9x 10°M™s e Estimated from data in®*
80 HO —> 2% 10°%™ Estimated from data in®*
1a® LHI +ROO — L'+ ROOH I9x10°M's™ Estimated from data in’"”’
23" LH2+ROO — L +ROOH 18.05M7's™% Estimated from data in®'
3a° LH3+ROO — L +ROOH 36.1M7's™ Estimated from data in®"?’
42° [LH4+ROO — L'+ ROOH 54.15M7's™ Estimated from data in*"”’
7 Sa® LH5+ROO — L' +ROOH 722M s Estimated from data in’”’
6a° LH6+ROO — L + ROOH 90.25M's™ Estimated from data in®"*’
81 — ROO 10° Ms™
82  AscH +ROO — Asc™ + ROOH 10°M s Estimated from data in®
83 0O, +ROO - 0, + ROO" 10" M7s™ Estimated from data in"
84  Asc”+ROO™ = Asc + ROO" 10° M's™ Estimated from data in®

# Adjusted in each case in order to mach the experimental rates of initiation.
Reactions 1a through 6a account for the initiation in aqueous phase and replace reactions 1 through 6.

Mathematica®” and C programs developed in our laboratory. The systems of differen-
tial equations were numerically integrated using algorithm LSODA®, which is able to
switch between a nonstiff (Adams’) and a stiff (Gear’s) method accordlng to the
behaviour of the integration process. (For methodological aspects of kinetic modelling
of biochemical processes see ™).

RESULTS

Basic reactional scheme of lipid peroxidation

The basic reactional scheme of lipid peroxidation was modelled considering model 1
(see Figure 1 and Table 1) with linoleoxl as the sole unsaturated fatty acyl chain. The
peroxidation of lipid bilayers follows™ the same limit law found in homogenous

TABLE2
Kinetic orders of the rate of lipid peroxidation for several important parameters. The kinetic orders were
calculated by observing the effect of changing each parameter on the maximal rate of peroxidation®.

Phase of initiation Ri LH kp ke
Experimental70 Aqueous 0.538£0.016 1.07 £ 0.06 - -

Lipid 0.503£0.032 1.05+£0.03 - -
Simulated 0.500° 1.000 0.999° -0.493¢

By =5x 108 Ms™! ;[02]lm=0.6mM; 1mt1a1 [LH2]=2 M (other fatty acids are considered absent) ®Calculated
through systematic variation of k2. © Calculated through systematic variation of ki3. 4 Calculated through
systematic variation of ki1.
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TABLE 3
Experimental conditions used in runs 21 and 22 of "' and initial conditions used in simulations.
Run - 21 (Egg yolk) 22 (Rat liver)
Initial conditions Experimental  Simulation Experimental  Simulation
18:1 (LH1) 33.29%2 0.78 M® 27.6%> 0.65 M°
Unsaturated 18:2(LH2) 15.8%° 037 M° 16.2%* 0.38 M°
fatty acyl 20:4 (LH4) 4,0%" 0.094 M° 6.2%" 0.15M°
chains 22:5 (LHS) 0 0 1.3%* 0.03 M°
22:6 (LH6) 0 0 2.4%* 0.06 M®
O (membrane phase) unknown® 0.6 mM*° unknown® 0.6 mM¢
Ri (membrane phase) 1.8x10°Ms™'® 1.8x10°Ms ™ 3.6x10°Ms™'8 3.6x 10°Ms™'f

# Molar fraction relative to all fatty ac,yl chains. ® Estimate based on the composmon of the liposomes and
onamolar volume of 0.851/mol hpldre “The oxidations were carried out under air at atmospheric pressure.

Kept constant in simulations. © Estlmated from another run where the same amount of egg liposome and
initiator was used. | The rate constants for initiation (ki through ke) were assumed to follow the same relative
proportions as those for propagation and have been adjusted in order to match the experimental Ry's.
£ Estimated from other runs with egg liposome,

solution: —d[O,)/dt = k, [LH] Ri"*(2 k))". The kinetic orders observed in simulations
are approx1mately those predicted by this law (Table 2).

The experlment ! where the propagation and termination rate constants for autox-
idation of dilinoleoylphosphatidylcholine (DLPC) bilayers were determined has also
been simulated. The experimental and the simulated chain lengths agree within exper-
imental reproducibility.

The oxidation of phosphatidylcholine multllamellar liposomes in aqueous disper-
sion was studied using azo compounds as initiators.”’ Since a mixture of unsaturated
fatty acids is present, this experiment represents a more complex situation. Model 1
was used in this case too.

For the sake of simplicity, lipid radicals from different polyunsaturated fatty acyl
chains were assumed to have similar chemical reactivity. The rate constants (kizto ki7)
for propagatlon have been estimated assuming that: a) k;; = 18 M™'s™ (linoleoyl fatty
acyl chains)’'; and b) the relative values (referred to ki3) of the other rate constants are
0.00057, 2.11, 2.65, 3.81, 4.97 for fatty acyl chains w1th 1, 3,4, 5, and 6 double bonds,
respectively. This series was estimated from data® for hydrogen abstraction from
different acyl esters by tocopheroxyl radicals in homogeneous benzene solution. The
rate constant for termination between peroxyl radicals was estimated from data®
obtained for DLPC liposomes. The experimental conditions’' and the corresponding
initial conditions used in simulations are summarised in Table 3.

Overall, a satisfactory agreement was found between experimental and simulation
results (Figure 2). The exception was linoleoyl in run 22. In face of the above mentioned
agreement between simulations and experiments” using pure DLPC liposomes, it
seems possible that other processes occurred during these experiments.” (E.g. changes
in physical state of phosphollplds ) It should also be stressed that the (low) consump-
tion of linoleoyl was calculated’' by difference between high amounts measured at the
start of the experiment and at 60 minutes. It is thus likely to have a large margin of
error. The estimates of the initial conditions (Table 3) were also less accurate than in
the above reported simulations of the autoxidation of DPLC bilayers.

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/14/11

For personal use only.

KINETIC MODELLING OF LIQUID PEROXIDATION 157

80%

| %)erimental
c i >
g 60% + Simulation 9%
:
5 g
o B ,-1
S 40% Fg;
p : i
2 r o | -
o 20%+ 5 |
o | Y i :
[ i g §
0%‘- — — '

18:1 18:2 204
Run 21

FIGURE2 Comparison of the relative consumption of unsaturated fatty acyl chains observed experimen-
tally” and in simulations. The percentages of fatty acid oxidised after 60 min relatively to the initial values
are plotted. Initial conditions as in Table 3.

Antioxidant action of a-tocopherol

Barclay et al.” studied the oxidation of multilamellar DLPC liposomes using lipid-sol-
uble and water-soluble initiators in presence of a-tocopherol. This experiment was
simulated using model 2. The rate constant for reduction of peroxyl radical by
a-tocopherol was determined™ in DLPC liposomes. It is about two orders of magnitude
lower than the values usually determined in homogeneous solution.”® The initial
conditions used in the simulations and the experimental conditions are indicated in
Table 4.

The simulated time courses (Figure 3) of hydroperoxide accumulation and a-to-
copherol consumption are similar to those usually found in experiments.

Theoretical (this work) and experimental” induction periods calculated in the same
way agreed within about 10% (Figure 4). A better agreement (about 5%) was found

TABLE 4
Experimental conditions used in™ and initial conditions used in the simulations.
Initial condition Experimental Simulation
Linoleoyl (LH2) 100%* aMP
07 (membrane phase) unknown® 3mM¢

# Molar fraction relative to all fatty acyl chains. b Estimated from the composition and
molar volume (1 I/mol lipid) of DLPC. © The results obtained by simulation are similar
using oxygen either at atmospheric pressure or at 760 torr. © Kept constant in simula-
tions.
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FIGURE 3 Simulated time course of runs 1 (squares), 2 (triangles) and 3 (circles) of ., Closed symbols,
[LOOH]; open symbols, [TocOH]. Run I, R;= 1.9 x 107 Ms™ and [TocOH]y=2.0 mM; run 2, Ri=2.7x 10”’
Ms™ and [TocOH}y= 1.0 mM; run 3, Ri=2.0 x 10”” Ms™ and [TocOH]o = 1.1 mM. Rates and concentrations
referred to membrane phase. Other initial conditions as in Table 4.
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FIGURE4 Comparison of the induction period obtained experimentally” and from simulations. TocOH
depletion indicates the time necessary to reach ‘complete’ oxidation of a-tocopherol. Run 1, 2, and 3 as in
Figure 3;run 4, Ri=5.4x 107 Ms™ and [TocOH]y = 1.4 mM; run 5, R; = 4.9 x 10~ Ms™ and [TocOHJ, =0.51
mM. Rates and concentrations referred to membrane phase. Other initial conditions as in Table 4.
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FIGURE 5 Time course of DLPC oxidation in presence of hypothetical chain breaking antioxidants with
different activities. Simulated with the initial conditions in Table 4 and R; = 1.67 x 10 Ms™, [antioxidant),
=0.0875 mM. 1, kis=5.8 x 10°M s 2, kig = 5.8 x 10°M™'s™' (a-tocopherol); 3, kig= 5.8 x 10°M™'s™".

when we compared the experimental induction period with the time (1) necessary to
reach ‘complete’ oxidation of a-tocopherol* in simulations. Since the rate of initiation
used in simulations was estimated from induction periods using the expression R; =2
[TocOH]/, this is not surprising.

As observed experimentally,” the simulated induction periods are independent of
the local concentration of fatty acyl moieties. They are best defined for chain breaking
antioxidants able to reduce lipid peroxyl radicals with high rate constants (Figure 5),
provided the rate constants of the other reactions are unchanged. This feature is also
found in experiments.

Liebler et al.™ studied the oxidation of multilamellar liposomes of soybean ?hos-
pholipids in presence of u-tocopherol. The oxidant system was 0.1 mM Fe’* (as
Fe(NH,)»(80,)2)/0.1 mM H,0-. The mechanisms of action of iron on the peroxidation
of phospholipid membranes are not very well understood. However, we could estimate
the rate of initiation in™ from the induction periods caused by a-tocopherol. Hence,
initiation was assumed to proceed through hydrogen abstraction from the unsaturated
fatty acyl chains at the experimental rate, and no reactions of iron were explicitly
considered. Therefore model 2 was used. The initial conditions used in simulation and
the experimental conditions™ are indicated in Table 5.

Liebler et al.” plotted the concentration of thiobarbituric acid reactive substances
(TBARS)—used as an indicator of the rate of peroxidation —against [TocOH] at several

*Calculated as the time of intersection between the horizontal axis ({[TocOH] =0) and the tangent to the plot
of a-tocopherol consumption at the phase of maximal consumption.
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TABLE 5
Experimental conditions used in ™ and initial conditions used in the simulations.

Initial condition Experimental Simulation

Unsaturated 18:1 (LH1) 11.29%*° 0.26 M*

fatty acyl 18:2 (LH2) 67.3%2° 1.56 M¢

chains 18:3(LH3) 5.9%2° 0.14 M°¢

02 (membrane phase) unknown' 0.6 mM*®

a-tocopherol several concentrations 20 mM

Fe* 0.1 mM f

H20, 0.1 mM of

Ri (membrane phase) unknown® 2% 107*Ms™! ki=ky=ks=10""h

# Molar fraction relative to all fatty acyl chains. ® The composition of the liposomes is not referred in’*. Data
from’" are used instead. ¢ Calculated from the composition of soybean liposomes using a molar volume of
0.86 /mol lipidrer‘ 14 The oxidations were carried out under air at atmospheric pressure. © Kept constant in
simulations. ' The pro-oxidant system was replaced by an hypothetical initiator. # An R ~ 2 x 10*Ms™' can
be estimated from an experiment studying the effect of a-tocopherol on the time delay to achieve maximal
oxygen consumption.

incubation times. In Figure 6 the rates of hydroperoxide production obtained in
simulations are plotted along these experimental data. Provided TBARS are directly
proportional to the rate of hydroperoxide production, a good qualitative agreement is
found. A quantitative agreement cannot be evaluated, as the conversion of TBARS
into rate of lipid peroxidation is not known.

TBARS (pM)

0 0.002 0.004 0.006 0.008
[TocOHY/[P-Lipid]

FIGURE6 Dependence of the rate of LOOH production on a-tocopherol concentration. Theoretical (line)
and experimental™ results (dots) are compared. Rates of peroxidation (R;,) obtained in simulation or
thiobarbituric acid reactive substances (TBARS) measured in experiments during the oxidation of soybean
liposomes are plotted against the levels of a-tocopherol found at the corresponding times.
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TABLE 6
Experimental conditions.used in™ and corresponding initial conditions used in simulation.
Initial conditions Experimental Simulation
O (aqueous phase) unknown® 0.2 mM"
Catalase (SOD free) 2x107M 2% 100'M
pH 74 7.4°

? The oxidation procedures were carried out under air at atmospheric pressure. b Kept
constant in simulations. “ The values for k39, kag and k4g shown in Table | were adjusted
for this pH.

Antioxidant action of ascorbate

Since the autoxidation of ascorbate in aqueous phase can influence significantly its
protective action against the peroxidation of lipid membranes, we will analyse the
former process first. Scarpa et al.” studied the autoxidation of ascorbate in presence
of iron, superoxide dismutase and catalase. Model 3 was used in simulations of this
experiment. The experimental conditions and the initial conditions used in the simula-
tions are indicated in Table 6.

The effect of different concentrations of SOD on the rate of ascorbate oxidation is
plotted in Figure 7. Further results are compared in Table 7. A good agreement has
been found between experimental and simulated ratios of rates. Simulations and
experiments” further agreed in that the steady-state concentration of semi-

Ras/Ra
10 ¢

0.9
08
07|

06

05

0‘4 1 1 L )| 1 L 1 1 1 | 1 1 L i
0] 0.1 02 03 0.4 0.5 0.6 0.7

[SOD] f1M)

FIGURE7 Effect of the concentration of SOD on the initial rate of ascorbate oxidation. Theoretical (line)
and experimental” (X) results are compared. [AscH™ ] = 1.2 x 10* M; [Fe*-EDTA] = 4.7 x 10° M. In the
simulation the rate of ascorbate oxidation was averaged over the range 10 s—40s. R;, Ras: rate of ascorbate
oxidation in absence and in presence of SOD, respectively.
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TABLE7
Experimental’ and simulated rates and ratios of superoxide generation and ascorbate oxidation. [AscH™ ]
=7.6x 107 M; [Fe?”” — EDTA]=3 x 10 M. Ry, Ras, Initial rates of superoxide generation and of
ascorbate oxidation, respectively, in presence of"a saturating concentration (2 x 10~ M) of SOD. R,, R.,
: Rates in absence of SOD.

Ro'Ms™)  Ros®Ms™H  ROMs™)  RORSE Ros*/R,? Ra"/Raed
Experimental”®  4.90x 107 - - - 1.01 1.91

540x 107 - - - 1.03 1.98
Simulation 1.46 x 107 1.43%x 1077 1.64x 1077 1.26 1.12 1.92

# Calculated from the time necessary for SOD to reach steady-state as characterised by [Cu2+]/[Cu+] =1.The
theoretical model supports this as a good approximation (see second column of data).” Averaged over the
range 10s-40s.

dehydroascorbate is fairly independent of the experimental conditions. However, the
absolute fluxes of O, generation and of ascorbate oxidation were approximately three
times higher in the simulations, and while the concentration of semideh;/droascorbate
has been reported” to increase by about 20% upon addition of >10”" M SOD, the
simulations predicted a decrease of about 37%.

The simulations indicated that the autoxidation of ascorbate in presence of SOD is
mainly influenced by reactions 28, 36, and 38. In absence of SOD, reaction 44 is also
important. Since the rate of the latter reaction was similar to that of ascorbate oxidation
by ferric ion, the effect of saturating the system with SOD was halving the total rate of
ascorbate oxidation, as observed both in experiments’”” and in simulations (Figure 7).

The rate constant for reaction 36 was guessed by comparison to other similar
reactions as, 1o our knowledge, it has never been measured. Furthermore, the forma-
tion and actions of possible ferryl species was not taken into account, due to the lack
of quantitative kinetic data. Altogether, these facts may explain the discrepancies
mentioned above.

A study of the antioxidant activity of ascorbate against the peroxidation of aqueous
multilamellar DLPC liposomes in presence of a-tocopherol was reported.” Lipid
peroxidation was initiated by a lipid-soluble initiator. This experiment was simulated
using model 4. The experimental conditions’ and the initial conditions used in simu-
lations are indicated (Table 8).

TABLE 8

Experimental conditions used in ™ and corresponding initial conditions used in simulation.
Initial conditions Experimental Simulation
Linoleoyl (LH2) 100%* 2M
Oz (aqueous phase) unknown 1 mM°
02 (membrane phase) unknown 3mM°
a-tocopherol 0.66 mM 0.66 mM
Ascorbate 53.5 uM¢ 53.5uM¢
Fe** unknown f
Ri (membrane phase) 7x107Ms7'® 73108 Ms™ (ka=3.5x 10787y
pH 7 "
Vol. aqueous phase/vol. membrane phase 62' 62

? Molar fraction relative to all fatty acyl chains. ® The oxidation procedures were carried out under 760 torr
oxygen. ¢ Kept constant in simulations. © Referred to tota] reactional volume. ¢ Referred to aqueous phase.
The buffer was gassed through a column of Chelex 100°°. & Estimated from the induction 5periocl induced
by a-tocopherol. " The values for kg, kao and k4s were readjusted for this pH (2x 10’s™", 10°s™" and 2 x 10°
M7 and 2 x IOGM_lswl, respectively). ' Estimated from the molar volume of DLPC (1 Vmol lipid).
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Time (h)] B TCEqE

Experimental

1ol |E3 1025
Simulation

8 r 10.20

6r 10.15

4 410.10

2+ 10.05

ot . -0.00
TocOH TTocOH + AscH CEqE

FIGURE 8 Antioxidant effect of ascorbate on DLPC liposomes. Comparison between experimental” and
simulation results. Trecon, induction period induced by a-tocopherol; Trocon+asH, induction period induced
by a-tocopherol plus ascorbate; CEQE, number of molecules of o-tocopherol spared by one molecule of
ascorbate, calculated as [(TrocoH+AscH —~ TTocoH)/DaseH]/(TTocORMToc0H)-

Experimental and simulated induction periods showed good agreement (Figure 8).

The time courses of ascorbate, a-tocopherol, semidehydroascorbate and
a-tocopheroxgll concentrations (Figure 9) were similar to those observed in most
experiments:™ " significant rates of a-tocopherol oxidation are only observed after
total oxidation of ascorbate.

In some experiments using multilamellar liposomes — see Figure 4 of Niki ez al.” and
Figure 2 of Doba et al.* - a significant rate of a-tocopherol oxidation has been observed
before ascorbate was completely oxidised. In the latter work”® a rapid consumption of
a-tocopherol was followed by a period during which a-tocopherol was spared before
being again rapidly oxidised. These unusual behaviours are not explained in"*"”’. We
suggest that they may be due to the inability of ascorbate to reduce o-tocopheroxyl in
the inner layers of the liposomes. This hypothesis was tested using model 5, a modifi-
cation of model 4 with two lipid compartments. The first was in contact with the
aqueous phase, while the second was isolated from both the aqueous phase and the
other lipid compartment. The lipid compartments were assumed to have the same
initial composition and rate of initiation and to undergo the same reactions except for
the lipid-water interface reactions (reactions 50, 56, 57, 59, 60 in Table 1), which only
involve one of them. In curve 1 (Figure 10), the situation is identical to that described
in Figure 9. When - curve 2 - 20% of the lipid phase was isolated from the aqueous
phase, simulation results were similar to those of Niki et al.”’. The results reported by
Doba et al.’® have been simulated — curve 3 — assuming that 50% of the lipid phase was
accessible to molecules in the aqueous phase.

The hypothesis can be tested experimentally by systematic observation of how the
time course of a-tocopherol oxidation depends on the proportion of lipid phase
accessible from the aqueous phase: assuming that the lipid compartments do not
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FIGURE 9 Simulated time course of a-tocopherol consumption during the autoxidation of DLPC
liposomes in presence (open symbols) and in absence (closed symbols) of ascorbate. The initial conditions
used in the simulation are shown in Table 8. a) Circles, a-tocopherol; squares, ascorbate monoanion. b)
Circles, a-tocopheroxyl radical; squares, ssmidehydroascorbate.

significantly exchange any forms of lipid nor a-tocopherol during the experiments, the
time courses of a-tocopherol and lipid hydroperoxide concentrations should appear as
presented in Figure 11.

Wayner et al.”” and Pryor et al® have also studied the antioxidant action of
ascorbate using different experimental systems. The former workers” reported the
number (n) of peroxyl radicals trapped by each ascorbate molecule to approach 2 as
ascorbate concentration decreased, and to approach nil as ascorbate concentration
increased.” They did not observe a dependence of n on oxygen concentration, in
contrast to the findings of Pryor er al.*’ In order to investigate this issue theoretically,
we studied the dependence of n on ascorbate concentration under three different
concentrations of oxygen and iron, in two different systems. In the first system (model
6), the initiator was assumed to be present exclusively in lipid phase, allowing ascorbate
to regenerate o-tocopherol from its radical but not to trap peroxyl radicals originated
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0 2 4 6 8 10 12 14 16 18
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FIGURE 10 Effect of the accessibility of ascorbate to the lipid phase on the sparing of a-tocopherol: 1,
ascorbate has access to all lipid phase; 2, ascorbate has access to 80% of the lipid phase; 3, ascorbate has
access to 50% of the lipid phase.

directly from the initiator. The same conditions as in the simulation of the experiment
in Doba et al.” were used in this case. In the second system (model 7), the initiator was
assumed to be present exclusively in the aqueous phase, allowing ascorbate to trap
peroxyl radicals originated directly from the initiator and to regenerate a-tocopherol.
The effects of reactions 51-58, 62 and 69-74 on the concentration of the lipid-soluble
species were discarded, thus allowing the effects of different oxygen and iron concen-
trations on the efficiency of ascorbate to be directly compared. Results are presented
in Figure 12. The main observations were:

ndecreases as the concentration of iron increases. This is due to the iron-catalysed
autoxidation of ascorbate.

The presence of 0.1-0.5 uM iron decreases the dependence (in absolute terms) of
n on oxygen concentration (compare plots a, b, c and d, e, f in Figure 12).

n is lower in the system with initiation in lipid phase than in the system with
initiation in aqueous phase, since ascorbate is able to scavenge peroxyl radicals
only in aqueous phase.

In the case of initiation in aqueous phase without iron at low O and ascorbate
concentrations, values of n higher than 2 were observed (Figure 12a, curve 1). In
this system one molecule of ascorbate can regenerate one molecule of a-tocoph-
erol, which traps two peroxyl radicals and forms one molecule of semi-
dehidroascorbate. The latter molecule can trap one peroxyl in aqueous phase.
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Time (h)

FIGURE 11 Simulated time courses of a-tocopherol consumption (a) and hydroperoxide production (b)

for different proportions of lipid phase accessible from the aqueous phase. ®, 100%,; X, 90% A, 80%; m , 70%;
V, 60%; o, 50%.

Therefore, values of n as high as 3 are theoretically possible.”" However, most
ascorbate molecules will react with peroxyl radicals in aqueous phase, leading to
n near 2 under low rates of autoxidation.

e) In the case of initiation in lipid phase at low O, and ascorbate concentrations in
absence of iron, n increases with ascorbate concentration (Figure 12d, curve 1).
Simulations suggest a possible explanation. If ascorbate is not plentifully avail-
able for a-tocopherol regeneration (reaction 50) unsaturated fatty acyl chains
may compete significantly (through reaction 20) with ascorbate for the
a-tocopheroxyl radicals.

f)  Otherexperimental conditions found to affect ascorbate efficiency as antioxidant are
the rate of initiation of lipid peroxidation in lipid phase (higher rates lead to higher
n) and the volume ratio of aqueous to lipid phase (lower ratios increase n).
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*Even higher values would be possible if semidehydroascorbate reacted with oxygen forming superoxide
radical, which, in a hypothetical interface reaction, could regenerate a-tocopherol.
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FIGURE 12 Influence of ascorbate concentration on the number (n) of peroxyl radicals trapped per
ascorbate molecule. a), b) and c¢): initiation in aqueous phase; d), €) and f): initiation in lipid phase. a) and
d): without iron; b) and ¢): [Fe*"}y= 0.1 uM; c) and £): [Fe** ]y =0.5 uM; 1, [Os]uq = 0.04 mM, [Os]n = 0.12 mM;
2, [O2jaq= 0.2 mM, [O2]n 0.6 mM; 3, [Oz]aq = [ mM, [Os]w =3 mM. n is calculated as twice the value of CEQE
(see legend of Figure 8).

These results suggest that the efficiency of ascorbate as antioxidant is strongly
dependent on experimental conditions such as the amount of iron in the system.
Apparently contradictory results”* as those referred above seem to be explained by
this dependency. Namely, the system used by Wayner et al. did contain iron,” while

al.

pr(ﬁ)sbably no significant amounts of iron were present in the system used by Pryor et
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DISCUSSION

Overall, the results show the possibility of formulating kinetic models that are able to
simulate in vitro lipid peroxidation experiments with different degrees of complexity.
Quantitative to semiquantitative agreement was found between simulations and exper-
imental results. The analysis of the models suggested, in addition, new hypotheses and
experiments. It also points out some aspects of lipid peroxidation requiring further
investigation:

» Simulations of model 1 support the current perception that the time course of the
non-inhibited lipid peroxidation is mainly influenced by the rate constants for
propagation (k>-k,7) and for termination between two peroxyl radicals (k). These
absolute rate constants determined in DLPC liposomes differ significantly from
those determined in micelles or in homogeneous solutions.”* Unfortunately,
liposome data regarding the other biologically important unsaturated fatty acyl
chains are still missing. The knowledge of such important rate constants would, in
principle, allow a more accurate simulation of lipid peroxidation in biological
membranes.

* Analysis of model 4 and other related models indicates (Salvador, Antunes and
Pinto, paper in preparation) that the synergism between ascorbate and a-tocopherol
is strongly dependent on the rate constants for regeneration of TocO' by AscH
(reaction 50) and for the reaction between TocO" and LOO’ (reaction 25). Both rate
constants have a large margin of uncertainty. Given the probable biological import-
ance of these reactions, it would be of interest to obtain accurate determinations in
liposomes.

» The proteins in biomembranes may significantly influence the dynamics of lipid
peroxidation. Few studies about this matter were found suitable for simulation.
Simulations assuming a passive role for proteins were made using model 2 with the
congcentrations of all lipid species corrected by a dilution factor. After matchin§ the
initial conditions the induction periods agreed with those found in experiments’' on
oxidation of erythrocyte ghost membranes. Yet, the experimental chain lengths were
= 50% lower than predicted. The precision and degree of control of these experiments
do not allow to ascertain the significance of this discrepancy. However, it may
suggest that proteins did play an active role in the peroxidation of membrane lipids.
Better controlled experiments, using membranes of precisely known composition,
seem necessary to elucidate this issue.

» The lack of quantitative knowledge about the basic redox chemistry of iron also
represents a significant difficulty in modelling some aspects of oxidative stress.
Although the simple set of reactions presented in modules 3 and 5 accounts for some
known effects of that transition metal, we are aware that it is a most sketchy model
of a far more complex process.

Theoretical-experimental approaches combining the use of kinetic models with
quantitative experiments appear promising in the study of oxidative stress. However,
for such approaches to be successful, an increased effort has to be dedicated to
quantification and to control of environmental variables. Simple and well-defined
experimental systems will probably be the most informative, especially if they can
reproduce the physico-chemical conditions prevailing in biological environments.

One of the main goals of this work is to support the use of moderately detailed kinetic
models of in vivo lipid peroxidation. Indeed, the ability to simulate relatively complex

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/14/11

For personal use only.

KINETIC MODELLING OF LIQUID PEROXIDATION 169

reactional systems at a semiquantitative level encourages integrating the reactional
schemes used above into such a model (see'”). In doing so, it must be kept in mind that
the cellular environment is complex and very different from the conditions prevailing
in vitro during kinetic determinations. Such modelling must, therefore, be aimed predom-
inantly at understanding qualitative aspects, although it may provide order-of-magnitude
estimates for variables that are difficult to measure experimentally, such as the concen-
trations of some radicals.

One particularly important way in which usual in vitro experiments differ from
biological systems is that the latter are open systems. If unperturbed, the former will
approach thermodynamic equilibrium and any net changes will vanish, while the latter
will approach some kind of long term behaviour. (E.g. a steady state, where concen-
trations no longer change in spite of the occurrence of net fluxes in the system), Both
the formulation and the analysis of the models have to reflect that difference. Thus,
models of in vivo phenomena must take into account the influxes into and effluxes from
the system. Furthermore, while the theoretical analyses described in this paper concen-
trated on studying transient phenomena, the analysis of models of ‘intact’ biochemical
systems is usually centred in the study of the long term behaviour. This is dictated both
by mathematical convenience and by a common wisdom that metabolic processes
normally stay around that long term behaviour.

In addition to a systematic ‘low level’ validation, an ‘high level’ validation should
be performed by testing the ability of the model to predict a suitable set of known
physiological responses. Ideally, a set of specially designed experiments should be
planned to maximise both the efficiency and the robustness of the validations.

Finally, whatever the success of a model in passing validations, the true measure of
its value is its usefulness as a tool for improving knowledge of oxidative stress.
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