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Objectives: Radioprotective potential of quercetin, a powerful free radical scavenger, was investigated in
human red blood cells (RBCs) and in isolated RBC membranes exposed to γ-irradiation-induced oxidative
stress.
Methods: RBCs and RBC membrane suspensions were irradiated (50 Gy) in the presence of quercetin
(2–50 μM). Oxidative damage of the membranes was analysed by protein carbonyl measurement
(enzyme-linked immunosorbent assay). In RBCs, the concentration of glutathione (GSH) was determined.
Lipid peroxidation in RBCs, and for comparison in plasma and peripheral lymphocytes, was quantified by
the amount of thiobarbituric acid-reactive substances (TBARS). Radiation-induced damage of the RBC
membrane integrity was evaluated by the degree of haemolysis.
Results: Quercetin (50 μM) brought back the level of carbonyls to normal in γ-irradiated RBC membrane
proteins and inhibited radiation-induced lipid peroxidation in plasma and lymphocytes, by 75 and 96%,
respectively. However, it moderately decreased reduced/oxidized glutathione (GSH/GSSG) ratio and
significantly increased TBARS concentrations, by 60 and 28% in irradiated and non-irradiated RBCs,
respectively. Haemolysis rate was much higher in RBCs irradiated in the presence of quercetin vs. non
antioxidant.
Discussion: In non-cellular systems (RBC membranes or plasma) and in lymphocytes, quercetin shows
antioxidative/radioprotective activity but in whole RBCs it acts as a pro-oxidant and a cytotoxic
substance. The possible mechanisms of such action are discussed.

Keywords: γ-Irradiation, Oxidative stress, Quercetin, Red blood cell membrane

Introduction
The effects of γ-irradiation, on the molecular level, are
largely caused by water radiolysis, a process that pro-
duces reactive oxygen species (ROS) with hydroxyl
radical being the most hazardous. ROS can interact
with critical macromolecules, such as DNA, proteins,
carbohydrates, and lipids inducing cell damage. In an
enucleated cell, such as an erythrocyte (red blood cell;
RBC), a cell membrane is the main target for γ-rays.1

Therefore, an erythrocyte is a good model system for
studying mechanisms of membrane damage and pro-
tective agents. Circulating all over the body, RBCs
are representative samples for the whole body
exposure. They are easy to obtain and suitable for
monitoring both the short- and long-term radiation

effect. Storage conditions for RBCs, with maintaining
their viability and function up to 42 days, have been
well established in transfusion medicine. It has been
generally accepted that peroxidation of RBC mem-
brane lipids and proteins by radiation-induced ROS
can damage membrane integrity resulting in severe
cellular dysfunction.2–5 Evidence for such damage
includes impaired aggregability, adherence, and
deformability,6 enhanced haemoglobin and glutathione
(GSH) oxidation,7 increased haemolysis and leakage of
intracellular potassium, and lactate dehydrogenase.8–11

Plant compounds can protect cells against radiation-
induced ROS-mediated damage.12–14 Quercetin, 3, 3′,
4′, 5, 7-pentahydroxyflavone, is one of the most abun-
dant dietary polyphenolic substances occurring in
fruits and vegetables. Quercetin is a strong antioxidant
and it has the ability to act as an antimicrobial,
anti-inflammatory/antiallergic, antimutagenic, and
anticarcinogenic agent.15,16 Antioxidant activity of
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quercetin is based on its direct ROS scavenging ability
(hydroxyl radical, superoxide anion, singlet oxygen,
peroxyl radicals, and others). Quercetin can also
prevent the formation of ROS through chelating of
transition metal ions, and promote the enzymatic
and non-enzymatic antioxidant defence system.17

Growing evidence suggests that quercetin can amelio-
rate the effects of radiation. Recently, quercetin was
determined to inhibit UV-induced lipid peroxidation
in vitro in liposomes.18 Quercetin decreased γ-radi-
ation-induced damage in human peripheral blood
lymphocytes and plasmid DNA19 as well as when
given as pre-treatment, it protected against primary
leucocyte DNA damage in γ-irradiated mice.20 There
are various mechanisms by which quercetin can
protect cells against the harmful effects of radiation.
These include, e.g. absorption of radiation, antioxi-
dant activity, and interaction with signal transduction
pathways.15,21,22 However, the mechanisms of querce-
tin action are still not fully elucidated. The existing
data on the effects of quercetin on γ-irradiation-
induced oxidation and damage of cellular membrane
are scarce. Moreover, in some experimental condi-
tions, quercetin was found to show pro-oxidative and
toxic properties.15

The aim of the present in vitro study was to investi-
gate the radioprotective potential of quercetin, at the
concentrations of 2–50 μM, on RBCs and on isolated
RBC membranes exposed to γ-irradiation (50 Gy).
The oxidative damage of RBC membranes was ana-
lysed by measurement of the carbonyl group concen-
tration, a marker of protein oxidation. Lipid
peroxidation levels in whole RBCs, and for compari-
son in plasma and in peripheral blood lymphocytes,
were assessed by measurement of the amount of thio-
barbituric acid-reactive substances (TBARS). The
concentration of non-protein thiols (GSH) was deter-
mined as a marker of the endogenous antioxidant
defence. Radiation-induced impairment of the cell
membrane integrity was evaluated by the degree of
haemolysis.

Materials and methods
Chemicals
Quercetin, dimethyl sulfoxide (DMSO), bovine serum
albumin (BSA), α-cellulose, 5, 5′-dithio-bis-(2-nitro-
benzoic acid), Histopaque 1077, sodium dodecyl sul-
phate, sodium borohydride, hypochlorous acid
(HOCl), thiobarbituric acid (TBA), rabbit anti-dini-
trophenylhydrazine (anti-DNP) antibody, and horse-
radish peroxidase (HRP)-conjugated anti-rabbit
antibody, were purchased from Sigma-Aldrich
Chemical Co., Warsaw, Poland. Other chemicals, all
of analytical grade, were obtained from POCh,
Gliwice, Poland.

Isolation and γ-irradiation of cells and RBC
membranes
Human whole blood units from single healthy, adult
donors who passed the routine selection criteria and
before donation were not exposed to oxidative stress
due to cigarette smoking, diet or drug therapy, and
fresh frozen plasma were obtained from the Regional
Center for Transfusion Medicine in Lodz (Poland).
Whole blood (450 ml) was collected in acid-citrate-dex-
trose (ACD-A) solution. This study was approved by the
local Ethics Committee (no. KBBN-UŁ/I/3/2012).

RBCs were separated from blood plasma and leuco-
cytes by centrifugation (1800 g for 10 minutes), washed
three times with phosphate-buffered saline (PBS)
(140 mM NaCl in 10 mM Na-phosphate, pH 7.4) and
passed through α-microcrystalline cellulose column to
remove the residual leucocytes. The RBC ghost mem-
branes were prepared from washed cells according to
Dodge et al.23 The protein concentration in RBC mem-
brane suspension was determined by the Lowry
method.24 Lymphocytes were isolated from blood
using density gradient (Histopaque), then the cells
were washed twice with PBS. The number of lympho-
cytes was counted under the microscope; the viability
of the cells was assayed by the trypan blue exclusion test.

RBCs and isolated RBC membrane suspensions as
well as lymphocytes and plasma were irradiated at the
Institute of Applied Radiation Chemistry (Technical
University, Lodz, Poland) by using a 60Co source
(dose rate 0.392± 0.027 Gy/minute; first category
Irradiator BK-10000 ZZUJ Polon, Poznan, Poland).
RBCs (haematocrit (Ht)= 80%) or lymphocytes (1 ×
106 cells/ml) were divided into eight equal aliquots in
polystyrene tubes. The first aliquot was used as non-
irradiated control, second as irradiated control, the
other three were irradiated in the presence of different
quercetin concentrations and three were used to test
the effect of different quercetin concentrations in non-
irradiated samples. Quercetin, dissolved in 50%
DMSO, was added to the cells. The final DMSO con-
centration in control and quercetin containing samples
was 0.5%. The lymphocytes were irradiated after 2-
hour incubation with flavonoid at ambient tempera-
ture; the RBCs were stored for 24 hours at 4°C. After
incubation, the RBCs were irradiated and analysed
on the same day. The RBC membrane suspensions
(volume 100 μl, protein concentration approximately
4 mg/ml) and plasma were irradiated in the presence
of quercetin or in the absence of the antioxidant.
Non-irradiated membrane suspension or plasma
served as controls. Until analysis, the RBC membrane
and plasma samples were stored at −20°C.

Determination of protein carbonyl groups
Concentration of protein carbonyls in RBC memb-
ranes was measured by enzyme-linked immunosorbent
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assay according to Buss et al.25 with modifications
as described by Alamdari et al.26 Briefly, carbonyls
of membrane protein samples were derivatized
with DNP and probed with anti-DNP antibody fol-
lowed by a second antibody conjugated with HRP.
Freshly prepared substrate solution (SIGMA Fast
o-Phenylenediamine Dihydrochloride Tablet Sets)
was added; the absorbance was read at 490 nm
(Bio-Rad Microplate Reader, model 550, Poland,
Warsaw). Standard curves (1–10 nmol CO per mg of
protein) were prepared by mixing varying proportions
(0–100%) of HOCl-oxidized BSA with fully reduced
(by sodium borohydride) BSA while maintaining a
constant total protein concentration. The amount of
carbonyl groups in the oxidized BSA was determined
spectrophotometrically as described by Levine et al.27

GSH measurement
GSH amount was measured spectrophotometrically
with Ellman’s reagent. The GSH concentration was
calculated by using the molar extinction coefficient
(ε= 13 600 M−1 cm−1).

Lipid peroxidation measurement
Lipid peroxidation in RBCs and in plasmawas quanti-
fied by measuring the concentration of the TBARS.28

Briefly, equal volumes of the sample (RBC suspension,
Ht= 4% or plasma), 15% (m/v) trichloroacetic acid
containing 0.25 M HCl, and 0.375% (m/v) TBA con-
taining 0.25 M HCl were mixed, incubated at 95°C for
10 minutes, and cooled. The sample was centrifuged at
7000 g for 10 minutes and the absorbance was
measured at 535 nm (Spectrophotometer UV/Vis
Helios alpha, Unicam, England, Cambridge). The
TBARS concentration was calculated by using the
molar extinction coefficient (ε= 156 000 M−1 cm−1).
In lymphocytes, TBARS concentration was deter-
mined by the method described by Halliwell and
Gutteridge.29

Haemolysis
Haemolysis of RBCs was determined by measurement
of the amount of haemoglobin released from cells
relative to the total cellular haemoglobin content.
Ten microlitres of erythrocytes (Ht= 80%) were incu-
bated with 5 ml of normal saline or distilled water for
30 minutes. The samples were centrifuged at 3000 rpm
for 10 minutes, and the supernatants were measured
spectrophotometrically at 540 nm (Spectrophotometer
UV/Vis Helios alpha, Unicam). The percentage of
haemolysis was calculated as follows:

H(%) = Asamples

A100%lysis
× 100

where Asample and A100%lysis are the absorbances of
the haemoglobin released from RBC in normal

saline and after complete haemolysis in distilled
water, respectively.

Statistical analysis
The data point in figures are the means of n= 4–6 inde-
pendent experiments, each performed in triplicate. The
data were analyzed with statistical software StatSoft

Figure 1 Changes in the levels of protein carbonyl groups of
control, γ-irradiated, and quercetin-pretreated prior
irradiation isolated erythrocyte membranes. Values are given
as mean± SD of six independent experiments in each group;
#P< 0.05, compared with irradiated control (in the absence of
quercetin), one-way ANOVA followed by the Tukey’s post hoc
test. The differences between control non-irradiated vs.
irradiated RBC membranes were analysed by paired
Student’s t-test (P< 0.01).

Figure 2 Changes in GSH concentration of control, γ-
irradiated, and quercetin-pretreated prior irradiation
erythrocytes. Values are given as mean± SD of five
independent experiments in each group; **P< 0.01 compared
with non-irradiated control, ##P< 0.01, ###P< 0.001 compared
with irradiated control (in the absence of quercetin), one-way
ANOVA followed by the Tukey’s post hoc test. The differences
between control non-irradiated vs. irradiated RBCs were
analysed by paired Student’s t-test (P< 0.01).
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Polska Inc. (Poland, Krakow) ‘Statistica’ v.10. The
results were tested for normal distribution by means
of the Kolmogorov–Smirnov test. The differences
between groups were analysed by one-way analysis of
variance (ANOVA) followed by the post hoc Tukey’s
test or by the non-parametric Kruskal–Wallis test.
The significance of differences between the mean
values of irradiated vs. appropriate non-irradiated
samples was analysed by paired Student’s t-test. A
level P< 0.05 was accepted as statistically significant.

Results
Effects of quercetin on radiation-induced
carbonyl generation in the RBC membrane
protein
In our study, protein carbonyl concentration measure-
ment was a method of choice to assess the extent of
radiation-induced oxidative damage in RBC isolated
membranes. Proteins constitute half of the membrane
mass in human RBCs; the remaining half consists of

lipids and carbohydrates (approximately 42 and 8%,
respectively). ROS generated by γ-irradiation affect
all types of biomolecules and oxidative damage to
lipids and proteins can be concomitant. Therefore,
products of both protein oxidation and lipid peroxi-
dation can equally be used as oxidative stress
markers. Protein carbonyl content is the most
general and well-used biomarker of severe oxidative
protein damage. Oxidized proteins are generally
more stable than lipid peroxidation products and car-
bonyl measurement seemed to be more suitable when
oxidative damage was evaluated in RBC ghost mem-
branes subjected to extensive washing procedure.

Ionizing radiation at the dose of 50 Gy resulted in
elevated carbonyl group level in the RBC membrane
protein (Fig. 1). Incubation with quercetin at the con-
centration of 50 μM prior to irradiation brought back
the level of carbonyls to normal. The measured values
were 1.38± 0.075 and 1.36± 0.053 nmol/mg of
protein for the membranes irradiated in the presence

Figure 3 Changes in lipid peroxidation level of control, γ-irradiated, and quercetin-pretreated prior irradiation erythrocytes (A),
plasma (B), andmononuclear cells of peripheral blood (C). Values are given asmean± SD of six independent experiments in each
group; *P< 0.05, ***P< 0.001 compared with non-irradiated control, ##P< 0.01, ###P< 0.001 compared with irradiated control (in
the absence of quercetin), one-way ANOVA followed by the Tukey’s post hoc test. The differences between control non-irradiated
vs. irradiated RBCs were analysed by paired Student’s t-test (P< 0.01 and P< 0.001 in Fig. 3A, B, and C, respectively).
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of quercetin and for a non-irradiated control, respect-
ively. Quercetin did not significantly influence protein
carbonyl levels in non-irradiated membrane suspen-
sions (P> 0.05).

Effects of quercetin on radiation-induced GSH
oxidation in RBCs
Ellman’s reagent reacts with all non-protein cellular
thiols. In the RBC, GSH represents over 98% of the
all low-molecular weight thiols, and therefore determi-
nation of their concentration can be approximately
related to the concentration of GSH.
Our results showed a statistically significant

decrease of GSH concentration in RBCs subjected to
50 Gy irradiation when compared with non-irradiated
cells (by approximately 10%, P< 0.05), reflecting radi-
ation-induced decrease of the GSH/GSSG (gluta-
thione reduced/oxidized) ratio. In the presence of
quercetin, the GSH concentration was reduced both
in irradiated and non-irradiated erythrocytes, com-
pared with their corresponding controls, not contain-
ing quercetin (Fig. 2). Only the lowest quercetin
concentration used (2 μM) did not significantly influ-
ence the GSH concentration in non-irradiated erythro-
cytes as compared with the control (no antioxidant).

Effects of quercetin on radiation-induced lipid
peroxidation and haemolysis
Lipid peroxidation level in pre-incubated with querce-
tin (24 hours at 4°C) non-irradiated and γ-irradiated
RBCs is shown in Fig. 3A. In irradiated cells, at the
dose of 50 Gy, there was a significant increase in the
concentration of TBARS (by above 40% vs. control;
P< 0.01). Moreover, pre-treatment of RBCs with
quercetin increased the TBARS levels in irradiated
erythrocytes even more (by approximately 45 and
60% at quercetin concentrations 10 and 50 μM,
respectively). Quercetin at the highest used concen-
tration significantly enhanced lipid peroxidation in
non-irradiated RBCs (by 28% vs. control; P< 0.05).
To compare the effect of quercetin on radiation-
induced lipid peroxidation in other non-cellular and
cellular systems in our experimental conditions,
TBARS concentrations were determined in plasma
and in peripheral blood lymphocytes irradiated in
the presence of the flavonoid. In contrast, our results
showed that quercetin (10–40 μM) in a concen-
tration-dependent manner inhibited TBARS gener-
ation in irradiated (100 Gy) plasma (Fig. 3B) and in
irradiated (25 Gy) lymphocytes (Fig. 3C). There was
also a decrease in TBARS concentration in querce-
tin-treated non-irradiated plasma, but the presence of
quercetin did not influence the amount of TBARS in
non-irradiated lymphocytes.
Haemolysis measurement reflects the erythrocyte

membrane damage. There was a significant

concentration-dependent haemolysis enhancement in
the erythrocytes irradiated in the presence of quercetin
(up to 85%) vs. irradiated control (Fig. 4). Haemolysis
in pre-treated with quercetin non-irradiated and irra-
diated in the absence of quercetin erythrocytes was
not observed.

Discussion
The development of effective radioprotectors is impor-
tant for safe application of ionizing radiation in
medical practices, e.g. radiotherapy, nuclear medicine,
and transfusion medicine (irradiation of blood com-
ponents to prevent Transfusion-Associated Graft
versus Host Disease). In the present study, the radio-
protective efficacy of quercetin on human RBCs and
their membranes in vitro were investigated. The pre-
ventative effects of aglycone quercetin are seen in
vitro at approximately 1–40 μM and similar concen-
tration range (2–50 μM) was used in our study.
Although quercetin concentration derived from
dietary assumptions and plasma bioavailability is
lower, it is likely that these concentrations could be
achieved through dietary supplementation or intrave-
nous administration of quercetin.30,31

Amino acid residues in the membrane proteins are
highly susceptible to oxidation by ROS that are
formed during exposure to ionizing irradiation. Our
earlier studies have revealed that protein carbonyl
groups are good measures of irradiation-induced
plasma protein oxidation and that antioxidant vita-
mins, i.e. vitamin C, may protect proteins against
such oxidative damage.32 In the current study, it was
shown that quercetin (50 μM) efficiently protected

Figure 4 Haemolysis in control, γ-irradiated, and quercetin-
pretreated prior irradiation erythrocytes. Values are given as
mean± SD of four independent experiments in each group;
#P< 0.05, ##P< 0.01, ###P< 0.001 compared with irradiated
control (in the absence of quercetin). Owing to the non-
normal distribution data the Kruskal–Wallis one-way ANOVA
and Wilcoxon test were performed.
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RBC membrane proteins against irradiation-induced
(50 Gy) carbonyl formation (Fig. 1). Lately, Pandey
and Rizvi16 have revealed a protection against mem-
brane protein carbonylation by quercetin in ery-
throcytes subjected to oxidative stress caused by
t-buthylhydroperoxide. In their study, quercetin at
the concentration of 1 μM showed beneficial effect,
however, the most effective protective result was
obtained for the concentration 100-fold higher.
Radioprotective effectiveness of quercetin, in the

majority on DNA level, was reported earlier.19 The
authors demonstrated that quercetin (24 μM) added
to human peripheral blood lymphocytes prior to γ-
irradiation (1–4 Gy) reduced DNA damage, decreased
TBARS concentration, and improved antioxidant
status. Similarly, in our study, quercetin (10–40 μM)
efficiently inhibited radiation-induced lipid peroxi-
dation in human plasma (Fig. 3B) and in peripheral
lymphocytes (Fig. 3C). It is believed that antioxidant
capacity of polyphenols, including quercetin, is due
to their stabilizing effect on the cell membranes.33,34

Strong antioxidant activity of polyphenols and scaven-
ging of radiation-induced ROS appears to be contri-
buting towards their overall radioprotective ability.35

However, quercetin was not able to protect whole
RBCs against γ-irradiation in our study. Instead, the
presence of quercetin resulted in pro-oxidative effects
since it decreased the GSH/GSSG ratio and increased
lipid peroxidation, predominantly in irradiated RBCs
(Figs. 2 and 3A). Contrary to these results, Broncel
et al.36 have demonstrated significant decrease of
TBARS concentration by quercetin at similar concen-
tration range (10–100 μM) in erythrocytes of healthy
donors. Comparing their experimental conditions to
ours, these authors used much less erythrocytes per
tested tube (Ht= 2 vs. 80%). The authors also did
not specify the solvent they used to prepare a stock sol-
ution of quercetin, which could influence a discre-
pancy between the results.
One possible explanation how quercetin increased

oxidative stress in RBCs is that, the C4-keto moiety
and the C2=C3 double bond in flavonoid molecule
can facilitate the formation of quinoid-type metabolites,
o-quinones, and p-quinone methides.37 These oxidation
products of quercetin display some toxic effects due to
their ability of arylating protein thiols. Quinones very
easily react with thiols and can form a reversible
adduct with GSH, the most abundant RBC thiol.
When the GSH concentration is low quinones can
react with other thiols. Binding of quinones to RBC
membrane protein thiols can lead to various toxic
effects, i.e. increased membrane permeability or dys-
function of enzymes comprising a critical –SH group.
On the other hand, our results agree with earlier

reports by other authors who showed that in a
Fenton reaction system, some quercetin derivatives

with free catechol moiety or free hydroxyl group in
position 3 (or both) were pro-oxidant, through super-
oxide radical and hydrogen peroxide production.38

Pro-oxidative effects of quercetin on A549 cells
(decrease in thiol content, total antioxidant capacity,
cell proliferation, and induction of cell apoptosis and
necrosis), at higher concentrations of the flavonoid
(>50 μM), due to ROS formation were also reported
by Robaszkiewicz et al.39 Similarly, Yen et al.40

monitored pro-oxidant properties of quercetin, narin-
genin, hesperetin, and morin (at concentrations of
25–200 μM) in human lymphocytes, manifested by
the generation of hydrogen peroxide and the superox-
ide anion, TBARS production, and depletion of cell
membrane protein thiols.

Both the above mechanisms, a production of quer-
cetin metabolites and/or ROS, can possibly be under-
gone in quercetin-treated RBCs. Predictably, the
pro-oxidative and cytotoxic effects of quercetin were
enhanced by γ-irradiation. It cannot be excluded that
irradiation of quercetin leads to flavonoid decompo-
sition accompanied by the generation of some toxic
radiation products. Lipid peroxidation is one of the
major forms of cellular damage induced by radiation.
By-products of lipid peroxidation have been shown to
cause deep changes in the structural organization and
functions of the cell membrane including decreased
membrane fluidity, increased membrane permeability,
inactivation of membrane bound enzymes, and loss of
essential fatty acids.41 In the present study, irradiation
in the presence of quercetin induced haemolysis of
RBCs (Fig. 4). RBC membranes, in particular, are
vulnerable to lipid peroxidation due to constant
exposure to high oxygen tension and richness in poly-
unsaturated fatty acids. Moreover, RBCs are especially
susceptible to oxidative damage due to the ability of
haemoglobin to participate in generation of hydroxyl
radicals mediated by redox metals.42 Attack of toxic
metabolites and oxidants on RBC membrane can
finally lead to diminished RBC survival.

In summary, our results indicate that in a Fenton
reaction prone system such as RBCs, unlike in lym-
phocytes or the non-cellular systems (plasma, isolated
RBC membrane) quercetin acts as a pro-oxidant.
Quercetin and its glycosides are used as therapeutic
agents in the treatment of diseases involving free rad-
icals. One could hypothesize that the capacity of flavo-
noids to induce detoxifying enzymes is a major
mechanism by which these compounds exert their pre-
ventive action. It has to be underlined, however, that
flavonoids neither in vitro nor in vivo can be considered
solely as antioxidants, since under certain reaction
conditions they can also display pro-oxidant activity.
Antioxidative properties of quercetin in vitro depend
on various experimental conditions, i.e. flavonoid con-
centration, biological system, incubation time, pH,
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and the presence of toxic metabolic by-products. The
issue why and to which extent is quercetin able to act
as anti- or pro-oxidant is still poorly understood and
requires further studies.
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