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Summary

Flavonoids are phytochemicals exhibiting a wide range of biological activities, among
which are antioxidant activity, the ability to modulate activity of several enzymes or cell
receptors and possibility to interfere with essential biochemical pathways. Using human
laryngeal carcinoma HEp2 cells and their drug-resistant CK2 subline, we examined the ef-
fect of five flavonoids, three structurally related flavons (quercetin, fisetin, and myricetin),
one flavonol (luteolin) and one glycosilated flavanone (naringin) for: (i) their ability to in-
hibit mitochondrial dehydrogenases as an indicator of cytotoxic effect, (ii) their influence
on glutathione level, (iif) antioxidant/prooxidant effects and influence on cell membrane
permeability, and (iv) effect on expression of cytochrome CYP1Al. Cytotoxic action of the
investigated flavonoids after 72 hours of treatment follows this order: luteolin>quercetin>
fisetin>naringin>myricetin. Our results show that CK2 were more resistant to toxic con-
centrations of flavonoids as compared to parental cells. Quercetin increased the total GSH
level in both cell lines. CK2 cells are less perceptible to lipid peroxidation and damage
caused by free radicals. Quercetin showed prooxidant effect in both cell lines, luteolin only
in HEp2 cells, whereas other tested flavonoids did not cause lipid peroxidation in the
tested cell lines. These data suggest that the same compound, quercetin, can act as a
prooxidant, but also, it may prevent damage in cells caused by free radicals, due to the in-
duction of GSH, by forming less harmful complex. Quercetin treatment damaged cell
membranes in both cell lines. Fisetin caused higher cell membrane permeability only in
HEp2 cells. However, these two compounds did not enhance the damage caused by hy-
drogen peroxide. Quercetin, naringin, myricetin and fisetin increased the expression of
CYP1A1 in both cell lines, while luteolin decreased basal level of CYP1A1 only in HEp2
cells. In conclusion, small differences in chemical structure of flavonoids led to drastic
change of their biological effects.
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Introduction

Flavonoids are a group of low-molecular-mass po-
lyphenolic substances, ubiquitous in all vascular plants
(1). They occur naturally in a broad range of fruits, vege-
tables and beverages such as green tea or red wine. The
daily consumption of flavonoids is difficult to estimate,
because the uptake of these specific compounds may
vary greatly depending on the food source. In plants,
flavonoids are widely distributed in form of more polar
glycosilated derivatives (mostly O-B-glycosides) (1,2) and
therefore these substances are considered to be nonab-
sorbable (3,4). Nevertheless, microorganisms in the co-
lon hydrolyze them into free flavonoids (aglycones), which
are expected to be able to pass through the gut wall.
Also, some glycosilated flavonoids are metabolized in li-
ver (3,5).

Flavonoids from 4-oxo-flavonoid family have been
reported to exert multiple biological effects, but biologi-
cal outcome will depend on properties of each com-
pound (2). Various experimental systems (e.g. membrane
systems, cell cultures, animal models, and human clini-
cal trials) are used to study the bioactivity of these plant-
-derived compounds. All of these systems have their ad-
vantages and limitations. Cell cultures have a number of
advantages over other experimental systems: ability to
conduct mechanistic studies at molecular level, easy
control of experimental environment and relatively low
cost, and finally, avoidance of ethical issues related to
animal or human studies. However, cell cultures cannot
reflect precisely the conditions found in the body. In spite
of that, they are valuable tools in biomedical science.

In this work, we used two cell lines originated from
the same parental cell line: human laryngeal carcinoma
HEp2 cells and their drug-resistant CK2 subline. How-
ever, CK2 cells acquired (during the development of re-
sistance to cisplatin) many alterations that can influence
their response to different cytotoxic agents. Both HEp2
and CK2 cells have inducible glutathione, glutathione-
-S-transferases and cytochrome 1A1, but basal level of
these enzymes is different. These properties make the
selected pair of cell lines suitable for investigation of the
effect of flavonoids on the expression of the mentioned
proteins. We determined the ability of five flavonoids to:
(i) inhibit mitochondrial dehydrogenases as an indicator
of cytotoxic effect, (ii) determine the influence of flavo-
noids on cellular level of glutathione, (iii) examine their
antioxidant/prooxidant effects (TBA-MDA formation) and
influence on cell membrane permeability as an indicator
of secondary damage of cell (lactate dehydrogenase per-
meability), and (iv) examine their influence on expres-
sion of CYP1AL

Glutathione, a tripeptide present in the majority of
cells, is responsible for hydrophilic xenobiotics conjuga-
tion. Sulphydryl group of glutathione is essential for its
antioxidant activity against some forms of reactive oxy-
gen species (ROS) in cells (6). There is evidence that
some flavonoids can elevate intracellular basal level of
GSH, allowing better tolerance of free radicals (7). It has
been suggested that flavonoid activities depend heavily
on their antioxidant and chelating properties (1). There-
fore, numerous studies concerning biological effects of
flavonoids on the in vitro and in vivo free radical-medi-

ated processes have been carried out. Much effort has
been focused on the identification of flavonoids that ex-
ert beneficial effects and mechanisms by which they in-
hibit cellular injury and degradation (8,9). Free radicals,
whose origin may be molecular oxygen that has accept-
ed an electron from variety of sources, or activated form
of foreign compound that has entered into a cell, can at-
tack unsaturated lipids in a cell, resulting in the chain
reaction of the formation of free radicals. This reaction is
terminated by the production of lipid breakdown prod-
ucts, lipid alcohols, aldehydes and malondialdehyde
(MDA). Therefore, measurement of malondyaldehyde
concentration is a common method for determination of
primary toxic effect caused by free radicals in experi-
ments in vitro (9,10). It has been shown that flavonoids
can prevent autooxidation of linoleic acid in wvitro, or
peroxidation of phospholipid membranes, microsomal
or mitochondrial peroxidation (11-13).

Some flavonoids can stimulate lipid peroxidation, pro-
bably depending on the number of hydroxyl substitu-
ents in the B-ring of flavonoids (hydroxyl groups are sub-
strates for cytochrome P450) (5). Among the proteins
that interact with flavonoids, cytochromes P450 (CYPs)
play a prominent role (5). Flavonoid compounds influ-
ence these enzymes in several ways. They induce the ex-
pression of several CYPs and inhibit or stimulate their
metabolic activity. Some CYPs participate in the metabo-
lism. Flavonoids enhance activation of carcinogens and
influence the metabolism of drugs via induction of spe-
cific CYPs. On the other hand, inhibition of CYPs in-
volved in carcinogen activation and scavenging reactive
species formed from carcinogens by CYP-mediated reac-
tions can be a beneficial property of various flavonoids.
Finally, cytochromes are producers of reactive oxygen
species in the cells when pour coupling of the P450 cata-
lytic cycle occurs (5,9).

Materials and Methods

Human cell lines

Human laryngeal carcinoma HEp2 cells were grown
as monolayer cultures in DMEM medium supplemented
with 10 % of fetal bovine serum, 4500 mg/L glucose,
pyridoxine and 1 % penicillin/streptomycin solution.
Drug-resistant subline (CK2) was developed in Labora-
tory for genotoxic agents, at Rudjer Boskovi¢ Institute,
by the treatments with stepwise increased concentration
of cisplatin (14). CK2 cells became resistant to cisplatin
and cross-resistant to several other anti-cancer drugs:
vincristine, methotrexate, fluorouracil, mitomycin C and
carboplatin (15,16). This cross-resistance was accompa-
nied with sensitivity to amphotericin B (17), more hy-
perthermia-reduced intracellular cisplatin accumulation
(18), increased levels of markers for invasion and metas-
tasis, cathepsin D and urokinase plasminogen activator
(19), and increased expression of integrins (20).

Chemicals
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), malondyaldehyde (MDA), NADH, sodi-
um pyruvate, thiobarbituric acid (TBA), Ellman reagent,
NADPH, glutathione and glutathione reductase were
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purchased from Sigma Chemicals. Flavonoids (querce-
tin, fisetin, myricetin, luteolin and naringin) were also
obtained from Sigma Chemicals. Primary monoclonal
antibody CYP1A1 was purchased from Santa Cruz Bio-
technology. Secondary antimouse antibody was pur-
chased from Amersham Pharmacia, USA. The chemicals
used in experiments were of analytical grade.

Flavonoids

Quercetin, myricetin and fisetin belong to a group
of flavonols. The difference in their structure is very
small (Fig. 1). Myricetin has three hydroxyl groups at
positions 3’, 4" and 5" at B ring and one hydroxyl group
at position 5 at A ring, quercetin lacks one hydroxyl
group at 5" position, and fisetin misses one hydroxyl
group at 3’ position on B ring and one hydroxyl group
at position 5 at A ring. Luteolin belongs to a group of
flavons, lacking hydroxyl group at 3 position at C ring.
Naringin, belonging to a group of flavanons, is glyco-
silated form of naringenin, which lacks hydroxyl groups
at positions 3’ and 5" at B ring. The structure of the ex-
amined compounds is presented in Fig. 1.

Flavonoids were dissolved in dimethyl sulphoxide
(DMSO), in stock concentrations of 500 mM. Just before
use, stock solutions were dissolved in growth medium.

In all experiments final concentration of DMSO in the
medium did not exceed 0.1 %.

Cytotoxicity assay

HEp2 and CK2 were seeded in 24-well plates in
concentration of 5.4-10% cells, 1.8 mL/well. The next day,
cells were treated with a range of concentrations (3.8
-500 uM; see Fig. 2) of each flavonoid. Following 72 hours
(period sufficient for 3 cell divisions), growth medium
was removed, and cells were treated with 10 % MTT so-
lution (21). Viable cells have active mitochondrial dehy-
drogenase enzymes which metabolize a yellow-coloured
tetrazolium salt (MTT) into a blue formazan. Therefore,
the number of surviving cells is directly proportional to
the level of the produced formazan. Formazan was dis-
solved with 2-propanol, containing 0.01 M HCL. Intensity
of absorbance was measured at 540 nm in Cecil spectro-
photometer (Cecil Instruments Ltd, Cambridge Technical
Centre, UK). Each experiment was repeated three times.

Measurement of total glutathione

A volume of 13.5 mL of cell suspension (4.5-10° cells)
was seeded in 10-centimetre Petri dishes. After attach-
ment, the cells were treated with highest nontoxic con-
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Fig. 1. Chemical structure of investigated flavonoids
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centration of the examined flavonoids. After 72 hours of into quivette containing 0.7 mL of 100 mM Na,HPO,/5
incubation, the cells were scraped, washed twice with M EDTA, 200 pL of Ellman reagent (3 mM) and 100 pL
cold PBS (containing Ca?* and Mg?* salts), lysed and of NADPH (2 mM). Prior to measurement, 10 puL of glu-
centrifuged at 15 000 rpm. Supernatant was examined tathione reductase (activity 12 units/mL) was added into
for the level of total glutathione by the Tietze’s method the mixture. The absorbance was determined at 412 nm
(22). Briefly, cell supernatant (10 or 20 puL) was added every 15 seconds for 2 min. Concentration of total gluta-

110 120
100 g i\ —A—HEp2[— 110 ——HEp2————
9 x ——CK2 | 100 3 —— K2 —/{
30 ‘5\ 90
IN A
70 80 F
s B
El R 3
g Ny S 50 i
40 wn
b 40 k
30 30
20 20
0 . S 0 . S
4.12 41.20 412 5.46 54.6 546
Concentration of myricetin/uM Concentration of quercetin/uM
110 110
— ——HEp2
= PN o 4
90 K cK2 90 CK2 4
80 80 *
< 70 < 70 ~
2 2
Z 50 g %
=
@ 40 w40
30 AVY 30
20 20
10 10
0 T | 0 T |
381 38.1 381 5 50 500
Concentration of naringin/uM Concentration of fisetin/uM
110
100 £ —a— HEp2[—
90 —o—CK2 —
80
S 70
= 60 -
2
=
ZI }
30
20
0

4.12 41.2 412
Concentration of luteolin/uM

Fig. 2. Survival curves obtained after the 72-hour treatment of HEp?2 (triangle) and CK2 (circle) cells with five flavonoids. Percentages
of survival are expressed in comparison with negative control. Pooled data from three experiments (the mean at the point + s.d.)
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thione was calculated from standard curve. Total amount
of proteins in supernatants was determined using Brad-
ford assay (23). Each experiment was carried out in trip-
licate.

Measurements of lipid peroxidation and lactate
dehydrogenase

A volume of 13.5 mL of cell suspension (4.5-10° cells)
was seeded in 10-centimetre Petri dishes. After attach-
ment, the cells were incubated with highest nontoxic
concentration of the examined flavonoids or the flavo-
noid and hydrogen peroxide for 72 hours. Then the cells
were scraped, washed twice with PBS (containing Ca?*
and Mg?* salts) and lysed in 520 pL of potassium chlo-
ride (1.15 %) for 30 min. The mixture was centrifuged at
5000 rpm. A volume of 500 pL of cell supernatants was
incubated with 2 mL of TBA (100 g/L) for 15 min at 100
°C. The mixture was cooled with tap water, centrifuged
at 1000 rpm/10 min; then 2.5 mL of supernatant were
mixed with 1 mL of TBA (0.8 %) and incubated for 15
min at 100 °C. After cooling with tap water, the absor-
bance of the samples was examined at 532 nm and then
at 600 nm (value of nonspecific absorbance). Concentra-
tion of MDA-TBA complex as an indicator of lipid per-
oxidation was calculated from standard curve (24,25).
Concentration of cellular proteins was determined ac-
cording to Bradford method (23). Each experiment was
carried out in triplicate.

Changes in the membrane permeability can be de-
tected in vitro as the leakage of enzymes such as lactate
dehydrogenase. The measurements were done in the
medium where cells were grown and treated with dif-
ferent flavonoids or with flavonoids and hydrogen per-
oxide mixture. One unit of LDH activity presents the
quantity of an enzyme needed for the formation of 1
pmol of NAD* in one minute (26). Growth medium was
centrifuged for 5 min at 3000 rpm to remove detached
cells. In 470 uL of buffered water (5 mM) and 430 uL of
MOPS buffer (500 mM), 30 pL of NADH and 30 pL of
sodium pyruvate were added. Prior to measurement, 40
pL of sample were added. Absorbance was measured at
340 nm for 2 min, every 15 seconds. Activity of lactate
dehydrogenase was expressed as a rate of absorbance
change in unit of time. Concentration of cellular pro-
teins was determined according to Bradford method
(23). Each experiment was carried out in triplicate.

Western blot analysis

A volume of 13.5 mL (4.5:10° cells) was seeded in
10-centimetre Petri dishes. After attachment, the cells
were incubated with highest nontoxic concentration of
the examined flavonoids for 72 hours. After that, the
cells were scraped, washed twice with cold PBS (con-
taining Ca?* and Mg?* salts), lysed and centrifuged at
10000 rpm/15 min at 4 °C. The supernatant was col-
lected and placed on ice. Protein concentration was de-
termined according to Lowry method (27). An amount
of 25 pg of proteins was separated by SDS polyacril-
amide electrophoresis (2 h/80 mA). The proteins were
transferred (1 h/400 mA) on nitro-cellulose membranes
(Hybond C, Amersham Pharmacia, USA). Membranes
were blocked in 5 % non-fat milk in TTBS (50 mM

Tris-HCl, 200 mM NaCl and 0.05 % Tween 20) and incu-
bated with monoclonal primary mouse antibody raised
against human CYP1A1 (dilution 1:1000; Santa Cruz).
Detection of CYP1A1 was enabled by incubation of mem-
branes with anti-mouse secondary antibody (Amersham
Pharmacia, USA). CYP1A1 was determined by enhanced
chemiluminescence (ECL) reagent (Amersham Pharma-
cia, USA). Relative intensities of the bands were estima-
ted from densitometric analysis of the blot with an Im-
age Master VDS software (Amersham Pharmacia Biotech).
Each experiment was repeated three times.

Statistical analsyes

Statistical analyses were performed with SPSS ver-
sion 8.0 (SPSS Inc., Chicago, IL, USA). Each experiment
is the result of three independently performed experi-
ments. The one-way analysis of variance (ANOVA) was
employed to determine whether the means of different
groups were significantly different. The Dunnett post-
-hoc test was used to determine the significance. A proba-
bility level of p<0.05 was considered significant. All data
are expressed as a mean * standard error (SE).

Results and Discussion
Cytotoxicity

Cytotoxic effects of five investigated flavonoids were
examined on human parental laryngeal carcinoma cell
HEp2 line and their cross-resistant cell CK2 subline,
which, due to alterations induced during the resistance
development, acquired new properties, as shown previ-
ously (14-20). The results were compared and presented
in Fig. 2.

Slight differences in chemical structure of flavonoids
caused different toxicological effects. Myricetin was the
least toxic compound. In concentrations higher than 41.2
puM, myricetin induced rapid decrease in cell survival.
Therefore, for further studies, concentration of 41.2 uM
of myricetin was chosen as the highest nontoxic concen-
tration. Naringin, the only glycosilated flavonoid and
the most hydrophilic compound of the five examined,
was more toxic than myricetin. Survival curves of cells
treated with quercetin and fisetin exhibited saddle-like
forms because these flavonoids interfered with MTT dye
at higher concentrations, causing false results at concen-
trations higher than 50 uM.

Cytotoxic action of the investigated flavonoids after
72 hours of treatment follows this order: luteolin>quer-
cetin>fisetin>naringin>myricetin. The highest nontoxic
concentrations of flavonoids were established as follows:
luteolin (4.12 uM), quercetin (5.46 pM), fisetin (5 uM),
naringin (38.1 uM) and myricetin (41.2 uM). These con-
centrations were used in further experiments. Solvent
DMSO in the highest applied concentration did not
cause any biological effects in control experiments. Gen-
erally, CK2 cells were more resistant to toxic effects of
the examined flavonoids than parental cells.

It is known that small changes in chemical structure
of flavonoids cause significant changes in their biologi-
cal activities. Therefore, it is not surprising that narin-
gin, the only glycosilated flavonoid among the tested
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substances, has shown lower toxic effect on both cell
lines compared to other flavonoids. This could be due to
hydrophilic nature of this compound and its different
bioavailability in cells.

Similar to our results, Rusak et al. (28,29) also found
that quercetin is the most cytotoxic compound among
the tested flavonoids after 72 hours of incubation. They
also pointed out that C2-C3 double bond is an impor-
tant structural requirement for the cytotoxic effects of fla-
vonoids. All flavonoids used in our study possess C2-C3
double bond and they showed cytotoxic effects. Our data
are in accordance with the data of Hodek et al. (5), who
showed that 7-hydroxyl group of the ring A is an im-
portaint factor for cytotoxic effect of flavonoids. Rusak
et al. (28,29) pointed out that higher number of hydroxyl
groups at ring B enhanced cytotoxic effects of flavonoids.
We showed that myricetin, the flavonoid with 3 hydro-
xyl groups at ring B, was the least toxic compound of
the tested flavonoids, suggesting that cytotoxic effects of
flavonoids are cell specific. The mechanism of cytotoxic
activity of quercetin and luteolin was proposed by Hi-
rano et al. (30). They supposed that quercetin and luteo-
lin inhibit human promyelocytic leukemia cell growth pos-
sibly via the cessation of DNA, RNA and protein synthe-
sis of leukemic cells. Scambia et al. (31) estimated quer-
cetin as a powerful antiproliferative agent against some
human cancer cell lines, such as primary colorectal, ova-
rian, lymphoblastoid and breast cancer cells.

Glutathione levels

Probably the most important protective mechanism
for free radical scavenging and inhibition of electrophilic
xenobiotics attack on cellular macromolecules involves
tripeptide glutathione (6). Due to nucleophilic thiol group,
it can detoxify substances in one of three ways: (i) conju-

21

gation catalyzed by glutathione-S-transferases (GST); (ii)
chemical reaction with a reactive metabolite to form a
conjugate; and (iii) donation of proton or hydrogen atom
to reactive metabolites or free radicals. Reactive interme-
diates can react with GSH either by a direct chemical re-
action or by a GST-mediated reaction preventing possi-
ble cell death. In this work we have investigated the
influence of flavonoids on intracellular glutathione level.
These results are presented in Fig. 3.

CK2 cells have higher basal level of total GSH than
parental HEp2 cells; 7.8 pM/mg of protein for HEp2
cells, 9.5 uM/mg of protein for CK2 cells, and, for com-
parison, 8.125 pM/mg of protein for normal human lung
fibroblasts. However, according to our previous results,
GSH was not involved in the resistance of CK2 cells to
cisplatin (32). In HEp2 cell line, myricetin and quercetin
elevated the level of total GSH, but this increase was
significant only for quercetin. In CK2 cell line, with in-
creased basal level of GSH, fisetin, luteolin and querce-
tin elevated GSH level, but again, only for quercetin this
increase was statistically significant. This implicates that
cells treated with quercetin can tolerate exposure to
higher concentrations of different electrophilic xenobio-
tics, as well as compounds that cause oxidative damage
and oxidative stress.

Similarly, protective in vivo effect of quercetin was
published by Devi Priya and Shyamala Devi (33). They
investigated the influence of quercetin on rat kidneys
where rats were simultaneously treated with cisplatin
and quercetin. Quercetin administration per se prevented
lipid peroxidation and cell membrane damage. This sug-
gests that quercetin has the same effect on GSH induc-
tion in both in vivo and in vitro systems as well as that
this effect is not cell specific. Beneficial effects of quer-
cetin were also observed by Pattipati et al. (34). They in-
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vestigated the prevention of occurrence of dyskinesia, a
serious neurological syndrome associated with long-term
administration of neuroleptics to experimental animals.
Repeated treatment with neuroleptics decreased the level
of GSH, but treatment with quercetin significantly re-
duced neuroleptically induced changes in the brain of
rats. Further, administration of quercetin restored intra-
cellular GSH levels, the decrease of which was caused
by chronic neuroleptic treatment.

Lipid peroxidation

Free radicals, whose origin may be molecular oxy-
gen which has accepted an electron from a variety of
sources or activated form of foreign compound that has
entered into a cell, can attack unsaturated lipids in the
cell, resulting in chain reaction of free radical formation.
This reaction is terminated by the production of lipid
breakdown products; lipid alcohols, aldehydes and ma-
londialdehyde. Therefore, measurement of MDA concen-
tration is a commonly used method to assess lipid per-
oxidation in cultures in vitro.

It is believed that flavonoids provide only beneficial
effects on human health, which is associated with an im-
proved antioxidant response in vivo. This presumption is
based on their low absorption, extensive metabolism
and their ability to bind to proteins. But, numerous liter-
ature data show that some flavonoids could behave as
both antioxidants and prooxidants, depending on the
concentration and free radical source (8,35).

In this work, we have examined the influence of
five flavonoids on the formation of MDA after pro-
longed exposure of HEp2 and CK2 cells to nontoxic con-
centrations of flavonoids, as well as to the mixture of
flavonoids and hydrogen peroxide. Because of low con-
centration of free radicals induced by highest nontoxic
concentrations of flavonoids (see section Cytotoxicity) and
hydrogen peroxide (8 uM), incubation time was pro-
longed to three days in order to be able to determine
some biological effects.

Basal level of MDA-TBA complex in HEp2 cells was
10.64 uM/mg of protein, in CK2 cells 5.12 uM/mg of
protein. For comparison, in normal lung fibroblasts ba-
sal level of MDA-TBA was 12.7 uM/mg of protein. As
shown in Fig. 4, fisetin (5 uM), quercetin (5.46 uM) and
luteolin (4.12 pM) induced lipid peroxidation in HEp2
cell line. Naringin (38.1 pM) reduced basal level of per-
oxidation but also inhibited lipid peroxidation that was
induced with 8 uM H,0O,. Luteolin and fisetin enhanced
primary toxic effect of hydrogen peroxide. These two com-
pounds behave as prooxidants showing synergistic ef-
fect with free radicals of different origin.

Contrary to our results, Shimoi et al. (36) showed
that luteolin in vivo protected serum lipids against oxi-
dation induced with 2,2-azobis(2-aminopropane)-dihydro-
chloride (AAPH). This discrepancy could be explained
by the hypothesis that luteolin in vivo has passed through
metabolic changes (glucuronidation, sulphatation, me-
thylation) prior to entering into a blood system. We sup-
posed that in in vitro system luteolin is not transformed
to a more electrophilic form by enzymes involved in
phase I of detoxification (this phase could be responsible
for free radical formation). Kumar et al. (37) showed that

x_
)
N o
* & [oFay *
S >
75 1 221 T O % Q
5 70 g% = 52 g
E 65 1 L g a2
L a9
§60- = T O ®
= o a e
:5\55 g s
2 50 1 =3 * fe
£ 45 o - &% S
& 7 S = M [ o o)
T %4 ] I R =
= I & -~ T = SRS
5 35 - = £ S azl |z =
= < =] S = =
g | ~ = o o
£ 30 S = T =
o A +§
<254, 9 1| < z 2
8 & 4 Z qe
> =i N mON
£15 4 B & T2
5 1% = =
= 10
\9/5- F‘
0

Fig. 4. Concentration of TBA-MDA complex in HEp2 cells after
the treatment for 72 hours with the highest nontoxic concentra-
tions of flavonoids (white columns) and flavonoids and hydro-
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tions of flavonoids are presented in brackets. M=myricetin,
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significant difference compared to nontreated control (C)

naringin protects hemoglobin from nitrite-induced oxi-
dation to methemoglobin in vitro. The protection was
not observed when naringin was added after autocata-
lytic stage of the oxidation of hemoglobin by nitrite. The
ability of naringin to scavenge oxygen free radicals may
be responsible for this phenomenon, because superoxide,
hydroxyl and other free radicals are implicated in pro-
moting the autocatalytic stage of oxidation of hemoglo-
bin by nitrite.

Fig. 5 presents levels of lipid peroxidation in CK2
cells following the treatment with flavonoids. It should
be pointed out that basal level of MDA in CK2 cells is
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Fig. 5. Concentration of TBA-MDA complex in CK2 cells after
the treatment for 72 hours with the highest nontoxic concentra-
tions of flavonoids (white columns), and flavonoids and hydro-
gen peroxide (gray columns). M=myricetin, F=fisetin, Q=quer-
cetin, N=naringin; L=luteolin. *Statistically significant difference
compared to nontreated control (C)
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significantly lower (5.12 uM/mg protein) than in paren-
tal cells (10.64 uM/mg of protein in HEp2 and 12.7 pM/
mg of protein in normal lung fibroblasts). Furthermore,
it is obvious that drug-resistant CK2 cells are less sus-
ceptible to lipid peroxidation than HEp?2 cells. CK2 cells
are also less sensitive to lipid peroxidation and damage
caused by free radicals. Quercetin caused significant in-
crease in MDA concentration, but not synergistic effect
with 8 uM H,0,. Fisetin showed slight (but not statisti-
cally significant) prooxidant nature when it was added
to cells treated with 8 uM H,0,.

Quercetin caused significant MDA-TBA complex
formation in hydrogen peroxide-treated cells as well as
in quercetin-treated cells in both cell lines, indicating its
prooxidative activity. Young et al. (38) investigated the
influence of quercetin present in juice on healthy volun-
teers. They analyzed the presence of MDA in blood
samples and urine. Quercetin was excreted in urine
(0.29-0.47 %), and its plasma concentration was very
low. Total plasma MDA level decreased with time, indi-
cating that reduction of lipid oxidation had occurred.
2-adipic semialdehyde, a biomarker of protein oxida-
tion, appeared, indicating a prooxidant effect of the
juice. This suggests that even within the plasma, there
are several subcompartments which may respond differ-
ently to a dietary challenge. These results also contradict
a general pro- or antioxidant state in blood, but also a
differential protection or damage to specific structures,
depending on their interaction with the dietary compo-
nents that reach them. The differences between our re-
sults and those obtained by Young et al. (38) in in vivo
system could be explained by the synergistic effects of
different components present in juice. Therefore, these
effects cannot be attributed solely to quercetin.

Lactate dehydrogenase activity

Changes in the membrane permeability can be de-
tected in vitro as leakage of enzymes such as lactate de-
hydrogenase. In the present study we have examined cell
membrane permeability following the treatment of cells
with the highest nontoxic concentrations of flavonoids
and hydrogen peroxide. One unit of LDH activity pres-
ents the quantity of an enzyme needed for the formation
of 1 pmol of NAD" in one minute (25).

Basal LDH activity in HEp2 cells was 0.25 nmol/
(min-mg protein), in CK2 it was 0.27 nmol/(min-mg
protein). In normal lung fibroblasts, Hef cells, basal ac-
tivity of LDH was 0.1 nmol/(min-mg protein). Nontoxic
concentrations of fisetin and quercetin increased cell
membrane permeability. LDH activity was not increased
when the cells were simultaneously treated with fisetin
and quercetin in the presence of 8 pM H,0,, suggesting
that these two compounds did not enhance the toxic ef-
fect of hydrogen peroxide (Fig. 6).

CK2 cells were more sensitive to the toxic concen-
tration of hydrogen peroxide (80 uM), possibly due to
higher permeability of cell membrane. In CK2 cells, only
quercetin caused significant leakage of LDH. There was
no difference between cells treated with quercetin and
those treated with quercetin and H,O, mixture, suggest-
ing that quercetin did not participate in LDH leakage
from the cells treated with hydrogen peroxide (Fig. 7).
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Fig. 6. Lactate dehydrogenase activity measured in growth me-
dium as a measure of cell membrane permeability in HEp2
cells after 72 hours of treatment with the highest nontoxic con-
centrations of flavonoids (white columns) and flavonoids and
hydrogen peroxide (gray columns). Pooled data from three ex-
periments (the mean at the point + s.d.). *Statistically signifi-
cant difference compared to control
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Fig. 7. Lactate dehydrogenase activity measured in growth me-
dium as a measure of cell membrane permeability in CK2 cells
after 72 hours of treatment with the highest nontoxic concentra-
tions of flavonoids (white columns) and flavonoids and hydro-
gen peroxide (gray columns). Pooled data from three experi-
ments (the mean at the point + s.d.). *Statistically significant
difference compared to control

Expression of cytochrome CYP1A1

Cytochrome P450 are heme containing mixed-func-
tion oxidases that play a key role in the metabolism of
hydrophobic endogenic substances (sterols, prostaglan-
dins, and fatty acids) and ingested foreign compounds
such as drugs, pesticides and pollutants (5). These pro-
teins are involved in interactions with flavonoid com-
pounds in three ways: flavonoids can induce biosynthe-
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sis of certain CYPs, they can modulate enzymatic activity
of CYPs and, finally, flavonoids can be metabolized by
several CYPs.

In the present study, we examined the ability of
flavonoids to induce biosynthesis of cytochrome P450,
CYP1AL. Induction of CYP1A1 is regulated by binding
of a certain compound to aryl hydrocarbon receptor
(AhR), a ligand-activated transcription factor (5). Bind-
ing affinities of these xenobiotics to AhR appear to be
dependent on structural constrains; planar aromatic com-
pounds with bulky substituent groups are preferred (5).
Depending on flavonoid concentrations, flavonoids ex-
hibit different biological activities. At lower concentra-
tions, flavonoids act as AhR antagonists, binding to the
receptor without activation of a transcription factor, while
at higher concentrations the same flavonoids can act as
AhR agonists and modulate gene expression of CYPs in-
duced by benz(a)pyrene, for example (5).

In this study, we determined the effects of nontoxic
concentrations of investigated flavonoids on CYP1A1l
expression. Basal expression of CYP1A1l in HEp2 cells
was higher than in CK2 cell line (Fig. 8). Human lung
fibroblasts have low basal expression of CYP1Al. As
shown in Fig. 8, quercetin did not induce CYP1A1 in
HEp2 cell line. Naringin, fisetin and myricetin slightly
increased expression of CYP1Al compared to control
(from 22 to 27 %). Luteolin reduced basal CYP1A1l ex-
pression for 40 %. In CK2 cell line, quercetin, naringin,
myricetin, fisetin and luteolin induced expression of
CYP1A1 from 43 to 60 %, as compared to basal level of
CYP1A1 in CK2 cell line (Fig. 8). Inhibition of CYP1A1
protein expression in HEp2 cells treated with luteolin
could play an important role in cancer chemoprotection.
In cells with high basal CYP1A1 expression, luteolin is
probably metabolized through this system and is trans-
formed to reactive intermediate which binds as an an-
tagonist to AhR, inhibiting consequently polycyclic aro-
matic hydrocarbon adduct formation (5,36). Our results
indicate that the same flavonoid could induce, but also
suppress CYP1A1 expression in different cell lines, sug-
gesting cell type-specific effect of flavonoids on expres-
sion of CYP1AT.

Connection between the chemical structure of the
investigated flavonoids and their influence on CYP1A1l
expression is difficult to establish. All examined flavo-
noids have 7-hydroxyl group at the ring A and 4-keto
group at the ring C. They differ in number of hydroxyl
groups at 3’, 4" and 5’ positions at the ring B, absence of

HEp?2 cell line

C Q N F M L

hydroxyl group at 5 position at A ring (fisetin) or ab-
sence of hydroxyl group at 3 position of C ring
(luteolin). Flavonoids with more hydroxyl groups at-
tached at B ring have stronger influence on CYP1A1 ex-
pression. Naringin, a flavonoid with one hydroxyl
group at ring B, showed the weakest effect on CYP1A1 ex-
pression. Quercetin and luteolin, flavonoids with two
hydroxyl groups at ring B, showed more potent effects
on CYP1A1 expression, which depended on cellular sur-
rounding.

Care should be taken if flavonoids are added in diet
as food supplements when they are consumed with
other medicaments, because their presence and chronic
intake can drastically change metabolism of other drugs
and their plasma level. Intensive degradation of drugs
or their retention in cells due to altered expression of
cytochrome P450 could lead to serious consequences
and unwanted effects. It would be interesting to investi-
gate synergistic and/or antagonistic effects of various
flavonoids using the same experimental approach estab-
lished in this work.

Conclusions

Small differences in chemical structure of flavonoids
led to drastic change of their biological effects, and were
cell specific. CK2 cell resistant to anti-cancer drugs sur-
vived the treatment with flavonoids better than parental
laryngeal carcinoma HEp2 cells. CK2 cells were less per-
ceptible to lipid peroxidation and damage caused by
free radicals, as compared to HEp2 cells. Fisetin and
quercetin showed prooxidant effect in both cell lines.
Quercetin increased glutathione level in both cell lines,
pointing out that the same compound can act as pro-
oxidant, but also prevent severe damage of the cell by
induction of GSH, which reacts with a free radical and
forms harmless complex. Fisetin and quercetin damaged
cell membrane, but did not enhance the damage caused
by hydrogen peroxide. Quercetin, naringin, myricetin,
fisetin and luteolin induced CYP1A1 protein expression
in CK2 cell line, while luteolin decreased basal level of
CYP1A1 in HEp2 cell line. Although the in vitro system
provides sufficient conditions for determination of mo-
lecular mechanisms of biological effects of flavonoids,
this system cannot precisely reflect conditions in the sys-
tem in vivo. Extensive studies on structure-function rela-
tionship of flavonoids in different test systems could
provide rational approach to drug and chemopreventive
agent design.

CK2 cell line
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Fig. 8. Western blot analysis of cytochrome CYP1A1l expression in HEp2 and CK2 cells following 72 hours of treatment with the
highest nontoxic concentrations of flavonoids in HEp2 and CK2 cell line. B-actin was used as equal loading control. Values in brack-
ets are results of densitometry measurements. C=control, Q=quercetin, N=naringin, F=fisetin, M=myricetin, L=luteolin
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