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The inhibition of the lipid peroxidation, induced by iron
and ascorbate in rat liver microsomes, by phenols and
flavones was studied. The activity of phenol was enhanced
by electron donating substituents, denoted by the Hammett
sigma (o). The concentration of the substituted phenols
giving 50% inhibition (ICs) of lipid peroxidation gave a
good correlation with the o of the substituent (In(1/1Csp) =
—8920+580 (R=094, p<005). In flavones two
pharmacophores for the protection against lipid peroxi-
dation were pinpointed: (i) a catechol moiety as ring B and
(ii) an OH-group at the 3 position with electron donating
groups at the 5 and/or 7 position in the AC-ring. An
example of a flavone with the latter pharmacophore is
galangin (3,5,7-trihydroxyflavone) where the reactivity of
the 3-OH-group is enhanced by the electron donating
effect of the 5- and 7-OH-groups. This is comparable to the
effect of electron donating substituents on the activity of
phenol.

The prooxidant activity of flavones has been related to a
low half peak oxidation potential (Ep/2). All flavones with
a catechol as ring B have very low Ep/2, suggesting that
they display a prominent prooxidant activity. In contrast,
the Ep/2 varies within the group of flavones with a 3-OH,
e.g. TUM 8436 (5,7,3 4'-tetra-O-methyl-quercetin) has a
relatively high Ep/2 and is an excellent protector against
lipid peroxidation. Apparently amongst the flavones with
the pharmacophore in the AC-ring there are good
antioxidants that are expected to display no or limited
prooxidant properties.

Keywords: Flavones; Lipid peroxidation; Structure activity
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INTRODUCTION

Flavonoids are a large heterogenic group of benzo-y-
pyron derivatives, which are abundantly present in
our diet, e.g. in fruits and vegetables. Positive health
effects of these compounds have been described in
several diseases, such as pulmonary and cardio-
vascular diseases, and cancer.?! In several food
products flavonoids are the major antioxidants.**
The antioxidant activity of flavonoids, reflected in,
e.g. the protection of polyunsaturated fatty acids
against free radical damage,®~”! may explain their
proclaimed health effects.!*!

Many structure activity relationships (SARs) have
been proposed for the antioxidant activity of
flavonoids.">"**! In all these SARs the aromatic
OH-groups play a pivotal role. It has even been
suggested that the potency of a flavonoid correlates
with the number of OH-groups.""! Tentatively, this
SAR is expected to be imprecise, e.g. it does not take
the position of the OH-group in the molecule into
account. Moreover, a SAR for an antioxidant can be
complex since frequently several properties of a
compound are involved. For example, in lipid
peroxidation not purely the lipidperoxyl radical
scavenging activity is studied. Also other properties
such as lipophilicity, iron-chelation and prooxidant
effects come into the equation. Thus the SAR for
protection against lipid peroxidation is expected to
be composed of the SARs of the different processes.

The aim of this study is to refine the SAR of a
selected group of flavonoids, i.e. the flavonols, for the

*Corresponding author. Tel.: 4-31-43-3881418/3881417. Fax: 4-31-43-3884149. E-mail: a.bast@farmaco.unimaas.nl

ISSN 1071-5762 print/ISSN 1029-2470 online © 2002 Taylor & Francis Ltd
DOI: 10.1080/10715760290025951

RIGHTS LI MN K4y



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/24/11
For personal use only.

576 C.G.M. HEIJNEN et al.

inhibition of lipid peroxidation. Firstly, a series of
simple phenols was tested to elucidate the influence
of substituents. Subsequently, several flavones were
evaluated.

MATERIAL AND METHODS

Chemicals

Phenol, catechol, hydroquinone, resorcinol, amino-
phenol, 2- and 4-methoxyphenol, 4-methylphenol,
3-hydroxyflavone, 5-hydroxyflavone, 7-hydroxyfla-
vone, galangin and chrysin were purchased from
Sigma (St. Louis, USA). TUM 8436 (5,7,3 4'-tetra-
O-methyl-quercetin) and TUM 8437 (penta-O-
methyl-quercetin) were synthesized as previously
described." All other chemicals were of analytical
grade.

Preparation of Microsomes

Microsomes were prepared from male Wistar rats,
200-250g. After decapitation, the livers were
removed and homogenized (1:2, w/v) in ice cold
sodium phosphate buffer (50 mM, pH 7.4) containing
0.1mM EDTA. The homogenate was centrifuged at
10,000¢ (20min at 4°C). Subsequently the super-
natant was centrifuged at 10,000 (20 min at 4°C) and
again at 65,000¢ (60 min at 4°C). The microsomal
pellet was resuspended in the phosphate buffer
(2gliver/ml) and stored at —80°C. Before use the
microsomes were thawed and washed twice, with ice
cold Tris—HCl buffer (50mM, pH 7.4) containing
150 mM KCL

Lipid Peroxidation

Microsomes (final concentration approximately
1mgprotein/ml) were incubated at 37°C, in a
shaking water bath, with air being freely admitted
in Tris—-HC1/KCl (50 mM /150 mM, pH 7.4). Ascorbic
acid (0.2mM) was neutralized with KOH before
addition. Reactions were started by adding a freshly
prepared FeSO, solution (10 uM). Lipid peroxidation
was assayed by measuring thiobarbituric acid (TBA)-
reactive material.!*®! The reaction in an aliquot of the
incubation mixture (0.3 ml) was stopped by mixing
with ice cold TBA —trichloroacetic acid (TCA)-HCIl-
butylhydroxytoluene (BHT) solution (2ml). After
heating (15 min, 80°C) and centrifugation (5min) the
absorbance at 535 versus 600nm was determined.
The TBA-TCA-HCl solution was prepared by
dissolving 1.68g TCA and 41.6mg TBA in 10ml
0.125M HCI. BHT was dissolved in ethanol
(1.5mg/ml) and 1ml of this solution was added to
10ml TBA-TCA-HCI. The added chemicals did not
interfere with the assay in the concentrations used.
Results are expressed as mean = SEM.

Half Peak Oxidation Potential

Flavonoids were dissolved in DMSO (final concen-
tration 2.5% (v/v)), diluted 1:1 with nanopure water
and further diluted in a 50 mM phosphate buffer,
reaching a final concentration of 100 uM. Before
starting the measurement, this buffer solution was
purged with oxygen free nitrogen for 5min after
which the nitrogen was led over the solution. The
measurements were performed with a platinum
working electrode, a platinum counter electrode and
a saturated calomel reference electrode (SCE). A scan
was made from —0.2 to 0.6 V with a scanning speed
of 20mV /s on a PSTAT 10 potentiostat connected to
an Autolab (Eco Chemie, Utrecht, The Netherlands)
and controlled by the program General Purpose
Electrochemical System 3.0 (Eco Chemie, Utrecht,
The Netherlands).

When the flavonoid could not be oxidized between
—0.2and 0.6V, a glassy carbon electrode was used as
a working electrode in the range of —1 and 1V. After
each run the glassy carbon electrode was polished
very thoroughly with 6 u diamond spray on a
polishing cloth and sonicated in ethanol, because of
possible film formation and memory effects.

RESULTS

Phenols

Phenol itself is a poor inhibitor of lipid peroxidation.
The concentration of phenol needed to inhibit 50% of
the lipid peroxidation (ICsp) is 4050 uM. When the
OH-group of phenol is methylated, the activity is
extinguished (ICsy anisole > 7mM). Hydroxylation
of phenol (giving catechol, resorcinol or hydro-
quinone) leads to more active compounds (Fig. 1).
OH-substitution at the 2 and 4 position of phenol
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ES éf EEL
10 1 OH
- OH

-

InICso
H

0 T T T 1
phenol catechol resorcinol  hydroquinone

FIGURE 1 Protection against lipid peroxidation by several
phenolic compounds. The activity is expressed as the natural
logarithm of concentration of the compound that gives 50%
inhibition of the lipid peroxidation (In ICsy) mean = SEM, n = 3.
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FIGURE2 Correlation between Hammett o and the protection of
lipid peroxidation by substituted phenols (In(1/ICs)). The activity
is expressed as the natural logarithm of 1/concentration of the
compound that gives 50% inhibition of the lipid peroxidation
(In(1/ICs0)) mean = SEM, n=3. The equation of the fitted
line is: In(1/ICsp) = —8.92 Hammett o+ 5.80 (R = 0.94, p < 0.05)
Catechol, para-NH2-phenol and resorcinol were not included in
the linear regression for the reasons described in the text.

increases the activity of phenol (ICsy catechol =
10 pM and hydroquinone = 156 uM). Hydroxylation
at the 3 position of phenol also increases the activity,
but this increase is much lower compared to
substitution at position 2 or 4 (ICs, resorcinol =
1800 wM).

In the series of phenols containing various
substituents a clear correlation between the ICs
and the Hammett o is found (Fig. 2 and Eq. (1)).

In(1/ICs0) = — 8.92 Hammett o+ 5.80
(R=0.94, p <0.05 1)

Flavonols

Quercetin has a very high activity (Fig. 3). This
activity is drastically decreased when all five OH-
groups are methylated (TUM 8437, ICs5y > 2mM).
Flavones with a catechol structure as ring B are also
good protectors (rutin and monoHER, Fig. 3). But
without a catechol structure as ring B (e.g. galangin)
there also can be a high activity. In Fig. 4 several
flavones not containing a catechol group are
compared. Flavones containing the 3-OH group
(galangin, kaempferol and triHEQ) were found to be
better protectors compared to the corresponding
compounds not containing this group (respectively,
chrysin, apigenin and triHER).

Of the flavones containing only one OH-group in
the AC-ring (Fig. 5) 3-OH-flavone (ICs5y = 22.8 uM)
was found to be the best protector. (ICsg
5-OH-flavone > 0.5 mM, 7-OH-flavone > 2mM).
TUM 8436, a compound possessing only a free OH-
group at the 3 position, is also very active (ICsy =
13.5 pM).

ICsg >2mM

rutin \ / monoHER
ICsp=10 pM ? ICso =12 uM
50 OH
Horo L)
SOy
OH quercetin
OH I IC50 =9 }lM a
galangin
OH O 1Cq=17+0.12pM
ICsp=6uM ?

FIGURE 3 Protection against lipid peroxidation by several
flavones. The activity is expressed as the concentration of the
compound that gives 50% inhibition of the lipid peroxidation
(ICsp). When all OH-groups of quercetin are methylated, the
activity is drastically decreased. A flavone with a catechol group as
ring B has high activity (rutin and monoHER). Galangin that only
has OH-groups in the AC-ring also has a high activity in the
inhi‘tﬁ’;i]on of the lipid peroxidation (a) data taken from van Acker
et al.m™"").

The activity of several flavones is correlated to
the half peak oxidation potential (Ep/2) (Fig. 6). The
group without the catechol and without the
pharmacophore in ring AC has a relatively high
Ep/2, the group of flavones with a catechol-group in
ring B has a very low Ep/2. The group of flavones
with only the pharmacophore in ring AC has a wide
range of Ep/2.

DISCUSSION

This study on the SAR of the inhibition of lipid
peroxidation by flavonols was started by character-
izing the influence of substituents on the activity of
phenol. It was found that the nature of the sub-
stituent as well as its position determines the activity
of phenol. This influence can be explained by the
different electron-donating effect of the various
substituents at different positions. The Hammett o
denotes the electron donating (— o) or withdrawing
(+0) effect of a certain substituent at a certain
position. A clear correlation between the concen-
tration needed to inhibit the lipid peroxidation for
50% (ICsp) and the o is found in the series of
substituted phenols (Fig. 2 and Eq. (1)).
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FIGURE 4 Protection against lipid peroxidation by several flavones. The activity is expressed as the concentration of the compound that
gives 50% inhibition of the lipid peroxidation (ICs). Galangin, kaempferol and triHEQ all have a high activity. When the 3-OH group is
lacking, as in chrysin and apigenin or substituted as in triHER, the activity is diminished: (a) data taken from Mora et al.,['” (b) data taken

from van Acker et al.,!'”! (c) data taken from Haenen et al..®

The higher the electron-donating effect of a sub-
stituent, the higher is the protection of the
substituted phenol against lipid peroxidation. Elec-
tron-donation weakens the O-H, bond making it
easier to transfer an H' to a lipidperoxyl radical, thus
breaking the chain process of lipid peroxidation. The

good correlation indicates that in this series of
compounds the electron donating effect is the
predominant factor for the protection against lipid
peroxidation.

According to its o, resorcinol is expected to be less
active than phenol because of the electron with-

For personal use only.
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IC50= 1.7+0.12 uM

OCH;
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FIGURE 5 Protection against lipid peroxidation by several flavones. The activity is expressed as the concentration of the compound that
gives 50% inhibition of the lipid peroxidation (ICs). A compound with only one of the OH-groups of galangin has a poor activity. The rank
order of activity is 3-OH-flavone > 5-OH-flavone > 7-OH-flavone. When 3-OH-flavone is substituted with electron donating groups, the
activity is increased.
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FIGURE 6 The correlation between the half peak oxidation
potential (Ep/2) and the natural logarithm of the concentration
that gives 50% inhibition of lipid peroxidation (In(ICs)). The
flavonoids with a catechol group as ring B (OJ) are good inhibitors
of lipid peroxidation and have a very low Ep/2. The flavonoids
with the 3-OH group and electron donating substituents at
position 5 and 7 (®) have a high activity and a variable Ep/2. The
flavonoids without both pharmacophores (A) are poor inhibitors
and have a high Ep/2. The compounds are 1: quercetin, 2: fisetin,
3: rutin, 4: luteolin, 5: monoHER, 6: kaempferol, 7: galangin,
8: triHEQ, 9: TUM 8436, 10: diHER, 11: TUM 8437, 12: triHER and
13: apigenin.

drawing effect of an OH-group at the 3-position.
Surprisingly, resorcinol was found to be more
protective than phenol (IC5p phenol = 4050 uM and
resorcinol = 1800 uM). Apparently factors other
than the electron-donating effect play a role in the
inhibition of lipid peroxidation, e.g. lipophilicity,
iron chelation, and location within the membrane.

Lipid peroxidation takes place in membranes and
the scavenging of lipidperoxyl radicals can only be
accomplished by the fraction of antioxidants that
is present in the membrane. The lipophilicity of
resorcinol (log P = 0.80) is lower than that of phenol
(log P = 1.46), which means that a smaller fraction of
resorcinol is present in the membrane compared to
phenol. The relative high activity of resorcinol can
therefore not be attributed to accumulation in the
membrane. Multiple regression analyses did show
no significant contribution of the lipophilicity on the
activity in the series of substituted phenols. In the
difference between the measured activity of 4-NH,--
phenol (ICs5p = 25.6 uM) and the calculated activity
based on the electron donating effect of a 4-NH,--
group (ICso =8.4uM) lipophilicity is probably
involved. 4-NH,-phenol is a relatively hydrophilic
compound with a log P of 0.04 versus logP 1.46 of
phenol. This indicates that lipophilicity might play a
role in lipid peroxidation.

Secondly, iron chelation can reduce radical
generation in iron-ascorbate induced lipid peroxi-
dation. This plays a pivotal role in the antioxidant
effect of flavonoids.!>'®! Tron chelation has also been
reported for catechol,!"”! but has not been described
for resorcinol. The higher protection against lipid
peroxidation of catechol compared to its predicted
activity based on the o of an ortho OH-group (Fig. 2

and Eq. (1)) might be due to its iron chelating
ability.

A third possibility for the relatively good activity of
resorcinol might be found in the actual location of
resorcinol within the membrane. For example, the
chroman head of tocopherol, thatis responsible for the
actual antioxidant effect, is located in the membrane
very near to the lipid—water interface." Also for
other antioxidants, such as carotenoids and 5-amino-
salicylic acid, the position within the membrane is
suggested to greatly influence their activity.!'*?%!
Resorcinol might have the structural elements that
direct it to a position within the membrane where it
can effectively protect against lipid peroxidation.
Although this has not been studied, it might explain
the higher activity of resorcinol.

In conclusion, in the series of the substituted
phenols the electron-donating effect of the substi-
tuent appeared to be the most denominating factor in
the inhibition of lipid peroxidation. Other factors
including lipophilicity, iron chelation and location
within the membrane probably are also involved in
the final antioxidant effect, however, their exact role
has not been elucidated.

Similar to phenol, the free OH-groups of flavo-
noids appear to be responsible for the activity.
Polyphenols, such as quercetin are also reported to
be good inhibitors of lipid peroxidation.!®'*”) When
all the OH-groups of quercetin are methylated,
giving TUM 8437 (penta-O-methyl-quercetin), the
activity is drastically decreased (Fig. 3, IC5p > 2 mM).

Flavonoids have been tested in many different
antioxidant assays, e.g. TEAC and lipid peroxidation.
Several SARs have been constructed. In these SARs the
catechol moiety as ring B has been addressed as a
pivotal group.'"'2#724 Indeed in all these studies,
flavones with a catechol moiety in ring B were very
good inhibitors of lipid peroxidation (ICsy is
approximately 10 uM, Fig. 3).[1071217.21=231 e
recently synthesized a series of 20 different flavones
all containing a catechol group as ring B. Also these
compounds appeared to be excellent protectors
against lipid peroxidation, irrespective of the
number and nature of the substituents at the AC-
ring.1**! This denotes that the presence of a catechol
group as ring B is indeed important. This is in line
with the high activity of catechol we found in the
series of substituted phenols.

Recently Pannala et al.”??! concluded that only the
catechol moiety as ring B is important in the
reactions of the ABTS” with flavonoids. They found
that also kaempferol, a compound having a phenol
group as ring B, had an activity comparable to
catechol containing compounds. The high potency of
kaempferol was explained by the potential for
conjugation between the 4-OH-group in the B-ring
and the 3-OH-group through the conjugated C-ring.
In our study we found that besides kaempferol,
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galangin (a flavonol lacking the 4'-OH-group of
kaempferol) appeared also to be a potent protector
against lipid peroxidation. Apparently the high
activity of kaempferol and galangin does not reside
in ring B but in another part of the molecule, i.e. the
AC-ring.

To determine which OH-group in the AC-ring is
the most important, 3-, 5- and 7-monohydroxy-
flavone were tested (Fig. 5). 3-Hydroxyflavone
appears to be the most potent compound pointing
to a pivotal role of the 3-OH-group. This is in line
with the much higher potency of galangin, kaemp-
ferol and triHEQ (ICs50=1.7, 23.8, and 13 puM,
respectively, Fig. 4) compared to the corresponding
compounds lacking a free 3-OH-group (i.e. chrysin,
apigenin and triHER, IC5y =29, 55.2, and 290 uM,
respectively, Fig. 4)

Although 3-hydroxyflavone is a good protector
against lipid peroxidation, its effectiveness is
exceeded by galangin (ICsp = 1.7 pM) more than
10 times. The explanation for the high activity of
galangin can be found in the SAR of substituted
phenols, described above. The activity of an aromatic
OH-group is positively influenced by electron-
donating substituents, e.g. the activity of phenol is
drastically increased by substitution of an OH-group
at the 2 or 4 position. The introduction of a 3-OH-
group in phenol results only in a slight increase of
the activity (Fig. 1). An even number of C-atoms
between the electron donating group and the
reactive OH-group appears to be optimal to increase
the activity. An uneven number of C-atoms gives a
suboptimal stimulation. This dependency on the
number of C-atoms in-between is characteristic for
an electron donating effect. In galangin there is an
even number of C-atoms between the 3-OH-group
and the 5- and 7-OH-groups. The interaction of
the 5- and 7-OH-group on each other is suboptimal
since they are separated by an uneven number of
C-atoms. Moreover, the activity of the 3-mono-
hydroxyflavone exceeds that of the 5- and 7-mono-
hydroxyflavone. This indicates that the 3-OH-group
in galangin is the most reactive one and that the
OH-groups at the 5 and 7 position boost the
reactivity of the 3-OH-group.

To examine this hypothesis the newly synthesized
compound TUM 8436 (5,7,3' 4'-tetra-O-methyl-quer-
cetin) was tested. This compound has only one free
OH-group at the 3 position. At the 5,7, 3/, and 4
position the flavone is substituted with an electron
donating group, i.e. an OCHj-group. The OCHj;--
group was chosen because it has an electron
donating effect comparable to the OH-group,
although this effect is somewhat smaller (Hammett
o 4-OCHj; = 0.27, 4-OH = —0.37). Moreover an
OCHs-group itself provides no protective effect
against the lipid peroxidation, as shown by the
high ICsp of TUM 8437 (ICs5p > 2mM, Fig. 3). TUM

8436 (ICs5p = 13.5 pM) proved to be a good inhibitor
of lipid peroxidation, better than the 3-OH-flavone
(ICs5p = 22.8) (Fig. 5). This demonstrates that in the
AC-ring the 3-OH is important for the antioxidant
activity, and that the activity can be boosted by
electron donating substituents (e.g. OH- or OCHj3--
group) at the 5 and 7 position.

In the present study, it is shown that besides a
catechol group as ring B another pharmacophore can
be pinpointed, i.e. the 3-OH-group in the AC-ring in
combination with electron donating groups. The
SAR for the protection against lipid peroxidation is
identical to the SAR for scavenging of peroxynitrite
by flavones, where also these two pharmacophores
have been identified."**>?°! In peroxynitrite scaven-
ging it has also been shown that both pharmaco-
phores can influence each other."* There are some
striking differences in potency of some compounds
in the protection against lipid peroxidation and
peroxynitrite induced damage. Chrysin (5,7-hydro-
xyflavone) is practically inactive in peroxynitrite
scavenging whereas it is a good protector against
lipid peroxidation (ICsp = 29.3 uM). Peroxynitrite
scavenging, where only one activity is examined, is
less complex than lipid peroxidation. As discussed
above, the SAR for protection against lipid peroxi-
dation is a combined SAR and several processes
other than H donation come into the equation. Based
on structural similarity, i.e. the structure in ring A
resembles resorcinol, the same molecular mechanism
responsible for the relative high potency of resorcinol
might be involved in the unexpected high potency of
chrysin.

Paradoxically, several flavones, e.g. quercetin,
with an excellent antioxidant activity also display a
prominent prooxidant activity. Several attempts
were made by us using different types of assays,
e.g. deoxyribose breakdown, coumarin hydroxy-
lation, and capturing radicals with spintraps, to
unravel radical formation and antioxidant effects.
The net effect measured appeared to depend greatly
on experimental conditions such as concentration of
the compounds and the duration of the incubation.
Apparently a straightforward quantification of the
prooxidant activity of these compounds is hampered
by interfering processes such as, the potent radical
scavenging activity, iron chelation and the formation
of active oxidation products from the flavones.
Therefore it was decided to evaluate a crucial step
prior to radical formation, i.e. the ability to act as a
reductant to reduce transition metals like iron. This is
an essential step in formation of radicals by, e.g. the
Fenton reaction. The reducing ability of a compound
is reflected by its Ep/2. Indeed a negative correlation
between the prooxidant activity and the Ep/2 has
been reported./?”"!

In Fig. 6 the relation is shown between the
concentration that gives 50% inhibition of the lipid
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peroxidation (ICsp) and the Ep/2. This figure shows
three groups. The flavones without the two phar-
macophores are poor inhibitors of lipid peroxidation
and have a high Ep/2. The flavones with a catechol
moiety as ring B are very good inhibitors of lipid
peroxidation and have a very low Ep/2, and thus are
expected to be prooxidants. The flavones without the
pharmacophore in ring B but with a 3-OH-group and
electron donating groups at position 5 and 7 are also
good inhibitors of lipid peroxidation but there is a
wide variety in their Ep/2. Thus some of them are
expected to have no or limited prooxidant proper-
ties. The independence of the activity and the Ep/2 of
the latter group versus the low Ep/2 of all the
flavones containing a catechol as ring B suggests that
the two different pharmacophores act with a
different mechanism to inhibit lipid peroxidation.
This also means that it might be possible to unravel
the pro- and antioxidant effects and to select good
antioxidants which are expected to display no
prooxidant effect, e.g. the semi-synthetic compound
TUM 8436.
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