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Abstract The antioxidative activity of some natural

flavonoids was analyzed against the stable free radical 2,2-

diphenyl-1-picryhydrazyl. The results indicate that the

scavenging power of the tested flavonols is higher than that

of the synthetic antioxidants butylated hydroxyanisole and

butylated hydroxytoluene; instead, the flavanones show

little activity, as indicated by efficient concentration (EC50)

values. Flavonoid autoxidation and interaction with Fe2?

and hydrogen peroxide were tested using erythrocyte

membranes as a model. The results show that some com-

pounds, like hesperetin, evidence a pro-oxidant activity

higher than the ascorbic acid/iron reference system. The

compounds with strong oxidative capability do not only

influence cellular redox balance but also activate caspase-

3, producing lactate dehydrogenase release and enhancing

anionic exchange at the level of band 3 protein.
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Introduction

Flavonoids are polyphenolic compounds that are widespread

in the human diet, being found in vegetables, fruits, herbs,

tea and wine as secondary metabolites. They can be found in

the free state (aglycone) or linked with sugar (glycoside).

Aerobic organisms undergo oxidative modification of DNA,

proteins, lipids and small molecules due to reactive oxygen

species (ROS). Cells develop a variety of strategies to pro-

tect themselves against ROS, which include enzymatic and

nonenzymatic scavengers. The intracellular balance

between oxidants and antioxidants is very important for the

homeostasis of organisms. Cardiovascular (Witztum 1993)

and neurodegenerative (Frlich and Riederer 1995) disease,

cancer (Borek 1991) and ischemia involve perturbation or

unbalancing in this ratio. Secondary metabolites could be

therapeutically utilized as antioxidants to reduce free radi-

cal–induced tissue injury. This power has encouraged

investigators to search for compounds with strong antioxi-

dant activity but low cytoxicity. Many studies have shown

that diets rich in flavonoids are associated with lower risk for

cardiovascular disease and anti-inflammatory and anti-

allergic processes (Middleton et al. 2000; Kris-Etherton and

Keen 2002). Using in vitro systems, some authors have

reported that isolated flavonoids can show antioxidant and

antiapoptotic activities (Rice-Evans et al. 1995; Middleton

et al. 2000). Consumption of flavonoid-rich foods and bev-

erages can be associated with increased plasma antioxidant

ability, reduced platelet aggregation and improved endo-

thelial function (Rein et al. 2000). Although these molecules

have strong antioxidant activity, they can also act as pro-

oxidants. This deleterious effect can be mainly due to auto-

and/or enzymatic oxidation processes, through subsequent

production of semiquinone and quinoidal products (Hodnick

et al. 1986). Erythrocyte membrane is the widest and most

used model for studying biomembrane oxidative damage

(Miki et al. 1987; Mabile et al. 2001; Niki et al. 1988). In

fact, it plays a fundamental role in the maintenance of

intracellular microenvironment composition. Erythrocytes

are vulnerable to oxidative stress due to their high content of

polyunsaturated lipids, presence of oxygen molecules and

transition metals (Chiu et al. 1982; Puppo and Halliwell
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1988). ROS can attack erythrocyte membrane, inducing

hemolysis by oxidation of lipids and proteins (Zhu et al.

2002). The erythrocyte has several protection systems

against oxidative damage (superoxide dismutase, glutathi-

one peroxidase, catalase). The erythrocyte membrane

integrity is essential for this role, so many antioxidants (such

as ascorbate, b-carotene, a-tocopherol, selenium and zinc)

support the enzymatic defense against oxidative damage

(Roberfroid and Calderon 1995). Although the erythrocyte

oxidative defense system is powerful, a remarkable oxidant

insult, or certain disorders such as b-thalassemia, sickle cell

anemia and glucose-6-phosphate dehydrogenase deficiency,

can increase the susceptibility of the erythrocyte to peroxi-

dation (Chiu et al. 1982). Positive or negative effects of

added substances influence the functionality and integrity of

erythrocytes, modulating band 3 protein activity (CD233).

Band 3 (CD233) is an anion exchanger protein characterized

by two structurally and functionally distinct domains: an

amino-terminal 43-kDa cytoplasmic domain and a 55-kDa

membrane domain. These domains are involved in the

interaction with cytoskeleton proteins, hemoglobin, glyco-

lytic enzyme, protein tyrosine kinase and the blood group

antigens carbonic anhydrase II and glycophorin A. Human

erythrocytes contain also inactive procaspase, which is

activated by autocleavage into its active form (such as cas-

pase-3). This activation could be the result of xenobiotic

injuries but also increased levels of oxidative stress, with the

resulting detachment of the N-terminal cytoplasmic domain

of band 3 (cdb3) (Mandal et al. 2002, 2003; Matarrese et al.

2005; Clementi et al. 2007). The aim of this study was to

analyze the behavior of these compounds, testing their

abilities to scavenge 2,2-diphenyl-1-picryhydrazyl (DPPH)

free radicals, to preserve erythrocyte membrane integrity, to

trigger intracellular signal cascade and to influence anionic

exchange at the level of band 3 protein.

Materials and Methods

DPPH Assay

The free radical–scavenging effect of compounds was

assessed by the free radical method as previously reported

(Blois 1958) using a stable free radical, DPPH. It forms a

violet solution and reacts with antioxidants, losing color.

The color loss and subsequent fall in absorbance are cor-

related with the antioxidant content of the sample. Tested

compounds at a concentration ranging from l to 100 lM, in

a final volume of 3.0 ml, were mixed with 80 lM DPPH in

methanol. The changes in absorbance at 517 nm were

monitored over 30 min. DPPH concentration in the cuvette

was chosen to give absorbance values \1.0. The inhibition

percentage of radical-scavenging activity was calculated by

the following equation:

Inhibitionð%Þ ¼ AO � AS

AO
� 100

where AO is absorbance of the control and AS is absorbance

of the sample after 30 min of incubation. From inhibition

(%) was calculated the half-maximal efficient concentra-

tion (EC50) by linear regression analysis. The EC50 value

was defined as the concentration necessary to inhibit the

formation of DPPH radical by 50%.

Red Blood Isolation

All donor volunteers provided written informed consent to

participate in the study and were informed of all risks,

discomforts and benefits involved, in accordance with the

Declaration of Helsinki, for research protocols approved by

the institutional review boards of the National Institutes of

Health. All subjects provided medical histories, using a

standardized questionnaire, and did not receive anti-

inflammatory medication or nutritional supplements.

Blood was obtained by venipuncture from healthy male

volunteers and collected in heparinized tubes. Erythrocytes

were separated from plasma and buffy coat, washed three

times with 10 volumes of 0.9% NaCl and centrifuged at

2,500 rpm for 5 min. During the last washing the packed

cells were resuspended in 10 volumes of phosphate-buf-

fered saline (PBS, pH 7.4) and utilized for the following

experiments.

Assay for Erythrocyte Hemolysis

The reaction mix, in a final volume of 1.0 ml, was com-

posed of erythrocyte (10% in PBS, pH 7.4) and 2.0 mM of

different additives. It was incubated for 30 min at 37�C in a

water bath and then removed, diluted with 8 volumes of

PBS and centrifuged. To achieve complete hemolysis, one

sample without additives was mixed with 8 volumes of

distilled water and centrifuged. Another sample without

additives was diluted with 8 volumes of PBS to be sure to

avoid spontaneous hemolysis. After centrifugation, the

absorbance of supernatant was measured at 540 nm. The

results were expressed as percentage of complete

hemolysis.

Interaction with H2O2

The interaction and oxidation process of flavonoids were

evaluated also in the presence of H2O2. The reaction mix,

in a final volume of 1.0 ml, was composed of erythrocytes

(10% in PBS, pH 7.4), 100 lM of H2O2 and 2.0 mM of
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different additives. The samples were incubated and ana-

lyzed as described in ‘‘Assay for Erythrocyte Hemolysis.’’

Interaction with FeSO4

The reaction mix, in a final volume of 1.0 ml, was com-

posed of erythrocytes (10% in PBS, pH 7.4), 200 lM of

FeSO4 and 2.0 mM of different additives. The samples

were incubated and analyzed as described in ‘‘Assay for

Erythrocyte Hemolysis.’’ Ascorbic acid was used as a

positive control to induce oxidative stress. The test was

carried out on normal and microcythemic erythrocytes.

Kinetic Measurements of Band 3 Protein Anionic

Exchange

Citrate blood samples were washed three times with an iso-

osmotic NaCl solution. During washing, white blood cells

were discarded from the pellet. After washing, red blood

cells were resuspended (hematocrit 3%) in the incubation

buffer (35 mM Na2SO4, 90 mM NaCl, 25 mM HEPES

[N-(2-hydroxyethyl)-piperazine-N0-2-ethanesulfonic acid],

1.5 mM MgCl2), adjusted to pH 7.4 or 7.3 and 310 ± 20

mOsmol/kg, measured by an Osmostat OM-6020 apparatus

(Daiichikagakuco, Kyoto, Japan). Cells were incubated in

the above incubation buffer at 25�C in the absence or

presence of 50, 100 and 200 lM of tested flavonoids or tert-

butylhydroperoxide. At several time intervals, 10 lmol of

the stopping medium 4-acetamido-40-isothiocyanostilbene-

2,20-disulfonic acid (SITS) were added to each test tube

containing red blood cell suspension. Cells were then sep-

arated from the incubation medium by centrifugation (J2-

HS Centrifuge; Beckman, Palo Alto, CA) and washed three

times at 4�C with a sulfate-free medium to remove the

sulfate trapped outside. After the last washing, the packed

cells were lysed with perchloric acid (4%) and distilled

water. Lysates were centrifuged for 10 min at 4,000xg

(4�C), and membranes were separated from the supernatant.

Sulfate ions were precipitated from the supernatant by

adding a glycerol/distilled water mixture (1:1, v/v), 4 m

NaCl, 1 m HCl and 1.23 m BaCl2 � 2H2O in order to obtain

a homogeneous barium sulfate precipitate. The absorbance

of this suspension was measured at 350–425 nm.

The sulfate concentration was determined using a cali-

brated standard curve, obtained by measuring the absor-

bance of suspensions with known sulfate amounts

(Romano et al. 1998). Experimental data of sulfate con-

centration as a function of the incubation time were ana-

lyzed by best-fitting procedures according to the following

equation: c(t) = c? (1 – e–kt), where c(t) represents sulfate

concentration at time t, c? the intracellular sulfate con-

centration at equilibrium and k the rate constant of sulfate

influx.

Lactate Dehydrogenase Assay

Enzymatic activity of lactate dehydrogenase (LDH) was

monitored with a UV visible spectrophotometer, following

oxidation of NADH at kmax of 340 nm (Murphy and Bar-

aban 1990), during the production of lactate from pyruvate.

The release of LDH was expressed in arbitrary units as a

function of the control.

Caspase-3 Assay

After treatments, erythrocytes were collected, washed three

times with PBS and resuspended in HEPES buffer

(100 mM HEPES [pH 7.5], 20% glycerol, 5 mM DTT and

0.5 mM EDTA). Cell lysates were clarified by centrifu-

gation at 15,000 rpm for 10 min. The surnatant and clear

lysates were passed through a Microcon YM 50 (Millipore,

Bedford, MA; nominal molecular weight limit 50,000) to

obtain a partial purification of caspase. The enzymatic

solution was incubated with enzyme-specific colorimetric

substrates (Ac-DEVD-pNA) at 37�C for 1 h. The activity

of caspase-3 was analyzed with a spectrophotometer fol-

lowing the release of pNA at 405 nm and expressed in

arbitrary units as a function of the untreated sample.

Statistical Analysis

Data are presented as mean ± standard deviation (SD).

The data were analyzed by one-way analysis of variance

(ANOVA). The significance of the difference from the

respective controls for each experimental test condition

was assayed using Student’s t-test for each paired experi-

ment. P \ 0.05 was regarded as indicating a significant

difference.

Results

Figure 1 shows the chemical structure of the tested flavo-

noids. The kinetic results of the tested compounds toward

DPPH radicals are shown in Fig. 2. The antioxidant activity

of the analyzed flavonoids was compared to the ascorbic

acid one and to the synthetic antioxidants butylated

hydroxyanisole (BHA) and butylated hydroxytoluene

(BHT) one. The absorbance of DPPH alone did not change

over the period of the experiments. The addition of rutin,

quercetin or ascorbic acid to the DPPH solution induced a

rapid decrease of absorbance at 517 nm. Hesperidin’s con-

centration, higher than that utilized in our experiments, is

needed to show a considerable scavenger activity. Hes-

peretin reaches the highest scavenging activity at 40 lM

concentration; otherwise, flavonoids like diosmin, naringe-

nin and naringin do not show radical-scavenging activities
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(data not shown). The slope of the equations is a useful

parameter to define the compound’s antioxidant ability.

Figure 3 shows the EC50 values for the different additives.

This graph was obtained by plotting the DPPH results as a

function of the compound concentration logarithm. Flavo-

noids and the reference antioxidant were classified by EC50

values (B13, B80 and C80 lM). This assay helped us to

understand if the molecules tested showed interaction with

radical species but did not clarify if they acted as antioxi-

dants or pro-oxidants. Thus, we analyzed the behavior of the

compounds at the level of erythrocyte membrane, following

the autoxidation process and interaction with Fe2? and

H2O2. Figure 4 shows the additives’ effects on erythrocyte

membrane. The results show that 2.0 mM rutin, quercetin,

hesperidin, naringin or diosmin did not trigger hemolysis,

unlike the same concentration of hesperetin and naringenin,

which caused 30 and 26% hemolysis, respectively. Figure 5

reports the pro-oxidant activity of some compounds, ana-

lyzed as a function of their concentration (0–4 mM). The

pro-oxidant activity decreased with additive concentration

and caused 48 and 40% of hemolysis in the presence of

4.0 mM hesperetin and naringenin, respectively. Although

erythrocyte membrane has a well-developed system to

counteract H2O2-induced stress, its incubation in the pres-

ence of H2O2 (100 lM) plus 2.0 mM hesperetin and na-

ringenin produced erythrocyte membrane damage and

Fig. 1 Chemical structure of

tested flavonoids in the free

state (aglycone) or linked with

sugar (glycoside)

Fig. 2 Scavenger activity of

tested flavonoids against DPPH

radical at 517 nm, in the

concentration range of 0–

100 lM. Each point is the

medium value, obtained with

three different experiments
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hemolysis up to 54 and 37%, respectively (Fig. 6). The other

additives, on the contrary, did not cause any significant

erythrocyte hemolysis (Fig. 6). The interaction processes of

these additives with Fe2? were also analyzed. The system

Fe2?/ascorbic acid was used as a control to evaluate oxi-

dative stress and lipid peroxidation. The results show the

same behavior for both normal and microcythemic eryth-

rocytes, with changes that involve only the intensity of

Fig. 3 Flavonoids and reference compounds efficient concentration values, obtained by plotting DPPH values as a function of the logarithm of

the concentration

Fig. 4 Isolated erythrocytes were incubated at 37�C for 30 min in the

absence or presence of 2.0 mM of the tested compounds. After

incubation, samples were diluted with PBS and centrifuged. Hemo-

lysis was analyzed as described in ‘‘Materials and Methods.’’ a
Complete hemolysis, b naringenin, c hesperetin, d ascorbic acid, e
rutin, f diosmin, g neohesperidin, h quercetin, i hesperidin and l
naringin. Values are means ± SD of three experiments

Fig. 5 Isolated erythrocytes were incubated at 37�C for 30 min in the

presence of a 4.0, b 2.0, c 1.0, d 0.5, e 0.25, f 0.1, g 0.05, h 0.025, i
0.01, l 0.0025 and m 0.0 mM of hesperetin and naringenin. Hemolysis

was analyzed as described in ‘‘Materials and Methods.’’ Each point is

the medium value, obtained with three different experiments
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action (Fig. 7). Hesperetin induced a hemolysis rate higher

than Fe2?/ascorbic acid system (54% in microcythemic and

39% in normal erythrocytes). Compounds like rutin, na-

ringenin, hesperidin, diosmin and naringin with Fe2? cause

5–20% of hemolysis (Fig. 7). Also, 100 lM of hesperetin

and naringenin induced activation of caspase-3 (Fig. 8). On

the contrary, 100 lM of the other additives did not modify

caspase activity. Similar results were obtained by monitor-

ing the release of LDH, with a statistically significant vari-

ation in the presence of hesperetin and naringenin (Fig. 8).

We also analyzed the influences of the flavonoids at the level

of the erythrocyte membrane in its aglycone or glycoside

state. As shown in Fig. 9, the presence of tert-butylhydro-

peroxide increased the rate constant from 0.012 in the

control to 0.041 and 0.169 in erythrocytes treated with 50

and 100 lM of this compound, respectively. Concentrations

over 200 lM result in erythrocyte hemolysis. The same

results were obtained in the presence of 50 and 100 lM of

hesperetin and naringenin, with values very similar to the

tert-butylhydroperoxide one. Erythrocyte incubation, in the

presence of the other tested flavonoids, showed also an

increase of the rate constant; but the variation was not so

evident (Fig. 9).

Discussion

Many studies have analyzed the beneficial effects of sec-

ondary metabolites. In particular, polyphenolic compounds

could show ‘‘good’’ or ‘‘bad’’ behavior, acting as antioxi-

dants or pro-oxidants. In our experiments this double nat-

ure was analyzed using both chemical and biological

assays.

Attention to antioxidants and their employment in

pharmaceutical and industrial applications is growing

exponentially. However, these molecules can change the

intracellular balance redox and can have some negative

effects for organisms. In fact, physicochemical character-

ization of flavonoid structures has shown that they have a

redox potential between 0.23 and 0.75 V, suitable to reduce

a large amount highly oxidized free radicals (Potapovich

and Kostyuk 2003) and to interact with other important

biological molecules. For example, we can analyze flavo-

noid redox potential as a function of ascorbate. Flavonoids

containing a catechol group at the level of the B-ring and a

2,3-double bond have a higher redox potential than

ascorbate and are consequently able to oxidize it to the

ascorbyl radical, while flavanones are capable of reducing

Fig. 6 Isolated erythrocytes were incubated at 37�C for 30 min in the

presence of 0.1 mM of H2O2 with or without 2 mM of flavonoids.

Hemolysis was analyzed as described in ‘‘Materials and Methods.’’ a
Complete hemolysis, b H2O2 ? ascorbic acid, c H2O2 ? naringenin,

d H2O2 ? hesperetin, e H2O2 ? rutin, f H2O2 ? diosmin, g
H2O2 ? hesperidin, h H2O2 ? quercetin, i H2O2 ? neohesperedin, l
H2O2 and m H2O2 ? naringin. Values are means ± SD of three

experiments

Fig. 7 Isolated erythrocytes, from normal (a) or microcythemic

donors (b), were incubated at 37�C for 30 min in presence of

200 lM of FeSO4 and 2.0 mM of different additives. Hemolysis was

analyzed as described in ‘‘Materials and Methods.’’ a Complete

hemolysis, b FeSO4 ? ascorbic acid, c FeSO4 ? naringenin, d

FeSO4 ? hesperetin, e FeSO4 ? rutin, f FeSO4 ? diosmin, g
FeSO4 ? hesperidin, h FeSO4 ? quercetin, i FeSO4 ? neohesperedin

and l FeSO4 ? naringin. Values are means ± SD of three experi-

ments. ** Significant difference between FeSO4 ? ascorbic acid– and

flavonoid-treated cells at P \ 0.05
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this molecule (Bors et al. 1995; Jovanovic et al. 1996).

Taking into account all this background, we analyzed the

antioxidant/pro-oxidant behavior of some flavonols and

flavanones using the DPPH assay and the interaction pro-

cess which lead to functional and metabolic rearrangement

at the erythrocyte level. The results obtained with the

DPPH assay give helpful information to understand the

scavenging capacity of the compounds tested. This assay

emphasizes the importance of substitutions present in the

flavonol class for scavenging DPPH radicals in comparison

with those in flavanones. In fact, quercetin’s and rutin’s

radical-scavenging activity is higher than that of hespere-

tin, neoesperidin, hesperidin, naringin and naringenin. This

assay helped us to understand if the molecules tested

showed interaction with radical species but did not clarify

if they act as antioxidants or pro-oxidants. Thus, we ana-

lyzed the behavior using the erythrocyte membrane as a

model, following the autoxidation process and interaction

with Fe2? and H2O2. The results obtained by hemolysis

assay show strong pro-oxidant action of naringenin and

hesperetin, whose activity could be due to the autoxidation

process. Our results show that hesperetin acts at the

erythrocyte level, bringing disruption, while its glycated

form (hesperidin) does not have the same effect. In

accordance with other authors (Chen et al. 2003), our

results confirmed the importance of A-ring C7 glycation to

loss of pro-oxidant action as well as the importance of a

double bond and hydroxyl group at the level of the C-ring,

as in quercetin. This molecule has the same structure at the

level of the A-ring, and its glycation process happened at

the level of C3 (rutin). The pro-oxidant action of hesperidin

in the presence of H2O2 could be due to the formation of

hydroxyl radical. The interaction of this radical species

with hesperetin makes it more reactive. The other additives

help erythrocyte to protect against H2O2-induced stress.

Also, in the presence of Fe2?, hesperetin shows major pro-

Fig. 8 Erythrocytic caspase-3

activation (a) and LDH release

(b) in the presence of a control,

b 100 lM of hesperetin, c
100 lM of hesperidin, d
100 lM of neohesperidin, e
100 lM of rutin, f 100 lM of

naringenin, g 100 lM of

quercetin, h 100 lM of diosmin

and i 100 lM of naringin.

Values are the means ± range

of at least three experiments.

The differences between control

and flavonoid-treated

erythrocytes were analyzed by

one-way ANOVA, followed by

Student’s t-test. ** Significant

difference between control and

flavonoid-treated cells at

P \ 0.05

Fig. 9 Flavonoid effects on the rates of sulfate transport in normal

human red blood cells. Values are the means ± SD of at least three

different experiments
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oxidant activity, superior also to that of a classical model

for the induction of oxidative stress (Fe2?/ascorbic acid),

followed by naringenin. The same results are more evident

if we analyze the results obtained for microcythemic sub-

jects. In fact, the results are the same for both donors, but in

the microcythemic one they are increased in value, as

expected because they are more sensible to oxidative stress.

Hesperetin and naringenin induce also activation of cas-

pase-3, the main intracellular signal for induction of the

apoptotic process, and bring LDH release, showing the

cytotoxic nature of the damage. Also, anionic exchanges

result in strong activation by incubation in the presence of

hesperetin and naringenin, and, as in the case of t-butyl-

hydroperoxide, this could be due to an oxidative stress

increase, with activation of caspase-3 at the erythrocyte

level. The activation of caspase-3 causes proteolytic

cleavage of cdb3 and loss of the capacity to bind glycolytic

enzyme, resulting in an increase in glycolysis toward the

pentose phosphate pathway, with a decrement of total

erythrocytes, reducing power. In fact, the interactions at the

cdb3 level are of fundamental importance because they

seem to be implicated in the anion influx as in the shifting

of the metabolism toward the pentose phosphate pathway

or the Embden-Meyerhof-Parnas pathway (De Rosa et al.

2007; Giardina et al. 1995; Galtieri et al. 2002; Russo et al.

2008; Tellone et al. 2008).

In conclusion, our results underline the fundamental

importance of substitution at the flavonoid ring level and,

as in the case of hesperetin, the higher pro-oxidant nature

of its flavanone skeleton, superior also to the classical

model for the induction of oxidative stress (Fe2?/ascorbic

acid). The flavanone aglycone’s remarkable activity on

anion exchange proteins could be mainly due to activation

of the caspase pathway, with a derangement of erythrocytic

membranes (Ficarra et al. 2009) and modification of the N-

terminal cytoplasmic domain of band 3. Otherwise, these

molecules could interact with hemoglobin, as reported by

Lu et al. (2007), modifying protein conformation and

metabolic correlation with band 3 protein.
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