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Abstract:

The objectives of this study were to investigate the behavior of flavonoids in
an aqueous physiological buffer and to determine the structural and functional group
substitution which is responsible for their anticancer action. The deprotonated anionic
form of 7 flavonoids can easily be determined using spectrophotometry, and owing to
its charged state, is highly soluble in aqueous physiological buffer and is not prone to
aggregation. The protonated form of these 7 flavonoids is much less soluble and tends
to aggregate following precipitation. For all flavonoids studied except catechin and 5,
5'-dihydroxy-6, 7, 3', 4'-tetramethoxyflavone, it was possible to determine the rates of
deprotonation; pKa value of eriodictyol, apigenin, kaempferol, quercetin, WP 279,
and WP 283 was equal to 7.00, 8.72, 7.86, 8.30, 7.70 and 9.90, respectively. The
methoxyl group substitutions in place of hydrogen atoms and/or hydroxyl groups at
various positions of carbon atoms in ring A, B and C particularly WP 283 resulted in
an increase in the solubility, lipophilicity, and specifically its anticancer efficacy (by
60-fold). The neutral forms of flavonoids are predominantly active molecules and the
active sites responsible for anticancer activity are found in ring A and C, especially
C4=0, C5-OH and C2=C3.
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INTRODUCTION

Compounds based on a
flavonoid ring structure are emerging
as a potentially important new class of
pharmaceutical compounds with a
broad range of biological activities,
most prominent of which are their
potential role as antioxidant and
apoptosis-inducing agents [1-4]. The
dual activities of the antioxidant and
the apoptosis-inducing properties of
some flavonoids provide evidence of
anticancer molecules and attempts are
made to develop new therapeutics
based on dietary isoflavones or novel
isoflavonoid  structures in  cancer
treatment [5, 6]. Many research groups
have reported the flavonoid effects on
cancer cells and potential for therapy
of various kinds of cancers in the
future. With the available in vitro and
in vivo data, it is likely that flavonoids
will move into the clinical arena as
therapeutic or preventive tools for
cancer [, 5-12].

Despite the great interest in
these compounds over recent years,
there is little data dealing with their

solubility, chemical evolutions and
predominant  form in  aqueous
physiological solution. These

parameters directly contribute to free
neutral flavonoids available to mediate
specific interaction of molecules in
cells, supporting the hypothesis that
the degree of cytotoxicity of these
molecules should be dependent on the
high concentration of molecules at
their intracellular targets. In order to
increase  the intracellular target
concentration of flavonoids, at least
two parameters should be taken into
account. One is the molar fraction of
free monomer neutral flavonoid in the
extracellular medium represented by
the solubility of molecules. The other
parameter is the diffusion rate constant
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that affected by the properties of cells,
the diffusing molecule and the
surrounding solutions. If we consider
the diffusion of a molecule in the same
cell types, the diffusion rate constant is
predominantly governed by the
lipophilicity (Log P) of the molecule.
A recent study reported that the
solubility of flavonoids depends on
temperature [13], nature of the solvents
and of the pH [14, 15]. For example in
an aqueous solution at pH 1.5, the
solubility of hesperetin and naringenin
are 0.2 uM and 0.1 uM, respectively,
whereas at pH 8, their solubility
increases 4-fold [13]. Indeed, the
concentration ranges of flavonoid
solutions were limited due to their
restricted solubility: quercetin (0.1 —
30 uM), rutin (0.1 — 200 uM) and
kaempferol (0.1-30 uM) [16]. With the
objective being to establish a rational
approach and to explain the solubility
of flavonoids, several studies have

been devoted to developing a
correlation between the
thermodynamic and structural

properties and the solubility of these
compounds. For instance, it was shown
that the solubility of compounds can be
correlated to their thermodynamic
properties [17] that were affected by
the ability of compounds to form
hydrogen bonds with the surrounding
solvent [18].

The flavonoids (C6-C3-C6) are
good chromophores that absorb light
between 200 nm to 400 nm. Regarding
to the light absorption property, the
chemical evolutions and predominant
species of flavonoid molecules in an
aqueous solution can be studied by
using the spectrophotometric method.
Moreover, the deprotonation of
flavonoids in a physiological solution
can be facilitated by a charge
delocalization in the anion to the C4-



keto moiety [19] that has specific
electronic absorption properties which
are spectrophotometrically
characterized as  described by
Sauerwald et al. [20] and Dangles et
al. [21].

It is of prime importance to
determine the relationship among the
chemical structure, their behavior (in
terms of lipophilicity and solubility) in
physiological buffer solution, and the
anticancer efficacy of flavonoids.
Therefore, in this study, 7 flavonoids
(for chemical structure see Fig. (1))
were selected and their molecular
physical properties, such as
aggregation, deprotonation rates and
lipophilicity, were vigorously studied.
The hydroxyl or methoxyl group
substitutions at various positions of
carbon atoms in ring A, B and C,
particularly for WP 283, resulted in a
protection of a neutral form to undergo
an aggregation or increase in its
solubility and its Log P value, thus
increasing its anticancer efficacy by
60-fold. The predominant active
molecules should be the neutral form
and the active site for anticancer
activity of molecules are found in ring
A and C, specifically C4=0, C5-OH
and C2=C3.

MATERIALS AND METHODS

Chemicals and  Solutions:
Catechin, eriodictyol, apigenin,
kaempferol and quercetin were from
Extrasynthése (Genay, France). The
5,4'-dihydroxy-3,6,7,8-
tetramethoxyflavone, 5,5'-dihydroxy-
6,7,3',4'-tetramethoxyfla vone and 5,3'-
dihydroxy-3,6,7,8,4"-penta
methoxyflavone were a purified form
of Gardenia obtusifolia Roxb. and
their ~ chemical  structures  were
elucidated  according to  their
spectroscopic properties:
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5,4’-dihydroxy-3,6,7,8-tetramethoxy
flavone (WP 279):

Crystals: yellow needles from EtOH
m.p. 226.2-226.6 °C (m.p. 225-226 °C
(22)).

UV A% nm(log €): 283 (4.70), 343

max

(4.73).
FTIR v*% ecm™:

3221 (O-H  stretching), 1648
(C=0 stretching of conjugated ketone),
1612, 1575, 1547, 1509, 1481, 1371,
1288, 1211, 1207, 1178, 1047, 1004,
920.

'H-NMR (300 MHz, DMSO-ds):

§12.43 (s, 1H, 5-OH), 10.40 (br
s, 1H, 4-OH), 7.94 (AA'BB/, 2H, J,'5’
Ji5=9.1Hz 34, 1, =24 Hz, H-2
and H-6), 6.95 (AA'BB/, 2H, J;'2, J5'
=9.1Hz, J)'s, 35’5/ =2.4 Hz, H-3' and
H-5'), 3.99 (s, 3H, 7-OCHs), 3.86 (s,
3H, 8-OCHj3), 3.79 (s, 3H, 6-OCHj3),
3.77 (s, 3H, 3-OCHs)

BC-NMR (75 MHz, DMSO-dq):

5 178.65 (C-4), 160.55 (C-4),
156.30 (C-2), 152.39 (C-7), 148.23 (C-
5), 144.42 (C-9), 137.63 (C-3), 136.00
(C-6), 132.54 (C-8), 130.14 (C-2’ and
C-6)), 120.56 (C-1)), 115.86 (C-3' and
C-5"), 106.83 (C-10), 61.85 (8-OCH3),
61.48
(7-OCH3), 60.60 (6-OCH3), 59.67 (3-
OCH>).

EIMS m/z (% relative intensity):

374 (M', 55), 359 (100), 356
(<1), 343 (8), 341 (7), 331 (4), 315
(5), 301 (9), 273 (6), 245 (8), 226 (,1),
211 (17), 197 (3), 193 (<1), 187 (15),
183 (14), 172 (9), 158 (17), 148 (3),
149 (5), 145 (15), 134 (19), 121 (50),
105 (19), 93 (15), 77 (10), 69 (25), 53
(11).
5,5’-dihydroxy-6,7,3',4'-
tetramethoxy flavone (WP 280):
Crystals : white needles from EtOH
m.p. 218.6-219.3 °C (m.p.219-221 °C
(23), m.p. 216 °C (24)).
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Fig. (1). Chemical structure of Catechin, eriodictyol, apigenin, kaempferol, quercetin,
5,4'-dihydroxy-3,6,7,8-tetramethoxyflavone (WP 279), 5,5'-dihydroxy-6,7,3',4'-
tetramethoxyflavone (WP 280) and 5,3'-dihydroxy-3,6,7,8,4'-pentamethoxyflavone

(WP 283)

UV A% nm(log ¢€):

max

278 (4.49), 331(4.62).
FTIR v em!:

o0 3383 (O-H stretching), 1659
(C=0 stretching of conjugated ketone),
1591, 1495, 1460, 1426, 1364, 1285,
1230, 1203, 1170, 1127, 1101, 1016,
828, 714.

'H-NMR (300 MHz, DMSO-ds):
512.8 (s, 1H, 5-OH), 9.65 (s, 1H, 5'-
OH), 7.18 (d, J = 1.9 Hz,1H, H-6),
7.15 (d, 1H, J = 1.9 Hz, H-2)), 6.92 (s,
1H, H-3), 6.88 (s, 1H, H-8), 3.91 (s,
3H, 7-OCHs), 3.87 (s, 3H, 3-OCH3),
3.74 (s, 3H, 4-OCH3), 3.72 (s, 3H, 6-
OCHj3).

BC-NMR (75 MHz, DMSO-de):
5 182.38 (C-4), 163.57 (C-2),
(C-7), 153.63 (C-3/, 152.77
152.08 (C-5), 150.98 (C-5),
(C-4)), 132.01 (C-6), 125.81 (C-1),
107.90 (C-6), 105.27 (C-10), 104.52
(C-3), 102.21 (C-2), 91.68 (C-8),
60.22 (4-OCH;3), 60.13 (6-OCHj3),
56.54 (7-OCHs), 56.26 (3'-OCH3).
EIMS m/z (% relative intensity):

374 (M, 100), 359 (71), 356 (2), 345
(18), 343 (13), 331 (13), 328 (15),
315(13), 299 (3), 298 (4), 273 (4), 181
(2), 181 (13), 179 (13), 164 (12), 153
(32), 135 (9), 121 (11), 69 (16).

158.86
(C_9)9
139.84



5,3’-dihydroxy-3,6,7,8,4'-
pentamethoxy flavone (WP 283):
Crystals: yellow needles from EtOH,
m.p. 171.6-172.2 °C (m.p. 170 °C (25),
m.p. 169-170 °C (26), m.p. 176-177 °C
(24)).

UV A" nm(log ¢):

264 (3.95), 282 (3.97), 355 (3.98).
FTIR v ecm!:

3546 (O-H stretching), 1647
(C=0 stretching of conjugated ketone),
1596, 1561, 1512, 1481, 1463, 1376,
1275, 1249, 1249, 1135, 1052, 1006,
981.

'H-NMR (300 MHz, CDCl;):

0 12.40 (s, 1H, 5-OH), 7.77 (d,
1H, J = 2.0 Hz, 1H, H-2)), 7.76 (dd,
1H, T = 9.0 and 2.0 Hz, H-6)), 6.98 (d,
1H, J = 9.0 Hz, H-5)), 5.85 (br's, 1H,
3/-OH), 4.11 (s, 3H, 7-OCHs), 3.98 (s,
3H, 4-OCHj3), 3.96 (s, 3H, 6-OCHj3),
3.95 (s, 3H, 8-OCH3;), 3.88 (s, 3H, 3-
OCHy).

BC-NMR (75 MHz, CDCl5):

o 179.25 (C-4), 155.85 (C-2),
152.80 (C-7), 149.03 (C-5), 148.97 (C-
4), 145.58 (C-3), 144.85 (C-9), 138.76
(C-3), 136.00 (C-6), 132.80 (C-8)
,123.46 (C-1'), 121.50 (C-6), 114.50
(C-2"), 110.46 (C-5'), 107.39 (C-10),
62.06 (6-OCHj), 61.63 (7-OCHs),
61.07 (8-OCHs), 60.03 (3-OCHs),
55.97 (4-OCHj).

EIMS m/z (% relative intensity):

404 (M", 66), 389 (100), 386 (1),
373 (7), 361 (3), 359 (5), 345 (3), 331
(7), 303 (4), 275 (5), 271 (1), 259 (1),
229 (1), 226 (<1), 211 (11), 202 (8),
183 (11), 179 (3), 164 (9), 151 (21),
135 (12), 133 (3), 123 (7), 92 (7), 77
(10), 69 (23), 53 (14).

Prior to the commencement of
the experiments stocks of each
flavonoid (107 M) were freshly
prepared in DMSO and then filtered
through 0.22 pum filter units (Chromos,
Macclesfield, U.K.) before using. In
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order to avoid an auto-oxidation of
molecules, the stock solutions were
prepared under Ny (g)-saturated
atmosphere.

All series of experiments were

performed using HEPES/Na™ isotonic
buffer solution, with varied pH at 37°
C, containing 20 mM HEPES plus 132
mM NacCl, 3.5 mM KCI, 1 mM CacClp,

0.5 mM MgCl2 and 5 mM glucose.

Spectrophotometric Measurements
The absorption spectra were
recorded on a Hewlett Packard HP
8435 and a Shimadzu, UV 2501 PC
spectrophotometer. Experiments were
conducted in a l-cm quartz cuvette
containing 2 mL of solution under
continuous stirring. The temperature
was controlled at 37°C using a Peltier
temperature control, cell holder model
89090A.
Cell Culture and Cytotoxicity Assay
Adriamycin-sensitive  erythro
leukemia cells (K562), adriamycin-
resistant erythroleukemia cells
(K562/adr, overexpressing  P-gp),
adriamycin-sensitive small cell lung
carcinoma (GLC4) and adriamycin-
resistant small cell lung carcinoma
(GLC4/adr, overexpressing MRP1)
were grown in RPMI-1640 medium
supplemented with 10 % fetal calf
serum (Gibco Biocult Ltd.), in an

incubator at 37 °C , 95% humidified,
5% CO, (27, 28). Cultures initiated at

105 cells/ml

exponentially to about 100 cells/mL in
3 days. K562/adr cell line was cultured
in RPMI 1640 medium in the presence
of 100 nM doxorubicin for 72 h, after
that they were suspended in RPMI
1640 without doxorubicin medium for
2 weeks before the experiments. For
the assays and in order to have cells in
the exponential growth phase, cultures

a density of grew



were initiated at 5 x 10° cells/mL and
used 24 h later after reaching a density

of about 8 x 10° cells/mL.

The cytotoxicity assay was
performed as follows: Cell
(5x10*cells/mL) was incubated in the
presence of various concentrations of
flavonoids tested. The viability of cells
was determined by MTT reduction.
The concentration of compound
required for 50% inhibition of the
proliferation of cells (ICsp) was
determined by plotting the percentage
of cell growth inhibition (%IC) versus
the compound concentration.
Determination of Lipophilicity

The partition coefficient of
molecules (Log P) was determined in
butanol-Na'-HEPES buffer system;
both butanol and buffer fractions were
analyzed by HPLC. The stock
solutions (10 pL) were added to the
mixture of 1: 1 solution of butanol-
HEPES-Na" buffer in a 2 mL tube to
obtain the final concentration of 10* M
and were given vigorous mixing using
a  whirlimixer  (Thermo  Fisher
Scientific Inc., England) for 1 min. The
tubes were centrifuged at 7000 rpm,
allowing the two phases to separate.
The butanol and buffer phases were
separated and then lyophilized prior to
HPLC analysis. Log P values were
based on analysis of both aqueous and
butanol fractions.

HPLC Analysis

Both the qualitative and
quantitative analysis of flavonoids was
performed with a high performance
liquid chromatography (HPLC)
Shimadzu (SPD-M20A photodiode
Array detector, LC-20AD parallel type
double plunger pump unit). Analytical
RP-HPLC chromatography was
performed on an Innertsil-ODS-3, Csg,
5 pum particle size, 250 x 4.6 mm i.d.
column (GL Sciences Inc.) protected
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with a guard column of the same
material {20 mm x 2.1 mm, 3 um
packing (GL Sciences Inc.)}. The
solvent system was a gradient of
solvent A (Water/HCI, pH 2.5) and
solvent B (acetronitrile): initial 0% B,
linear from 0 to 15% in 30 min, 15 to
30 in 45 min, 30 to 100% in 65 min,
isocratic with 100% for 20 min,
followed by washing and re-
equilibrating the column. Flow rate
was 1 mL.min™".

RESULTS
Spectrophotometric Determination
of the Tautomerization of the

Flavonoids

Catechin in Na'-HEPES buffer
solution possesses an absorption
spectrum of between 250 nm to 300
nm with maximum absorbance at 278
nm identical to that dissolved in
absolute ethanol (Fig. 2a). The
absorption spectra of catechin did not
change in the buffer solution of pH
ranging from 2 to 8. Spectral shape
change was observed when the pH was
comprised of 8 to 10 (Fig. 2a). The
pKa value of catechin was equal to 8.6.
Indeed, the  tautomerization of
flavonoids depends on a C4=0
carbonyl  group, especially the
deprotonation of C7-OH is facilitated
the possibility for charge
delocalization in the anion to the C4-
keto moiety that is well characterized
by spectrophotometer, particularly for
eriodictyol as shown in Fig. (2b). In an
acidic solution (pH 3 to 4), eriodictyol
possesses an absorption  spectrum
between 250 nm to 425 nm with
maximum absorbance at 286 nm
identical to those in the ethanol phase.
This indicates that the neutral form
posses one absorption band with the
maximum absorbance at 286 nm. The
spectral shape of the absorption band
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Fig. (2). Absorption spectra (a) catechin and (b) eriodictyol. The molecule (10 uM)
was dissolved in absolute ethanol(E) and in Na'-HEPES buffered with indicated pH

values at 37 °C.

changed in alkalinized solutions; a
decrease in the absorbance at 286 nm
was observed, while a new absorption
peak appeared with the maximum
absorbance at 321 nm increasing with
incremental pH values. The new
absorption band corresponds to the
tautomeric formation. The isobetic
point was found at 300 nm signifying
that in this solution, there was
equilibrium between neutral and the
cation tautomeric form of eriodictyol.
The pKa (C7-OH) of eriodictyol was
equal to 7.

Fig.(3a) provides that
absorption spectra of apigenin in Na'-
HEPES buffer with various pH and in
absolute ethanol. Spectral shape of the
absorption band of solutions (pH 1 to

3) appeared between 250 nm to 425
nm with two peaks, one having the
maximum absorbance at 330 nm
identical to that of the molecule when
dissolved in absolute ethanol and the
other having the maximum absorbance
at 409 nm. It should be noted that
apigenin in acidic solutions possesses a
very low degree of light absorption but
this increases when the pH is
increased. Similar to catechin and
eriodictyol, the absorbance at 330 nm
of apigenin was increased about 3-fold
in the presence of 50% (v/v of final
volume) absolute ethanol. The results
indicated that apigenin has very poor
solubility properties. Only 10 uM in
aqueous solutions of pH 1 to 3 was
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Fig. (3). Absorption spectra apigenin (a) in Na'-HEPES buffered with indicated pH
values at 37 °C and compound absorption spectra of solution of pH 4 and its
decomposed spectra compared with the absorption spectrum of molecule dissolved in

absolute ethanol (E)(b).

found in aggregate form, moreover the
caybonyl group at C4 of ring C of the
monomer form had undergone a
nucleophilic substitution catalyzed by
H;O" ions to form  keto-enol
tautomerization. Fig.(3b) demonstrates
that the absorption bands of aqueous
solutions of apigenin have a width at
half the height of the spectrum,
significantly larger than those in
ethanol, the so-called compound
spectrum. The absorption spectrum of
solution pH 4 at 37°C was
mathematically deconvoluted and was
found to compose of two absorption
spectra; one has the maximal
absorbance at 335 nm corresponding to
the neutral form and the other band,
the ionic form having the maximal
absorbance at 390 nm (Fig. 3b). The

pKa of C7-OH of apigenin was
determined to be equal to 7.86.

In acidic solutions with the pH
ranging from 1 to 4, kaempferol
possess an  absorption  spectrum
identical to that of a molecule
dissolved in absolute ethanol; the
absorption band occurs between 250
nm to 450 nm with the maximum
absorbance at 363 nm (Fig. 4a). It was
clear that kaempferol was found in
aggregation form in an acidic aqueous
solution. When the pH of solutions was
increased, the peak was shifted toward
the red end of the spectrum. As
indicated in Fig. 4b, at pH 7.3
kaempferol was equilibrated between
neutral and ionic form. The absorption
spectrum of solution pH 7.3 was
mathematically deconvoluted and can
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Fig. (4). Absorption spectra kaempferol (a), querectin (¢) in Na -HEPES buffered
with indicated pH values at 37 °C, and the compound absorption spectra of kampferol

(b) and quecetin (d).

be classified into two absorption
spectra, one corresponds to the neutral
form and the other corresponds to the
ionic form. Similar results were
obtained for quercetin (Fig. 4¢,d). The
pKa of C7-OH of kaempferol and
quercetin were equal to 7.89 and 7.76,
respectively.

These results indicated that hydrogen
bonding of the C3-OH or C5-OH with
the C4=0 group hampers
deprotonation. Apigenin, kaempferol
and quercetin have very poor solubility

in aqueous solution, in the order:
apigenin > kaempferol > quercetin.

In order to prevent any
aggregate  formation  of  these
flavonoids, a series of flavonoids (WP
279, 280 and 283) were studied in
which the methoxyl groups were
substituted in place of hydroxyl groups
at various carbon atom of the
molecule.  Similar to  apigenin,
kaempferol and quercetin, WP 280 the
6, 7, 3', 4’ tetramethoxyl group
substitution (see Fig. (1) for chemical
structure) has very poor solubility in
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Fig. (5). Absorption spectra of WP 280 (a), WP 279 (b), and WP 283 (¢) in Na'-
HEPES buffered with indicated pH values at 37 °C compared with the absorption
spectrum of a molecule dissolved in absolute ethanol (E).

Na'-HEPES  buffer solution. It
possesses an absorption spectrum
between 250 nm to 350 nm with
maximum absorbance at 345 nm (Fig.
5a). The nucleophilic substitution
which was catalyzed by H;O" ions to
form keto-enol tautomerization was
still observed.The pKa cannot be
spectrophotometrically determined for
this molecule. It should be noted that
the tautomerization via nucleophilic
substitution which were catalyzed by
H;O" ions to form keto-enol
tautomeric form was not observed for
WP 279 and WP 283 while the
deprotonation at C4'-OH (WP 279) or

C3' (WP 283) following the tautomeric
formation was observed in alkaline
solutions. The pKa of WP 279 at C4'-
OH and of WP 283 at C3’-OH was
equal to 7.7 and 9.9, respectively.
Determination of Log P Values
Lipophilicity is a major
determinant of pharmacokinetic and
pharmacodynamic  properties  of
molecules involved in the same
intermolecular forces as those acting in
the partitioning of a solute between
water and an immiscible organic
phase.
Log P values are determined for the
partitioning of a compound between



water and octanol. In fact the
molecules used in this study were
found only in the

octanol phase which somewhat limited
our experiments. For these reasons, the
logarithm of the butanol/ HEPES-Na"
buffer partition coefficient, log P of
flavonoids was determined as indicated
in the Table 1. Log P values of these
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molecules varied from 0.38 + 0.04 to
1.76 £ 0.07.

Considered the chemical structures;
the series of flavonoids are very

similar in chemical structure by
different in substitutions of H-atom
and/or  hydroxyl group and/or

methoxyl group at various carbon
positions of flavonoid nucleus (Fig. 6).

Table 1. Log P Values, lonisation Rate Constants (pKa) and Neutral Form (%) of
Flavonoids in a Na'-HEPES Buffer at pH 7.25

Molecules log P pKa D°H
Catechin 0.38 +0.04 8.60 97.55
Eriodictyol 1.40 + 0.05 7.00 31.00
Quercetin 1.47+0.16 7.76 74.25
Apigenin 1.50 +£0.17 7.86 78.40
Kaempferol 1.55+0.09 7.89 79.55
WP279 1.57 +£0.02 7.70 71.53
WP280 1.40 £ 0.25 - 100.00
WP283 1.76 + 0.07 9.90 99.80

This i1s a very good set of data
demonstrating that the substitutions
affected a quantitative descriptor of the
combined solute and solvent enthalpic
and entropic physical interactions. By
using apigenin as the reference
compound, the log P value of

a given molecule can be expressed as
follows:

where 1 is a number of substitution of
the functional group on ring B and C.

ALog P is the Log P difference
between the considered molecule and
that of apigenin. The calculated Log P
values are very similar to the log P
determined from our experiments (Fig.

7) (r* of 0.998).

n n
LogP = LogP(Ap,gen,n) z ALogP, rmgB+z ALogP ringC
i=1 i=1
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Position Functional group A logP

C2+C3 Double bond 0
Single bond -0.1
C4 C4=0 0
H -1.09
R3 H 0
OH +0.05
OCH, +0.07
R3' H 0
OH -0.08
OCH, -0.17
R4' OH 0
OCH, +0.19

Fig. (6). Chemical structure of flavonoid nucleus indicating different functional group
substitutions and its log P difference.
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Fig. (7). Relationship between the experimatal and calculated log P values; 1, 2, 3, 4,
5,6, 7 and 8 stand for catechin, eriodictyol, quercetin, apigenin, kaempferol, WP279,
WP283 and WP 280, respectively. Line is linear least-square fit with R? equal to
0.998. The results were obtained from HPLC experiments and calculated using the

expression:

n
LogP = LOgR, apigenin) +Z ALOGP, )inge + 2, (ALOGP:) ;. as mentioned in results section.
1

i=1 i=

Cytotoxicity of Flavonoids

The flavonoids used in this
study exhibited anticancer activity in
micro-molar  concentration  range,
slightly more efficacy in MDR cells
than their corresponding sensitive cell
lines (Table 2). Apigenin exhibited a
similar degree of anticancer activity
against leukemic K562 (ICso = 9.0 +
5.0 uM), small cell lung carcinoma
GLC4 (ICso = 4.0 = 2.0 uM), and their
corresponding  multidrug  resistant
K562/adr (ICsp = 9.0 = 3.0 uM) and
GLC4/adr (ICsp = 6.0 £ 0.5 uM), cell
lines. However, the efficacy of
molecules did not change when the
molecules contained C2=C3, C4=0
and C3-OH  (kaempferol  and
quercetin). This anticancer activity did

not change except for a dramatic
decrease against the multidrug resistant
K562/adr with overexpression of P-gp
(ICso >100 pM), when the molecule
lacks in C2=C3 (eriodictyol) and
dramatically decreased against K562
(ICso > 100 uM), when the molecule
lacks in both C2=C3 and C4=0
(catechin).

All molecules of the series of
methoxyl substitutions were found to
have  considerable  increase in
cytotoxicity against the 4 cell lines
with similar efficacy in both drug-
sensitive and drug-resistant cells. WP
280 exhibited about 5-fold more
efficacy than apigenin. It should be
noted that among flavonoids studied,
WP279 and WP 283 were the most



potent anticancer molecules,
particularly WP 283 in which the 1Cs
is in nano-molar range of concentration
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(ICsp value equal to 150 + 50 nM) that
means about 60-fold more potency
than apigenin.

Table 2. Cytotoxicity of flavonoids Against Small Cell Lung Carcinoma Drug-
Sensitive GLC4 and Drug-Resistant GLC4/adr with Overexpression of
MRPI1 and Erythromyelogenous Leucemic Drug-Sensitive K562 and
Drug-Resistant K562/adr with Overexpression of P-glycoprotein. (ICs is
the Concentration of Molecule Requires to Inhibit Cancer Cells by 50%)
I1Cs, uM
Molecules Ll
GLC4 GLC4/R K562 K562/R
Catechin 8.0£3.0 10.0 > 100 4.6
Eriodictyol 10.0£3.0 10£2.5 9.0+25 > 100
Apigenin 40+2.0 6.0+ 0.4 9.0+5 9.0+3.2
Quercetin 6.0 11.5 6.0+14 7.8+04
Kaempferol 6.5+0.7 16.8 £9.6 8.5 7.0
WP279 0.5 0.7 0.8 0.8
WP280 1.1+£0.6 1.0+ 0.7 4.0+£3.0 1.0 £0.1
WP283 02+0.2 0.1+0.1 02+0.2 0.1+0.1
DISCUSSION The results signify that in Na'-HEPES

This study demonstrates for the
first time that the behavior of
flavonoids in physiological solution is
a predominant parameter determining
their anticancer efficiency which was
clearly measured by using a
spectrophotometer. In =~ fact the
spectrophotometric study of chemical
evolutions of flavonoids in a
physiological solution is very simple
and sensitive. For example, these
flavonoids (only 10 pM) in Na'-
HEPES at pH 4 dramatically possesses
a decrease in light absorption but this
increases in the presence of 50% (v/v
of final volume) absolute ethanol
particular for apigenin, kaempferol and
quercetin.

at pH 4 the molecules are major in
aggregate form. The
spectrophotometric measurements can
also demonstrate the deprotonation and
the tautomerization of flavonoids in
physiological solution. This was done
in order to obtain better knowledge of
the factors determining the anticancer
activity of these compounds.

The spectrophotometrically
determined ionization constants of
these flavonoids are macroscopic

constants. Let’s consider catechin, an
OH group of the pyrone ring may not
undergo deprotonation due to the very
weak acidity of aliphatic alcohols [29].
The A- and B-rings of these
compounds are not conjugated and
ionzation of OH groups of one ring
system should not affect ionization of




OH groups of another. Slabbert
reported that the  macroscopic
constants of ionization of A- and B-
rings of catechin were equal to 8.79
and 9.44, respectively [30]. In this
study, the spectrophotometrically
determined pKa of catechin (C7-
OH/C7-O") was equal to 8.6 and these
results suggested that the
deprotonation of A-ring affected the
absorption spectral shape change, but
not B-ring. It was also found that the
C7-OH of eriodictyol, apigenin,
kaempferol and quercetin can also be
deprotonated in physiological solution.
Compared to catechin, the substitution
of C4=0 dramatically decreased while
the C2=C3 and the C3-OH increased in
pKa values of molecules. The
particular observation was that the
C2=C3 promotes an aggregation of
molecules that can be prevented by
C3-methoxyl substitution. The
deprotonation of hydroxyl moiety at
C7-OH facilitated the possibilities for
charge delocalization in the anion to
the C4-keto moiety [19] resulting in a
tautomeric formation which was easily

characterized using a
spectrophotometer. The C7-OH
deprotonation was obviously

determined using spectrophotometer
for eriodictyol, apigenin, kaempferol
and quercetin, signifying that the
tautomerization needs C4=0 and C5-
OH. This indicates that the spectral
shape change of eriodictyol, apigenin,
kaempferol, and quercetin was
probably caused by the C7-OH
deprotonation. The methoxyl group at
C3 facilitates a deprotonation of C4'-
OH (WP 279, pKa = 7.7) and increases
ionization energy when substitutions
were found in B-ring (WP 283, pKa =
9.9). The 6,7,3",4'-tetramethoxyl
groups substitution (WP 280) can
eliminate the deprotonation while
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promoting an aggregation of molecules
in a physiological solution. The
spectral shape of WP 280 was changed
in alkaline pH corresponding to the
tautomeric formation. This suggested
that the carbonyl group at C4 should
undergo  nucleophilic  substitution
which was catalyzed by H;O" ions to
form keto-enol tautomerization in
physiological solution.

Compared to catechin, the
substitution of carbonyl group at C4
and C2=C3 double bond of C-ring
resulted in a considerable increase
while the OH group substitution at C3
resulted in a decrease in lipophilicity
of molecules. The 3,6,7,8-
tetramethoxyl group substituting WP
279 yielded an increase in molecular
weight, thus its lipophilicity. However
this can prevent the molecule from
undergoing aggregation particular for
WP283.

In a physiological solution at
pH 7.3, catechin (10 uM) was partially
found in aggregated form and 97.55%
was found in neutral form. Catechin
exhibited a lower degree of
cytotoxicity ~ than  apigenin, with
particularly very low efficacy against
leukemic cells. Eriodictyol exhibited
similar anticancer activity to catechin
and the particular observation,
eriodictyol (10 uM) 31.0%, was found
in  monomer neutral form in
physiological solution (Fig. 2b). The
anticancer activity was ameliorated in
the series of molecules which
contained C2=C3 and C4=0. Among
flavonoids used in this study, apigenin,
kaempferol, quecertin and WP 280
were not readily soluble in
physiological solution. The following
molecules (only 10 uM) were mainly
found in aggregated form, in the order:
apigenin > WP 280 > kaempferol >
quercetin. These results suggested that



in an aqueous physiological solution,
these molecules were at equilibrium
between neutral and ionic form, and
the neutral form tended to be
aggregated following a precipitation,
thus reducing the neutral form
available to possess anticancer action.
It should be noted that these molecules
possess similar degrees of anticancer
activity in drug-sensitive and drug-
resistant cells. The results showed that
apigenin, kaempferol and quecertin
have similar efficacy to inhibit the
cancer cell growth but WP 280
exhibited almost 5-fold more than the
three compounds. For interpreting
these results, we hypothesized that the
monomer neutral form of flavonoids
should be passively diffused through
plasma membrane to reach at their
intracellular targets. In fact we have
previously reported that apigenin,
kaempferol and quercetin mediated
cytotoxicity at mitochondria level
triggering the apoptosis of cancer cells
[6, 7]. The degree of cytotoxicity of
these molecules should be dependent
on the high concentration of molecules
at the intracellular targets that are
responsible for their specific action.
The results suggested that the
proportion of neutral form (monomer)
and the log P wvalues of these
flavonoids are predominant parameters
determining the anticancer activity of
the molecules.

The results also clearly showed
that both WP 279 and WP 283 did not
undergo aggregation in physiological
solution and were found in neutral
form at pH 7.3 about 71.53% for WP
279 and 99.8% for WP 283. This
resulted in a considerable increase in
cytotoxicity of molecules, particularly
in the case of WP 283.

The results of this study clearly
demonstrated that the C2=C3 in the
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molecule promote an aggregation of
molecules, which can be prevented by
C3-methoxyl substitution. The double
bond should serve as an electron donor
[20]. The C4=0 carbonyl underwent
nucleophilic substitution which
catalyzed by H;O" ions to form keto-
enol tautomerization in physiological
solution and should be responsible for
the anticancer activity. The
predominant molecular parameters
should be neutral form and the active
sites for anticancer activity of
molecules are found in ring A and C,
particular C4=0, C5-OH and C2=C3.
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