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Quercetin, dihydroquercetin, and rutin are capable
of scavenging superoxide anion (rate constants of the
reaction with superoxide at pH 10 were 1.7 x 105, 1.5 x
105, and 0.5 x 105 M - 1 s - 1 respectively). At the same
time rutin and quercetin but not dihydroquercetin are
iron ion chelators. These substances were used to elu-
cidate the role of radical scavenging and iron chelat-
ing in flavonoid protection against asbestos-induced
oxidative cellular injury. Exposure of rat peritoneal
macrophages to chrysotile asbestos fibers resulted in
"frustrated" phagocytosis, cell injury, and a LDH re-
lease. Quercetin, dihydroquercetin, and rutin were ef-
fective in protecting the phagocytic cells against in-
jury caused by asbestos. Moreover, these flavonoids
exhibited cellular protection in the same order of ef-
fectiveness as that observed for the quenching of su-
peroxide: quercetin > dihydroquercetin > rutin. Ex-
posure of human red blood cells to asbestos fibers also
caused progressive cell injury and lysis. Quercetin and
rutin protected the red cells (quercetin > rutin),
whereas dihydroquercetin was ineffective in prevent-
ing asbestos-induced hemolysis. The protective ability
of quercetin and rutin may be related to their iron-
chelating activity. Due to this these flavonoids can be
located on asbestos surface in sites of initiation of free
radical reactions and their antiradical moieties can
scavenge reactive oxygen species immediately after
the appearance. Thus, both antiradical and chelating
effects appear to be involved in the flavonoid protec-
tion against silica-induced cell injury. © 1998 Academic
Press
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Several lines of evidence strongly suggest that reac-
tive oxygen species (ROS)2 and intermediates which
appear during free radical reactions mediate asbestos-
induced pathological processes such as asbestosis, ma-
lignant mesothelioma, or bronchogenic carcinoma. At
present two mechanisms by which asbestos and other
mineral fibers can initiate free radical reactions are
mainly discussed. The first is catalysis of electron
transfer reactions and then generation of hydroxyl rad-
icals through mechanism of Fenton chemistry in cell-
free aqueous solutions (1, 2). This ability is due to the
chemical properties of mineral fibers and especially
their iron content and probably is the predominant
cause of cellular oxidant stress induced by the fibers in
epithelial (3) and red blood cells (4). The other mecha-
nism operates only with phagocytic cells and involves
release of ROS and other oxidants by NADPH-oxidase
during so-called respiratory burst in response to "frus-
trated" phagocytosis of mineral particles (5-8). The
overproduction of ROS leads to polymer degradation,
dysfunction, death, or neoplastic transformation of im-
mune and epithelial cells. In previous work we found
that rutin and quercetin, widespread plant pigments
possessing vitamin P activity, were effective in inhib-
iting superoxide production and respiratory burst in
macrophages and completely protected the cells
against injury caused by chrysotile asbestos (9). The
protective effect of these compounds can be due to their
ability to scavenge ROS (9-13). At the same time rutin
and quercetin are capable of chelating iron ions (10)
which play a vital role in the initiation of free radical
reactions, including oxidative injury of cells by asbes-
tos (2). The present work was undertaken in an at-
tempt to clarify the role of antiradical and chelating
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properties in the protection of rat peritoneal macro-
phages and human red blood cells by flavonoids against
asbestos-induced injury.

MATERIALS AND METHODS
Chemicals. Quercetin, dihydroquercetin, rutin, butylated hy-

droxytoluene (BHT), ethylenediaminetetraacetic acid (EDTA), defer-
oxamine, riboflavin, 2-thiobarbituric acid (TBA), superoxide dis-
mutase (CuZnSOD) were from Sigma (U.S.A.). a-Tocopherol was
from Henkel Corp. (U.S.A.). Nitroblue tetrazolium (NBT) and NADH
were from Reanal (Hungary). Asbestos fibers (5-10 /Am) were natural
chrysotile asbestos (Tuva, Russia).

Macrophages oxidative injury assay. Peritoneal macrophages
were isolated from Wistar rats by the slightly modified method
described by Korkina et al. (14) and washed with an isotonic phos-
phate buffer (pH 7.3). After being washed the cells were resuspended
in the same buffer and used immediately. Two milliliters of macro-
phage suspension (8 X 106 cells/ml) in the isotonic phosphate buffer
(pH 7.3) was preincubated at 37°C for 2 min. At zero time 50 microl of
water suspension of asbestos fibers was added (the final concentra-
tion was 2 mg/ml). The mixture was incubated at 37°C under con-
tinual stirring for 20 min and samples were taken for determination
of TBA-reactive substances (TEARS) formation and lactate dehydro-
genase (LDH) release. Flavonoids were added as a dimethyl sulfox-
ide solution; BHT and a-tocopherol were added as an ethanol solu-
tion (the final concentration of dimethyl sulfoxide and ethanol not
exceeding 2% of the final volume).

TEARS formation assay. A portion (0.5 ml) of the incubation
mixture containing macrophages was mixed with 0.5 ml 30% (w/v)
trichloroacetic acid and 2.5 ml 0.5% (w/v) solution of 2-thiobarbituric
acid, and the mixture was heated at 100°C for 15 min. After centrif-
ugation of precipitated proteins, the TEARS content was determined
by measuring the absorbance at 532 nm. An extinction coefficient of
1.56 x 10s 1VT1 cm"1 was used for quantifying TEARS.

LDH release assay. A portion (0.5 ml) of incubation mixture con-
taining macrophages was centrifuged at 1000 rpm for 5 min and 0.2
ml of supernatant was measured for LDH content. The assay was
based on the measurement of the rate of NADH oxidation in the
presence of pyruvate at 30°C. LDH values were expressed as changes
in absorbance at 340 nm for 2 min.

Red cells injury assay. Standard healthy donor blood samples
(sodium citrate was used as anticoagulant) were obtained from a
hospital blood bank and used within 1 week. Erythrocytes were
separated from plasma after centrifugation at 1000 rpm for 5 min
and washed three times with a 0.9% saline solution. After being
washed cells were resuspended in a fourfold volume of the same
solution and used immediately. Red cell injury was carried out in
0.9% saline solution at 37°C. The final concentration of erythrocytes
in the reaction mixture was 2%; asbestos fibers were 2 mg/ml. Fla-
vonoids were added as a dimethyl sulfoxide solution (the final con-
centration of dimethyl sulfoxide not exceeding 2% of the final vol-
ume). Lysis of erythrocytes in the presence of asbestos was followed
by changing turbidity at 740 nm.

Superoxide-driven reduction of nitroblue tetrazolium by photo-
chemically reduced riboflavin. Reduction of NET was carried out at
room temperature (22°C) under fluorescent lighting (20 W, 20 cm).
The standard incubation mixture contained 6 ^M riboflavin, 0.8 mM
of AWA^/^-tetramethylethylenediamine (TMEDA), 0.08 mM
EDTA in 0.016 M phosphate buffer (pH 7.8), and 85 p,M NET (15).
Flavonoids were added as a dimethyl sulfoxide solution (the final
concentration of dimethyl sulfoxide not exceeding 2% of the final
volume). After 5 min incubation, the reaction was stopped by switch-
ing off the light and the addition of 0.5 ml 10% (w/v) KI solution and
absorbance was measured at 550 nm.

TABLE I

Concentrations Inhibiting the Superoxide-Driven Reduction
of NET by 50% and Rate Constants of Selected Flavonoids

with Superoxide (at pH 10.0)

Flavonoids (fl)

Quercetin
Rutin
Dihydroquercetin
SOD

750 values
(/J.M)

4.6
15.5
5.4
0.0004

Rate constants",
lOSJVT1 s"1

1.7
0.50
1.5

fyfl) ~ "(SOD) ' -"SO (SOD/^50(H)! «(SOD) — 2 X 10 M S

RESULTS

Antiradical properties of flavonoids. Interaction of
flavonoids with superoxide anion was quantitatively
evaluated using the illumination of riboflavin in the
presence of tetramethylethylenediamine (15). Upon
reoxidation in air, photochemically reduced flavin gen-
erated O'2 . Radical scavenging efficiencies of fla-
vonoids toward superoxide were determined from com-
petition kinetics with SOD as the reference scavenger
using NET as the superoxide detector. The concentra-
tions that inhibited superoxide-driven reduction of
NET by 50% (750 values) and rate constants of fla-
vonoids with superoxide are shown in Table I. It should
be pointed out that the rate constant of quercetin in our
study (1.7 X 105 M"1 s^1) is very similar to the value
that was received with pulse radiolysis experiments by
Bors et al. (0.9 X 105 M"1 s"1) (12).

Chelating properties of flavonoids. The ability of
rutin to form complexes with iron ions was documented
(10). In this work chelating properties of quercetin,
dihydroquercetin, and rutin were compared using the
method of competitive replacement. The addition of
Fe2(S04)3 to rutin or quercetin in 0.9% saline solution
resulted in the shift of maximum at 360 nm (rutin) or
at 370 nm (quercetin) to the long-wave region (Figs. 1
and 2, trace 2). In the case of the iron-rutin complex
the absorbance alterations were completely reversed
by the addition of EDTA at a concentration two times
more than rutin (Fig. 1, traces 3 and 4). The iron-
quercetin interaction was stronger and the addition of
EDTA at a concentration two times more than querce-
tin only slowly turned the absorbance alterations (Fig.
2, traces 3 and 4). The addition of Fe2(SO4)3 to dihy-
droquercetin did not result in substantial absorbance
alterations, and to reveal chelating properties of this
flavonoid the competition for Fe3+ between dihydro-
quercetin and rutin was spectrophotometrically evalu-
ated. It was found that dihydroquercetin did not com-
pete with rutin for ferric ions since no substantial
alteration of the absorption spectrum of iron-rutin
complex in the presence of dihydroquercetin was found
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FIG. 1. Absorption spectrum of rutin (15 juM) in 0.9% saline solu-
tion (trace 1); differential spectrum of rutin-ferric ion complex
against the solution with ferric ion (trace 2); differential spectrum of
rutin-ferric ion complex immediately after addition EDTA at con-
centration two times more than rutin against the solution with ferric
ion and EDTA (trace 3); the same as for trace 3 after 15 min incu-
bation (trace 4).

(Fig. 3, traces 3 and 4). At the same time dihydroquer-
cetin was found to be capable of forming the complexes
with SiO\ ~ . Addition of this anion to dihydroquercetin
resulted in the shift of a maximum at 290 nm to the
long-wave region (Fig. 4, trace 2). The similar shift of
the maximum at 290 nm was found after the addition
of chrysotile asbestos to dihydroquercetin (data not
shown).
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FIG. 2. Absorption spectrum of quercetin (15 fj,M) in 0.9% saline
solution (trace 1); differential spectrum of quercetin-ferric ion com-
plex against the solution with ferric ion (trace 2); differential spec-
trum of quercetin—ferric ion complex immediately after addition of
EDTA at a concentration two times more than quercetin against the
solution with ferric ion and EDTA (trace 3); the same as for trace 3
after 15 min incubation (trace 4).

0.2-

0.1-

300 400
Wavelength (nm)

500

FIG. 3. Absorption spectrum of rutin (15 ju,M) in 0.9% saline solu-
tion (trace 1); differential spectrum of rutin-ferric ion complex
against the solution with ferric ion (trace 2); differential spectrum of
rutin-ferric ion complex after the addition of dihydroquercetin at
concentration two times more than rutin against the solution with
ferric ion and dihydroquercetin (trace 3); the same as for trace 3
except that dihydroquercetin was added to the ferric solution before
rutin (trace 4).

Influence of flavonoids on cytotoxic effects of chryso-
tile asbestos. Exposure of rat peritoneal macrophages
to asbestos fibers increased the TEARS content and
resulted in the cell injury evaluated in terms of LDH
release. Rutin, dihydroquercetin, and quercetin inhib-
ited the formation of TEARS and were effective in
protecting the phagocytic cells against asbestos-in-
duced injury (Table II). The protective effect of these
flavonoids against asbestos-induced injury evaluated
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FIG. 4. Absorption spectrum of 15 /u,M dihydroquercetin (trace 1);
differential spectrum of dihydroquercetin-SiO^ ion complex against
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TABLE II

Effects of Selected Compounds on TBAES Formation
and LDH Release in Rat Peritoneal Macrophages

Following Exposure to Asbestos

Additive

Without inhibitor"
Without inhibitor" (2% DMSO)
Without inhibitor" (2% ethanol)

+ 30 /j,M quercetin
+ 60 /xM quercetin
+ 300 /xM quercetin
+ 120 juM rutin
+ 240 /J.M rutin
+ 1200 fiM rutin
+ 120 ^M dihydroquercetin
+ 240 |U,M dihydroquercetin
+ 1200 /xM dihydroquercetin
+ 1 mM a-tocopherol
+ 400 /jJVl BHT
+ 240 |iiM deferoxamine
+ 240 !iM EDTA

TEARS
formation
(nmol/ml)

0.78 ± 0.05
0.79 ± 0.06
0.76 ± 0.08
0.23 ± 0.12*
0.08 ± 0.10**

0
0.35 ± 0.14*
0.28 ± 0.13*
0.08 ± 0.12*
0.42 ± 0.10*
0.33 ± 0.08*
0.29 ± 0.06*
0.05 ± 0.01**
0.11 ± 0.01**

ND
ND

LDH release
(% to control)"

95 ± 4
9 7 + 4
95 ± 6
56 ± 18*
36 + 12**
11 + 21**
67 + 11*
52 ± 15*
11 ± 12**
57 ± 7*
37 ± 5**

0
92 ± 6
95 ± 8
88 ± 8
96 ± 8

Note. ND, not determined. Results are the mean ± SD (n = 4-6).
" In the control experiments, macrophages were incubated at

37°C in isotonic phosphate buffer (pH 7.3) for 20 min without asbes-
tos. In samples without inhibitor, only the corresponding solvent was
added.

*P < 0.01.
** P < 0.001 compared to samples without inhibitor.

in terms of LDH release was classified as follows: quer-
cetin > dihydroquercetin > rutin, respectively. BHT
and a-tocopherol, which were used as reference scav-
engers of lipid radicals completely inhibited the forma-
tion of TEARS but did not influence the release of LDH
(Table II). EDTA and deferoxamine, which were used
as reference chelator agents, had no effect on the cyto-
toxic consequences of exposure of rat peritoneal mac-
rophages to chrysotile asbestos (Table II).

Incubation of 2% suspension of human red blood cells
with 2 mg/ml asbestos fibers in the 0.9% saline solution
at 37°C caused progressive cell injury and lysis. Quer-
cetin and rutin strongly protected the red cells,
whereas dihydroquercetin, a-tocopherol, EDTA, and
deferoxamine were ineffective in preventing asbestos-
induced hemolysis (Table III). In these experiments
the addition of additives was as follows: asbestos,
drugs, and red blood cells. In some experiments asbes-
tos fibers were precipitated by centrifugation after the
addition of drugs and the precipitates were resus-
pended in new portions of the 0.9% saline solution and
then mixed with red blood cells. It is important that in
this case quercetin and rutin also were effective in
preventing asbestos-induced hemolysis (Table III).

To evaluate the adsorption of flavonoids by asbestos,
drug solutions (15 ;u.M) were incubated for 1 min with

asbestos and then the fibers were precipitated and
removed. The amount of flavonoids was checked spec-
trophotometrically before and after the treatment. It
was found that 1 mg of chrysotile asbestos adsorbed
approximately 20, 12, and 9 nmol of quercetin, dihy-
droquercetin, and rutin, respectively.

The influence of iron chelator EDTA on efficacy of
quercetin and rutin in preventing asbestos-induced he-
molysis was also studied. It was found that the addi-
tion of EDTA to asbestos fibers 1 min before the fla-
vonoids resulted in a decrease of the quercetin and
rutin protective efficacy near by 60 and 70%, respec-
tively, if flavonoids and EDTA were used in equal con-
centrations, and quercetin and rutin were completely
ineffective if EDTA was added to asbestos in a concen-
tration four times higher than flavonoids (Table IV).

DISCUSSION

Asbestos-induced injury of rat peritoneal macro-
phages is related to NADPH-oxidase activation and
superoxide production during respiratory burst in re-
sponse to "frustrated" phagocytosis of mineral particles
(5-8). Therefore, protection against asbestos-induced
macrophages injury by flavonoids may be due to their
influence on superoxide mediated free radical reac-
tions. Flavonoids can directly inhibit the mechanism of

TABLE III

Effects of Selected Compounds on Asbestos-Induced Hemolysis

Additive

Without inhibitor
Without inhibitor (2% DMSO)

+ 40 ;u,M quercetin
+ 80 /j,M quercetin
+ 160 juM quercetin
+ 80 juM rutin
+ 160 |u,M rutin
+ 320 /j-M rutin
+ 320 fjM. dihydroquercetin
+ 1600 /j,M dihydroquercetin
+ 200 M-M EDTA
+ 200 jxM deferoxamine
+ 160 jitM quercetin6

+ 320 M,M rutin6

+ 320 fjM dihydroquercetin6

+ 200 juM EDTA6

Hemolysis
(% to control)"

69 ± 5
66 ±8
31
23

Q

42
37
32
69
65

3*
9*
3**
3*
6*
6*
5
6

63 ± 6
68 ± 5
8 ± 3**

34 ± 9*
66 ± 8
64 ± 5

Note. Results are the mean ± SD (re = 4—6).
" In the control experiments, human red blood cells were incu-

bated at 37°C in 0.9% saline solution for 20 min without asbestos.
6 Asbestos fibers were precipitated by centrifugation after 1-min

incubation with drugs and the precipitates were resuspended in new
portions of the 0.9% saline solution and then mixed with red blood
cells.

*P < 0.05.
** P < 0.01 compared to samples without inhibitor.
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TABLE IV

Effects of EDTA on Protective Efficacy of Quercetin
and Rutin against Asbestos-Induced Hemolysis

Additive

Without inhibitor
Without inhibitor (2% DMSO)

+ 200 ^M quercetin
+ 200 ju,M rutin
+ 200 /jM EDTA
+ 200 juM EDTA + 200 fiM quercetin
+ 200 juM EDTA + 200 /xM rutin
+ 800 juM EDTA
+ 800 ju,M EDTA + 200 /nM quercetin
+ 800 ju,M EDTA + 200 /u,M rutin

Hemolysis
(% to control)"

66 ± 5
63 ± 8
12 ± 4
35 ± 4
62 ±7
43 ±5*
55 ±5*
61 ±8
63 ± 6**
67 ± 8*

Note. Results are the mean ± SD (n = 4-6).
a In the control experiments, human red blood cells were incu-

bated at 37°C in 0.9% saline solution for 20 min without asbestos.
*P < 0.05.

** P < 0.01 compared to samples with flavonoid only.

Fenton chemistry as superoxide scavengers or iron
chelators (Table I, Figs. 1 and 2). However, the results
of this study indicate that the ability to chelate iron is
not essential for protection of macrophages exposed to
asbestos since dihydroquercetin which is not iron che-
lator protected macrophages against asbestos-induced
injury, whereas EDTA and deferoxamine were ineffec-
tive. Flavonoids were also shown to be capable of in-
hibiting lipid peroxidation (10). In our experiments,
they inhibited the asbestos-induced formation of
TEARS. Nevertheless, the ability to inhibit lipid per-
oxidation is not essential for protection of macrophages
exposed to asbestos (Table II). Therefore, the protective
effect of flavonoids is more likely attributed to the
properties of flavonoids to scavenge superoxide ion. In
the present study, this ability was quantitatively eval-
uated and rate constants of flavonoids with superoxide
were determined. It must be mentioned that the pro-
tective efficacy of flavonoids against injury caused by
asbestos in peritoneal macrophages correlates quite
closely with the rate constants.

Asbestos-induced red cell injury is associated with elec-
tron transfer reactions and the generation of hydroxyl
radicals through the mechanism of Fenton chemistry (4),
probably due to iron catalytic centers on surface of min-
eral fibers (16, 17). The difference in the ability of fla-
vonoids to prevent asbestos-induced hemolysis is quite
unexpected because quercetin and dihydroquercetin have
similar scavenging properties in relation to superoxide
anion (Table I) as well as hydroxyl radicals and lipid
radicals (12, 13). We suggested that the difference in
protective effect might be related to mechanisms of fla-
vonoid adsorption by asbestos fibers. A comparison of the
chelating properties of these flavonoids provides indirect

evidence for this suggestion. Indeed, quercetin and rutin
are capable of forming complexes with iron ions, whereas
dihydroquercetin is not at all or is a very poor iron che-
lator. Nevertheless, the ability to chelate iron ions is not
sufficient to explain fully the protection of red blood cells
against asbestos-induced hemolysis by quercetin and ru-
tin since EDTA and deferoxamine were ineffective as red
cell protectors under the same conditions (Table III).
Based on these data we concluded that there is a differ-
ence in localization between asbestos-associated dihydro-
quercetin, on the one hand, and asbestos-associated quer-
cetin and rutin, on the other hand. Probably, only quer-
cetin and rutin molecules are sorbed on the asbestos
surface as a result of iron-chelating interaction. Because
of this these flavonoids are located directly in sites of
initiation of free radical reactions and their antiradical
moieties can scavenge reactive oxygen species immedi-
ately after the appearance. Unlike this, dihydroquercetin
is sorbed by asbestos as a result of other chelating inter-
action (e.g., with silicate) and therefore is located rather
far from sites of initiation of free radical reactions.

To further support the "site-specific" effects of fla-
vonoids, we attempted to replace quercetin or rutin
associated with asbestos in sites of initiation of free
radical reactions by another drug. In this way EDTA,
which is strong iron chelator but not a radical scaven-
ger, was used. It was found that the addition of EDTA
to asbestos fibers before quercetin or rutin resulted in
a complete avoidance of flavonoid protection against
asbestos-induced hemolysis.

Thus, both antiradical and chelating effects ap-
pear to be involved in the flavonoid protection
against silica-induced cell injury. The natural fla-
vonoids, quercetin and rutin, were found to possess
the most suitable combination of antiradical and che-
lating properties to prevent the cytotoxic action of
asbestos fibers.
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