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Decreased B16F10 melanoma growth and impaired
tumour vascularization in BDF1 mice with
quercetin-cyclodextrin binary system

Rajendrakumar Kale, Madhusudan Saraf, Aarti Juvekar and Pralhad Tayade

Abstract

The aim of this work was to study the inclusion behaviour of a poorly water-soluble bioflavonoid,
quercetin, towards sulfobutyl ether-7s-cyclodextrin. It also involves angiogenesis inhibition in-vivo
in addition to in-vitro human cancer cell growth inhibition study of quercetin and its cyclodextrin
complex. Drug—cyclodextrin solid inclusion complexes were prepared and characterized in solution
and in the solid state. An in-vitro anti-proliferation study using plain drug and its solubilized form
was carried out on human cancer cell lines of different origin. Further, an in-vivo tumour growth
inhibition study was carried out using a mouse melanoma model. Histological sections of tumours
were examined for the evaluation of tumour microvessel density. Significant enhancement of the
solubility and dissolution rate of the quercetin, which occurred after complexation, might be attrib-
uted to the decrease in crystallinity of drug. SBE73CD complex of quercetin was more potent for
inhibiting cell proliferation in human erythroleukaemia and cervix cancer cells. Decreased tumour
microvessel density in mouse melanoma after oral quercetin administration led to diminished
tumour cell proliferation. Quercetin-SBE73CD complex showed significantly improved anti-cancer
activity at much lower concentration than the plain drug, providing evidence for dose reduction
without affecting therapeutic efficacy when using cyclodextrin carriers.

Introduction

Flavonoids have a broad pharmacological profile, such as anti-lipoperoxidant, anti-
inflammatory properties and the ability to exert anti-cancer and chemopreventive effects
(Verma etal 1988; Cassady 1990; Bosisio & Pirola 1992; Abad etal 1993). Animal studies
and investigations using different cellular models suggested that certain flavonoids could
inhibit tumour initiation as well as tumour progression, and major molecular mechanisms of
action include anti-proliferation, cell-cycle arrest, induction of apoptosis and inhibition of
the angiogenic process (Ren etal 2003). There are few contrary reports that may be due to
differences in bioavailability (due to poor aqueous solubility) of the various flavonoids, and
their effects on individual cancer sites cannot be excluded, meriting further investigation
(Garcia etal 1999).

Quercetin, 3,3",4’,5"7-pentahydroxy flavone, a polyphenolic flavonoid, extremely hydro-
phobic in nature, is a component of onion. Quercetin has several biological effects, includ-
ing a strong inhibitory effect on the growth of several human and animal cancer cell lines,
and enhances the anti-proliferative effect of cisplatin both in-vitro and in-vivo (Larocca etal
1990; Scambia etal 1990). Despite this wide spectrum of pharmacological properties, its
use in the pharmaceutical field is limited by its low aqueous solubility. In recent years,
cyclodextrin complexation has been successfully used to improve solubility, chemical sta-
bility and bioavailability of a number of poorly soluble compounds. Recently, various
hydrophilic, hydrophobic and ionic cyclodextrin derivatives have been successfully utilized
to extend the physicochemical properties and inclusion capacity of natural cyclodextrin
(Hirayama & Uekama 1999; Ono etal 2001). All the data obtained from FT-IR, DSC, X-ray
diffraction and SEM studies for the study of freeze-dried quercetin—cyclodextrin binary
systems using (-cyclodextrin (SCD) and hydroxypropyl-s-cyclodextrin (HPSCD) have
shown that it is possible to obtain an inclusion complex with a stoichiometry of 1:1, in the
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solid-state and in aqueous solution, with an overall complex-
ing ability that is slightly greater for the HPBCD derivative
(Tayade & Kale 2004).

In this study, solubilization of quercetin was achieved by
complexation with the sulfobutyl ether-7 derivative of
cyclodextrin (SBE75CD). '"H NMR and circular dichroism
(CD) spectroscopy study was carried out to confirm the host—
guest interactions in the solsution state. Additional informa-
tion on the complexing efficacy of the cyclodextrin toward
quercetin in the solid state was obtained by differential scan-
ning calorimetry (DSC), Fourier transform infrared (FTIR)
spectroscopy (FT-IR) and X-ray powder diffractometry
(XRD) studies. We have also evaluated the effect of the
SBE75CD complex of quercetin on the proliferation of vari-
ous human cancer cell lines in-vitro, in comparision with free
drug. In-vivo tumour growth inhibitory activity and tumour
angiogenesis inhibition after oral administration of quercetin
and its SBE73CD complex was also studied using B16F10
mouse melanoma model.

Materials and Methods

Materials

Quercetin was purchased from S.D. Fine Chemicals (Mumbai).
Sulfobutyl ether-73-cyclodextrin (SBE73CD; Captisol®; aver-
age degree of substitution, 6.5) was kindly provided by Cydex
Inc. (Overland Park). Human cancer cell cultures were obtained
from the National Cancer Institute (USA). RPMI-1640
medium and fetal bovine serum (FBS) were purchased from
Gibco Corp. (NJ). Sulforhodamine B (SRB) dye was bought
from Sigma Chemical Co. All sterile plastic-wares were pro-
cured from Nunc Inc. (Denmark). All other reagents and sol-
vents used were procured locally and were of analytical grade.

Phase solubility study

The method of Higuchi & Connors (1965) was followed. An
excess amount of drug was added to 10 mL of water or an
aqueous solution of cyclodextrin (0.0025-0.0125M concen-
tration range) in 25-mL stoppered conical flasks and shaken
at 27+ 1.0°C. At equilibrium after 24 h, samples were with-
drawn, filtered (0.45 m pore size) and spectrophotometri-
cally assayed for drug content at 372nm. Each experiment
was carried out in triplicate (coefficient of variation (CV) <
3%). The apparent binding constant of the quercetin—cyclo-
dextrin complex was calculated from the slope and intercept
of the straight line of the phase-solubility diagram.

Circular dichroism spectroscopy

Circular dichroism spectra were obtained by a Jasco J-600
Spectropolarimeter. Absorbances of the samples were kept
below 2 in the whole wavelength range explored (200—
300nm). All the spectra were corrected for the signal exhib-
ited by the SBE78CD solution in the absence of the guest.
The signal-to-noise ratio was improved by superposition of
five different scans.

Nuclear magnetic resonance (NMR)
spectroscopy

"H NMR spectra were recorded using a Bruker AVANCE
500 DRX (500 MHz) instrument. The samples for NMR
measurement were prepared in 0.6 mL of CD;0D:D,0O (1:1
v/v) mixture.

Preparation of solid inclusion complexes

Kneading with aqueous ethanol (KN)

Kneaded product was prepared in a 1:1 molar ratio by wetting
drug—cyclodextrin physical mixture in a mortar with the min-
imum volume of ethanol-water (1:1 v/v) mixture and knead-
ing thoroughly with a pestle to obtain a paste, which was then
dried under vacuum at room temperature and stored in a des-
iccator until further evaluation.

Co-evaporation from aqueous ethanol (COE)
Co-evaporated product was prepared by co-evaporation of
equimolar drug—CD ethanol-water (1:1 v/v) solutions on a
water bath at 60°C.

Each solid product was passed through an 80-mesh sieve
and the same fraction was used for the following tests. Physi-
cal mixture (PM) was obtained by tumble mixing equimolar
amounts of 80-mesh fractions of respective simple compo-
nents for 10 min.

Physico-chemical characterization of inclusion
complexes

Differential scanning calorimetry (DSC)

A Shimadzu-Thermal Analyzer DT 40 was used for recording
DSC thermograms of the quercetin raw material, inclusion
complexes as well as the physical mixture. Samples (2—-8 mg)
were heated in an open aluminium pan at a rate of 10°C min™"
between 30 and 330°C temperature range under a nitrogen
flow of 40 mL min~".

Fourier transform infrared (FTIR) spectroscopy

Fourier transform IR spectra were recorded on a Jasco FTIR-
5300 spectrophotometer. The spectra were recorded for quer-
cetin, its cyclodextrin complexes and physical mixture. Sam-
ples were prepared in KBr disks. The scanning range was

450-4000 cm™" and the resolution was 4cm™.

X-ray powder diffractometry (XRD)

X-ray powder diffractograms of quercetin raw material,
inclusion complexes as well as the physical mixture were
recorded on a Jeol JDX 8030 powder X-ray diffractometer
using Ni-filtered, CuKa radiation, a voltage of 40kV and a
25mA current. The scanning rate employed was 1°min~!
over the 1040 ° 26 (diffraction angle) range.

In-vitro dissolution rate study

Dissolution rate experiments were performed in pH 7.4 phos-
phate buffer with 0.8% sodium lauryl sulfate (SLS) at
37£0.5°C, using USP XXI/XXII apparatus with the paddle
stirrer rotating at 50rev min~". At fixed time intervals, samples



were withdrawn, filtered and assayed spectrophotometrically
for drug content at 372 nm.

In-vitro cell proliferation assay

Human cancer cell lines were cultured in RPMI-1640
medium supplemented with FBS (10%) at 37°C and main-
tained in a CO, incubator in an atmosphere of 5% CO, in
Nunc Tissue culture flasks. Cultures (70% confluent) were
used to determine the cytotoxic effects of the quercetin and its
cyclodextrin complex. The cells were seeded in 96-well
microtitre-plates (at a concentration of 1x 10* cells/well) and
incubated for 24 h to ensure adequate growth before determi-
nation of cell growth inhibition. After 24 h from seeding, test
compounds were added in triplicate in different lanes of the
wells, keeping the first lane as untreated control and the last
lane for adriamycin, a positive control.

Cytotoxicity caused by the test compounds was evaluated
using the SRB assay protocol (Skehan etal 1990). Briefly, the
cells were further incubated at 37°C in a CO, incubator for
48 h. These non-adherent cell cultures were then fixed in-situ
by slow addition of cold 50% trichloroacetic acid (TCA). The
plate was then kept at 4°C for 60 min. The supernatant was
discarded and all the wells were washed 5 times with water.
Plates were then air-dried. SRB solution (0.4% w/v in 1%
acetic acid) was added to each of the wells and the plate was
kept at room temperature for 20 min. The unbound dye was
removed by washing 5 times with 1% acetic acid. The plate
was flicked several times to remove traces of moisture, fol-
lowed by air-drying. Bound dye was then extracted by addi-
tion of 10mM Tris base (pH 10.5) to each of the wells.
Optical density was measured at 540 nm on an ELISA micro-
plate reader. Cell number was derived from a calibration
curve set up with known number of cells.

Tumour growth inhibitory activity using B16F10
mouse melanoma model

Female BDF1 mice each were subcutaneously inoculated in
the abdominal region with 10° B16F10 cells in sterile PBS,
and this day was considered day zero. The untreated control
group was given orally 0.2 mL of 0.25% carboxymethylcel-
lulose (CMC) in PBS, while the test groups were adminis-
tered orally with plain quercetin (50 mgkg™" and 25 mgkg™")
or SBE75CD complex (equivalent to 50mgkg™! and
25 mg kg_l of quercetin), or both, suspended/dissolved in
PBS containing 0.25% CMC, beginning on day 1 every 48 h
for a total of 10 doses.

Tumour diameters were measured every other day with a
slide calliper and tumour volume calculated using the for-
mula: volume (mm®)=width®> (mm?)x length (mm)x0.52.
Three weeks after inoculation, mice were sacrificed by cervi-
cal dislocation and tumours were excised and stored in 10%
phosphate-buffered formalin until further evaluation.

Tumour microvessel density evaluation

For tumour microvessel localization, the tumours were proc-
essed using an auto-technicon apparatus through increasing
concentrations of ethanol and infiltrated in paraffin (melting
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point 58-60°C). To evaluate microvessel density within the
tumour mass, histological sections of 5um thick were
obtained. Sections were stained with haematoxylin—eosin.
The slides were observed independently under low-power
microscopy and the angiogenesis response (tumour microves-
sel density) was recorded as 4 (marked), 3 (moderate), 2
(mild), 1 (minimal) and O (negative).

Statistical methods

The results of in-vitro dissolution rate study are expressed
as mean*standard deviation (s.d.) of three independent
measurements. The results of in-vitro cell proliferation
assay are expressed as mean *s.d. of three experiments with
six replicates each. The tumour volume measurement results
are expressed as meanz*s.d. for four mice in each group.
The effect of plain drug, its physical mixture and inclusion
complexes with cyclodextrin was examined using Kruskal—-
Wallis test. Individual differences between various formula-
tions were then examined using Tukey’s HSD test. The
effect of concentration and type of formulation on % cell
growth inhibition was studied by two-way analysis of vari-
ance. The effect of formulation type and time on tumour
volume of mice was compared using a repeated measures
analysis of variance. Individual differences between differ-
ent formulation types at respective dose level were studied
using a Dunnett’s post-hoc test. The effect of formulation
type on degree of angiogenesis was examined using
Kruskal-Wallis test followed by Tukey’s HSD and Dun-
nett’s post-hoc tests for determining differences between
individual treatments.

Results and Discussion

Phase solubility study

A linear relationship between the amount of quercetin solu-
bilized and the concentration of cyclodextrin in solution was
observed (Figure 1). According to Higuchi & Connors
(1965), this may be attributed to the formation of soluble
1:1 molar ratio inclusion complex with the stability constant
of 423m7 L.

__ 0.0006 -
0.0005 -
0.0004 -
0.0003 -
0.0002 -

0.0001 4

Concn of quercetin (m

0.005 0.0075 0.01 0.0125

Concn of cyclodextrin (m)
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Figure 1 Phase solubility diagram of quercetin~SBE73CD system. Each
data point and error bars represent a meants.d. of three determinations.
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Circular dichroism spectroscopy

Quercetin shows a characteristic UV absorption spectrum
due to the presence of chromophores but alone it gave no
circular dichroism band at experimental conditions studied,
because it has no asymmetric carbon atom in the molecule.
When SBE78CD was added to the quercetin solution, a
Cotton effect was observed in the wavelength range of
200-270 nm. In the presence of SBE73CD, quercetin
showed a strong positive peak at 230 nm and relatively
small negative peaks at 210 nm and 255 nm as a result of
perturbation of the electronic transition of the drug caused
by the asymmetric cavity of cyclodextrin following compl-
exation. The spectral modifications observed in the pres-
ence of SBE78CD can be considered the effect of a
stronger interaction of SBE73CD with quercetin in confir-
mation of the result of phase solubility study and high
polarizability of O—S bond in SBE73CD (Ikeda et al 1975).
It is well known that cyclodextrins have neither circular
dichroism nor absorption band at wavelengths longer than
220nm and the inclusion of optically inactive compounds within
the cyclodextrin cavity generates extrinsic Cotton effect in
the wavelength region of drug chromophores. Thus, the circu-
lar dichroism spectroscopic data indicate that quercetin is
embedded in the asymmetric locus of the SBE73CD cavity.

NMR spectroscopy

One-dimensional proton NMR spectra were recorded for the
plain quercetin sample and quercetin with SBE75CD. Chemi-
cally, quercetin is composed of two aromatic cycles, benzo-
pyran-4-one and 3, 4 dihydroxy-phenyl ring. When the one
dimensional NMR spectrum of quercetin was compared with
that of quercetin—-SBE78CD spectrum, it was seen that there
were obvious chemical shift differences for the aromatic pro-
tons of quercetin. A significant downfield shift for the reso-
nance of aromatic protons, H, and Hy of the benzopyrone ring
of quercetin was observed in the presence of Captisol (Figure
2). Similarly, the signals of aromatic protons Hy, H, and H; of
the dihydroxyphenyl ring of quercetin showed differences in
chemical shift (downfield shift) but were comparable with
that of plain drug.

The significant downfield shift noted for the resonance of
the aromatic protons of benzopyrone ring of quercetin in the
"H NMR spectra of quercetin—SBE73CD binary system sug-
gest that the drug molecule interacts with the cyclodextrin
cavity, providing an inclusion complex. Moreover, the result
of NMR study was in accordance with initial inspection of the
structure of quercetin, suggesting that the benzopyrone ring
moiety would be expected to be included within the cavity of
Captisol due to its higher hydrophobicity in comparision with
the dihydroxy phenyl ring of quercetin.

Physical characterization

DSC
Quercetin is a dihydrate molecule and in the DSC thermo-
gram it showed a broad endothermic peak (Tpe, =101°C) as

it becomes anhydrous and a melting endotherm
(Tonset=322.8°C; Ty =326.2°C) (Figure 3). SBE75CD is

Ul ]l QURC-SBE7BCD complex
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Figure 2 'H NMR spectra of free quercetin (QURC) and QURC—
SBE75CD complex.
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Figure 3 DSC thermograms of plain quercetin (QURC) and its binary
systems with SBE75CD. PM, physical mixture; KN, kneading with
aqueous ethanol; COE, co-evaporation from aqueous ethanol.

an amorphous material and shows a broad endotherm over
approximately 40—150°C consistent with dehydration of the
sample. Decomposition event begins at approximately 260°C.
The characteristic, well recognizable, thermal profile of the
drug appeared at the temperature corresponding to its melting
point in the physical mixture of drug with cyclodextrin.
Complete disappearance of the drug endothermal peak for
drug—cyclodextrin systems obtained by kneading and co-
evaporation was observed. This phenomenon can be assumed
as proof of interactions between the components of the
respective binary systems and can be considered indicative of
drug amorphization or inclusion complex formation (Kim
etal 1985).

FTIR spectroscopy
Drug crystals show a characteristic carbonyl absorption band
at 1664.72 cm™, assigned to aromatic ketonic carbonyl



stretching in the FTIR spectra. The FTIR spectra of the
drug—CD complex were compared with those of the phys-
ical mixture and pure drug. In the case of kneaded and co-
evaporated products, in particular, the characteristic aro-
matic carbonyl-stretching band of drug appeared shifted to
1653.14 cm™" with reduced intensity and broadening of the
band. Changes in the characteristic band of pure drug in
the FTIR spectra confirm the existence of the inclusion
complex as a new compound with different spectroscopic
bands (Ficarra et al 2002).

XRD

In the X-ray diffractogram of quercetin powder, sharp peaks
at a diffraction angle (20) of 12.48°, 15.86°, 23.88° and
24.88° were present, suggesting that the drug is present as a
crystalline material. Drug crystallinity peaks were detectable
in the physical mixture with SBE75CD wherein the X-ray
diffraction pattern of the inclusion complex of quercetin was
devoid of any sharp drug crystallinity peaks and characterized
only by large diffraction peaks. It means a total drug amor-
phization was induced by complexation where it was no
longer possible to distinguish the characteristic crystallinity
peaks of flavonoid in the X-ray diffractogram of quercetin—
SBE743CD solid complex. These results confirm that querce-
tin is no longer present as a crystalline material and its solid
inclusion complex exists in the amorphous state with
SBE75CD.

In-vitro dissolution

The results in terms of dissolution efficiency and percent
of active ingredient dissolved at 5min are collected in
Table 1. It is evident that the binary systems with cyclo-
dextrin exhibited faster dissolution rates than plain querce-
tin as 50% drug dissolved in first 5 min. The dissolution
efficiencies of co-evaporated and kneaded products were
1.4-1.5 times higher than that of the corresponding phys-
ical mixture and 1.8 to 1.9 times higher than that of plain
drug, respectively. A statistically significant difference
was found for DP5 (% drug dissolved at 5 min) and DE,
(dissolution efficiency over a period of 60 min) between
plain drug, its physical mixture and cyclodextrin com-
plexes (Kruskal-Wallis test, P < 0.05) whereas the individ-

Table 1 Dissolution parameters of quercetin (QURC) alone and its
equimolar physical mixture (PM), kneaded (KN) and co-evaporated
(COE) product with SBE75CD

Sample DP; DEg,

QURC plain 29.542.84% 344+3.17%

QURC-SBE7BCd PM 32.0+1.75% 43.6+2.40%
KN 49.5£0.75%¢ 65.6+0.64%°¢
COE 474+ 1.25% 63.4+1.75%0¢

Values are expressed as mean +s.d. for 3 measurements. Comparisons
are made between: ** QURC plain, PM, KN and COE (statistically signi-
ficant, Kruskal-Wallis test, P <0.05); bb"pM, KN and COE (statistically
significant, Tukey’s HSD test, a=0.05); ¢CKN and COE (statistically
insignificant, Tukey’s HSD test, «=0.05).
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ual difference between plain drug and its physical mixture
with SBE78CD was statistically insignificant (Tukey’s
HSD test, «=0.05). Concerning the significant enhancement
of the dissolution rate that occurred with binary products, this
might be attributed to an increase of solubility upon com-
plexation, due to the amorphization generally occurring
during complexation (i.e. a decrease in crystallinity).

In-vitro cell proliferation

Both quercetin and its SBE75CD complex showed very good
anti-proliferative activity (>50% cell growth inhibition)
towards all human cancer cells tested, in-vitro. The activity of
plain quercetin was concentration dependent, maximum
activity being obtained at the highest concentration tested
(80 ug mL_l). However, in the case of SiHa cervix cancer
cells and K562 human erythroleukaemia cells, the anti-prolif-
eratory effect of quercetin—-SBE75CD complex was found to
be improved but statistically not significant (two way analysis
of variance, P>0.05) as compared with that of plain querce-
tin (Figure 4).

Quercetin—-SBE75CD complex showed more than 50%
inhibition of cell growth at a concentration of 10 ug mL™! (ie.
8 times improvement in the activity of plain drug when it has
been included in the cavity of cyclodextrin). The improved
anti-proliferative activity of quercetin in the presence of cyclo-
dextrin can be considered the effect of improved cell permea-
tion of the drug as cyclodextrin keeps the drug molecules in
solution and delivers them to the surface of the cell membrane
where they partition into, and through, the membrane when-
ever equilibrium is disturbed (Loftsson etal 1994).

B Plain QURC
O QURC-SBE73CD complex

o o

-
o O ©o o

% Inhibition of K562 cell growth I>
N W g v o

10 20 80

Concn of QURC(,ug mL™")

vv)

m Plain QURC

60 - O QURC-SBE7/3CD complex
40 A
) -ﬂ
0
40

Concn of QURC (g mL- 1)

% Inhibition of SiHa cancer cells

Figure 4 In-vitro % cell growth inhibition for K562 human erythroleu-
kaemia cells (A) and SiHa cervix cancer cells (B) using quercetin
(QURC) and its SBE75CD complex. Each data point and error bars rep-
resent a mean * s.d. of three experiments with six replicates each.
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Tumour growth inhibition

To examine whether the notable increase in anti-proliferative
activity in-vitro observed with cyclodextrin—quercetin binary
system may lead to differences in pharmacological effects in-
vivo, we explored the tumour growth inhibition profiles of
quercetin and quercetin—-SBE73CD complex using a mouse
melanoma model. The Institutional Ethics Committee for
Animal Care and Use of Advanced Centre for Treatment,
Research and Education, Navi Mumbai, India has approved
the animal study protocol. The Oral Solution Formulation
Protocol for the use of SBE75CD in experimental animals
was also approved by Cydex Inc., USA.

From Table 2, it is evident that BI6F10 melanoma cells
injected subcutaneously into mice grew to an average size of
1800 mm?. Treatment of mice with plain quercetin resulted in
significant inhibition of tumour growth as compared with
control. Quercetin at a dose of 25 and 50 mgkg ™! body weight
showed about 90 and 93% inhibition of mouse melanoma
growth, respectively. Thus when drugs were given at speci-
fied doses through both forms, each tumour volume of the
plain-drug-treated group and the drug—cyclodextrin-treated
group was considerably reduced; the % tumour growth inhi-
bition was significantly improved for the product with cyclo-
dextrin (repeated measures analysis of variance, P <(.05). In
addition, as in the case of in-vitro cell growth inhibition
experiments, oral administration of SBE75CD-quercetin
complex exhibited improved anti-cancer activity in terms of
tumour growth delay in mice in contrast to animals in control
and plain-drug treatment groups. But the observed significant

Table 2 Mean tumour volume (mm?) at 9, 11, 13, 15, 17, 19 and 21
days since tumour cell inoculation after oral administration of plain
quercetin and its SBE75CD complex to mice

I Control* Plain drug SBE73CD complex
Days (50 mg kg’l)* (equivalent to
50 mg kg™ drug)*
9 2.64+1.55 NTD NTD
11 3.88+£2.09 0.78£0.38 0.52£0.30
13 24.10+22.13 1.80+1.27 2.69£1.35
15 238.93+14.49 6.99+5.11 3.40+2.36
17 827.56+38.92 71.90+19.25 6.91+2.38
19 1369.1+82.27 94.34+15.92 7.80+1.87
21 1755.84+98.03 115.98+11.59 8.68+£0.76
11 Control* Plain drug SBE73CD complex
Days (25 mg kg™ H* (equivalent to
25mg kg"1 drug)*
9 2.64+1.55 NTD NTD
11 3.88+2.09 1.02+0.52 1.05+0.3
13 24.10+22.13 320+1.35 1.65+1.88
15 238.93+14.49 37.84%5.12 8.62+5.15
17 827.56+£38.92 109.09 + 14.66 41.47+4.60
19 1369.10+82.27 125.40+13.92 49.19+£3.94
21 1755.84+98.03 173.97+17.65 82.98 +7.69

The tumour volume measurements are expressed as meanzts.d. for 4
mice in each group. *P <0.05 (repeated measures analysis of variance).

NTD, no tumour detected.

difference for tumour regression between plain drug and its
cyclodextrin complexes was not constant over time (treat-
ment days). This non-significant result (repeated measures
analysis of variance, P>0.05) suggests that the pattern of
response to treatment is similar for the two formulations. A
reasonable conclusion based on this analysis is that the cyclo-
dextrin complex is effective (superior to plain drug alone) and
that its advantage beyond the plain drug is approximately
maintained during the course of the experiment.

These results could be attributed to higher drug availability
at the tumour site due to the faster and complete drug absorp-
tion in the presence of cyclodextrin. Consequently, cyclodex-
trin potentially serves as a drug reservoir, replenishing the free
drug concentration at the membrane surface by rapid dissocia-
tion as equilibrium is disturbed following drug absorption. The
driving concentration for drug absorption can thus be main-
tained, as the formulation/drug is retained at the membrane sur-
face in its solubilized state in the presence of cyclodextrin.

Tumour microvessel density evaluation

Accumulating evidence demonstrates that tumour growth and
lethality are dependent on angiogenesis. Therefore to investi-
gate whether decreased tumour growth by quercetin in mice
was attributable to decreased host angiogenesis, we evaluated
the microvessel density in tumour sections. Representative
photographs of melanoma tumours after excision and phot-
omicrographs of stained tumour microsections (Figure 5)
showed that a marked/dense microvasculature was observed
in the control tumours. The tumour angiogenesis response
(tumour microvessel density median value) recorded for con-
trol tumours, plain drug and cyclodextrin-complex-treated
tumour was 3, 1.5 and 1, respectively. Tumours treated with
plain drug had significantly fewer microvessels (Dunnett’s
test, «=0.05) compared with the control. In fact, as evident
from Figure 5, the anti-angiogenesis effect was significantly
improved in the tumours of mice receiving drug—cyclodextrin
complex in comparision with plain drug and control group
(Tukey’s HSD test and Dunnett’s test, «=0.05).

The findings of tumour microvessel density evaluation
suggest that quercetin suppressed the expression of ang-
iogenic vascularization in melanoma tumours. It is well
known that inflammatory mediators contribute to the process
of angiogenesis and some of the inflammatory prostagland-
ins, products of arachidonic acid metabolism, are pro-ang-
iogenic (Jackson etal 1997). Quercetin also exerts anti-
inflammatory activity through its antioxidant and inhibitory
effects on inflammation-producing enzymes (cyclooxygen-
ase, lipoxygenase) and the subsequent inhibition of inflam-
matory mediators, including leukotrienes and prostaglandins
(Della etal 1988). It is to be noted that the in-vivo processes,
including hypoxia, growth factor production, cytokine-acti-
vated COX-2 induction, prostaglandin production, VEGF-
mediated vascular permeability and neovascularization, are
strikingly similar. As quercetin has inhibitory activity against
inflammation-producing enzymes and other inflammatory
mediators, the anti-angiogenic activity of quercetin could be
ascribed to the inhibition of cyclooxygenase enzyme or leuko-
trienes and prostaglandin production.
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Figure 5 Tumour sprouting vasculature after tumour excision and presence of microvasculature (indicated by arrows) in tumour microsections after
staining. In control tumours (A), dense microvasculature appeared throughout the tumour section whereas tumour microvessel density was significantly
reduced in plain-drug-treated (50 mg kg™') mouse tumours (B) and cyclodextrin-complex (equivalent to 50 mgkg™! plain drug)-treated mice (C).

The improved angiogenesis inhibition observed with
drug—cyclodextrin combination treatment may be attributed
to the high drug accumulation inside the tumour. It can be
considered the effect of high drug availability at the absorp-
tion site, attributable to solubilization by cyclodextrins and
improved cell permeation of the drug molecule as a conse-
quence of membrane lipid extraction caused by the cyclodex-
trin (Boulmedarat et al 2004).

Conclusions

Through complexation with SBE73CD, the aqueous solubil-
ity of quercetin has been improved substantially in neutral
aqueous solutions. Thus, SBE73CD is useful in improving
the dissolution and the bioavailability of quercetin in pharma-
ceutical formulation. Quercetin—~SBE75CD complex showed
significantly improved in-vivo anti-cancer property compared
with the plain drug, providing evidence for dose reduction
without affecting therapeutic efficacy when using cyclodex-
trin carriers.
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