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Abbreviations: ABC, ATP binding cassette; Ac-DEVD-CHO, acetyl-aspartyl-glutamyl-
valyl-aspartyl-aldehyde; Ac-IETD-AFC, acetyl-isoleucyl-glutamyl-threonyl-aspartyl-7-
amino-4-trifluoromethylcoumarin, AP, alkaline phosphatase; BCECF-AM, 2,7 -bis-(2-
carboxyethyl)-5-(and  6)-carboxyfluorescein acetoxymethylester; BCRP, Breast
cancer resistance protein, CMFDA, 5-chloromethylfluorescein diacetate; DMEM,
Dulbecco's Modified Eagle Medium; ECL, Enhanced chemiluminescence; DTT,
dithiothreitol; FACS, fluorescence activated cell sorting; FCS, Fetal calf serum;
HEPES, N-hydroxyethylpiperazine-N'-2-ethanesulfonate; MDR, Multi drug resistance;
MRP, multidrug resistance-associated protein; NEAA, nonessential amino acids; P-
gp, P-phosphoglycoprotein; pH;, intracellular pH; TBS-T, Tris-buffered saline-Tween;
Z-DEVD-AMC, carboxybenzoxy-aspartyl-glutamyl-valyl-aspartyl-amino-4-methyl-

coumarine.
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Abstract

ATP-driven efflux pumps such as phosphoglycoprotein-170 (P-gp), multidrug
resistance-associated protein-2 (MRP-2), or breast cancer resistance protein (BCRP)
play a crucial role in limiting the efficacy of tumor pharmacotherapy. Selected
flavonoids have been suggested to inhibit individual efflux-transporters and to act
therefore as multidrug-resistance reversing agents. In the present study it is shown
that the flavonoid chrysin acts as a potent inhibitor of P-gp, MRP-2, and BCRP in
Caco-2 colon carcinoma cells. As a consequence, cells accumulated higher rates of
the apoptosis-inducing chemotherapeutic topotecan in the presence of chrysin, even
though under these conditions the expression of the transporters was markedly
increased. Interestingly, in spite of the enhanced cellular drug accumulation the
topotecan-induced apoptosis, assessed according to DNA-fragmentation, chromatin
condensation, and by determination of sub-G1 peaks using fluorescence-assisted-
cell sorting (FACS), was potently inhibited by chrysin. Suggested transport
independent apoptosis inhibiting activities of ATP-binding cassette (ABC)-
transporters, such as the inhibition of caspases, were shown to be necessary for the
inhibition of topotecan-induced apoptosis and were found to be associated with
stabilization of R-catenin especially in the cytosol. Inhibition of topotecan-induced
intracellular acidification, however, was proven not to prevent caspase activation and
apoptosis.

In conclusion, our studies show that chrysin in spite of raising the cellular
concentrations of topotecan potently inhibits the apoptosis-inducing activities of the
anti-tumor drug. Inhibition of caspase-activation was identified as the underlying
mechanism and is suggested to be caused by transport-independent functions of
ABC-transporters.

Key words: ABC-transporters, apoptosis, caspases, topotecan, chrysin, 3-catenin
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1. Introduction

Phosphoglycoprotein-170 (P-gp), multidrug resistance-associated protein-2
(MRP-2), and breast cancer resistance protein (BCRP) are ATP-binding cassette
(ABC) transporters located at the apical membrane of enterocytes that may drive
their substrates from inside the cell back into the intestinal lumen [1,2]. Those
substrates encompass various synthetic and natural lipophilic compounds [2-4].
Moreover, the inhibitor specificities of P-gp, BCRP and MRP-2 were shown to be
highly overlapping, and general inhibitors of ABC transporters were more lipophilic
and aromatic than specific inhibitors and non-inhibitors [5]. Whereas the physiological
role of ABC transporters might be to reduce the body load of potentially harmful
compounds [2] their overexpression in tumors confers a multi-drug resistance (MDR)
phenotype to cancer cells [6,7]. In vitro screening has identified a number of
pharmaceuticals which can selectively inhibit pumps such as P-gp, by virtue of their
being substrates for these pumps [8]. However, several generations of
pharmaceutical inhibitors of P-gp have been examined in preclinical and clinical
studies and these circumvention trials have largely failed to demonstrate the
anticipated increase in therapeutic efficacy [8]. At least in part this may be due to the
redundancy of efflux pumps in resistant cancer cells but transport independent
mechanisms could also account for this “multifactorial multidrug resistance” [9].
Besides the affection of ABC transporters by drugs they can be modulated by
ingredients of plant foods or herbal products such as the flavonoids [10]. In that
context, influences of several flavonoids have been demonstrated to be exerted at
the level of expression, posttranslational modification, or transport function [10]. The
latter can be influenced through an effect on the transporters” ATPase activity. Both,

stimulation, e.g. by glabridin, and inhibition, e.g. by genistein and quercetin, have
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been described [11,12]. Another possible mechanism for flavonoid-mediated
inhibition of ABC-transporters is by competitive inhibition when flavonoids act as
substrates [10,13]. Whereas the free aglycones appear to be mainly transported by
P-gp, intracellularly formed glucuronidated and sulfated conjugates can be
transported by MRP-2 and BCRP [10,14,15].

In the present study, we tested in Caco-2 human colon carcinoma cells the influence
of the flavonoid chrysin, contained in honey, propolis and fruit skin [10], on the
transport of fluorescent substrates for P-gp, MRP-2, and BCRP, respectively. By
Western Blotting we determined the impact of chrysin on the expression level of the
transporters. The net effect on transport activity was estimated then by measuring the
accumulation of the anti-tumor drug topotecan. DNA-fragmentation was quantified as
a measure of topotecan-induced apoptosis and estimations of caspase-activities and
pH; served the discovery of the mechanisms underlying alterations in the apoptosis
rate. Immunocytochemistry detecting R-catenin in fixed Caco-2 cells was finally
performed in order to associate the effects of chrysin on apoptosis and differentiation
with cellular localization of this transcription factor whose deregulation is intimately

linked to tumor formation [16].
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2. Materials and methods

2.1. Materials

Chrysin, fluorescent substrates (except CMFDA) and inhibitors of ABC
transporters were purchased from Sigma (Deisenhofen, Germany). CMFDA was from
Invitrogen (Karlsruhe, Germany). Cell culture plates were from Renner (Dannstadt,
Germany). All other materials needed for cell culture, SYTOX-Green, BCECF-AM,
and EnzChek® Kit for measuring caspase activities were from Invitrogen (Karlsruhe,
Germany). Topotecan was from Molekula (Lisses, France). Quadriperm wells were
from Greiner Bio-one (Frickenhausen, Germany). DNase free RNase was from MBI
Fermentas (Heidelberg, Germany). Caspase-8 substrate Ac-IETD-AFC, caspase-8
inhibitor Ac-IETD-CHO, and mouse-anti--catenin were from BD Biosciences
(Heidelberg, Germany). Rabbit-anti-P-gp, mouse-anti-MRP-2, mouse-anti-BCRP,
mouse-anti-actin, and horseradish peroxidase labeled goat-anti-mouse-lgG and goat-
anti-rabbit-IlgG antibodies were from Santa Cruz Biotechnology (Heidelberg,
Germany). Biotinylated anti-mouse-lgG was obtained from Vector Laboratories
(Munich, Germany) and FluoroLink Cy5 labeled streptavidin by Amersham
Biosciences (Freiburg, Germany). The Bio-Rad-Protein-Assay was purchased from
BioRad (Munich, Germany). All other chemicals were obtained from Sigma

(Deisenhofen, Germany).

2.2. Cell culture

Caco-2 cells (HTB 37, passage 31) were provided by American Type Culture

Collection (ATCC) and were used between passages 40 and 65. Cells were cultured
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and passaged in DMEM supplemented with 10% FCS, 2 mM glutamine, 1% MEM non
essential amino acids and 70 ug/ml gentamycin in a humidified incubator at 37°C under
an atmosphere of 5% CO,. Cells were passaged at preconfluent densities by the use of

a solution containing 0.05 % trypsin and 0.5 mM EDTA.

2.3. P-gp, MRP-2 and BCRP mediated transport of topotecan

For estimation of the ABC-transporters activities the fluorescent dyes rhodamine
123, CMFDA, and Hoechst 33342 were used at 1 yM concentrations as substrates
for P-gp [17], MRP-2 [18], and BCRP [19], respectively. Contributions of the
respective transporters for overall transport were verified by using the selective
inhibitors verapamil, MK-571, and fumitremorgin C [20]. Cells were exposed to
substrates in Krebs buffer (137 mM NaCl, 5.4 mM KCI, 2.8 mM CaCl,, 1 mM MgSOsq,
10 mM glucose, 10 mM HEPES, pH 7.4) for 3 h over which transport of the
substrates was linear. Thereafter cells were washed twice with ice-cold Krebs buffer
and fluorescence of rhodamine 123 and CMFDA was measured at emission of 538
nm after excitation at 485 m, whereas emission of Hoechst 33342 was estimated at
460 nm after excitation at 355 nm using a microtiter plate reader (Fluoroskan Ascent,
Thermo Electron, Dreieich, Germany). The accumulation of topotecan was assessed
according to its fluorescent properties with excitation at 355 nm and emission at 538

nm [21].

2.4. Apoptosis assays

Caspase-3 and -8 activities were determined using the EnzChek activity assay

Kit according to the manufacturer’s instructions. In brief, 0.5x10° cells per well were
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seeded onto 6-well plates and allowed to adhere for 48 h. Cells were then exposed
for 24 h to the test compounds. Subsequently, cells were trypsinized, cell numbers
were determined and then the cells were pelleted for 5 min at 300 x g. The pellets
were suspended in 50 pl of lysis buffer and centrifuged at 45.000 x g for 5 min.
Cleavage of Z-DEVD-AMC (final concentration 100 uM) was followed in the
fluorometer by excitation at 355 nm and emission of 460 nm each 20 min over 5 h.
For inhibition of caspase-3 Ac-DEVD-CHO was added. For determination of caspase-
8 activities Ac-IETD-AFC (final concentration 100 uM) was used. Cleavage of the
substrate was followed by measuring emission at 538 nm after excitation at 355 nm.

Nuclear fragmentation as a late marker of apoptosis was determined by
staining of DNA with SYTOX-Green nucleic acid stain. Cells (1 x 10°) were seeded
onto glass slides and incubated in Quadriperm wells with the test compounds for 48
h. Thereafter glass slides were washed with PBS and cells were fixed with 2%
paraformaldehyde. DNA was stained with 0.25 pM SYTOX-Green solution and
visualized under an epifluorescence microscope (Zeiss Axioskope 2) equipped with a
band path excitation filter of 470 nm and a long path emission filter of 520 nm.
Photographs were made from at least three independent cell batches and apoptotic
cells were determined according to the number of cells displaying chromatin
condensation and nuclear fragmentation versus total cell counts.

FACS-analysis was performed in order to quantify the amount of cells with
significantly lower amounts of intact DNA which appear as a subG1-peak as a
characteristic of apoptosis. Therefore, Caco-2 cells were seeded at a density of 1 x
108 onto 25 cm? culture flasks and were incubated for 48 h in the presence or the
absence of the test compounds after having reached 40% confluency. Cells were
trypsinized, pelleted by centrifugation at 500 x g for 3 min, washed twice with PBS

and adjusted to 1 x 10° cells/ml. Cells were then fixed by suspending them at 4°C in
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ethanol for 24 h. Thereafter, the suspension was centrifuged for 3 min at 500 x g, and
the pellet was washed twice in 38 mM sodium citrate buffer (pH 7.4). After washing
and centrifugation, cells were incubated with the dye solution containing 7-amino
actin (1 mg/ml), 1U of DNase free RNase in sodium citrate buffer. Cell cycle analysis
was performed using a FACScan (Becton Dickinson, San Jose, CA, U.S.A.) and the

Lysis Il Ver. 1.1 software.

2.5. Differentiation assay

0.5 x 10° Caco-2 cells were seeded onto 25 cm?-culture flasks and thereafter
incubated for 48 h with the test compounds. Cells were washed twice with PBS and
trypsinized and the harvested cells were pelleted for 10 min at 1500 g. The pellets
were resuspended in 1 M diethanolamine buffer, pH 9.8 with 0.5 mM MgCl, and
homogenized. 50 yl of the homogenate were mixed with 940 pl diethanolamine buffer
and 10 pl AP substrate 4-nitrophenol phosphate (1.25 mM stock solution). AP-activity
was calculated according to UV-absorption of the product 4-nitrophenol which

absorbs light at 405 nm.

2.6. pHi-measurements

For pHi-measurements cells were loaded with BCECF by preincubating the cells
with 5 yM of the lipophilic acetoxymethyl-ester (BCECF-AM) at 37°C for 45 min.
Subsequently the monolayers were washed with Krebs buffer, pH 7.4. Prior to pH;-
measurements the medium was taken off from the cells and was reapplied directly after
measurements. This proceeding was chosen in order to simulate the conditions used for

apoptosis measurements and moreover, to neglect influences on pHi-measurements by
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BCECF diffusing out of the cells during these long periods. Intracellular H*-activity was
determined by measuring the intensity of emission at 538 nm after excitation of the
fluorophore at 444 nm (isosbestic point) and 485 nm (pH-sensitive wavelength),
respectively, using the microtiter plate reader. The 485/444 fluorescence ratio was
converted to pH; from a calibration curve generated by estimation of the fluorescence

ratio in buffers of different pH [22].

2.7. Western blotting

Caco-2 cells were incubated in 75 cm? flasks and scraped off in ice-cold PBS
containing 0.2% EDTA. Cells were pelleted subsequently by centrifugation for 5 min
at 300 g. The pelleted cells were dissolved subsequently in lysis buffer (10 mM
HEPES, 1 mM EDTA, 1 mM DTT, 0.2% protease inhibitor cocktail, pH 7.5) and
frozen overnight at -80°C. Thereafter, cells were homogenized by 20 strokes with a
Teflon homogenizer. Samples were centrifuged for 20 min at 380 g to remove intact
cells and the supernatant was centrifuged at 40.000 x g for 20 min in order to enrich
the plasma membrane fraction. The final pellet was resuspended in membrane buffer
(10 mM HEPES, 10% glycerol, 1 mM EDTA, 1 mM DTT, 0.2% protease inhibitor
cocktail) and protein content was determined by the Bradford reaction.

The proteins of the membrane fractions were resolved by SDS-PAGE
according to the method described by Schagger and von Jagow [23] and were
electroblotted onto PVDF membranes. Control of protein transfer and identification of
the molecular weight marker proteins was achieved by Ponceau Red staining.
Thereafter, the blotting membranes were blocked for 1 h with TBS-T containing 1%
milk powder and then incubated for 1 h with the primary antibodies recognizing P-gp

(1:500), MRP-2 (1:50), and BCRP (1:50), respectively. Blots were washed three
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times with TBS-T and bound antibodies were detected after 1 h incubation with
horseradish peroxidase conjugated secondary antibodies (1:1000) using an ECL

system according to the manufacturer’s instructions.

2.8. Immunocytochemistry

For immunofluorescent detection of R-catenin, cells grown on poly-L-lysine
coated glass slides were fixed by 2% paraformaldehyde for 10 min on ice. Thereafter,
cells were incubated for 2 h in a humidity chamber with a 1:500 dilution of anti-R-
catenin. After washing four times with TBS-T, adding for 1 h biotinylated anti-mouse-
IgG in a 1:200 dilution and washing twice with TBS-T and TBS, respectively, bound
antibodies were detected using FluoroLinkCy5 labeled streptavidin in a 1:500
dilution. Cell nuclei were stained by 0.25 yM SYTOX-Green solution during a 15 min
incubation. Antibody staining was detected at an emission of 645-720 nm after
excitation at 633 nm, and SYTOX-Green nucleic acid stain at emissions of 500-535
nm after excitation at 488 nm by confocal laser scanning microscopy (DMIRBE Leica,

Wetzlar, Germany).

2.9. Calculations and statistics

All calculations were performed by using Prism 4.01 (Graph PAD, Los
Angeles, CA). For each variable 4-8 independent experiments were carried out. Data
are given as the mean + S.E.M. Variance analysis between groups was performed by
One-way ANOVA and significance of differences between control and treated cells

were determined by a Tukey's test.
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3. Results

3.1. Chrysin inhibits P-gp, MRP-2, and BCRP in Caco-2 cells and increases the

accumulation of topotecan

To test the influence of chrysin on ABC-transporters its impact on the
accumulation of P-gp substrate rhodamine 123, the MRP-2 substrate CMFDA, and
the BCRP-substrate Hoechst 33342 were estimated. Chrysin dose-dependently
increased the accumulation of the P-gp substrate rhodamine 123, the MRP-2
substrate CMFDA, and the BCRP-substrate Hoechst 33342 with very similar ECso-
values around 50 uM (Fig. 1A). Maximum accumulations of the substrates in the
presence of 250 yM chrysin, moreover, were very similar to those achieved by the
specific transport-inhibitors verapamil for P-gp, MK-571 for MRP-2, and
fumitremorgin for BCRP, respectively (Fig. 1B). Moreover, in the presence of specific
inhibitors 250 pM chrysin was not able to enhance the accumulation of the
fluorescent dyes significantly (data not shown), suggesting that transport of the
substrates by the respective transporters under the conditions used is rather specific.

None of the three inhibitors was able to increase the accumulation of the
topoisomerase-| inhibitor topotecan as potently as did chrysin (Fig. 2A). However,
equal accumulation potency could be achieved when all three inhibitors were
coadministered (Fig. 2A). Moreover, the dose-dependent accumulation increase of
topotecan by chrysin revealed an ECsp-value of 68.6 + 0.8 uM which is in the range
of the ECsp-values observed for chrysin with regard to the inhibition of P-gp, MRP-2,

and BCRP (Fig. 2B).
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3.2. Chrysin increases the expression of ABC-transporters in Caco-2 cells

The increased accumulation of topotecan observed in the presence of chrysin
suggests the flavonoid to be a MDR-reversing agent. In this regard, however, effects
on the expression rates must be considered as well especially concerning longer
periods of treatment. Western blotting experiments revealed that chrysin enhanced
significantly the expression of all three ABC-transporters as did topotecan (Fig. 3A-
C). More importantly, chrysin was able to stimulate transporter expression even in the
presence of topotecan (Fig. 3A-C). Over a time period of 48 h, however, the inhibition
of transporter function prevails to the enhanced expression as accumulation of

topotecan was still increased by chrysin at this time point of incubation (Fig. 3D).

3.3. Chrysin inhibits potently topotecan-induced apoptosis

Surprisingly, chrysin almost completely abolished topotecan-induced
chromatin condensation and DNA-fragmentation as markers of proceeded apoptosis
(Fig. 4A). On the basis of these apoptosis markers dose-response relationships
revealed a half maximal inhibition of topotecan-mediated apoptosis at 128 uM (Fig.
4B). Moreover, FACS analysis showed that 48% of the cell population were present
in a sub-Gy-peak caused by fragmented DNA in apoptotic cells after topotecan
treatment (Fig. 4C). Accordingly, the FACS analysis verified the results obtained by
microscopic assessment of apoptotic nuclei. Besides the fact that chrysin almost
completely inhibited topotecan-induced apoptosis when assessed by FACS, it could
be shown that the flavonoid arrests cells in G,/M as this population increases from
8% in the control to 25% in chrysin treated cells (Fig. 4C). Finally, not only apoptosis

as a cancer preventive parameter was inhibited but also differentiation. Whereas
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neither topotecan nor chrysin affected differentiation in Caco-2 cells, chrysin

efficiently inhibited differentiation when triggered by butyrate (Fig. 4D).

3.4. Chrysin inhibits the topotecan-mediated activation of caspases-3 and -8

According to data showing that transport-independent effects of P-gp exist on
caspase-activities we tested whether up-stream caspase-8 and effector-caspase-3
were modulated by chrysin. Indeed chrysin was able to potently inhibit topotecan-
mediated caspase-8 and caspase-3 activation (Fig. 5A). One of the postulated
mechanisms through which this inhibition could be achieved is via increasing pH;.
However, chrysin did not significantly affect topotecan-induced intracellular
acidification, nor did the base imidazole inhibit caspase-activation and apoptosis

although it prevented the topotecan-induced pHi-decline (Fig. 5B).

3.5. Chrysin stabilizes cytosolic 3-catenin

Since both caspase-8 and -3 were shown in previous studies to be involved in
processing of cytosolic [3-catenin, processed R-catenin was detected by Western
blotting (Fig. 6A) and localization of this cancer promoting transcription factor was
studied by immunocytochemistry (Fig. 6B). It could be shown that topotecan cleaves
R-catenin whereas chrysin stabilizes R-catenin in the cytosol (Fig. 6A). Moreover,
chrysin caused a removal of -catenin from the plasma membrane into the cytosol as
did topotecan and the same was visible when both compounds were combined (Fig.
6B). These results suggest that stabilized cytosolic R-catenin might transmit the

effects of chrysin on inhibition of apoptosis. In this context it was demonstrated that
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inhibition of the downstream caspase-3 not only prevented topotecan-induced

cleavage of R-catenin (Fig. 6C) but also apoptosis as caused by topotecan (Fig. 6D).
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4. Discussion

Multi-drug resistance is a phenomenon based on various adaptations of
cancer cells to escape the killing actions of chemotherapeutics [24]. On a molecular
level those adaptations are exemplified by immune-escape mechanisms [25], the
overexpression of detoxifying enzymes of phase-l or —Il metabolism [26], or the
enhanced expression of ABC-transporters [27]. The overexpression of ABC-
transporters promotes the outward-transport of most commonly used cancer drugs in
spite of their different chemical structures and thereby prevents the achievement of
effective drug concentrations in the target cells. This causes an immense clinical
problem and consequently there has been intense search for compounds which can
act to reverse MDR phenotype in cultured cells, in animal models, and ultimately in
patients [28]. Within this search a number of natural compounds were identified that
interact with ABC-transporters, and in contrast to the first generation MDR-reversing
agents, which were usually drugs, have been regarded to possess fewer side effects
[28]. Amongst those compounds, many flavonoids appear to serve as substrates of
the ABC-transporters P-gp, MRP-2, and BCRP and thus may reverse MDR by
competitive inhibition [10]. On the other hand, we have shown in a previous study
that selected flavonoids were able to increase P-gp expression in human colorectal
cancer cells in vitro and in the mouse intestine in vivo [29]. Whereas in normal cells
induced expression of ABC-transporters might serve the excretion of the inducing
xenobiotic, i.e. the flavonoid, in cancer cells MDR could derive.

Using human Caco-2 cells as an in vitro model for colorectal cancer we
demonstrate in the present study that the flavonoid chrysin, occurring abundantly in
fruit skins [10], is able to inhibit three apical ABC-transporters, i.e. P-gp, MRP-2, and

BCRP, dose-dependently. The chemotherapeutic topotecan appears to be extruded
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from Caco-2 cells by all three transporters since specific inhibitors for P-gp, MRP-2,
and BCRP, respectively, resulted in similar increases in the accumulation of the drug,
whereas the higher rate of accumulation caused by chrysin was achieved only when
all three inhibitors were applied simultaneously. Chrysin consequently appeared to
meet the criteria of an effective MDR-reversing agent by efficient blockade of
topotecan efflux. Moreover, those effects can be expected to occur under in vivo
conditions as well since concentrations of polyphenols in the low mM range may be
considered as plausible in the gut lumen after ingestion of a normal diet rich in fruits
and vegetables [30,31]. Obviously the inhibition of transport by chrysin prevails
versus the also observed increased expression of all three efflux-pumps since
increased accumulation of topotecan could still be detected after 48 h of incubation
when transporters had already been up-regulated. Therefore it was quite astonishing
that in spite of increased topotecan accumulation the apoptosis-inducing activities of
topotecan, quantified after 48 h, were completely inhibited by chrysin. Since beyond
apoptosis, differentiation is another crucial parameter which has been shown to be
diminished in cancer cells [32], we also tested whether chrysin has influence on
differentiation of Caco-2 cells. Certain dietary compounds, such as butyrate from
fiber, have been shown in culture selectively to promote and restore differentiation in
neoplastic cells and, thereby, have the potential to eliminate aberrant cells at an early
stage of tumor formation [33]. As shown in many studies before, butyrate efficiently
induced differentiation in Caco-2 cells. Notably, beyond blocking topotecan-induced
apoptosis chrysin greatly diminished differentiation as caused by butyrate.

The apoptosis inhibiting activities of chrysin might be due to the enhanced
expression of ABC-transporters. This assumption is derived from experiments in cells
which were transfected with mutant P-gp. It was demonstrated that the transport-

deficient P-gp potently reduced caspase activities [34] in accordance with our
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observations that apoptosis was inhibited by chrysin instead of inhibition of transport
activities and the concomitant enhanced topotecan levels observed inside Caco-2
cells. Moreover, classical multidrug resistant human tumor cell lines expressing high
levels of P-gp were less sensitive to multiple forms of caspase-dependent cell death,
including that mediated by ligation of Fas [35]. Since caspase-activation requires
intracellular acidification [36] and moreover, P-gp was suggested to act anti-apoptotic
by prevention of a decline in pH; [37,38], we first tested whether chrysin has an
impact on pHi. Chrysin did not affect the diminished pH; which was caused by
topotecan thus excluding that the inhibition of caspase-3 and -8 by chrysin was due
to a stabilizaton of pH;. Moreover, preventing the topotecan-induced pHi-decline by
addition of the base imidazole did not inhibit the ability of topotecan to activate
caspases-8 and -3, supporting that a low pH; is not necessary for caspase activation
in Caco-2 cells.

Inhibition of apoptosis has been described to be mediated by [3-catenin, a
transcription factor of the Wnt-signaling pathway which is disregulated in colon
cancer development [39,40]. Since R-catenin can be degraded by the downstream
effector caspase-3 [41,42] we finally assessed the impact of chrysin on R-catenin
stability but also on its intracellular localization. Degradation of this tumor-promoting
factor, as caused by topotecan, was clearly inhibited by chrysin. On the other hand,
cellular localization of R-catenin, which was found predominantly in the cytosol and
nuclei of topotecan-treated cells, was not affected by chrysin. Since a caspase-3-
inhibitor prevented the degradation of [3-catenin and also apoptosis it must be
suggested that stabilization of R-catenin is the prime mechanism underlying the
enhancing effects of chrysin on cancer cell survival. This is in agreement with studies
concluding that an important function of 3-catenin cleavage during apoptosis is the

removal of its transcription activation [41]. The stabilization of R-catenin might finally
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be transmitted into enhanced expression of the investigated ABC-transporters as it
was shown for P-gp in brain endothelial cells that its promoter can be activated by 3-
catenin signaling [43]. Since expression of BCRP and MRP-2 increased under
activation of canonical Wnt/3-catenin signaling as well [43] it can be suggested that
stabilized 3-catenin activates a number of ABC-transporters by promoter activation.

In addition to apoptosis, R-catenin was shown in Caco-2 cells to influence
differentiation [44,45]. In this regard the enhanced localization of R3-catenin in the
plasma membrane was associated with increased differentiation [44,45]. Butyrate
was shown in colon cancer cells to cause sequestration of f3-catenin to the cell
membrane as well, suggesting that a possible role of butyrate is to promote
differentiation via increasing the levels of [3-catenin available for cell adhesion [46].
However, that R-catenin is directly involved in differentiation of Caco-2 cells is rather
unlikely since butyrate in our experiments resulted in identical localization and
fragmentation patterns of R-catenin as topotecan and whereas both compounds are
potent apoptosis inducers (not shown for butyrate), only butyrate led to an increase in
differentiation. On the other hand it can not be excluded that chrysin exerts its
differentiation inhibiting activities via R-catenin stabilization and a concomitant
increase in ABC-transporter expression since indeed a role for P-gp in regulating
cellular differentiation has been postulated given the down-regulation of endogenous
P-gp expression during differentiation of pluripotent stem cells [47].

In conclusion, our studies show that the enhanced expression of three ABC-
transporters in human colorectal cancer cells by the flavonoid chrysin is associated
with prevention of topotecan-induced apoptosis. This inhibition of apoptosis occurs in
spite of increased drug accumulation that is caused by the inhibition of transport
activities. The most plausible explanation for the observed effects is provided by the

inhibition of caspases which protects R-catenin from caspase-mediated cleavage.
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The direct mechanisms through which ABC-transporters can affect pH;, caspase

activities, and finally apoptosis remain to be elucidated.
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Figure legends:

Fig. 1. Chrysin inhibits ABC-transporters in Caco-2 cells. Cells were incubated 3 h in
the presence of 1 uM rhodamine 123, CMFDA, or Hoechst 33342 and increasing
concentrations of chrysin. Substrate accumulations were quantified subsequently
based on their fluorescent properties (A). Increases in accumulation of substrates for
ABC transporters as caused by 250 uM chrysin were similar as those in the presence
of specific inhibitors, such as 40 yM verapamil for P-gp, 50 uM MK-571 for MRP-2, or

10 uM fumitremorgin for BCRP, respectively. ***P < 0.001 versus control.

Fig. 2. Chrysin enhances the accumulation of topotecan. Caco-2 cells were
incubated for 3 h with 25 yM topotecan in the absence (control) or presence of 40 uM
verapamil, 50 yM MK-571, 10 uyM fumitremorgin, or 250 uM chrysin, respectively.
Topotecan was quantified according to its spectrofluorometric characteristics. *P <
0.05, **P < 0.01, and *™*P < 0.001 versus cells exposed to topotecan alone (A).
Accumulation of 25 uM topotecan was in addition assessed as a function of chrysin

concentrations (B).

Fig. 3. Chrysin increases the expression of ABC-transporters in the presence of
topotecan. Cells were exposed for 48 h to medium alone (control) or in addition to
250 pPM chrysin, 25 pyM topotecan, or a combination of chrysin and topotecan.
Thereafter, membrane fractions were enriched, proteins extracted and separated by
SDS-PAGE before blotted proteins were probed with specific antibodies for P-gp (A),
MRP-2 (B), or BCRP (C) (left panels). Intensities of bands were assessed as

described in the Methods section and are given in the right panels. #P < 0.05, and

#**P < 0.001 versus topotecan treated cells (A-C). The topotecan accumulation was
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estimated according to its autofluorescent properties after 48 h incubation in the

absence (control) or presence of 250 uM chrysin (D). **P < 0.05 versus control.

Fig. 4. Apoptosis and differentiation of Caco-2 cells is inhibited by chrysin. Apoptosis
in the presence of medium alone (control) or of 250 uM chrysin, 25 yM topotecan, or
chrysin plus topotecan was calculated after 48 h incubation according to the
percentage of cells showing signs of chromatin condensation and DNA-fragmentation
(arrows). #**P < 0.001 versus topotecan exposed cells (A). The dose-response of the
inhibition of topotecan-induced apoptosis by chrysin is given in (B). FACS-analysis
was performed to verify the results derived from microscopic evaluations of apoptosis
and was done for cells incubated with 250 uM chrysin, or 25 yM topotecan, or a
combination of both (C). The numbers in (C) refer to sub-G1 (1), Go/G+ (2), S (3), and
G2/M (4) phases, respectively. As a positive control for differentiation the effects of 1
mM and 5 mM butyrate were tested on the AP-activity after 48 h incubation. In
addition the influence of 250 uM chrysin on AP-activity was assessed in the absence
or presence of butyrate. Topotecan at 25 uM did not affect AP-activity. #**P < 0.0001

versus cells treated with identical butyrate concentrations alone (D).

Fig. 5. Chrysin inhibits topotecan-induced activation of caspase-3 and -8. Activities of
caspase-3 and caspase-8 in extracts generated from cells that were exposed to
medium alone (control), to 25 uM topotecan, or a combination of topotecan and 250
MM chrysin or 10 mM imidazole were estimated after 24 h by measuring the
fluorescence generated by cleavage of Z-DEVD-AMC and Ac-IETD-AFC,
respectively. #**P < 0.0001 versus topotecan treated cells (A). Intracellular pH was
recorded according to the fluorescence of BCECF-AM loaded cells and changes of

pH; were monitored after the addition of either 25 yM topotecan or in addition 250 yM
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chrysin or 10 mM imidazole (B). Caspase-3 and -8 activities as influenced by 10 mM
of the base imidazole is given in (C). Absence of effects of imidazole on topotecan-

mediated DNA-fragmentation is shown under (D).

Fig. 6. Chrysin prevents topotecan-induced cleavage of [3-catenin. Cleavage of R-
catenin was assessed by Western blotting detecting the protein from cells exposed
for 48 h to medium alone (control), or treated with 25 uM topotecan, or 250 uM
chrysin or a combination of 25 uM topotecan and 250 uM chrysin (A). Cellular
localization of R-catenin was detected in cells treated identically as described in (A)
by immunocytochemistry (B). In Caco-2 cells treated with 25 yM topotecan in the
presence or absence of 20 uM of the caspase-3 inhibitor Ac-DEVD-CHO cleavage of
R-catenin was assessed as described above (C) and apoptosis was determined

based on signs of DNA-fragmentation (D).
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