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Abstract

Quercetin (3,3',4',5,7-pentahydroxyflavone) is one of the most abundant flavonol-type flavonoids rich in diet and suggested to possess
abeneficia rolein blood circulation. This study was conducted to know the effect of quercetin aglycone and one of its possible metabolite,
guercetin-3-O-B-D-glucuronide on cigarette tar extract-induced impairment of erythrocyte deformability. Erythrocyte suspension containing
quercetin aglycone, quercetin-3-O-B-D-glucuronide or quercetin-3-O-B-D-glucoside was forced to flow through microchannels with
equivalent diameter of 7 wm and its transit time was measured as an index of erythrocyte deformability using microchannel array method.
Both quercetin aglycone and quercetin-3-O-B-D-glucuronide, but not quercetin-3-O-B-D-glucoside, substantially increased erythrocyte
deformability indicating that the former two compounds affect the physicochemical state of erythrocyte by interacting with its membranes.
Aqueous cigarette tar extract caused marked decrease in erythrocyte deformability with concomitant increase of membranous lipid
peroxidation. In that case, quercetin aglycone suppressed the impairment of erythrocyte deformability as well as membranous lipid
peroxidation. The same effect was found in quercetin-3-O-B-D-glucuronide, eventhough its effect was lower than that of quercetin aglycone.
Thus, not only quercetin aglycone but also its conjugate metabolite protects erythrocyte membrane from the damage of smoking by
scavenging reactive oxygen species generated from cigarette tar. Intake of quercetin-rich food may be helpful to protect membranous

damage in erythrocytes from smoking. © 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Cigarette smoke causes a formation of reactive oxygen
species (ROS) and toxic chemica loads and is associated
with increases in the incidence of cardiovascular diseases as
well as other circulatory diseases [1]. Whole smoke can be
divided into two phases, that is, gas phase and tar phase [2].
Aqueous tar extracts from cigarette tar phase contain
semiquinone radical and superoxide anion resulting in the
production of hydrogen peroxide and hydroxyl radical [3].
On the other hand, erythrocyte has been extensively inves-
tigated to sustain peroxidative membrane damages via ROS
[4—6]. Oxidized erythrocytes would be more prone to form
aggregates and increase the viscosity of blood stream and
thus, ROS might impair blood flow in the microcirculation
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[7]. Apparently, several lines of evidence suggest that the
peroxidative damage to erythrocyte membranes induces an
impairment in its physiological functions including deform-
ability [8-11]. It is now well documented that smoking
affects the flow properties of blood and alters the rheol ogi-
cal behavior of erythrocytes [12-14]. It is therefore likely
that ROS generated from tar extract initiates peroxidative
damage in erythrocyte membrane resulting in the impair-
ment of erythrocyte deformability.Quercetin (3,3',4',5,7-
pentahydroxyflavone) is one of the abundant flavonol-type
flavonoids and is found to accumulate in blood plasma as
conjugated metabolites by the intake of quercetin-rich food
[15]. An epidemiological study has shown that the con-
sumption of certain flavonoids including quercetin is corre-
lated with decreasing risk of coronary artery disease mor-
tality [16]. Antioxidant activity of flavonoids has attarcted
much attention in the prevention of atherosclerosis and
thrombosis by protecting low density lipoprotein (LDL)
against oxidative damage as well as by lowering the cyto-
toxicity of oxidized LDL and platelet aggregation [17].
Erythrocyte deformability is also likely to play an essential
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Fig. 1. Structures of quercetin and its related compounds used in the study.

role in the circulatory system from the view point of vas-
cular disease prevention [18]. Nevertheless, the effect of
flavonoids on erythrocyte deformability is ambiguous.
Moreover, the role of quercetin on the protection against
smoking-induced impairment of erythrocyte deformability
have been still unresolved.

We recently identified quercetin-3-O-B-D-glucuronide
(Q3GA) as an antioxidative metabolite in rat plasma after
oral adminstration of quercetin [19]. This paper describes
the protective effect of quercetin aglycone and its related
compounds including Q3GA (Fig. 1) on cigarette tar ex-
tract-induced impairment of erythrocyte deformability.
Erythrocyte deformability was estimated by a reproducible
microchannel array method developed by Kikuchi et al.
[20].

2. Materials and methods
2.1. Materials

Quercetin was obtained from Sigma Chemical Co (St.
Louis, MO). Quercetin-3-O-B-D-glucoside (Q3G) was from
Extrasynthase (Genay, France). Flavone was purchased
from Nacalai Tesque, Inc. (Kyoto, Japan). Quercetin-3-O-
B-D-glucuronide (Q3GA) was chemically synthesized and
isolated as described elsewhere [19].

2.2. Blood collection and erythrocyte preparation

Blood was taken from healthy volunteers into a test tube
and was anticoagulated with heparin. Erythrocytes were
separated from plasma by centrifugation at 1500 X g for 10
min a 4°C. The cells were washed five times with 10
volumes of phosphate buffered saline (PBS). The buffy coat
of white cells was removed with each washing and eryth-
rocytes were finally centrifuged at 1000 X g for 10 min to
obtain packed cells.

2.3. Preparation of cigarette tar extract solution

Cigarette tar extract was obtained according to the
method of Pryor et al [21]. Briefly, cigarettes (85 mm in the
length and 0.9 g in the weight) were obtained commercially
and smoked with a metal aspirator connected with a water
tap. The tar was collected on glass fiber filter paper (diam-
eter 1.5 cm, Toyo Roshi, Ltd. Japan). The filter containing
wet tar was soaked in 5.0 ml of PBS, sonicated in a soni-
cation bath for 10 min and then the solution was filtered
with 90 mm filter paper (Toyo Roshi, Ltd. Japan). The
sonication and filtration were repeated with another 5 ml of
PBS. This tar extract solution was vortexed for 1 min and
then used for the experiments within 24 hr.



A.N. Begum, J. Terao / Journal of Nutritional Biochemistry 13 (2002) 265-272 267

50

40

30

207

10

Transit time for 100 pul RBC suspension (sec)

Control

SuM

10pM 50 u M

Concentration of quercetin

Fig. 2. Effect of quercetin aglycone in different concentration on erythrocyte deformability. Erythrocyte suspension was prepared with 9 vol of 0.85% NaCl
at a hematocrit of 10% and incubated for 30 min at 37°C in the absence or presence of quercetin dissolved in ethanol at different concentrations. In each
case, ethanol concentration in the suspension was adjusted to 2.5% (v/v). The suspension (100 ul) was then injected to MC-FAN. Each value is the mean =
SD of at least four experiments. Means not sharing a common letter are significantly different (p < 0.05).

2.4. Measurement of erythrocyte deformability

Erythrocytes were suspended by 9 vol of 0.85% NaCl
or by 9 vol of tar extract solutions. Its hematocrit was
adjusted to 10% (Hematocrit KH-120, KUBOTA, Tokyo,
Japan). Quercetin, Q3G, Q3GA or flavone was added to
the cell suspension as ethanol solution. The final ethanol
concentration in the suspension was set at 2.5% (v/v) and
the final concentration of each antioxidant was 10 uM
unless mentioned differently. The resulting mixture was
incubated at 37°C for 30 min. It was then forced to flow
through microchannels (equivalent diameter 7 um,
equivalent length 32 um, 8736 in parallel) by applying a
water pressure difference of 20 cm height at room tem-
perature using Micro Channel array Flow ANalyzer (MC-
FAN) KH-3 model ( Hitachi Haramachi Electronics, Hi-
tachi, Japan). A transit time for 100 ul of erythrocyte
suspension was measured to estimate its deformability.
Each erythrocyte passed through a microchannel of di-
ameter 7 um with changes of its shape. Erythrocyte cell
shape during the transit was monitored continuously by
CCD (Connective Computer Detector) camera equipped
with MC-FAN [20]. The transit time range of normal
erythrocyte was 40~50 sec. In that case, countable transit
time of erythrocyte passing through microchannel array

was the index of erythrocyte deformability. All measure-
ments were made using a single silicon chip, which was
cleaned between runs by ultrasonic washing with neutral
detergent and ethanol. The experiment of deformability
was carried out within four days after the collection of
erythrocytes.

2.5. Measurement of thiobarbituric acid reacting
substances (TBARS)

Degree of lipid peroxidation of erythrocyte exposed to
tar extracted solution was determined by TBARS content by
the method of Stocks and Dormondy [22]. To 0.4 ml of
erythrocyte suspension was added 50 ul of 40 mM butyl
hydroxy toluene (BHT) and 1.0 ml of 30% of trichloroacetic
acid. The mixtures was vortexed, allowed to stand in ice for
1 hr, and then centrifuged at 3,000 rpm for 15 min. To 1.0
ml of each supernatant was added 0.1 ml of 0.1 M EDTA
and 0.35 ml of 1% thiobarbituric acid (TBA). Then the
mixture was vortexed and kept in aboiling water bath for 15
min. The reaction mixture was again cooled and 1.5 ml of
butanol was added followed by centrifugation at 3,500 rpm
for 10 min. Butanol phase was measured with fluoresence
intensity at the excitation wavelength of 515 nm and emis-
sion wavelength of 553 nm.
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Fig. 3. Effect of quercetin and its related compounds on erythrocyte deformability. The erythrocyte suspension was prepared with 9 vol of 0.85% NaCl at
a hematocrit of 10%. The suspension was incubated for 30 min at 37°C in the presence of quercetin or its derivatives at a final concentration of 10 uM.
Ethanol concentration was adjusted to 2.5% in each case including control experiment. Then, 100 ul of the suspension was injected to MC-FAN. Each value
isthe mean = SD of at least four experiments. Means not sharing a common letter are significantly different (p < 0.05).

2.6. Measurement of fatty acid composition

Polyunsaturated fatty acid (PUFA) content in erythrocyte
membranes was measured with and without tar extracted
solution. The lipids in erythrocyte suspension were ex-
tracted by the method of Bligh and Dyer [23]. The lipid
portion was evaporated with nitrogen gas and the residue
was dissolved in 0.1 ml of 5% HCl-methanol and heated for
2 hrs. Then, the resulting fatty acid methyl ester was ex-
tracted by hexane and analyzed by capillary GLC (GC-18A,
Shimadzu, Japan) using a column of Supelco™-2330 sta-
tionary phase (0.25 mm ID, 30 m length, 0.2 um film)
equipped with flame ionization detector.

2.7. Satistical analysis

One-way of the analysis of variance followed by the
Bonferroni/Dunn’s multiple comparison test was used to
determine the statistical significance among each group
(p < 0.05).

3. Reaults

3.1. Effect of quercetin and its related compounds on
erythrocyte deformability

Fig. 2 shows the effect of quercetin aglycone on eryth-
rocyte deformability at different concentrations. Erythro-

cyte transit time was decreased with the elevation of quer-
cetin aglycone concentration in the range from 5 uM to 50
uM. This result demonstrated that quercetin aglycone in-
creased erythrocyte deformability in concentration depen-
dent manner. Fig. 3 shows that Q3GA at 10 uM dlightly but
significantly decreased the transit time. However, Q3G at
the same concentration did not affect the transit time. Thus,
not Q3G but Q3GA elevated erythrocyte deformability,
although its effectiveness was weaker than that of quercetin
aglycone. We added ethanol solution of quercetin to the
erythrocyte suspension at 2.5%. This might affect the eryth-
rocyte deformability, because high concentration of ethanol
apparently decreased erythrocyte deformability (data are not
shown here). However, a separate experiment using 0.25%
ethanol solution in erythrocyte suspension did not show
lower transit time (39 *+ 4 sec) than that of the control (35 +
6 sec), whereas quercetin at 10 uM with 0.25% ethanol
solution lowered the transit time (25 = 2 sec). This result
confirmed that quercetin possesses a capacity to increase
erythrocyte deformability independently from ethanol ef-
fect.

3.2. Effect of quercetin and its derivatives on erythrocyte
deformability exposed to tar extrtact

The effect of cigarette tar extract in different content on
erythrocyte deformability was shown in Fig. 4. The transit
time increased with the elevation of cigarette tar extract of
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Fig. 4. Effect of cigarette tar extract in different amount on erythrocyte deformability. Aqueous cigarette tar extract solutions were prepared as described in
Materials and methods. Tar extract solution with different amount was used to prepare erythrocyte suspension by diluting 9 vol of PBS containing tar extract
at a hematocrit of 10%. This suspensions was incubated for 30 min at 37°C. Then 100 ul of the erythrocyte suspension in different amount of tar extract
was injected to MC-FAN. Each value isthe mean =+ SD of at least four experiments. Means not sharing acommon letter are significantly different (p < 0.05).

two or more piecesindicating that erythrocyte deformability
was decreased with increasing the amount of tar extract. In
the following experiments, we used the amount of cigarette
tar extract from 2%3 pieces because this amount significantly
affected the transit time. Fig. 5 shows that quercetin agly-
cone and Q3GA, but not Q3G, at 10 uM lowered the transit
time of erythrocyte suspension when exposed to tar extract.
It is apparent that quercetin aglycone and Q3GA protected
erythrocytes from tar extract-induced lowering of its de-
formability. Photographs shown in Fig. 6 demonstrated the
change of size and shape of erythrocyte by exposing to tar
extract and its modification with quercetin aglycone in mi-
crochannel array. Normal erythrocyte possessed typical bi-
concave with little change as echinocytes. The treatment of
erythrocyte with tar extract only became spherical and
swelled. A prominant perforation was characteristic for
these cells. By mixing with tar extract solution in erythro-
cyte treated with quercetin, most of the cells retained the
biconcave shape with echinocytes formed.

3.3. Antioxidant activity of quercetin in tar extract-
exposed erythrocyte suspension

Table 1 compared the effect of quercetin and that of
flavone, a compound composed of basic structure of quer-
cetin without hydroxyl group, on erythrocyte deformability
with and without cigarette tar extract. Flavone did not show

any effect on the transit time of erythrocyte suspension in
both cases as differently from quercetin aglycone. Table 2
shows tar extract-induced lipid peroxidation of erythrocyte
suspension during the incubation 30 min before measuring
of erythrocyte deformability, as expressed by TBARS and
PUFA content. The content of TBARS increased and that of
PUFA decreased when erythrocytes were exposed to ciga
rette tar extract, indicating that the relevant oxidative dam-
age happened in erythrocyte membranes before the mea-
surement of erythrocyte deformability. However, addition
of quercetin at 10 uM to the suspension decreased the
TBARS and increased PUFA contents significantly. This
phenomenon demonstrated that quercetin exerted a protec-
tive effect on tar extract-induced oxidative damage of eryth-
rocyte membranes.

4, Discussion

Cigarette smoking is associated with numerous human
pathologies including cardiovascular diseases which oper-
ates through its complex effects on blood rheology as well
as erythocyte deformability [24—26]. In recent years, an
increasing body of evidence has supported the hypothesis
that dietary consumption of antioxidants including fla-
vonoids favorably influences the incidence of the cigarette
smoking-related diseases, in particular, cardiovascular dis-
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Fig. 5. Effect of quercetin and its derivatives on erythrocyte deformability exposed to cigarette tar extract. Erythrocytes were diluted with 9 vol PBS
containing 2%s pieces of tar extract with a hematocrit value of 10%. Quercetin or its derivatives was added as ethanol solution at the final concentration of
10 uM in the suspension. The reaction mixture was incubated for 30 min at 37°C. In each case, ethanol content was set at 2.5%. Then 100 ul of erythrocyte
suspension was injected to MC-FAN. Each value isthe mean = SD of at |east four experiments. Means not sharing a common letter are significantly different
(p < 0.05).
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Fig. 6. Photographs of erythrocyte suspension containing quercetin in microchannel array. Erythrocytes were suspended with 9 vol of 0.85% NaCl (A) or
tar-extract containing PBS (B). Quercetin was added at the final concentration of 10 uM to the erythrocyte suspension with tar extract contaning PBS (C).
Each suspension was incubated for 30 min at 37°C. Transit time of the suspension through microchannel (7 um diameter) was measured as an index of
erythrocyte deformability.
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Table 1
Comparison of the effect on erythrocyte deformability between quercetin
and flavone

Transit time for 100ul erythrocyte suspension (sec)

Without tar extract With tar extract

Control 36+ 3 62 = 9
Flavone 31+5 76 = 192
Quercetin 26 + 3° 40 + 6°

Erythrocyte suspension was prepared with or without 9 vol of PBS
containing tar extract (27s pieces cigarette/10 ml PBS). Quercetin or
flavone was added at the final concentration of 10 M and then incubated
at 37°C for 30 min. Then 100 wl of erythrocyte suspension was injected to
MC-FAN apparatus. Each value is the mean *= SD of at least four exper-
iments. Means not sharing acommon letter are significantly different (p <
0.05).

eases [1]. The am of the present study was to evauate the
effect of quercetin, one of the most abundant flavonoids in
plant foods, on cigarette tar extract induced impairment of
erythrocyte deformability. Severa recent studies have re-
vedled that cigarette smoke induces lipid peroxidation of
erythrocytes resulting in the lowering of its deformability
[27,28]. Our results also demonstrated that erythrocyte de-
formability was decreased in accordance with the occur-
rence of lipid peroxidation in this blood cell (Fig. 4, Table
2). However, it was noteworthy that quercetin aglycone
substantially increased erythrocyte deformability when it
was mixed with erythrocyte suspension in the absence of
cigarette tar extract (Fig. 2). Bilto and Abdalla [29] aso
reported that eight selected flavonoids including quercetin
increased the filterability of erythrocytes through 5 um
diameter pores. These results imply that quercetin affects
the physicochemical property of erythrocytes by hydropho-
bic interaction with their membranes. We aready suggested
that quercetin aglycone has strong affinity with liposomal
membranes [30]. Nakayama et a. [31] claimed that quer-
cetin aglycone has a planner structure favorable to enter into
cell membranes effectively. It is therefore likely that quer-
cetin aglycone is localized in the interface of the mem-

Table 2
Antioxidant activity of quercetin on erythrocyte suspension with tar
extract during incubation for 30 min

TBARS (M) PUFA (mg/ml
erythrocyte
suspension)

Control 0.5+ 0.022 0.71 + 0.06%

Plus tar extract 133+ 0.9° 0.40 + 0.08°

Plus tar extract and 10.7 £ 0.2° 0.65 *+ 0.05°
quercetin

Erythrocyte suspension containing cigarette tar extract from 2% pieces
or no tar extract was used. Quercetin was added to the suspension at the
final concentration of 10 wM. Then the reaction mixture was incubated at
37°C for 30 min. Each valueisthe mean + SD of at |east four experiments.
Means not sharing acommon letter in rows are significantly different (p <
0.05).

branes, where ROS generated from tar extract induces mem-
branous lipid peroxidation. The phenomenon that quercetin
aglycone suppressed cigarette tar extract-induced lipid per-
oxidation and impairment of erythrocyte deformability (Fig.
5, Table 2) indicates that quercetin aglycone protects eryth-
rocyte membrane from peroxidative attack by scavenging
ROS in the interface of erythrocyte membrane. Interest-
ingly, a compound containing no polyhydroxyl structure,
flavone, did not exert any significant effect on erythrocyte
deformability regardliess of cigarette tar extract. Thus, it is
reasonable that polyhydroxy! structure is necessary for fla-
vonoidsto interact with erythrocyte membrane, aswell asto
extert antioxidant effect.

In recent years, quercetin metabolites, rather than quer-
cetin aglycone, have been paid much attention concerning
the potential pharmacological and physiological function in
the circulatory system, because dietary quercetin was found
to be present as conjugated metabolites exclusively [15,32].
We recently identified one of the quercetin metabolites
possessing antioxidant activity, Q3GA, in rat plasma after
oral adminstration [19]. Our present study demonstrated
that Q3GA itself increased erythrocyte deformability signif-
icantly and also protected erythrocytes from the impairment
by cigarette tar extract (Fig. 3, Fig. 5), eventhough its
effectiveness was lower than that of quercetin. Quercetin
possesses a planner structure with phenolic hydroxyl groups
at the 3'- and 4'-position in the B-ring. This catechol group
is the site for hydrogen or electron donation for scavenging
ROS [33]. Q3GA possesses this O-diphenol structure and
therefore it can act as an effective scavenger for ROS
generated from cigarette tar extract. In addition, Q3GA
seems to possess an ability to interact with erythrocyte
memebranes because it contains an unique planner struc-
tures as similar to quercetin aglycone. Glucuronidation step
in quercetin metabolism may retain the effect of its agly-
cone on erythrocyte membranes. However, it should be
noted that Q3G, a quercetin glucoside commonly present in
plant foods, did not affect erythrocyte deformability (Figure
3, Figure 5) in spite of its catechol group and planner
structure. Not glycoside but carboxyl anion in Q3GA may
enhance the interaction with the erythrocyte cell surface
composed of carbohydrate chain. Quercetin is present
mostly in the form of glycosides in plant foods such as
vegetables and fruits. Dietary glycosides are likely to be
converted to quercetin metabolites including glucuronide
conjugates through hydrolysis by cellular deglucosidation
and the glycosidase activity of intestinal bacteria [34,35].

In conclusion, the antioxidant nature of quercetin can
extert a protective effect on agueous cigarette tar extract-
induced impairment of erythrocyte deformability. Further-
more, the protective effect of Q3GA against this event
implies that quercetin metabolites circulating in blood
plasma participate in the antioxidant defense of erythrocyte
membranes. Intake of quercetin-rich food may be helpful in
the prevention of cigarette tar-induced impairment of eryth-
rocyte deformability, which seemsto be related in the lower
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incidence of smoking related diseases, e.g. cardiovascular
diseases and so on. Further studies are necessary in the
experiment in vivo to evaluate the physiological effect of
dietary quercetin in erythrocyte deformability.
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