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A new quantitative approach to investigate the capability of iron heme complexes (HEM), metmyoglobin
and hemin, to catalyze lipid peroxidation was elaborated. The oxidation of methyl linoleate in micellar
solutions was used as a testing model. The key point was the determination of the rate of free radical
generation, RIN, calculated from the rate of oxygen consumption. The HEM catalytic activity was
characterized by two independent parameters: by reactivity and by its resistance to degradation.
Both parameters were found to be pH-dependent. The reactivity was expressed as the effective rate
constant for the reaction of HEM with lipid hydroperoxide. The resistance to degradation was
characterized by the rate of the decrease in RIN with time and also by the regeneration coefficient,
which shows how many active free radicals can be generated by one molecule of HEM. Both Hemin
and metMB were found to be very effective catalysts even at nanomolar concentrations. The effective
regeneration of active forms of HEM was observed. The catalytic activity of HEM was rapidly reduced
with time. The kinetic scheme of the process under consideration was suggested, and this was applied
for kinetic computer simulations.
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INTRODUCTION

The great interest in the studies of catalytic activity of Fe
heme complexes (HEM) is caused by several reasons. Natural
HEM, hemoglobin (HB) and myoglobin (MB), acting as an
oxygen carrier under normal physiological conditions, can be
toxic at some pathologies (1-3). The toxicity of HEM is
commonly explained by their ability to generate active free
radicals, which results in the degradation of biologically
significant substances such as DNA, proteins, and lipids (4-
7). The catalytic activity of HEM, first of all of MB and HB, is
considered in connection with the problem of spoiling of muscle
foods (meat, fish, etc.) during their storage (8-10). Also, the
role of MB in undesirable oxidative processes in the stomach
upon consumption of fatty meat food has been considered (4,
5, 11-13). Among the processes induced by HEM, the chain
oxidation of highly reactive polyunsaturated fatty acids (PUFA)
has attracted the most considerable interest. In particular, the
chain peroxidation of PUFA induced by MB and HB is believed
to be the main reason for the spoiling of meat and other muscle
foods (8-10).

Despite a great number of published works concerning lipid
peroxidation induced by HEM (see refs1, 7, and14 for reviews),
many aspects of the problem under consideration remain unclear.

Much attention has been paid to elucidation of specific forms
of HEM responsible for HEM catalytic activity (1, 4, 5, 7, 11,
15-17). It was found that HEM react readily with peroxides
(4, 11, 17-20). The very significant observation that should
be mentioned is that HEM display the catalytic activity only in
systems containing at least traces of peroxides, H2O2 (1, 7, 21)
or lipid hydroperoxides (LOOH) (1,6, 21-23). It has been
repeatedly reported that the efficacy of MB as a catalyst of lipid
peroxidation is significantly higher at acidic pH, that is, under
conditions typical of stomach and meat products (1, 5, 11,17).
Meanwhile, the majority of the works devoted to the kinetics
of lipid peroxidation induced by HEM are of qualitative
character and thus not too informative. In particular, information
on the rate of the generation of active free radicals initiating
lipid peroxidation and about the change in catalytic activity of
HEM in this process with time has never been reported. No
general approach to these problems has been suggested yet.

The current work is devoted to elaborating such a quantitative
approach based on the theory of chain free radical oxidation.
The chain oxidation of methyl linoleate (ML) in micellar
solution was suggested as a testing model. The kinetics of
oxidation are followed by steady monitoring of oxygen con-
sumption. Along with other things, the model allows determining
the rate of free radical generation at any moment of time as
well as following the degradation of HEM catalytic activity with
time. The quantitative parameters characterizing the activity of
HEM as a catalyst of lipid peroxidation have been suggested.
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These studies were undertaken for metmyoglobin (metMB), the
oxidized form of MB, and its protein-free analogue, Hemin.

MATERIALS AND METHODS

Horse heart metmyoglobin (metMB), methyl linoleate, and Triton
X-100 were purchased from Sigma. Hemin was obtained from Carl
Roth, Karlsruhe, Germany. The water-soluble initiator 2,2′-azobis(2-
amidinopropane) dihydrochloride (AAPH) was purchased from Poly-
sciences. Sodium phosphates of highest quality, NaH2PO4 and Na2HPO4,
used to prepare buffer solutions were purchased from Merck. The buffer
solutions with pH within the range of 4.8-8.0 were prepared by mixing
50 mM solutions of NaH2PO4 and Na2HPO4 without adding any acid
or base. In turn, the solutions of the individual phosphates were prepared
with doubly distilled water and were purged from traces of transition
metals by Chelex-100 resin (Bio-Rad). The standard testing system
was composed of 50 mM buffer, 50 mM Triton X-100, and 2-20 mM
ML. Hemin and metMB were added as stock solutions. Hemin was
dissolved in aqueous DMSO, and metMB was dissolved in 50 mM
phosphate buffer, pH 7.4. The concentration of metMB in stock solution
was controlled by its optical density at 410 nm (Soret band). The
extinction coefficientε410 was found to be as much as 1.70× 105 M
cm-1, in good agreement with that reported in the literature [1.75×
105 M cm-1 (7) and 1.5× 105 M cm-1 (4)].

The kinetics of oxygen consumption accompanying ML oxidation
were studied with a computerized 5300 Biological Oxygen Monitor
(Yellow Springs Instruments Co.) with a Clark electrode as a sensor.
The rate of oxidation was measured as a slope of [O2] trace. In more
detail, the protocol of the determination of the kinetics of oxygen
consumption has been described elsewhere (24,25). Experiments were
conducted at 37.0( 0.1 °C and at pH 7.40( 0.02, unless otherwise
indicated. ML was added to a preliminarily thermostated micellar
solution of Triton X-100 in buffer. Monitoring was started in 3-5 min
after ML addition. Hemin or metMB was added to a work cell as a
stock solution by using a Hamilton microsyringe under condition of
steady monitoring.

The preoxidized ML containing a certain amount of ML hydroper-
oxide (LOOH) was prepared by autoxidation (without adding
an initiator) of homogeneous ML at 60°C in a work cell of a sensitive
microvolumometer (see ref26 for experimental details). Under
these conditions, LOOH is the only source of active free radicals
and the rate of oxidation increases linearly with time. The concentration
of LOOH accumulated could be easily calculated from the rate of
oxidation as this has been described in our previous work (27). The
kinetic computer simulations were performed by using the Kinetics
program (24).

RESULTS AND DISCUSSION

Testing Model. The oxidation of ML in Triton X-100
micellar solution occurs as a developed chain free radical process
similar to the oxidation PUFA in homogeneous solutions (28-
30) and in micro-heterogeneous systems (25,31,32). This may
be described by the classical kineticScheme 1. At moderate
temperatures (e60°C), LOOH was found to be actually the
only molecular product of linoleate oxidation (33,34). This has

also been recently demonstrated during the oxidation of linoleic
acid induced by MB (11). Under these conditions, the rate of
ML oxidation, ROX, can be characterized both by the rate of
LOOH accumulation and by the rate of oxygen consumption.
As it follows from Scheme 1, the rate of chain oxidation is
determined by eq 1

irrespective of the initiation mechanism. The rate of free radical
generation (initiation),RIN, may be determined by the inhibitor
method from the induction period (tIND) of oxidation in the
presence of a known concentration of a standard antioxidant
(36), for instance, 6-hydroxy-2,2,5,7,8-pentamethylbenzochro-
man (HPMC).

Unfortunately, this method of determiningRIN is not suitable
for ML oxidation induced by HEM as in this case, as it will be
shown below,RIN rather rapidly changes with time. The validity
of eq 1 for our testing system was verified in a special series of
experiments with AAPH as an initiator. In accordance with eq
1, ROX is proportional to ML concentration and the square root
of RIN (not shown). The parameterk1/(2k2)0.5 required for further
determinations was calculated fromROX by using eq 1. Protocols
of the related procedures have been repeatedly reported in the
literature (see, for example, ref28). For our system, the value
of k1/(2k2)0.5 was found to be 0.47 (Ms)-0.5.

Oxidation of Nonoxidized ML. Both metMB and Hemin
taken in rather low concentrations effectively induce ML
oxidation as exemplified byFigure 1. It may be seen that the
concentration of oxygen consumed and hence the number of
molecules of ML oxidized exceeded the concentration of Hem
added by at least 2 orders of magnitude. Thus, in the run
presented inFigure 1A, adding 100 nM Hemin causes the
oxidation of 120µM ML, that is, 1200 molecules of ML per
molecule of Hem. In principle, two factors causing such an effect
should be considered: (1) Because ML oxidation is a chain
process, the formation of one active free radical can result in
the oxidation of a significant number of substrate molecules.
(2) In the process under consideration, HEM acts as a catalyst,
that is, one molecule of HEM is capable of producing more
than one active free radical. The latter is possible owing to
effective regeneration of a catalytically effective form of HEM.
As will be shown below, both factors are significant and can
be separated quantitatively.

Unambiguous evidence that the intensive oxygen uptake in
the system under study is just due to the chain oxidation of
ML was obtained in the experiments with the addition of HPMC,
which has a potent antioxidative action caused by its high
reactivity to chain-carrying peroxy radicals (35). The example
of such an experiment is given inFigure 2. It is seen thatROX

decreased sharply as soon as HPMC was added. Later, as the
antioxidant was consumed in reactions with the peroxy radical,
ROX increased progressively with time; by the end of the
induction period the rate reached nearly the same high value
that had existed before antioxidant addition.

Two regions may be distinguished in the kinetic curves of
oxygen consumption (Figure 1). At the starting stage,ROX

increased with time. WhenROX peaked, it started to decrease
with time, in the case of Hemin, up to a very low value of ca.
10 nM s-1 that is typical of the process in the absence of HEM
(Figure 1A). In the case of metMB, the reduction ofROX

Scheme 1 General Kinetic Scheme of the Chain Free Radical
Oxidation of LH

ROX )
k1

x2k2

[LH] xRIN (1)

RIN ) 2[HPMC]/tIND (2)
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occurred much more slowly, and by the moment when dissolved
oxygen was almost exhausted,ROX remained rather high (Figure
1B). A further decrease inROX was observed after temporary
interruption of monitoring and a partial restoration of oxygen
(not shown). The maximum achievable value ofROX increased
when the concentrations of both HEM and ML increased
(Figure 3).

Let us next consider the reasons for the increase inROX with
time during the starting stage of the process and its consequent
reduction. As mentioned in the Introduction, HEM display
catalytic activity only in the presence of peroxides, in particular,
of lipid hydroperoxide, LOOH. The crucial role of LOOH as a
factor determiningROX follows also from our experiments. The
rate of oxidation measured after the repeated addition of Hemin
(after the almost complete loss of its catalytic activity during
the first run) was significantly higher than that determined after
its first addition (Figure 4). This effect is evidently due to the
elevated concentration of LOOH accumulated during the first
run. As will be shown below, the rate of oxidation of preoxidized
ML increases when the concentration of LOOH increases. The
addition of triphenylphosphine, a well-known destroyer of
hydroperoxides (36), results in almost complete inhibition of
ML oxidation induced by HEM (not shown). We may conclude
that the increase inROX with time during the starting stage of
the process occurs thanks to the growth of LOOH concentration.

As for the decrease inROX with time, this is evidently caused
by the reduction of the concentration of one of the reagents,

ML, O2, or HEM. During a single kinetic run, nearly 100µM
O2 is commonly consumed (Figure 1), which means that nearly
100 µM ML is oxidized. As the starting concentration of
ML varies within the range from 2 to 20 mM, not more
than 5-0.5% ML is consumed during a run. This evidently
cannot significantly changeROX. It is somewhat more realistic
to consider the reduction of [O2] in the course of a kinetic
run as a reason for the decrease inROX with time. To test the
validity of this idea, the influence of starting oxygen concentra-
tion onROX was studied (the starting value of [O2] was altered
by short-term expulsion with argon or pure oxygen). It was
found that the decrease in [O2] from 360 to 100µM resulted in
only a moderate decrease inROX. For example, when [O2]
decreased from 360 to 100µM, the maximum value ofROX

during the oxidation of 5 mM ML induced by 50 nM Hemin
changed from 580 to 470 nM s-1, that is, by ca. 20% only.
These data suggest that the decrease in the catalytically active
form of HEM is the main reason for the decrease inROX with
time.

The efficacy of HEM as an inducer (catalyst) of ML oxidation
is governed by two independent factors: (1) the rate of free
radical generation by HEM (catalytic activity) and (2) the
duration of the catalytic process that is determined basically by
the capability of a catalytically active form for regeneration.
Although the above factors can be qualitatively estimated by
using experiments with “fresh”, nonoxidized ML, these are not
suitable for quantitative determinations. The main problem is
the progressive increase in [LOOH] in the course of a kinetic
run; the latter makes the kinetic analysis rather complicated.
As will be shown in the next section, using preoxidized ML
containing a known, high enough concentration of LOOH is
much more promising.

Oxidation of Preoxidized ML. The main advantage of using
preoxidized ML for quantitative determinations is that the
change in LOOH concentration occurring in the course of a
kinetic run is negligibly small, especially at the starting stage
of the process. This simplifies the kinetic analysis and makes
the determination of parameters characterizing the catalytic
activity of HEM more reliable. In contrast to the oxidation
of nonoxidized ML, ROX peaks almost immediately after
HEM addition. For instance, in the experiment with 250 nM
metMB and preoxidized ML containing 0.25 mM LOOH,ROX

peaked at ca. 20 s. By this moment only 10µM LOOH was
additionally accumulated, which is only 4% of the starting
concentration.

Figure 1. Kinetics of oxygen consumption during the oxidation of 5 mM ML in 50 mM micellar solution of Triton X-100, pH 7.40, induced by 50 nM Hemin
(A) (inset shows the starting part of the kinetic curve) and induced by 1 µM metMB (B). HEM was added at t ) 0.

Figure 2. Effect of addition of 2 µM HPMC on the oxidation of 8 mM ML
in 50 mM micellar solution of Triton X-100, pH 7.40, induced by 1 µM
metMB. MetMB was added at t ) 0.
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The rate of free radical generation (rate of initiation),RIN,
can be calculated fromROX at any moment of time by using eq
3 deduced directly from eq 1.

On the assumption that the initiation occurs by the interaction
of HEM with LOOH (4-6,21, 22)

RJN ) kJN [LOOH] [Hem], and the rate constantkIN for initiation
may be calculated from the starting value ofRIN

A value of kIN determined in such a way is practically
independent of the concentration of reagents, which vary in the
case of Hemin in the range between 2 and 20 mM (ML),
between 20 and 100 nM (Hemin), and between 0.1 and 0.5 mM
(LOOH). Thus,kIN may be considered as an appropriate and
reproducible characteristic of HEM catalytic activity. The values
of kIN are listed inTable 1. It should be noted that at pH 7.4
kIN for Hemin exceeds that for metMB by nearly 2 orders of
magnitude.

Two approaches may be suggested to characterize the
resistance of HEM to the loss of catalytic activity with time
(degradation). Both are based on the kinetics ofROX reduction.
As has been above suggested, the decrease of the concentration
of an active form of HEM is likely the only reason for the
decrease inROX with time. The first approach is based directly
on the decrease inRIN in the course of a kinetic run. (We note
thatRIN may be calculated at any moment of time fromROX by
using eq 3.) As is shown inFigure 5, the starting stage of
reducingRIN with time is well described by the first power
equation (lnRIN is directly with time), but at later time, the rate
of RIN reduction decreases and this linear law does not work. It
should be noted that the slope of the plots inFigure 5, tgR,
practically does not change with varying HEM concentration.
The monomolecular rate constantkD ) tgR may be considered
as an effective parameter characterizing the tendency of HEM
to degradation. The values ofkD are listed inTable 1.

A more general approach to the estimation of HEM resistance
is based on the graphic calculation of the integral

The integral is just the square under the plot ofRIN versus time.
The value ofn in eq 5 denotes the total number of active free
radicals (in concentration units) that have been generated
throughout the kinetic run. For practical use,n value should be
referred to the starting concentration of HEM

The f value may be considered as a coefficient of HEM
regeneration (a number of catalytic cycles); it shows how many
times on average one molecule of HEM participates in the

Figure 3. Dependence of the maximal rate of oxygen consumption, RMAX, on reagent concentrations during the oxidation of ML in 50 mM micellar
solution of Triton X-100, pH 7.40, induced by Hemin: (A) RMAX against [Hemin] at [ML] ) 5 mM; (B) RMAX against [ML] at [Hemin] ) 50 nM.

Figure 4. Effect of repeated addition of 50 nM Hemin on the oxidation of
5 mM ML in 50 mM micellar solution of Triton X-100: 1, first addition; 2,
second addition.

RIN ) ( ROX

(k1/x2k2[LH]) )2

(3)

Hem+ LOOH f LO2
• + products (kIN)

kIN ) RIN/[Hem] × [LOOH] (4)

Table 1. Kinetic Parameters Characterizing the Catalytic Activity of
Hemin and MetMB during the Oxidation of ML in Micellar Solution of
Triton 100-X at 37 °C

HEM pH kIN, M-1 s-1
regeneration

coeff, f kD, s-1 a

Hemin 7.4 10900 ± 1100 90−150 0.014 ± 0.002
4.8 7200 ± 900 50−80 0.039 ± 0.005

metMB 7.4 135 ± 15 >12b 0.0014 ± 0.0002
4.8 1990 ± 120 40−70 0.022 ± 0.003

a Related to the starting part of kinetic curves. b Significant oxygen consumption
was detected by the moment when oxygen in the reaction mixture was almost
exhausted.

n ) ∫0

∞
RIN dt (5)

f ) n/[HEM] (6)
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generation of active free radicals. Thef values calculated are
presented inTable 1. It may be seen that in all the casesf
exceeds significantly 1; sometimesf ranges up to 100 or more.
Thus, HEM may be considered as a genuine catalyst of the lipid
peroxidation. Contrary tokIN, the value off calculated somewhat
changes when reagent concentrations vary. In more detail, this
problem will be considered in the next section. It should be
noted that the method for the calculation ofn and f based on
the integration is universal; it may be also applied both for
preoxidized and “fresh” ML.

The earlier presented data were related to pH 7.4. It follows
from Table 1andFigure 6 that the catalytic activity of metMB
expressed askIN increases significantly at acidic pH. This is in
line with the data reported in the literature (4, 5, 17). In contrast
to metMB, the catalytic activity of Hemin remains almost
unchanged (Table 1). At the same time, the tendency of both
Hemin and metMB to degradation expressed askD increases at
acidic pH. The effect is less pronounced for Hemin (Table 1).

Several hypothetic versions of the mechanism describing lipid
peroxidation catalyzed by HEM have been suggested in the
literature (7,14, 15). The key point of most of them is the
involvement of lipid hydroperoxides. To the first approximation,
the process of catalytic lipid oxidation may be presented by
Scheme 2, which is actually a special version of the more
generalScheme 1. HemI and HemII inScheme 2are two forms
of HEM, reduced and oxidized; their structures are not specified.
Although Scheme 2is somewhat oversimplified as compared
to more realistic “chemical” schemes suggested in the literature,
it reflects the most essential kinetic features of the process under

consideration and is quite suitable for kinetic simulations.
Among other things, the application ofScheme 2allows one
to avoid deciding between hypothetical variants of more
“chemical” schemes. The initiation occurs thanks to the multiple
repetitions of reactions 3 and 3A accompanied by the transfor-
mation of two forms of HEM, HemIT HemII. Although the
experimentally determinedkIN is an impartial characteristic of
HEM catalytic activity,kIN cannot be attributed to a certain
elementary reaction; this may be considered as an effective value
only. As is evident fromTable 1, the number of cycles of
interconversion HemIT HemII is much more than one. It is
believed that both forms of HEM, reduced and oxidized,
participate in the generation of active free radicals really from
the very beginning of the process. The effective rate constant
kIN is evidently a combination ofk3 andk3A, and it also depends
on the current concentrations of HemI and HemII. This problem
will be considered in more detail below.

To the first approximation,k4 in Scheme 2may by associated
with the experimentally determined valuekD; however, the
nature of reaction 4 remains unclear. Two pathways of metMB
degradation have been suggested in the literature: transformation
into catalytically inactive hemichrome (7, 14) and Hem moiety
destruction accompanied by free iron release (7, 14,15). In the
current work, the mechanisms of these processes have not yet
been elucidated in detail. Nonetheless, our data allow us to
exclude some hypothetic versions from consideration. First of
all, it should be noted that HEM degradation occurs in the
presence of an oxidizing lipid, whereas in the absence of ML
stock solutions of both metMB and Hemin remain unchanged
upon storage at 4°C for at least 2 weeks. The values ofkD

determined at various starting concentrations of O2 (within the
range from 100 to 320µM) remain practically unchanged (not
shown). This means that molecular oxygen does not participate,
at least directly, in the process of HEM degradation. Most likely,
lipid peroxy radicals are not involved in HEM degradation

Figure 5. Oxidation of 5 mM preoxidized ML ([LOOH] ) 0.25 mM) induced by various concentrations of metMB (indicated at plots in nM) in 50 mM
micellar solution of Triton X-100, pH 4.80: (A) original kinetic curves (metMB was added at t ) 0); (B) plots of ln RIN against time (RIN was calculated
from original kinetic curves by using eq 3).

Figure 6. Effect of pH on kIN and kD determined during the oxidation of
ML induced by metMB in 50 mM micellar solution of Triton X-100.

Scheme 2. Lipid Peroxidation Catalyzed by HEM
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either.Figure 7 presents the results of two parallel runs with
metMB as a catalyst. The rate of catalytic oxidation drops with
time rather quickly (plot 1), evidently due to HEM degradation.
In the second run (plot 2) 1µM HPMC was added 30 s after
metMB addition, whenROX reached the maximum value of 360
nM s-1. HPMC caused the inhibition of the chain process, and
a pronounced induction period was observed. The induction
period is completed by nearly 700 s, and the chain oxidation is
restarted, even if at a rather low rate. If HPMC, a potent
scavenger of peroxy radicals, also prevented the degradation
of metMB, ROX by the end of the induction period would be
comparable with theROX of 360 nM s-1 recorded at the moment
when HPMC was added. In reality,ROX was rather low, nearly
∼20 nM s-1, as was determined in the run without HPMC
addition (plot 1). This means that purging the reaction mixture
from peroxy radicals does not prevent metMB degradation.
Similar results were also obtained with Hemin. At first glance,
Figures 7 and 2 are in conflict. Meanwhile, the dramatic
difference in the shape of kinetic curves presented inFigures
2 and7 may be explained by the difference in the conditions.
In the run presented inFigure 2, the process occurs with “fresh”
ML and at pH 7.4 when metMB is relatively resistant to
degradation. Besides, the oxidation of “fresh” ML is ac-
companied by fast accumulation of LOOH. As a result, the rate
of oxidation continues to increase after the moment when HPMC
is almost consumed and a minor decrease in [metMB] is
compensated by a significant increase in [LOOH]. As for the
run presented inFigure 7, the oxidation occurs with preoxidized
ML at pH 5.0, when metMB is much less stable (seeFigure
6). As a result, significant reduction of [metMB] is not
compensated by a minor increase in [LOOH] by the end of the
induction period.

Although the behaviors of metMB and Hemin as catalysts
of ML oxidation are qualitatively similar, there is a significant
quantitative difference between these two HEM (Table 1). At
physiological pH, 7.4, the activity of Hemin expressed askIN

exceeds that of metMB by nearly 2 orders of magnitude. At
acidic pH, the difference inkIN between metMB and Hemin
was less significant; whereaskIN for Hemin is practically
independent of pH,kIN for metMB significantly grows when
pH decreases. Such a behavior of metMB correlates best with
the following mechanism of catalysis by metMB suggested in
the literature (7, 14, 15). Unlike Hemin, metMB, as such, is
not a catalyst of lipid peroxidation. The experimentally observed
catalysis by metMB is actually caused by a product of metMB

denaturation (destruction of a heme-protein adduct), which is
a genuine catalyst. Most likely, this is hematin, an analogue of
Hemin. As for the pH dependence of the catalytic activity of
metMB, this likely explains the observation that the rate of
metMB denaturation increases when the pH reduces (11, 17).
It should be noted that the mechanism of metMB denaturation
is far from clear.

Kinetic Computer Simulations. The simulations were
conducted on the basis ofScheme 2. All of the rate constants
employed in simulations for the reactions of the first and second
order are expressed in s-1 and M-1 s-1, respectively; all of the
rates of chemical reactions are given in nM s-1. In all of the
simulations the following parameters are used:k1 ) 500, 2k2
) 1 × 106; [O2] ) 0.2 mM. The simulations allow all of the
experimental kinetic curves as well as the observed concentra-
tion effects to be imitated. In particular, it was possible to imitate
the experimentally observed plots ofRMAX versus [Hemin] and
[LH] for the case of the oxidation of “fresh”, nonoxidized ML,
although containing a very small concentration of LOOH
(Figure 3). These concentration plots may be expressed by a
power function:RMAX ∼ [HEM]A andRMAX ∼ [LH] B. For both
experimental and simulated plots,A < 1 andB > 1. Simulations
also confirm the above-mentioned observations that the values
of kIN calculated from the starting values ofROX for the oxidation
of preoxidized ML do not depend on reagent concentrations
(Table 2).

The above presented data suggest that the computer simula-
tions based on Scheme 2 are able to describe the observed
experimentally kinetic regularities typical of ML oxidation
catalyzed by HEM. This gives us a chance to apply this approach
to elucidate some other kinetic regularities.Table 3shows how
the rate constant for elementary reactions 3 and 3A correlates
with the “experimental” value ofkIN (the latter was calculated
from simulated kinetic curves as has been done with real kinetic
curves). It is seen that whenk3 ) k3A, the calculated value of
kIN equals nearly half ofk3 (k3A). In the case whenk3 * k3A

Figure 7. Effect of HPMC on the kinetics of oxidation of 5 mM preoxidized
ML ([LOOH] ) 0.25 mM) catalyzed by 50 nM metMB at pH 5.0: 1, without
HPMC; 2, 1 µM HPMC was added in 40 s after the addition of metMB.

Table 2. Calculation of kIN from Simulated [O2] Traces at Various
Reagent Concentrations by Using Equations 3 and 4a

[LH],
mM

[LOOH],
mM

[HemI],
nM

(ROX)MAX,
nM s-1

RIN,
nM s-1

kIN,
M−1 s−1

5 0.1 50 391 24.4 4870
5 0.2 50 552 48.8 4880
5 0.2 100 783 98.2 4910
5 0.3 50 677 73.4 4890
5 0.2 20 348 19.4 4850

10 0.2 20 699 19.6 4890
10 0.1 20 493 9.72 4860

2 0.1 20 98.5 9.70 4850
5 0.1 20 247 9.76 4880

a Simulations were performed on the basis of Scheme 2 at k3 ) k3A ) 1 ×
104 and k4 ) 0.01 in all cases.

Table 3. Correlation of Simulated Values of kIN with Rate Constants
for Reactions 3 and 3Aa

k3 k3A (ROX)MAX, nM s-1 RIN, nM s-1 kIN, M−1 s−1

20000 20000 493 38.9 9722
10000 10000 345 19.4 4761

5000 5000 242 9.37 2343
2000 2000 150 3.60 900

20000 2000 213 7.26 1815
2000 20000 200 6.40 1600

a Simulations were performed on the basis of Scheme 2. In all cases k4 )
0.01, [LH] ) 5 mM, [LOOH] ) 0.2 mM, and [HemI] ) 20 nM.
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(“asymmetry” of reactivity),kIN has an intermediate value. As
expected, the increase of HEM resistance to degradation
(decrease ofk4) results in the significant growth of (ROX)MAX

and especially of the regeneration coefficientf (Table 4).
Figure 8 shows how the character of change in [LOOH]

depends on the ratio of reagent concentrations, [LH]/HEM]. This
simulation was undertaken in connection with several works
(5, 16) reporting that, at a certain [LH]/[HEM] ratio, the
inversion from prooxidation to antioxidation was observed. By
antioxidation those authors meant the situation when the addition
of HEM resulted in the reduction of LOOH concentration, in
contrast to its growth in the prooxidation mode. AsFigure 8
suggests, the accumulation of LOOH gives way to its consump-
tion at [LH]/[HEM] e 160. The calculated position of the
inversion point changes with the variation of rate constants and
the starting concentration of LOOH. The physical meaning of
the inversion is evident; this follows fromScheme 2and the
general theory of chain free radical oxidation (see ref2 and
references cited therein). Reactions 3 and 3A play two roles at
the same time: the destruction of LOOH and the generation of
active free radicals initiating chain oxidation. The rates of both
processes are equal. This further depends on the length of
kinetics of the chain,υ. At υ > 1, LOOH is accumulated; when
υ < 1, LOOH concentration decreases. The situation whenυ
) 1 corresponds to the inversion point.

Concluding Remarks. A new quantitative approach to the
elucidation of the efficacy of iron heme complexes as a catalyst
of lipid peroxidation has been suggested in this work. The key
point of this approach is the determination of the rate of free

radical generation (initiation),RIN, which can be calculated at
any moment of time directly from the rate of oxidation,ROX.
The HEM efficacy is characterized by two independent param-
eters: initiating activity and resistance to degradation. The
initiation occurs due to the interaction of HEM with ML
hydroperoxide. The initiating capability is characterized by the
rate constant for this reaction,kIN. A simple and reliable method
to determinekIN has been elaborated; this is based on the use
of preoxidized ML containing a known concentration of LOOH.
This is the first time that it has been shown that the catalytic
activity of HEM is reduced progressively in the course of ML
oxidation due to HEM degradation. Two ways to characterize
HEM resistance to degradation have been suggested. The first
one is based on determining the effective rate constantkD

characterizing the decrease inRIN during the starting stage of
the process. The second, more general, way is the measurement
of the number of active free radicals that can be generated by
one molecule of HEM throughout the process. A kinetic scheme
adequately describing the process under consideration and the
corresponding computer model, which allows for simulating
both kinetic curves and kinetic regularities, have been suggested
in this work. Along with other things, the computer simulation
makes it possible to predict the behavior of the system under
study in variable circumstances. In particular, the simulations
have supplied quantitative explanations for the inversion effect
(going from prooxidation to inhibition during lipid oxidation
induced by metMB).

The developed approach has been applied to study the
catalytic capability of metMB and its protein-free analogue
Hemin. Both HEM were found to be very effective catalysts;
even at nanomolar concentrations, they cause ML oxidation at
a detectable rate. At physiological pH, 7.4, the activity of Hemin
exceeds that of metMB by almost 2 orders of magnitude (Table
1). At acidic pH, the difference in activity decreases due to a
significant growth ofkIN for metMB when pH decreases, in
contrast to Hemin. Most likely, Hemin has the highest catalytic
activity among other HEM as was recently observed in the
course of preliminary studies of series of synthetic analogues
of Hemin; any modification of the Hemin molecule resulted in
a decrease in catalytic activity as compared with Hemin itself
(results will be published elsewhere). The value off was varied
within the range of 40-150 depending on reagent concentrations
and pH (Table 1), which evidence the effective regeneration
of catalytically active forms of HEM. It has been first shown
that the catalytic activity of the HEM studied drops rather rapidly
with time, evidently due to HEM degradation.

The data obtained in this work in combination with the
observations reported in the literature give insight into the
behavior of MB under variable conditions. In living muscles,
MB exists basically in the reduced form (Fe2+), which is
catalytically inactive; a relative concentration of the potentially
active oxidized form, metMB, is rather low. The latter is
provided due to the action of special enzymes (37). Besides, in
living muscles the concentration of peroxides participating in
active free radical generation is commonly very low. In contrast,
the concentration of chain-breaking antioxidants, first of all of
vitamin E, is high enough to block almost completely the chain
lipid peroxidation. The mentioned factors make MB catalytically
inactive and thus nontoxic under normal physiological condi-
tions. The situation changes dramatically when we deal with
muscles under post-mortem conditions, that is, with meat foods.
In meat, the concentration of metMB progressively increases
and the pH becomes more acidic (8, 38, 39). Both factors as
well as the progressive consumption of chain-breaking

Table 4. Effect of Values of Rate Constants for Reactions 3 and 4 on
Kinetics of the Oxidation As Simulated on the Basis of Scheme 2 a

k3 k4 (ROX)MAX, nM s-1 f

2000 0.01 117 5.59
3000 0.01 159 10.47
5000 0.01 238 23.6

10000 0.01 420 74.1
20000 0.01 775 241

2000 0.005 173 25.2
2000 0.002 351 261
2000 0.001 612 1628

a In all cases k3 ) k3A, [LH] ) 10 mM, [LOOH] ) 0.01 mM, [HemI]0 ) 50 nM.

Figure 8. Inversion (going from prooxidation to antioxidation) as simulated
on the basis of Scheme 2. Parameters used for simulation are k3 ) k3A

) 400, k4 ) 0.001, and [LH] ) 2 mM; starting value of [LOOH] is 100
µM. The variation of the [LH]/[HEM] ratio was carried out by variation of
HEM concentration. The values of d[LOOH]/dt are related to the moment
of 30 s after HEM addition.
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antioxidants are favorable for exhibiting the activity by MB
(more exactly, metMB) as a catalyst of lipid peroxidation. In
the course of time, lipid peroxidation becomes a self-accelerating
process, which results in the fast accumulation of LOOH and
other toxic products. These processes are considered as the main
reason for spoilage of muscle foods under storage conditions.
An even more favorable situation for metMB to act as a catalyst
of lipid peroxidation takes place in stomach. MetMB comes
into the stomach along with the meat consumed. Two factors,
a highly acidic pH in the stomach and the fact that lipids
consumed are partly oxidized due to previous processing, can
cause the explosive lipid peroxidation. This highly undesirable
process may be retarded by chain-breaking antioxidants. It is
currently believed that this mechanism is responsible for the
beneficial effects of natural products such as fruits, vegetables,
red wine, tea and coffee extracts, and chocolate, which are rich
in polyphenols that are known as the most potent chain-breaking
antioxidants (4,5, 11).

ABBREVIATIONS USED

HEM, iron heme complexes; MB, myoglobin; metMB,
metmyoglobin; HB, hemoglobin; ML, methyl linoleate; LOOH,
lipid hydroperoxide; HPMC, 6-hydroxy-2,2,5,7,8-pentamethyl-
benzochroman; LO2•, lipid peroxy radical;ROX, rate of oxidation;
RIN, rate of initiation (free radical generation);kIN, effective rate
constant of initiation due to reaction of HEM with LOOH;kD,
rate constant characterizing HEM degradation;tIND, induction
period;f, coefficient of HEM regeneration (a number of catalytic
cycles).
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