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Abstract—Inhibitory effects of flavonoids rutin and quercetin on ferrous ion-dependent lipid per-
oxidation of lecithin liposomes and NADPH- and CCl,-dependent lipid peroxidation in rat liver
microsomes were studied to elucidate the chelating and free radical scavenging activities of these
compounds. The intercation of rutin with superoxide ion and ferrous ions and the reaction of guercetin
with lipid peroxy radicals were also studied. Both flavonoids were significantly more effective inhibitors
of iron ion-dependent lipid peroxidation systems due to chelating iron jons with the formation of inert
iron complexes unable to initiate lipid peroxidation. At the same time, iron complexes of flavonoids
retained their free radical scavenging activities. The chelating mechanism of inhibition was more
important for rutin than for quercetin. The mutual effect of rutin and ascorbic acid on non-enzymatic
lipid peroxidation was also studied. It was concluded that rutin and quercetin are able to suppress free
radical processes at three stages: the formation of superoxide jon, the generation of hydroxyl (or crypto-

hydroxyl) radicals in the Fenton reaction and the formation of lipid peroxy radicals.

Flavonoids are widely distributed vegetable pigments
possessing P vitamin activity. They are expected to
be promising potential drugs for combating “free
radical” pathologies such as ischaemia, anaemia,
arthritis, asbestosis, and so on because, being gen-
erally non-toxic natural compounds, they possess
both antiradical {anti-oxidative) and chelating prop-
erties. As phenolic compounds, flavonoids can scav-
enge free hydroxyl and peroxy radicals (Reactions 1
and 2); on the other hand, as metal-chelating agents,
they may extract iron ions and, by this, depress the
superoxide-driven Fenton reaction (Steps 3 and 4)
which is currently considered as the most important
route to active oxygen radicals.

ROO: + F-OH— ROOH + FI-0O- (1)
HO- + F-OH— H,0 + FI-0O- (2)
05 + Fe’* > O, + Fe?* 3

Fe?* + H,0,— Fe™* + HO- + HO-  (4)

Flavonoids may also react with superoxide ion via a
one-glectron transfer mechanism or a “concerted”
mechanism [1] (with O3 abstracting simultaneously
a hydrogen atom and a proton from the hydroxy
groups).

Antioxidative effects of flavonoids on the CCly-
and NADPH-dependent lipid peroxidation in rat
liver microsomes and mitochondria [2-4], the lysis
of human erythrocytes [5], the autoxidation of lino-
leic acid and methyl linoleate [6], the lipid per-
oxidation in human erythrocytes {7] and illuminated
spinach chloroplasts [8] have already been studied.
Recently, antioxidative properties of flavonoids was
studied on the basis of their inhibiting effects on

* To whom all correspondence should be addressed.

Quercetin R=H
Rutin R = p-Glucose-1.-Rhamnose

Fig. 1. The molecular structures of rutin and quercetin.

CCldependent chemiluminescence in rat liver [9].
There are also some data concerning chelating prop-
erties of flavonoids [10]. On the other hand, some
flavonoids may apparently manifest pro-oxidant
action [7, 11]. In this work we were chiefly concerned
with elucidating the mechanism of antiradical action
of two practically important flavonoids, rutin and
quercetin using various non-enzymatic and enzy-
matic lipid peroxidation systems. The results
obtained are discussed in connection with the possi-
bility of using these drugs for treating “free radical”
pathologies.

MATERIALS AND METHODS

Chemicals. Rutin, ascorbic acid and egg lecithin
were of U.S.S.R. production. Quercetin and
soybean lipoxygenase were from the Sigma Chemical
Co. (8t. Louis, MO), linoleic acid was from P.-L.
Biochemical Inc. (Milwaukee, WI) cytochrome ¢ and
NADPH were from Reanal (Hungary).

Preparation of lecithin liposomes. Lecithin lipo-

1763



1764
I No ascorbic acid
Vs

/‘—{‘—“‘

2 0.5 mM ascorbic acid

a—t

0
!

pumoles MDA/mg lacithin

Py
. 2 ss ma |

i i i
o a5 [RY) .5

FeSO {mM)

Fig. 2. Ferrous ion-dependent lipid peroxidation of lecithin

liposomes as a function of ferrous ion concentration. (1)

Without ascorbic acid. (2) 0.5 mM ascorbic acid was added.

Liposomes were incubated with FeSO, at 25° for 60 min in
phosphate buffer (pH 7.4).

somes were prepared by the method of Fukuzawa
et al. {12]. Egg lecithin (25mg) was dissolved in
chioroform (0.2 ml), evaporated to dryness under
nitrogen and dispersed in 0.05M phosphate buffer
(5.8 mi), pH 7.4. The suspension was subjected to
ultrasonic treatment in a MSE Soniprep 150 and was
stored at 0°.

Preparation of rat liver microsomes. Young adult
Wistar rats {130~180 g) were fasted over 24 hr. The
livers were removed under ether anesthesia and
washed with 0.9% NaCl. When the livers were clear,
(1:3) homogenates were prepared and centrifugated
at 12000 g for 20 min. The supernatant obtained was
centrifuged at 105000 g for 60 min. The microsomes
were stored at —20°,

* Abbreviations used: RLM, rat liver microsomes:
MDA, malonaldehyde; DMSO, dimethylsulfoxide; DMF,
3,5-di-tert-butyl-4-

dimethylformamide; BHT,

hydroxytoluene.
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Non-enzymatic lipid peroxidation of lecithin lipo-
somes. Liposomes (0.03 mg lecithin/ml) were incu-
bated at 25° for 60 min with FeSO, (5 uM-2 mM),
ascorbic acid (0-2 mM) and rutin (0-1 mM) in phos-
phate buffer (0.05 M)}, pH 7.4 (3 ml final solution).
Lipid peroxidation was terminated by adding 0.5 ml
of 0.5M trichloroacetic acid and 0.2ml 0.1M
EDTA. After this, 1ml 0.8% (w/v) solution of 2-
thiobarbituric acid was added, and the solution was
heated at 100° for 15 min. After centrifugation of
precipitated proteins, the malonaldehyde content
was determined by measuring the absorbance of the
adduct at 532 nm (e = 1.56 X 10%/M/em) [13].

Carbon tetrachloride-dependent lipid peroxidation
of rar liver microsomes. Rat liver microsomes
{RLM)* (1.2-1.3 mg protein/ml) were incubated at
37° for 7.5min with CCl, {3.4mM), NADPH
(I mM), Na(l 20mM), and EDTA (0.6 mM) in
phosphate buffer (0.005M), pH 7.4 (Sml of final
solution), Carbon tetrachloride was added in ethanol
solution [final concentration of ethanol 2% (w/v)].
Subsequent treatment of reaction mixture and deter-
mination of malonaidehyde (MDA) was carried out
as described above.

NADPH-dependent lipid peroxidation of rat liver
microsomes. RLM (1.2-1.3mg protein/mi} were
incubated at 37° for 7.5 min with NADPH (0.3 mM),
NaCl (20 mM), FeSO, {10 4M) in phosphate buffer
{0.05 M), pH 7.4 (5 ml of final solution). Subsequent
treatment and determination of MDA are described
above.

In all experiments with RLM rutin and quercetin
were added in DMSO solution | final concentration
of DMSO 2% (w/v)].

Demerhylation of aminopyrine by rat fiver micro-
somes. RLM (4-5mg protein/ml) were incubated
at 37° for 15 min with aminopyrine (0.04-0.4 mM),
NADPH (2 mM) and MgCl, {16 mM) in Tris-HCI
buffer (0.04 M}, pH 7.6 {1 mi of final solution). The
formaldehyde formed was measured using the Nash
reaction {14].

Reaction of superoxide ion with rutin. The super-
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Fig. 3. Effect of rutin on ferrous ion-dependent lipid peroxidation of lecithin liposomes. (1} Without
rutin. (2) 0.1 mM rutin. (3) 0.3 mM rutin. (4} 0.9 mM rutin.
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Fig. 4. Effects of rutin and ascorbate on ferrous ion-dependent lipid peroxidation of lecithin liposomes.
Left: 0.05 mM rutin and 0.075 mM ascorbic acid. Right: 0.05 mM rutin and 0.5 mM ascorbic acid.

oxide ion was obtained by the electrochemical
reduction of dioxygen in acetonitrile with tetra-
butylammonium perchlorate as the supporting elec-
trolyte [15]. After electrolysis, the superoxide
concentration was equal to 1-10mM. Rutin was
dissolved in DMF (0.5-1 mM). The reaction between
the superoxide ion and rutin was completed immedi-
ately after mixing the solutions in the cell of a spectro-
photometer.

Reaction of lipid peroxy radicals with quercetin
and rutin. The hydroperoxide of linoleic acid was
obtained by the oxidation of linoleic acid catalyzed
by soybean lipoxygenase [16]. Linoleic acid hydro-
peroxide (6 uM) was incubated at 37° with quercetin
or rutin (15 uM), cytochrome c¢ (0.4 mg protein/ml)
and EDTA (0.1 mM) in 0.05M phosphate buffer,
pH 7.4 (3.0 ml of final solution). The reaction was
followed spectrophotometrically.

Optical spectra were recorded on
photometers Cary 219 and Specord M 40.

spectro-

RESULTS

Non-enzymatic lipid peroxidation of lecithin lipo-
somes

The ferrous ion-dependent lipid peroxidation of
lecithin liposomes increased with increasing ferrous
ion concentration within the range of 0.02-2.0 mM
(Fig. 2, Curve 1), the rate of lipid peroxidation being
levelled off over 1 mM FeSO,. From Fig. 2, ascorbic
acid had a double effect on lipid peroxidation: it was
a pro-oxidant at low iron ion concentrations (0.02—
0.4 mM) and an antioxidant at high iron ion con-
centrations (more than 0.4 mM).

These findings indicate that simultaneous appli-
cation of flavonoids and ascorbic acid in the ferrous
ion-dependent lipid peroxidation must lead to a com-

plicated effect. Indeed, we found that rutin alone
decreased lipid peroxidation of lecithin liposomes
in a concentration-dependent manner (Fig. 3). But
mutual effect of rutin and ascorbic acid depended on
ferrous ion concentration (Fig. 4). It is seen that both
compounds inhibited lipid peroxidation of lecithin
liposomes at high iron ion concentrations (1 mM).
However, as it should be expected, ascorbic acid
acted as a pro-oxidant and rutin acted as an anti-
oxidant at low iron ion concentrations (0.02 mM).
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Fig. 5. Effect of quercetin on lipid peroxidation in RLM.

(1) CCl,-dependent lipid peroxidation. Control (without

quercetin) 0.8 nM MDA /mg protein/min. (2) NADPH-

dependent lipid peroxidation. Control 2nM MDA/mg

protein/min. RLM were incubated with NADPH, CCl,,

NaCl, and EDTA at 37° for 7.5 min in phosphate buffer
(pH 7.4).



1766

20

I CCl,~dependent LP

40

60

Inhibition (%)

80} 2 NADPH-dependent LP

i 1
100 200 300

Rutin (M)
Fig. 6. Effect of rutin in lipid peroxidation in RLM. (1)
CCl~-dependent lipid peroxidation. Control {without rutin)
0.8nM MDA/mg protein/min. {2) NADPH-dependent
lipid peroxidation, Control 2nM MDA/mg protein/min.
RILM were incubated with NADPH, CCl,, NaCl, and
EDTA at 37° for 7.5 min in phosphate buffer (pH 7.4).

NADPH- and CCl-dependent lipid peroxidation in
rat liver microsomes

The effects of rutin and quercetin on the NADPH-
and CCl-dependent lipid peroxidation in RLM were
studied and were compared with that of a classical
antioxidant, 3,5-di-tert-butyl-4-hydroxytoluene
(BHT) (Figs 5 and 6, Table 1). It is seen that lipid
peroxidation was inhibited by these flavonoids in
both cases, quercetin being a more powerful inhibi-
tor, It is also evident that rutin and quercetin inhibit
more strongly the NADPH-dependent lipid per-
oxidation, and by this their behavior differs com-
pletely from that of BHT because Iso values (doses
of inhibitor required to inhibit activity by 50%) for
the latter were the same in both lipid peroxidation
systems {Table 1).

Both flavonoids did not affect the activity of cyto-
chrome P-450 within the whole interval of the con-
centrations used as the amount of formaldehyde
formed during the oxidation of aminopyrine by RLM
did not change in the presence of flavonoids. There-
fore, the inhibition of CCldependent lipid per-
oxidation by rutin or gquercetin is explained
exclusively by their antiradical action.

The interaction of rutin with superoxide ion

Mixing solutions of electrogenerated superoxide
ion and rutin resulted in the immediate dis-
appearance of an absorption maximum of rutin at
360 nm and the appearance of a new maximum at
454nm (Fig. 7). Analogous spectra were also
obtained after treatment of rutin with alkali and
ascorbate anion (data are not shown).

Antiradical activity of flavonoids

To estimate the antiradical activity of flavonoids,
their interaction with free radicals generated in the
decomposition of linoleic acid hydroperoxide in the
presence of cytochrome ¢ was studied. It was found
that quercetin and {more slowly) rutin decomposed

1. B. AFANASEV et al,

Table 1. 15, Values for free radical inhibitors in lipid per-
oxidation systems

15y (M)
NADPH-dependent  CCl,-dependent
Inhibitor lipid peroxidation lipid peroxidation
Quercetin 4.5 6.0
Rutin 16 116
BHT 1.25 1.3

H i 1 H H

i
° 380 400 440 480 520

A {nm}

Fig. 7. Absorption spectra of rutin (1) and a product form-

ing in the reaction of electrogenerated superoxide ion with

rutin in DMF (2). (1) 0.04mM rutin. (2) 0.24mM
rutin + .24 mM O -,

to form the products absorbed in the short-wave
region (Fig. 8). The following mechanism of this
process was proposed

ROOH + cyt-¢** > RO+ + HO™ +cyt-c™ (§)
RO- + ROOH -+ ROH + ROO- (6}

RO- + FI-OH — ROH + FI-O- (7
ROO- + FI-OH — ROOH + FI-0O- 1]

Chelating activity of rutin

The addition of FeSQ, to rutin in phosphate buffer
{pH 7.4) resulted in the shift of a maximum at 360 nm
to the long-wave region. This shift is clearly seen
in differential spectra (Fig. 9). The intensity of a
maximum recorded against the FeSO, solution was
the same as that of an original spectrum of rutin
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Fig. 8. Oxidation of quercetin by the linoleic acid hydroperoxide—cytochrome ¢ system. (1) Absorption

spectrum of quercetin in the absence of hydroperoxide. (2) Absorption spectrum after hydroperoxide

adding. (3), (4) and (5} are absorption spectra 60, 150 and 300 sec after cytochrome ¢ addition. Linoleic

acid hydroperoxide was incubated with quercetin, cytochrome ¢ and EDTA at 37° in phosphate buffer
{pH 7.4).
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Fig. 9. Absorption spectra of rutin and ferrous fon-rutin

complex { phosphate buffer, pH 7.4). (1) Absorption spec-

tram of rutin (22.5 pM). (2) Differential spectrum of ferr-

ous-ion-rutin complex against the FeSO, solution. (3)

Differential spectrum of ferrous ion-rutin complex against
the rutin solution.

(Curve 2). But the most interesting spectrum of
the iron—-rutin complex was obtained when recorded
against the rutin solution (Curve 3). This spectrum
contained new maxima at 420, 279 and 258 nm.
The iron-rutin complex was sufficiently stable, and
its spectrum did not change during the 8 hr or longer.
The rate of its formation depended on the reagent
concentrations: the equilibrium was achieved in 1-
Smin at concentrations =0.1mM and in several
hours at concentrations about 10 uM. Using the tech-

nique of saturation concentrations [17], it was cal-
culated that the iron-rutin complex has a 1:2
stoichiometry in 0.05 phosphate buffer (pH 7.4).

DISCUSSION

The above results show that flavonoids rutin and
quercetin possess indeed a unique ability to inhibit
free radical processesin cells at three different stages:
an initiation (by the interaction with superoxide ion),
the formation of hydroxyl or “crypto-hydroxyl” rad-
icals {by chelating iron ions) and lipid peroxidation
(by reacting with lipid peroxy radicals). We believe
that the reaction of O; with rutin proceeds via a
one-electron transfer mechanism as in the case of
anthracyclines [18, 19]. Indeed, the same product
with a maximum at 454 nm was formed in the reac-
tion of rutin with superoxide ion and ascorbate anion.
This product cannot be an anion because ascorbate
anion is unable to deprotonize phenolic hydroxyls
being much more strong acid than phenols
(pK.(AH;) =4.10, pK,(ArOH}=ca 10 [20]).
Therefore, it must be formed as a result of electron
transfer from OJ and ascorbate anion to rutin.

Scavenging of superoxide ion (generated by xan-
thine oxidase or applied as potassium superoxide)
by quercetin was demonstrated earlier [21] as the
suppression by this flavonoid of the ESR spectrum
of a spin-adduct of O3 with 5,5-dimethyl-1-pyrr-
oline-1-oxide (DMPO). In addition, the destruction
of quercetin by the superoxide ion was observed
spectrophotometrically. It seems to be very probable
that the reaction of superoxide ion with quercetin
proceeds by the same mechanism as with rutin.

The ability of rutin to form the complexes with
iron ions has been shown some time ago [22]. It was
found that the ferrous ion-rutin complex is suf-
ficiently stable at physiological pH values, and there-



1768

fore, its formation may be of an importance in the
iron ion-dependent lipid peroxidation. Indeed, if the
iron-rutin complex was used instead of ferrous salt,
no MDA was formed in the peroxidation of lecithin
liposomes. The absence of pro-oxidant effect of the
iron-rutin complex was recently also shown in the
Fenton reaction and the lysis of erythrocytes induced
by asbestos fibers [23].

The inhibitory action of rutin and quercetin on
lipid peroxidation was clearly demonstrated in all
the peroxidation systems studied. This action is
explained by both chelating and antioxidative prop-
erties of flavonoids, as inhibition was observed at
flavonoid concentrations much smaller than the con-
centrations of ferrous ions. The addition of ascorbate
did not change the mechanism of the inhibitory effect
of rutin, but mutual effects of rutin and ascorbate
depended on ascorbate and ferrous ion concen-
trations (Fig. 4). It is explained by the competition
between pro-oxidant (at low ascorbate and ferrous
ion concentrations) and antioxidant (at high ascor-
bate and ferrous ion concentrations) effects of ascor-
bic acid on lipid peroxidation expressed by Reactions
8 and 9, respectively

AH, + Fe’ — AH- + Fe?* + H* (8)
AH, + ROO- - AH- + ROOH  (9)

The estimate of chelating and antioxidant con-
tributions in the total effect of flavonoids on free
radical processes can be made from comparison of
microsomal NADPH- and carbon tetrachloride-
dependent lipid peroxidation. It is known that micro-
somal NADPH-dependent lipid peroxidation is cata-
lyzed by NADPH cytochrome P-450 reductase and
proceeds in the presence of iron ions [24]. On the
other hand, the activation of carbon tetrachloride
takes place on cytochrome P-450 and does not need
iron ions [25]. Therefore, one may expect that the
chelating action of flavonoids must be more promi-
nent in the case of NADPH-dependent lipid per-
oxidation.

As seen from Figs 5 and 6, it is true for both
flavonoids studied. If the difference in inhibitory
activity of flavonoids in both lipid peroxidation sys-
tems can be considered as a measure of their chel-
ating properties, then it is obvious that the chelating
mechanism of inhibition is more important for rutin
than for quercetin. A stronger total inhibitory effect
of quercetin in both peroxidation systems is possibly
due to its additional active phenolic hydroxyl. It is
also interesting to compare the inhibitory effects of
rutin and quercetin with that of BHT which does not
have chelating properties. It is seen from Table 1
that this antioxidant is equally effective in both per-
oxidation systems. Therefore, stronger inhibitory
effects of rutin and quercetin on NADPH-dependent
lipid peroxidation in RLM are really explained by
their chelating properties.

Thus, the ability of rutin and quercetin to react
with superoxide ion and lipid peroxy radicals and to
form iron complexes which are unable to catalyze
the formation of active oxygen radicals but retain
their antioxidative function indeed indicates the
possibility of the use of these flavonoids for com-
bating free radical pathologies. Their therapeutic

1. B. AFANAS’EV et al.

significance may be much more than that of such a
“strong” synthetic antioxidant as BHT, because they
(especially, rutin) are non-toxic and may inhibit free
radical processes at various stages.
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