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Anti- and pro-oxidant activity of rutin and quercetin
derivatives

Marc Kessler, Geneviéve Ubeaud and Louis Jung

Abstract

Some semi-synthetic flavonoids, particularly derivatives of rutin, are used as therapeuticagents in the
treatment of diseases involving free radicals. Here, for the first time, a complete study has been made
of the relationship between the structure of such molecules and their superoxide, hydroxyl and
peroxyl radical scavenging activity. The molecules chosen for this study were rutin, its aglycone
(quercetin), and their methyl ethyl and hydroxyl-ethyl derivatives. Our results are consistent with the
general agreement on the structural requirements for free radical scavenging activity. Moreover, we
have shown that alkylation of the hydroxyl in position 7 enhanced the scavenging, and also that in a
Fenton reaction system, some quercetin derivatives with free catechol moiety or free hydroxyl in
position 3 (or both) were pro-oxidant, through superoxide radical and hydrogen peroxide
production. Although the structural features needed for pro-oxidant activity are not entirely clear, it
appears that to avoid pro-oxidant behaviour, the hydroxyl group in position 3 should be blocked to
prevent its auto-oxidation. Thus, flavonoids cannot only be considered purely as antioxidants, since
under certain reaction conditions they can also display pro-oxidant activity. This unexpected
behaviour could explain, in part, the observed toxicity of some flavonoids in-vivo.

Introduction

For many years, interest in the study of antioxidants has been increasing. Flavonoids,
polyphenolic compounds found in plants, are of particular interest because they are
components of many fruits and vegetables present in the diet of man.

Flavonoids have shown a wide range of biological activity, including vasoprotective,
anti-inflammatory, anti-hepatotoxic and anti-carcinogenic action. A large part of their
pharmacological activity may be attributed to their ability to inhibit certain enzymes
and to their antioxidant properties (iron chelating and oxygen free radical scavenging
properties ).

Actually, oxygen free radicals are natural physiological products, but are also
extremely reactive species. They play an important role in biological processes (Halliwell
& Gutteridge 1999a), but they can also have deleterious effects when produced in large
quantity, or if the natural defenses are overloaded. It is now generally accepted that
radical oxygen species are implicated in a wide variety of pathological states (Halliwell
& Gutteridge 1999b).

In recent years, several studies have been conducted on the superoxide, hydroxyl and
peroxyl radical scavenging activity of natural flavonoids, to identify the structural
features necessary for antioxidant activity, and a consensus has been reached (Bors et al
1990 ; Rice-Evans et al 1996). However, the situation may not be as simple as it seemed,
and some results, particularly for hydroxyl radical scavenging, are quite contradictory.
Indeed, some flavonoids have sometimes been reported to be pro-oxidant (Laughton et
al 1989; Cao et al 1997 ; Miura et al 1998).

In this study, our interest was focused on specific flavonoids recommended in the
treatment of vascular disorders, such as venous ulcer, chronic venous insufficiency and
oedema, which involve oxygen free radicals produced by ischaemic conditions (Michiels
et al 1994) or by inflammatory reaction during venous hypertension (Heitzer et al 2001).
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Table 1 Substitution patterns of the flavonoids studied.
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Group I
Rutin Rutinose OH OH OH OH
MonoHER Rutinose OH OC,H;OH OH OH
DiHER Rutinose OH OC,H;OH OH OC,H;OH
TriHER Rutinose OH OC,H;OH OC,H;OH OC,H;OH
TetraHER Rutinose OC,H;OH OC,H;OH OC,H;OH OC,H;OH
Group II
Quercetin OH OH OH OH OH
MonoHEQ OH OH OC,H;OH OH OH
DiHEQ OH OH OC,H;OH OH OC,H;OH
TriHEQ OH OH OC,H;OH OC,H;OH OC,H;OH
TetraHEQ OC,H;OH OH OC,H;OH OC,H;OH OC,H;OH
PentaHEQ OC,H,;OH OC,H;OH OC,H;OH OC,H;OH OC,H;OH
GroupllIl
MonoMeR Rutinose OH CH, OH OH
MonoEthR Rutinose OH CH,CH; OH OH
MonoMeQ OH OH CH, OH OH
Group IV
PentaMeQ CH, CH, CH, CH, CH,
PentaEthQ CH,CH; CH,CH, CH,CH; CH,CH, CH,CH;
Group V
Luteolin OH OH OH OH
3
&
o}
7 2
3
5 4
o}
3 4 5 7 3 4’
Group VI
Taxifolin OH C=0 OH OH OH OH
Eriodictyol Cc=0 OH OH OH OH
Leucocyanidol OH OH OH OH OH OH

The molecules chosen were hydroxyethyl derivatives of
rutin (hydroxy-ethyl rutins or HERs) and their aglycones
(Table 1).

HERSs act directly on venous tone by increasing capillary
resistance, reducing hyperpermeability and oedema
(Michel & Kendall 1993). They also improve microvascular
endothelial function by their antioxidative effects, pre-

venting free-radical-mediated damage caused by vascular
oxidative stress (Janssens et al 1996). Therefore, it is of
interest to specify the free radical scavenging activity of
HERSs and related compounds, to determine the structural
elements essential to antioxidant activity, and to determine
which modifications lead to improved activity and to the
suppression of pro-oxidant behaviour.



These compounds were also chosen for chemical and
analytical reasons. Firstly, they form a consistent and
homogenous series of compounds that presents enough
structural variability to carry out a structure—activity re-
lationship. Secondly, they are obtained by chemical syn-
thesis, thus making it possible to control their purity.

Much evidence of HERS’ free radical scavenging activity
has already been obtained for peroxyl radicals (Mora et al
1990 ; Van Acker et al 1996) but practically no research has
been carried out on superoxide radicals (Robak &
Gryglewsky 1988). Results on hydroxyl radical scavenging
have been quite contradictory (Rekka & Kourounakis
1991 ; Haenen et al 1993) and yet little work has been done
on hydroxyethyl derivatives of quercetin (hydroxy-ethyl
quercetins or HEQs), which are considered to be HER
metabolites.

To extend the field of this study, we have evaluated the
activity of the mono- and poly-methyl (Me)and ethyl (Eth)
derivatives of rutin and quercetin, and of a flavone (luteo-
lin), a flavanone (eriodictyol), a dihydroflavonol (taxifolin)
and a flavan-3,4-diol (leucocyanidol) (Table 1).

Materials and Methods

Reagents

Superoxide dismutase (EC 1.15.1.1) (Mn SOD from Es-
cherichia coli) from bovine erythocytes, xanthine oxidase
(EC 1.1.3.22) (grade III), hypoxanthine, «-naphthylamine
were purchased from Sigma (St Quentin Fallavier, France).
Ascorbic acid, 2-deoxy-D-ribose, thiobarbituric and tri-
chloroacetic acid were obtained from Aldrich (St Quentin
Fallavier, France), hydrogen peroxide, 2,2'-azobis-(2-
amidinopropane) dihydrochloride (ABAP), mannitol and
2,6-di-tertbutyl- p-kresol from Fluka (St Quentin Fallavier,
France) and Tris (hydromethyl) amino-methane from
Merck, France and mannitol from Laboratoire Del-
agrange, France.

All other chemicals used were of the highest grade
available.

Chemistry

All flavonoids were obtained by chemical synthesis in our
laboratory apart from (2R,3R/2S.3S) taxifolin (Aldrich,
Saint Quentin Fallavier), eriodictyol and luteolin (Extra-
syntheése, Genay), and diHER and tetraHER, which were
generous gifts from Novartis (Nyon, Switzerland).

MonoHER, monoEthR and monoMeR were obtained
from rutin (Scheline 1966; Courbat & Albert 1975) by
reaction with ethylene oxide, diethyl sulfate or dimethyl
sulfate in a sodium tetraborate solution containing a cata-
lytic amount of sodium hydroxide. After deprotection in
6M HCl, the compounds were recrystallized from water (for
monoHER) or purified by chromatography on an RP18
column using methanol-water as the mobile phase (for
monoMeR and monoEthR ).

Troxerutin was obtained by reaction of rutin (Tang &
Yuan 1996) with ethylene oxide in alcoholic medium, and
was recrystallized from ethanol.
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PentaMeQ and pentaEthQ were obtained from rutin or
quercetin (Picq et al 1982) by reaction with dimethyl sulfate
or diethyl sulfate in acetone, in the presence of an excess of
potassium carbonate. The compounds were purified by
recrystallization from methanol, ethanol or ethanol-water.

TetraHEQ and pentaHEQ were obtained from the re-
action of quercetin (Courbat & Valenza 1973) in water with
an excess of ethylene oxide in the presence of a catalytic
amount of sodium hydroxide. Depending on reaction time,
we could obtain either tetraHEQ or pentaHEQ, com-
pounds which were recrystallized from methanol.

DiHEQ was obtained by the dealkylation of tetraHEQ
(Courbat & Valenza 1973) by reaction with aluminum
chloride in nitrobenzene and was recrystallized from water.

Reduction of (2R,3R/2S,3S) taxifolin in methanol with
excess of NaBH, gave leucocyanidol.

The purity of all synthetic flavonoids was assessed by
HPLC on reverse-phase C18 column, at a flow rate of
I mL min™" using a gradient of water, adjusted at pH 2
with orthophosphoric acid, and acetonitrile. All com-
pounds were obtained at 97-98% purity.

Apparatus

The HPLC system consisted of a Beckman System Gold,
autosampler module 507, pump 126 solvent module and a
programmable detector module 166. The analytical column
was a reverse-phase LiChrospher C18 column 120 X4 mm,
5 um particle size (Merck, France) and a guard column
C18 10 X4 mm (Merck, France).

The absorbance measurements for the free radical assays
were performed on a Beckman UV-Visible detector (model
65).

Free radical scavenging activity

Superoxide radical assay
The enzymatic system used to produce superoxide radicals
was essentially that described by Hu et al (1995).

To a solution of hypoxanthine (0.2 mM) in phosphate
buffer (0.1 M) pH 7.4, hydroxylamine (0.2 mMm), ethylene-
diamine tetra-acetic acid (EDTA) (0.1 mM) and finally
xanthine oxidase (2.5mU mL™") were added. After in-
cubation at 37°C for 30 min, the dye reagent (300 #g mL™
of sulfanilic acid, 0.75 mg mL™" of a-naphthylamine and
16.7% acetic acid (v/v)) was added. The mixture was
allowed to stand for 30 min at room temperature, and the
absorbance was measured at 550 nm.

As the absorbance is proportional to the quantity of
superoxide produced, the decrease of radical production
was determined by the decrease of absorbance observed
with (A) or without (A,) different concentrations of fla-
vonoid and then expressed as a percentage as follows:

1= [(A,—A)/A,]X 100 (1)

where I is inhibition of superoxide radical production, A is
the absorbance recorded with a given concentration of
flavonoid and A, is the absorbance without flavonoid.
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Xanthine oxidase activity

The interaction between flavonoid derivatives and the
xanthine oxidase in our assay was determined by moni-
toring, at 295 nm, the formation of urate from hypo-
xanthine at 37°C. The production of uric acid was followed
for 2 min in the presence of different concentrations of
flavonoids (0, 10, 50 and 100 gM).

The ratio, R, between the initial rate of production of
uric acid with the enzyme alone (Po) and with the enzyme
and the flavonoid (Px) was determined (R = Px/Po).

R = 1 implies that the flavonoid has no influence on the
enzyme activity under our assay conditions.

R >1 implies enhanced activity and R < 1 implies in-
hibition of the enzyme.

Hydroxyl radical assay

The assay procedure was that described by Zhao & Jung
(1995). The samples were incubated at 37°C for 15 min in
phosphate buffer, pH 7.4 (24 mm NaH,PO,~Na,HPO, in
15 mm NaCl) with deoxyribose (0.6 mm), ascorbic acid
(0.6 mm), hydrogen peroxide (0.855 mm), the substances to
be tested (0-1000 gm) and EDTA  (0.02 mm).
(NH4),Fe(SO,),(0.02 mm) was used to initiate the reaction.

EDTA and (NH,),Fe(SO,), were pre-mixed just before
addition to the reaction mixture.

Cold trichloroacetic acid (1.5 mL of a 2.8% (w/v) sol-
ution) was then added. A 1-mL sample of the incubation
mixture was mixed with 1 mL of thiobarbituric acid (TBA)
reagent (1% w/v, in 0.05 M NaOH), followed by heating at
100°C for 15 min and subsequent cooling to room tem-
perature. The absorbance at 532 nm was measured against
appropriate blanks.

For the substances with low water solubility, we prepared
a dispersion of the substance in gum arabic.

The method is based on the specific reaction of deoxy-
ribose with hydroxyl radicals generated from ascorbic
acid/Fe**/EDTA. This produces malondialdehyde
(MDA) which can be evaluated by reaction with TBA.

The absorbance at 532 nm is proportional to the quantity
of MDA produced. This is proportional to the degradation
of deoxyribose, which is in turn proportional to the pro-
duction of hydroxyl radicals, as follows:

dA/dt oc —d[D]/dt oc d[-OH]/dt )

If the production of hydroxyl radicals is independent of the
presence or absence of the scavenger (S) (i.e. if Vi, = Vop)
the rate constant for the reaction of a given scavenger with
hydroxyl radicals can be determined using the following
equation :

/A = 1/A,(1+{k[S]/(kp{D} +ky)}) 3)

where A is the absorbance recorded with a given con-
centration of the scavenger (S), A, is the absorbance
without the scavenger, [D] is the concentration of deoxy-
ribose (0.6 mMm in our experiment), k, and kg are the rate
constants of deoxyribose (Buxton et al 1988) and of studied
compound, respectively and k, is a constant depending on
the experimental conditions and representing the part of
hydroxyl radical that reacts with reagents in the assay

mixture other than deoxyribose, such as Fe**-EDTA, H,0,.
So, the rate constant can be expressed as:

Ay/A = 1(1+{k[S]/ (kp{D} +ky)}) 4)

and determined by plotting of A,/A against 1/[S] for
various concentrations of test compounds (between 100
and 600 gM).

Hydroxyl radical production

The degradation of deoxyribose by flavonoids was followed
by the procedure described above, either in pH 7.4 phos-
phate buffer either without any radical generating system,
or with iron-EDTA-ascorbic acid. Each experiment was
then repeated with 300 U of SOD or 1000 U of catalase.

Inhibition of lipid peroxidation

Rat liver microsomal preparation

Liver microsomes were prepared according to Ubeaud et al
(1995) from male Wistar rats, 240-260 g. Pooled liver
samples (n = 5) were thawed and homogenized at 4°C at
10000 g in a Tris-HCI buffer (50 mm, pH 7) containing
250 mM sucrose (40 mL buffer for 10 g liver). The homo-
genate was centrifuged at 9000 g for 15 min at 4°C. The
supernatant was then centrifuged at 27000 g for 15 min at
4°C. The new supernatant was centrifuged at 105000 g for
60 min at 4°C, then washed in a pH 7.25 buffer at containing
0.1 M sodium pyrophosphate and 0.001 M EDTA. After a
second centrifugation at 105000 g for 60 min at 4°C, the
pellet was resuspended in an appropriate volume of pH 7.4
buffer containing 0.1 M sodium pyrophosphate. Micro-
somal suspensions were then stored shock-frozen in liquid
nitrogen.

The microsomal protein content was determined using
Bradford’s method (Bradford 1976). The incubations for
the ABAP model were performed by using 1 mg mL™" of
microsomal protein in 0.1 M phosphate pH 7.4 buffer.

Non-enzymatic lipid peroxidation

Before use, the microsomal fractions were heated at 100°C
for 90 s to deactivate the enzymatic factors. All solutions
were freshly prepared in dimethyl sulfoxide (DMSO) or
distilled water. The maximum DMSO concentration in the
final incubation mixture was 2% , which was found to have
no influence on the assay. The reaction was initiated by the
addition of ABAP, (10 mM final concentration) prepared in
Tris-HCI buffer just before use. The mixture was then
incubated at 37°C for 90 min and lipid peroxidation was
evaluated by detection of the MDA formed by the TBA
assay.

As the absorbance is proportional to the quantity of
peroxyl radicals produced, the decrease of radical pro-
duction was determined by the decrease of absorbance
observed with (A) or without (A,) different concentrations
of flavonoid and then expressed as a percentage as follows :

1= [(A,~A)/A]X100 5)
where I is inhibition of peroxyl radical production, A is the

absorbance recorded with a given concentration of flavo-
noid and A, is the absorbance without flavonoid.



Statistical analysis

For each concentration of flavonoid tested for anion super-
oxide and peroxyl radical production (10-100 um for
superoxide anion, 100-1000 um for peroxyl radical) the
inhibition percentage is the average of three different
experiments.

The IC50 values (concentration giving 50% inhibition
of radical production) were determined by regression
analysis. All values were expressed as the mean=+s.e.m. of
three different experiments.

The ratio, R, used to determine the interaction between
flavonoid derivatives and the xanthine oxidase activity,
was analysed by a variance analysis followed by Student’s
t-test with a level of significance of P < 0.05.

The hydroxyl radical scavenging rate constant was de-
termined by linear regression analysis of degradation of
deoxyribose versus flavonoid concentration.

The kg values were expressed as the mean=s.e.m. of
three different experiments repeated three times.

Results and Discussion

Superoxide radical scavenging activity

According to the IC50 values reported in Table 2, the most
potent compounds are those having a free catechol group
on the B-ring (i.e. quercetin, rutin and their monoalkylated
derivatives). The activity dramatically decreases for com-
pounds where one or both of the two hydroxyls on the C3’
and C4' positions are substituted (i.e. groups I-IV), con-
firming the importance of the free catechol moiety.

Blockage of the hydroxyl at C7 has a slightly negative
effect on rutin (monoHER, monoMeR and monoEthR vs
rutin), but it enhances quercetin activity (monoMeQ and
monoHEQ vs quercetin).

However, considering compounds of group III, we ob-
serve that the nature of the alkyl group on the C7 hydroxyl
does not significantly influence the scavenging activity.
This is also true when all hydroxyls are substituted
(pentaHEQ vs group IV compounds). Furthermore, the
aglycones (quercetin and quercetin derivatives) show a
higher activity than the corresponding glycosides (rutin
and rutin derivatives), indicating that the 3-OH group is
important. However, the effect of this glycoside substi-
tution is of little importance compared with that of the
catechol moiety. Rutin retains a good scavenging activity.

The C2-C3 bond can be saturated or unsaturated (quer-
cetin vs taxifolin or luteolin vs eriodictyol). This has no
influence on superoxide radical scavenging, while the re-
duction of the C4 carbonyl function (taxifolin vs leuco-
cyanidol) causes a slight decrease in activity.

Xanthine oxidase activity

To be sure that the observed effect of the flavonoids on our
hypoxanthine—xanthine oxidase assay was caused by super-
oxide scavenging and not by the inhibition of radical
production via inhibition of the enzyme, we investigated
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the possible interactions between flavonoids and xanthine
oxidase.

The enzyme activity in our assay was evaluated by
spectrophotometric measurement of the uric acid formed
from hypoxanthine, in the presence of different concen-
trations of flavonoids (0, 10, 50 and 100 xMm).

It is well known that some flavonoids (Costantino et al
1992 ; Chang et al 1993 ; Cotelle et al 1996 ; Cos et al 1998),
especially quercetin, inhibit xanthine oxidase, but in our
assay most of the compounds had no influence on enzyme
activity. Only triHER and pentaHEQ (at concentrations of
50 and 100 M) enhanced the enzyme activity, suggesting
that their superoxide radical scavenging activity was under-
estimated in our model. However, these compounds had an
IC50 value superior to 100 #M. Although their activity may
be better than it appears here, it is still, in any case, low.

Taxifolin, eriodictyol (at 10-100 x#M) and monoMeQ (at
100 #m) inhibit the enzyme. For these compounds the
scavenging activity was overestimated in the model. How-
ever, the IC50 of monoHEQ (< 10 M) actually reflects
scavenging rather than the inhibition of production, since
no inhibition of xanthine oxidase was observed at 10 gM.

For taxifolin and eriodictyol, the IC50 values were close
to 10 um (Table 2) and at this concentration an inhibition
of xanthine oxidase has been observed. These compounds
appear more active than they might be in reality. So, the
C2-C3 double bond seems to be an important structural
element for free radical scavenging.

In these conditions, the most active compounds appear
to be the mono-alkylated derivatives of quercetin, com-
pounds having a catechol moiety, a C4 carbonyl function
and the C3 hydroxyl, free or substituted. Literature results
are quite contradictory on the subject of the C3 hydroxyl,
some (Sichel et al 1991 ; Hu et al 1995; Cotelle et al 1996)
stating that this hydroxyl must be free, while others (Robak
& Gryglewsky 1988 ; Yuting et al 1990) state that it can be
substituted.

The role of the C2—-C3 double bound is uncertain. It is
probably important for the dihydro compounds such as
taxifolin and eriodictyol, which inhibit the production of
superoxide radicals at a concentration similar to their [C50
value, making them appear more active than they are.

However, we have shown that the C7 hydroxyl can be
substituted with different alkyl groups. This enhances the
superoxide scavenging activity of the compounds that have
free hydroxyl at C3.

Hydroxyl radical scavenging activity

The hydroxyl radical scavenging capacities were evaluated
using the Fenton reaction, a simple test tube reaction
allowing the rate constant to be determined. However, it
was noted that all organic compounds react with hydroxyl
radicals with a rate constant (ki) between 10’ and
10" m~'s™'. Thus, these values have no significance in
isolation but are useful for the comparison of the in-vitro
scavenging activity of compounds with similar structures.

The kg values of hydroxyl radical scavenging are given in
Table 3. The kg value obtained for mannitol, used as a
reference, is similar to the values presented in the relevant
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Table2 1C50 valuesoftested compoundsfor superoxide radical generationin the hypoxanthine/xanthine

oxidase system.

Compounds IC50 (um) Xanthine oxidase activity
Our results Robak & Gryglewsky (1988) (M)
Group I
Rutin 1746 37.8+0.9 NM
MonoHER 31+4 Activated at 100 gm
DiHER >100 NM
TriHER >100 39.5+1 Activated at 50 and 100 M
TetraHER >100 NM
Group II
Quercetin 1948 10.0+1.1 NM
MonoHEQ 6+1 NM
DiHEQ >100 NM
TriHEQ >100 NM
TetraHEQ >100 NM
PentaHEQ >100 Activated at 50 and 100 M
Group IIT
MonoMeR 3446 NM
MonoEthR 3949 NM
MonoMeQ 742 Inhibited at 100 zm
Group IV
PentaMeQ > 100 NM
PentaEthQ >100 NM
Group V
Luteolin 17+4 NM
Group VI
Taxifolin 93404 Inhibited at 10 and100 gm
Leucocyanidol 20+1 NM
Eriodictyol 7.440.7 Inhibited at 10 and100 gm

IC50 values are expressed as the mean values+s.e.m. of three separate experiments (each experiment was
carried out in triplicate). NM, no modification of the enzyme activity by the flavonoid.

literature (Goldstein & Czapski 1984). For rutin and its
derivatives, the rate constant of hydroxyl radical
scavenging seems to increase with the number of hydroxy-
ethyl groups present, in accordance with Haenen et al
(1993).

Surprisingly, in general the hydroxyethyl groups were
more effective than free hydroxyl groups in the scavenging
activity determined by our Fenton assay. However, the
substitution of the hydroxyl on position 5 (tetraHER vs
triHER ) did not increase the scavenging ability.

For the quercetin derivatives, only the kg for tetra- and
penta-substituted compounds has been determined. For
the other compounds, the A,/A plot was non-linear,
making it impossible to determine a constant rate and
suggesting that the compounds may interfere with the
hydroxyl radical production system. The plot of A,/A is
linear only if the rate of hydroxyl radical production is
independent of the presence or absence of the scavenger (S)
(.e., if V5, = Vo) A difference between V§, and
V,ouq may be caused by the flavonoids interfering with
the radical production system, probably either by iron
ion chelation or by stimulating radical production. The
degradation of deoxyribose for different concentrations
of flavonoids was indeed higher than without flavonoids,

suggesting that these compounds may interfere with
hydroxyl radical generation by being pro-oxidant.

In fact, several flavonoids with a B-ring catechol moiety,
such as quercetin, myricetin and baicalein, have been
reported to oxidize at physiological pH and then to pro-
mote hydroxyl radical generation in the Fenton reaction
(Hodnick et al 1988; Canada et al 1990; Hanasaki et al
1994 ; Miura et al 1998). So, the kg values determined in
Table 3 are apparent rates resulting from two opposite
phenomena : hydroxyl radical scavenging and radical pro-
duction.

Increasing the number of hydroxyethyl groups seems to
favour scavenging activity and to decrease the possibility
of pro-oxidant behaviour. So the most potent compounds
are the poly-alkylated ones, precisely because in these cases,
kg values reflect just the scavenging phenomenon.

The scavenging ability of rutin, triHER and tetraHEQ,
compared with the radical generation activity of quercetin
and triHEQ), indicate that the free hydroxyl at position 3 is
implicated in the pro-oxidant mechanism whether the
catechol group is free or substituted.

Haenen et al (1993) have shown that, in the Fenton
assay, the order of hydroxyl radical scavenging activity of
HER was reversed by omitting EDTA. These authors
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Table 3 Rate constants for the reaction of hydroxyl radicals with tested compounds.

Compounds Rate constant k, (M ' s71)
Our results Haenen et al (1993) Rekka & Kourounakis (1991)
Mannitol 1.8840.18 (X 10°%) 2.84+1.7X10°
Group I
Rutin 4.140.4 (X10%)
MonoHER 4.540.2 (X10%) 3.942.2X10° 13.6+1.1x10"
DiHER UR* 8.243.5X10° 241X10"
TriHER 8.040.1 (X10%) 10.242.9X10° 2.1+1.1x10"
TetraHER 8.04+0.2 (X10%) 11.1+2.2X10° 1.840.7X10'°
Group II
Quercetin UR
MonoHEQ UR
DiHEQ UR
TriHEQ UR
TetraHEQ 0.940.1 (X10%)
PentaHEQ 1.340.3 (X10%)
Group IIT
MonoMeR 1.140.5(X10%)
MonoMeQ UR
Group IV
PentaMEQ 1.240.2 (X10%)
PentaEthQ UR*
Group V
Luteolin 1.5440.14 (X 10%)
Group VI
Taxifolin 2.340.2 (X10%)
Leucocyanidol ~ 3.87+1.10 (X 10%)
Eriodictyol 3.06+0.14 (X 10°)

k, values are expressed as the mean valuests.e.m. of three separate experiments (each experiment was
carried out in triplicate). UR, unexploitable results, UR*, unexploitable results due to water solubility

problems.

explained that this change could be due to a difference in
iron chelating activity. However, another explanation
could be proposed. Earlier reports (Laughton et al 1989
Puppo 1992) indicate that the stimulatory effect of flavo-
noids on free radical production occurred in the presence
of Fe—~EDTA complex, but not with iron alone, or with
ADP or citrate complexes. So, the generation of hydroxyl
radicals depends on the type of chelator and the con-
centration of the complex (Kachur et al 1998).

It has been suggested that iron complexation with EDTA
may alter the redox potential of iron ions and so facilitate
the oxidation of flavonoids. The hydroxyl scavenging rate
constant would then appear lower than it should be,
whereas without EDTA, no pro-oxidant activity would
occur and free radical scavenging activity would be
favoured.

Hydroxyl radical production

To elucidate the mechanism of quercetin pro-oxidant ac-
tivity that gives the alkyl derivatives of quercetin their pro-
oxidant activity, the hydroxyl radical production in our
deoxyribose assay (pH 7.4 phosphate buffer solution) was
measured without any radical generating system, but with
300 U of SOD or 1000 U of catalase.

The hydroxyl radical generating activity of monoHEQ
and triHEQ was shown to be strongly concentration de-
pendent (Figure 1). The addition of 300 U of SOD or
1000 U of catalase (data not shown) reduced radical for-
mation by monoHEQ and diHEQ, but had no influence on
triHEQ.

These results suggest that superoxide radicals and hy-
drogen peroxide are involved in the pro-oxidant activity of
monoHEQ, but not in that of triHEQ.

Several studies (Hodnick et al 1988 ; Canada et al 1990 ;
Miura et al 1998) have shown that some flavonoids, possess-
ing a pyrogallol or catechol moiety, were able to enhance
hydroxyl radical generation (inhibited by catalase and
SOD), by producing superoxide radicals and hydrogen
peroxide during their auto-oxidation. Based on the auto-
oxidation mechanism proposed for quercetin by different
authors (Miura et al 1998 ; Jovanovic et al 1998), we can
propose a similar mechanism for mono-alkylated deriva-
tives of quercetin (Figure 2). Figure 2 shows clearly the
involvement of superoxide in hydrogen peroxide pro-
duction. Hydrogen peroxide can then generate hydroxyl
radicals by iron traces present in the buffer solution.

The pro-oxidant activity of dIHEQ is less marked than
that of monoHEQ, probably because of its single B-ring
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hydroxyl. However, the involvement of superoxide radicals
and hydrogen peroxide suggests that its hydroxyl radical
production involves a mechanism similar to that described
for monoHEQ.

For triHEQ, as neither superoxide radicals nor hydrogen
peroxide are implicated in the pro-oxidant activity, a quite
different mechanism must be in place. Since the catechol
moiety is substituted, the mechanism may involve the C3
hydroxyl and the 4-oxo function. For such compounds, no
pro-oxidant mechanism has as yet been proposed in the

0.254

Absorbance

0 0.1 0.2 0.3 0.4 0.5 0.6
Concn (mm)
Figure 1 Degradation of deoxyribose by quercetin and its hydroxy-

ethyl derivatives in the phosphate buffer, pH 7.4. B, MonoHEQ; A,
triHEQ ; @, diHEQ; x, quercetin; ---, pentaHEQ.

literature. Nevertheless, the reactivity of the hydroxyl at
the C3 position has previously been pointed out by several
different authors (El-Sukkary & Speier 1981 ; Brown et al
1982 ; Takahama 1987) as an important element in the
oxygenation of 3-hydroxyflavones.

Hydroxyflavones, such as quercetin, may be oxidatively
decarbonylated to the corresponding phenylglyoxylic
acids, using the enzyme quercetinase. This can also be
achieved in-vitro by treatment with a strong base in oxy-
genated aprotic solvents, or by the action of superoxide
radicals generated by electrochemical reduction of oxygen.
Brown et al (1982) have suggested that this oxygenation
could involve the concerted addition of oxygen to the enol
system, with the formation of an oxohydroperoxy inter-
mediate. A mechanism can be proposed based on the
supposition that the production of hydroxyl radicals from
triHEQ is a consequence of oxygenation by the addition of
oxygen reactive species, involving an oxohydroperoxy in-
termediate and transition metals (contamination from the
substrate or from the buffer) (Figure 3).

Despite these explanations, the structural requirements
for pro-oxidant activity can not be proposed. The activity
complies with the redox properties of this series of com-
pounds. Surprisingly, quercetin generates as many radicals
as pentaEthQ, but clearly less than monoHEQ. This is
perhaps because monoHEQ is a more powerful superoxide
scavenger, leading to an enhanced production of hydroxyl
radicals (by the mechanism describe in Figure 2).
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Figure 2 Postulated mechanism for auto-oxidation of monoHEQ.
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‘OH -

RO
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Oxygenation . ’
Transition metal catalysis

Figure 3 Postulated mechanism for hydroxyl radical production by triHEQ.

As mentioned by Canada et al (1990), the B ortho-
dihydroxy configuration is not in itself a predictor of
oxidation potential, nor is it a predictor of radical gen-
eration properties. Rather than simply the structure, we
should take into account the stability of the phenoxyl
radical formed after scavenging. Here the C2-C3 double
bond and the hydroxyl on position 3 are of importance,
giving the flavonoids the ability to propagate chain
reactions.

The auto-oxidation of flavonoids at physiological pH
seems to be the key process in their in-vivo toxicity, not
only by promoting free radical production, but also by
their possible conversion to electrophilic pro-oxidant via
quinone /quinone methides formation (Boersma et al 2000 ;
Awad et al 2000, 2001). Consequently, flavonoids should
not be considered systematically as antioxidants, even if
under in-vivo conditions, hydroxyl radicals generation by
Fenton reaction seems of minor importance (Saran et al
2000).

Inhibition of lipid peroxidation

Based on their IC50 values (Table 4), the most active
compounds are those having free hydroxyl in the B-ring
(except dAIHEQ and triHEQ). This highlights, as has been
previously described by other authors (Van Acker et al
1998 ; Van den Berg et al 2000), the high reactivity of the C3
hydroxyl when the catechol group is substituted.

The blockage of one or two of the B-ring hydroxyls of
the compounds of groups I and II strongly reduces their
scavenging activity.

For group V and VI compounds, it appears that the
presence of the C2-C3 double bond is not essential for
compounds lacking the hydroxyl at position C3 (luteolin vs
eriodictyol). However, when this hydroxyl is present (quer-

cetin vs taxifolin), the saturation of the double bond causes
a reduction in scavenging activity. In other words, the
presence of the C3 hydroxyl enhances the scavenging
activity when the C2-C3 bond is unsaturated, but has no
influence when the bond is saturated.

Substitution of the hydroxyl at the C3 position by a
glycosyl group (rutin vs quercetin) or by a hydroxyethyl
group (triHEQ vs tetraHEQ) caused a decrease in peroxyl
radical scavenging ability.

For mono-alkylated rutin and quercetin derivatives, the
C7 hydroxyl is not essential for activity and can be sub-
stituted by different alkyl groups confirming previous ob-
servations (van Acker et al 2000). Methyl and hydroxyethyl
groups give the same activity, but an ethyl group seems to
enhance peroxyl scavenging. This may be because the
compound is thus more lipophilic and can penetrate deeper
in the membrane layer to scavenge radicals.

Conclusion

Many studies have been conducted to elucidate the
structure—antioxidant activity relationship for natural
flavonoids. Despite some contradictory results, a general
agreement has been reach on structural requirements for
free radical scavenging.

The results obtained in this study on semi-synthetic
flavonoids are in agreement with previous findings.

Luteolin and quercetin possess all the structural require-
ments for potent antioxidant activity. Furthermore, we
have shown that the C7 hydroxyl is not essential for
superoxide and peroxyl radical scavenging and that it can
be substituted by lipophilic alkyl groups, which indeed
actually enhance quercetin’s scavenging activity.

However, this study highlighted the pro-oxidant be-
haviour of some flavonoids, in a Fenton reaction system,
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Table 4 1IC50 values for ABAB-induced lipid peroxidation.

Compounds IC50 (um)
Our results Rekka & Kourounakis Van Acker et al Van den Berg et al Robak & Gryglewski
(1991) (1998) (2000) (1988)
Trolox C 21.104+0.10
Group I
Rutin 3343 12.88 71.940.5
MonoHER 27.740.2 32 12.58 15.0+1.8
MonoEthR 15.74£0.7
DiHER 870450 700 316.22 21012
TriHER > 1000 > 1000 290424 123.240.9
TetraHER > 1000 >1000 62004200
Group II
Quercetin 1442 17 7.58 9.440.6
MonoHEQ 1342
DiHEQ 34.540.6
TriHEQ 423409 26 13.0+1.4
TetraHEQ > 1000
PentaHEQ > 1000
Group IIT
MonoMeR 25+4
MonoMeQ 1342
Group IV
PentaMeQ > 1000
PentaEthQ > 1000
Group V
Luteolin 11+1 11.78
Group VI
Taxifolin 30+1 13.80
Leucocyanidol 23+1
Eriodictyol 16.53+0.06

IC50 values are expressed as the mean values+s.e.m. of three separate experiments (each experiment was carried out in triplicate).

involving superoxide radicals or hydrogen peroxide. This is
probably a consequence of auto-oxidation catalysed by the
iron-EDTA complex, through superoxide radical and hy-
drogen peroxide production.

Although the structural features conferring pro-oxidant
activity are not quite clear, it is evident that, to avoid pro-
oxidant activity, the 3 OH should be blocked to prevent its
auto-oxidation and to prevent the possible formation of
reactive alkylating product.

While the rutin derivatives (HER) were at first prepared
simply to enhance the water solubility of rutin, this study
has shown that the choice of the C7 and C3 positions for
substitution is an excellent one, giving potent compounds.
Such flavonoids are more lipophilic, allowing both a maxi-
mum peroxyl scavenging activity and an easy uptake into
the membrane.

This study highlighted the fact that flavonoids cannot be
considered solely as anti-oxidants. They can act as both
antioxidant and pro-oxidant, depending on their concen-
tration and on reaction conditions. Moreover, as the toxic
effects of some flavonoids are thought to be the result of
their pro-oxidant behaviour, careful examination of their

antioxidant activity should be undertaken in different
reaction conditions before planning any therapeutic use,
even though other antioxidants (vitamin E and vitamin C)
have shown pro-oxidant properties in-vitro and undoubt-
edly have favourable biological activity.
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