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Abstract Flavonoids are
polyphenolic compounds that occur
ubiquitously in foods of plant
origin. Their proposed protective
role in tumor development may
prevail especially in the intestinal
tract due to direct exposure of

intestinal epithelia to these dietary
ingredients. We have screened more
than 30 flavonoids for their effects
on cell proliferation and potential
cytotoxicity in the human colon
cancer cell lines Caco-2, displaying
features of small intestinal epithelial
cells, and HT-29, resembling
colonic crypt cells. In addition, for
selected compounds we assessed
whether they induce apoptosis by
determining caspase-3 activation.
Studies on the dose dependent
effects of the flavonoids showed
antiproliferative activity of all
compounds with EC50 values
ranging between 39.7 ± 2.3 µM
(baicalein) and 203.6 ± 15.5 µM
(diosmin). In almost all cases,
growth inhibition by the flavonoids
occured in the absence of cyto-
toxicity. There was no obvious
stucture-activity relationship in the
antiproliferative effects either on
basis of the subclasses (i.e., iso-
flavones, flavones, flavonols,
flavanones) or with respect to kind
or position of substituents within a
class.

In a subset of experiments we
examined the antiproliferative
activities of the most potent
compound of each flavonoid
subgroup in addition in LLC-PK1,
a renal tubular cell line, and the
human breast cancer cell line
MCF-7. Out of four flavonols
tested, three displayed almost equal
antiproliferative activities in all cell
lines but fisetin was less potent in
MCF-7 cells. The flavanones

bavachinin and flavanone inhibited
growth of Caco-2 and HT-29 cells
with lower EC50 values than that
obtained in LLC-PK1 and MCF-7
cells. The lower susceptibility of
LLC-PK1 and MCF-7 cells towards
growth arrest was even more
pronounced in the case of the
flavone baicalein. Half maximal
growth-inhibition in LLC-PK1 and
MCF-7 required 2.5 and 6.6 fold
higher concentrations than that
needed in the intestinal cell lines.
The flavonoids failed to affect
apoptosis in LLC-PK1 and MCF-7,
whereas baicalein and myricetin
were able to induce apoptosis in
HT-29 and Caco-2 cells.

In conclusion, flavonoids of the
flavone, flavonol, flavanone, and
isoflavone classes possess
antiproliferative effects in different
cancer cell lines. The capability of
flavonoids for growth inhibition and
induction of apoptosis can not be
predicted on the basis of their
chemical composition and structure.
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Introduction

Over 4000 flavonoids have been identified in plant
sources. These low molecular weight phenylbenzopy-
rones are found in fruits, vegetables, nuts, seeds as well
as tea and wine (1). The basic structure of flavonoids con-
sists of a o-heterocyclic ring fused to an aromatic ring
with a third ring system attached at either C3 or C4 of the
heterocyclic ring. The 6 most common chemical classes
are the anthocyanidins, catechines, flavones, flavonols,
flavanones, and isoflavonoids (2). Their structures differ
only in the position of the ring with respect to the fused
ring system and by the number and positions of hydroxy-
or methoxy-group substituents. In plants the flavonoids
are predominantly found as glycosides (3). These gly-
cosides appear to be resistant to the endogenous enzymes
of the gastrointestinal tract but are cleaved by bacterial
enzymes in the large intestine to yield the corresponding
aglycons (4). The absorption of the glycosides in the
small intestine is generally poor (4) but recent findings
suggest that selected flavonoids may even be better ab-
sorbed in their glycosylated form (5). Flavonoids reach-
ing the large intestine may be further metabolized subse-
quent to deglycosylation by the microflora (6).

On average, the daily Western diet provides 50 mg of
different flavonoids but with a great variability in intake
depending on the food source (7). Although there is only
limited – and inconsistent – information on intestinal ab-
sorption and bioavailability of most flavonoids, the con-
centrations attained in the intestinal epithelial cells should
by nature exceed those in circulation. Since epithelial
cells of the small and large intestine are exposed to the
highest concentrations of dietary flavonoids, we focused
on the interaction of a variety of flavonoids with trans-
formed human intestinal epithelial cells to explore their
biological functions.

The flavonoids possess a remarkable spectrum of bio-
chemical and pharmacological activities suggesting that
they significantly affect basic cell functions such as
growth, differentiation and/or programmed cell death
(apoptosis). Although some epidemiological studies pro-
vided evidence that a high dietary intake of flavonoids
could be associated with a low cancer prevalence in hu-
mans (8-11) others did not find such an association (12,
13, for review see 14). Animal studies or investigations
employing different cellular models, however, showed se-
lected flavonoids to inhibit tumor initiation as well as tu-
mor progession (15-18). As possible mechanisms by
which the flavonoids may affect tumorigenesis are dis-
cussed 17-β-estradiol antagonizing properties (19), anti-
oxidant activities (20), the scavenging effect on activated
mutagens and carcinogens (21, 22), interaction with pro-
teins that control cell cycle progression (23), and altered
gene expression (24).

Human colon cancer development is often character-
ized in an early stage by a hyperproliferation of the epi-
thelium leading to the formation of adenomas. This is

mainly a consequence of disregulated cell cycle control
and/or suppressed apoptosis as usually observed in colo-
rectal cancers (25, 26). Protective effects of flavonoids in
colon cancer development should consequently be associ-
ated with inhibition of cell proliferation and/or induction
of the apoptotic pathway to delete cells carrying muta-
tions and to maintan a normal cell population. We there-
fore investigated whether and to what extent 36 different
flavonoids belonging to the flavanone, flavone, flavonol,
and isoflavone subclasses could reduce cell growth and
could promote apoptosis in the two human intestinal tu-
mor cell lines Caco-2 and HT-29. In addition, the most
potent compounds of each flavonoid subgroup were also
studied in two non-intestinal cell lines to determine the
specificity of the effects based on the cell phenotype.

Material and methods

Materials

All flavonoids of highest purity available were purchased
from Sigma (Deisenhofen, Germany), Calbiochem (Bad
Soden, Germany), and Phytochem (Ichenhausen, Ger-
many). All the materials needed for cell culture were
either from Gibco (Eggenstein, Germany) or Renner
(Dannstadt, Germany). The fluorophores Sytox-Green
Nucleic Acid stain and fluorescein diphosphate were pur-
chased from Bioprobes (Leiden, Netherlands). CPP-32
fluorogenic apopain substrate was obtained from Calbio-
chem (Bad Soden, Germany).

Cell culture

HT-29 (passage 106), Caco-2 (HTB 37, passage 31),
LLC-PK1 (CRL 1392, passage 195), and MCF-7 cells
(passage 95) were provided by ATCC. Cells were cul-
tured and passaged in RPMI-1640 (HT-29), DMEM
(Caco-2), and Dulbecco‘s ModEM media (LLC-PK1 and
MCF-7), respectively. All media (Gibco) were supple-
mented with 10% fetal calf serum and 2 mM glutamine.
Antibiotics added were 100 U/ml penicillin and 100
µg/ml streptomycin for HT-29, LLC-PK1 and MCF-7
cells and 100 U/ml gentamycin for Caco-2 cells, respec-
tively. With the exception of media for HT-29, all media
were supplemented with 1% MEM non – essential amino
acids (Gibco 01140). Media for LLC-PK1 and MCF-7
cells contained 10 mM Hepes, 1 mM sodium pyruvate,
media for MCF-7 cells in addition 10 µg/ml insulin. All
cultures were maintained in a humidified atmosphere of
95% air and 5% CO2 at 37oC. Cells were passaged at pre-
confluent densities with the use of a solution containing
0.05 % trypsin and 0.5 mM EDTA.

Cell proliferation and acute cytotoxicity

For determination of proliferation, cells were seeded at a
density of 5 x 103 per well onto 24 well Renner cell cul-
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ture plates and allowed to adhere for 24 h. Thereafter me-
dium was replaced by fresh culture medium containing
the test compounds and cells were allowed to grow for
another 72 h. The flavonoids were applied in DMSO and
the solvent reached a concentration not greater than 2% in
all experiments. Controls were always treated with the
same amount of DMSO as used in the corresponding ex-
periments. Total cell counts were determined by
SYTOX-Green that becomes fluorescent after DNA bind-
ing. Therefore, cells were lysed by 1% Triton-X 100 and
cell numbers were determined based on a calibration
curve. The calibration curve was generated by using cell
numbers between 1 x 103 and 1 x 106, as verified by
counting cells in a Neubauer chamber, and measuring
fluorescence at 538 nm after excitation at 485 nm using a
fluorescence multiwell-plate reader (Fluoroskan Ascent,
Labsystems, Merlin Diagnostika, Bornheim-Hersel, Ger-
many). Agents that showed an antiproliferative effect
were in addition tested for their potential toxicity. Acute
cytotoxicity was assessed by SYTOX-fluorescence with 5
x 104 adherent cells per well exposed for 3 h to 150 µM
of the test compounds. The percentage of dead cells in a
cell population was determined by SYTOX-fluorescence
prior to cell lysis in relation to the fluorescence measured
after solubilisation of the cells.

Apoptosis assay

Apopain activity was measured as described previously
(27). In brief, cells were seeded at a density of 5 x 105 per
well onto 6-well plates and allowed to adhere for 24 h.
Subsequently, cells were exposed for 24 h to the test
compounds and washed afterwards with PBS. Cytosolic
extracts were prepared by adding 750 µl/well of a buffer
containing 2 mM EDTA, 0.1% CHAPS, 5 mM DTT,
1 mM PMSF, 10 µg/ml pepstatinA, 20 µg/ml leupeptin,
10 µg/ml aprotinin and 10 mM Hepes/KOH, pH 7.4, and
the cell monolayers were homogenized by 10 strokes us-
ing a motor driven homogenizer with a teflon pestle. The
homogenate was centrifugated at 100 000 x g at 4oC and
the supernatant was incubated with the fluorogenic
caspase-3 tetrapeptide-substrate Ac-DEVD-amino-4-
methylcoumarin at a final concentration of 20 µM. Cleav-
age of the apopain substrate was followed by determina-
tion of emission at 460 nm after excitation at 390 nm us-
ing the fluorescence plate reader. As a reference com-
pound shown to induce apoptosis in a variety of human
cancers and cancer cell lines, we employed the topoi-
somerase inhibitor camptothecin.

Calculations and statistics

To derive the EC50 values for growth inhibition, a non-
linear approximation model by the least square methods
based on a competition curve using one component was
applied (GraphPadPrism, GraphPad, USA). For each vari-

able at least 3 independent experiments were carried out.
Data are given as the mean ± SEM.

Results

The growth-inhibitory activity of various flavonoids,
whose basic structures are shown in Fig. 1, was deter-
mined in preconfluent HT-29 and Caco-2 cells after 72 h
of exposure to concentrations of 25 to 250 µM of the test
compounds. All flavonoids inhibited the growth of both
intestinal cell lines. Concentrations that caused 50% inhi-
bition of cell proliferation when compared to controls
ranged between EC50 values of 40 µM and 200 µM
(Table 1). In Caco-2 cells, the flavones baicalein, puer-
arin, kaempferide, tangeretin (Table 1A), the flavonol
fisetin (Table 1B), and flavanone (Table 1C) were found
to be the most potent compounds with EC50 values of ap-
proximately 60 µM. Whereas baicalein, tangeretin,
fisetin, and flavanone proved to be strong growth inhibi-
tors also in HT-29 cells, the flavones puerarin and
kaempferide required concentrations of greater than 100
µM to promote 50% growth inhibition in this cell line.
Also for the flavone diosmetin EC50 values in HT-29
cells were twice as high as those obtained in Caco-2 cells
(Table 1A). For all other flavonoids tested, the potency to
inhibit cell growth was similar in both intestinal cell
lines.

Assessment of plasma membrane integrity as a sensi-
tive marker for cytotoxic effects of flavonoids was
performed by measuring exclusion of the DNA-stain

Fig. 1 Structures of flavonoids; A) flavones, B) flavonols, C) fla-
vanones, and D) isoflavones. The basic structure consists of 2 fused
rings, the first ring (A) is an aromatic one, the second ring (C) is an
oxygen containing heterocyclic ring which is attached by a carbon-
carbon bond to a third aromatic ring (B). The flavonoids differ in
their structure from each other at the C-ring.
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Table 1A Growth inhibitory potency and cytotoxicity of selectedflavonesin Caco-2 and HT-29 cells in culture

Substance
HT-29

EC50 value [µM]

Caco-2

EC50 value [µM]

HT-29

cytotoxicity at 150 µM

(% of viable cells)

Caco-2
cytotoxicity at 150 µM

(% of viable cells)

5-OH-flavone 146.3 ± 8.9 100.5 ± 10.5 97.6 ± 4.5 102.3 ± 5.5

7-OH-flavone 148.5 ± 7.4 104.6 ± 10.9 102.7 ± 6.5 100.5 ± 5.5

7.8-di-OH-flavone 155.7 ± 1.5 109.3 ± 5.7 110.0 ± 10.9 100.9 ± 14.9

apigenin 130.6 ± 6.8 115.4 ± 10.3 94.2 ± 5.0 95.6 ± 9.0

baicalein 49.4 ± 5.1 56.4 ± 4.0 107.5 ± 8.0 100.3 ± 7.0

luteolin 113.9 ± 7.8 89.7 ± 5.6 83.6 ± 0.7 82.0 ± 1.7

chrysin 126.5 ± 6.3 115.6 ± 2.1 95.0 ± 1.5 98.2 ± 2.5

acacetin 187.1 ± 9.0 102.6 ± 5.1 101.1 ± 0.9 99.1 ± 3.0

diosmin 76.5 ± 6.5 112.2 ± 6.9 101.0 ± 2.0 108.3 ± 4.0

diosmetin 203.6 ± 10.5 107.6 ± 6.8 80.1 ± 2.9 98.1 ± 4.9

apiin 136.8 ± 11.5 148.9 ± 12.7 75.0 ± 1.1 82.0 ± 2.1

kaempferide 144.7 ± 9.5 58.7 ± 5.5 80.9 ± 6.2 98.9 ± 5.2

puerarin 103.8 ± 7.1 55.9 ± 6.4 71.1 ± 2.4 87.9 ± 8.4

tangeretin 61.6 ± 4.9 56.9 ± 4.6 91.7 ± 3.3 92.1 ± 6.3

rutin 136.2 ± 15.6 136.7 ± 14.2 95.4 ± 2.1 96.5 ± 2.1

Cells were exposed for 72 hours to increasing concentrations of the test compounds and total cell numbers were determined as described in
the Methods section. EC50 values were derived from the dose-response relationship for three experiments and are given as the mean ± SEM.
Cytotoxicity as assessed by Sytox-exclusion was determined after 3 hours of exposure to 150 µM of the compounds. More than 90% viable
cells were considered to be unaffected by the flavonoids, 80-90% as modestly affected, and values of less than 80% viable cells were as-
cribed to cytotoxic effects of the compounds.

Table 1B Growth-inhibitory potency and cytotoxicity of selectedflavonols in Caco-2 and HT-29 cells in culture

Substance
HT-29

EC50 value [µM]

Caco-2

EC50 value [µM]

HT-29

cytotoxicity at 150 µM

(% of viable cells)

Caco-2
cytotoxicity at 150 µM

(% of viable cells)

3-OH-flavone 58.6 ± 2.5 65.8 ± 5.7 96.8 ± 0.4 93.1 ± 3.4

kaempferol 136.9 ± 7.4 163.2 ± 1.6 100.8 ± 4.3 101.8 ± 5.3

fisetin 54.9 ± 2.1 59.3 ± 2.9 82.9 ± 3.8 89.4 ± 1.8

quercetin 85.59 ± 8.6 96.3 ± 6.7 90.6 ± 0.5 92.5 ± 5.5

morin 117.8 ± 8.5 n.d. 89.8 ± 0.1 85.4 ± 8.1

myricetin 47.6 ± 2.3 88.4 ± 3.4 92.2 ± 2.0 98.1 ± 3.0

Table 1C Growth inhibitory potency and cytotoxicity of selectedflavanones inCaco-2 and HT-29 cells

Substance
HT-29

EC50 value [µM]

Caco-2

EC50 value [µM]

HT-29

cytotoxicity at 150 µM

(% of viable cells)

Caco-2
cytotoxicity at 150 µM

(% of viable cells)

flavanone 76.5 ± 6.8 55.9 ± 4.7 78.5 ± 18.7 93.2 ± 2.5

hesperidin 55.2 ± 4.8 65.2 ± 5.5 93.9 ± 0.6 98.7 ± 4.6

hesperetin 87.3 ± 7.0 89.9 ± 5.9 88.9 ± 4.3 87.4 ± 3.5

naringin 141.3 ± 4.1 145.8 ± 8.0 78.4 ± 1.6 88.5 ± 4.6

bavachinin 39.7 ± 2.3 55.94 ± 4.9 91.5 ± 1.4 95.6 ± 3.7

didymin 108.6 ± 14.2 93.3 ± 8.7 75.0 ± 3.5 79.9 ± 2.5

neohesperidin 156.3 ± 10.0 111.0 ± 5.4 97.9 ± 2.2 92.5 ± 3.2
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SYTOX Green. Growth-inhibition measured, for almost
all flavonoids was generally not a consequence of cyto-
toxic effects (Table 1). Even at concentrations of 150 µM,
which caused significant growth retardation or complete
inhibition of proliferation, for most compounds less than
15% of cells were found to be non-viable. Consequently,
cell proliferation rates appeared to be specifically reduced
by the flavonoids either by changes in cell cycle proges-
sion and/or induction of apoptosis.

As a first approach to determine the mechanism by
which the growth inhibition may be transmitted, we stud-
ied the most potent growth inhibitory compounds of each
subclass with respect to induction of apoptosis in Caco-2
and HT-29 cells. The activation of intracellular ICE-
proteases such as CPP-32 (caspase-3; apopain) is consid-
ered to represent an early event in the induction of the
apoptotic pathway (28) that precedes DNA fragmentation
in intestinal epithelial cells (29). Consequently, we meas-
ured apopain activity in cells exposed for 24 h to 150 µM
of baicalein, genistein, bavachinin, and myricetin. The
anti-cancer agent camptothecin (50 µM), known to induce
apoptosis in cancer cells (30), served as a standard. As
shown in Fig. 2, campothecin increased apopain activity
in both cell lines four to five times, demonstrating its ef-
fectivness also in the chosen colon cancer cells. The fla-
vonoids increased CPP-32 activity in Caco-2 and HT-29
cells comparably weaker, even when provided at three
times higher concentrations than camptothecin. The most

potent flavonoids were baicalein and myricetin leading to
a 40% and 32% stimulation of apopain activity in Caco-2
cells, whereas both compounds induced a 2.2 fold in-
crease in apopain activity in HT-29 cells (Fig. 2).

Although the dietary flavonoids may be presented to
intestinal epithelial cells in higher concentrations than to
cells in peripheral tissues, it is also important to know
whether intestinal cells are more or less susceptible to the
compound‘s activities. To determine the specificity of the
flavonoid effects with respect to the cell type, we per-
formed studies on growth inihibition and apoptosis em-
ploying LLC-PK1 and MCF-7 cells. As shown in Fig. 3,
the flavonols myricetin, quercetin, kaempferol, and fisetin
also reduced cell proliferation in these cells without any
significant cytotoxicity (> 90% viable cells in all cases).
The effective concentrations required to reduce the cell
counts to 50% of that in control cells were almost the
same as those needed in Caco-2 and HT-29 cells. Only in
case of fisetin was a 2-fold higher concentration needed
for half maximal growth inhibition in MCF-7 cells when
compared to the intestinal cell lines. The lower suscepti-
bility of MCF-7 cells towards a growth inhibition was
even more pronounced in case of the flavone baicalein
(Fig. 4A). Here, 6.6-fold and 2.5-fold higher concentra-
tions were needed to inhibit proliferation by 50% when
compared to the intestinal and renal cell lines respectively
(Fig. 4A). Although less pronounced, Caco-2 and HT-29
appeared to be more sensitive towards antiproliferative

Table 1D Growth-inhibitory potency and cytotoxicity of selectedisoflavonesin Caco-2 and HT-29 cells

Substance
HT-29

EC50 value [µM]

Caco-2

EC50 value [µM]

HT-29

cytotoxicity at 150 µM

(% of viable cells)

Caco-2
cytotoxicity at 150 µM

(% of viable cells)

biochanin A 86.4 ± 5.2 92.6 ± 5.9 85.5 ± 0.4 89.4 ± 2.6

daidzein 72.7 ± 5.6 85.7 ± 5.4 96.0 ± 8.1 98.3 ± 5.1

genistein 66.6 ± 4.2 69.3 ± 4.7 90.7 ± 0.3 95.1 ± 7.3

genistin 84.3 ± 8.4 82.4 ± 5.2 104.7 ± 10.5 100.3 ± 7.2

Fig. 2 Apopain-activity in HT-
29 (A) and Caco-2 cells (B) after
exposure (24 h) to the flavonoids
(150 µM) indicated. The topoiso-
merase inhibitor camptothecin
was used at a concentration of
50 µM as a positive control.
Activity of apopain was deter-
mined based on the cleavage of
the fluorogenic substrate Ac-
DEVD-amino-4-methylcouma-
rin. Fluorescence measured in
the control revealed∆F = 13.5 ±
0.6 arbitrary units/h. 106 cells in
HT-29 and∆F = 18.3 ± 0.4 U/h.

106 Caco-2 cells. **P< 0.01;
*** P <0.001
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effects of the isoflavone genistein and the flavanones ba-
vachinin, and flavanone when compared to LLC-PK1 and
MCF-7 cells (Figs. 4B–4D).

When the flavonoids shown to induce apoptosis in the
intestinal cell lines were applied in concentrations of
150 µM to the renal and breast cell lines, none of them in-
creased caspase-3 activity above that in control cells
(Fig. 5). In contrast, campothecin, although provided only

in a concentration of 50 µM, caused an almost ten-fold in-
crease in apopain activity in the non-transformed renal
cell line LLC-PK1 but only a twofold increase in MCF-7
cells (Fig. 5). MCF-7 cells, therefore, appear not only
particularly resistant to induction of apoptosis by fla-
vonoids, but also by the topoisomerase inhibitor cam-
pothecin.

Fig. 3 Growth inhibition of
LLC-PK1 cells ( ) and MCF-7
cells (▲) by the flavonols my-
ricetin (A), quercetin (B),
kaempferol (C), and fisetin
(D). Total cell numbers were
determined after a 72 h incuba-
tion period with various flavo-
noid concentrations using the
nucleic acid stain SYTOX-
Green. EC50 values derived for
growth inhibition in LLC-PK1

and MCF-7 cells were 40.8 ±
2.2 µM and 62.1 ± 3.5 µM for
myricetin, 86.9 ± 1.5 µM and
96.3 ± 2.3 µM for quercetin,
159.1 ± 6.1 µM and 155.4 ±
2.8 µM for kaempferol, and
75.1 ± 2.2 µM and 118.1 ±
3.5 µM in case of fisetin.

Fig. 4 Inhibition of prolifera-
tion in LLC-PK1 cells ( ) and
MCF-7 cells (▲) by the fla-
vone baicalein (A), the isofla-
vone genistein (B) and the fla-
vanones bavachinin (C) and
flavanone (D). Cell numbers
were determined after a 72 h
incubation period at different
flavonoid concentrations. EC50

values for growth inhibition in
LLC-PK1 and MCF-7 cells
were 133.2 ± 2.0 µM and 331.2
± 3.9 µM for baicalein, 103.9 ±
1.6 µM and 133.6 ± 3.3 µM for
genistein, 80.1 ± 1.6 µM and
95.3 ± 2.6 µM for bavachinin,
and 163.7 ± 5.5 µM and 164.3
± 5.3 µM for flavanone.
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Discussion

Based on the comparative analysis of 36 flavonoids repre-
sented by the flavone, flavonol, flavanone, and isoflavone
subgroups we can conclude that all compounds possess
antiproliferative activity in vitro. However, this activity
varies depending on the flavonoid and appears to be de-
pendent also on the cell type employed. Flavonoids with
the highest antiproliferative activity in Caco-2 and HT-29
cells displayed EC50 values of around 50 µM; those with

the lowest activity required 150 to 200 µM for 50% inhi-
bition of proliferation.  There was no obvious structure-
activity relationship either with respect to the subclasses
or with respect to kind and/or positions of substituents
within a subclass (Table 2). For example, isoflavonoids
were equally potent in their growth-inhibitory activities
irrespective of their particular composition (Table 2D)
However, we did not find a flavone bearing only one or
two hydroxyl groups that displayed good antiproliferative
activities (Table 2A).

Fig. 5 Apopain activity in
LLC-PK1 (A) and MCF-7 cells
(B). Subsequent to adherence,
cells were exposed to 150 µM
of the flavonoids for 24 h.
Fluorescence measurements re-
vealed a∆F of 14.1 ± 0.8 U/h.

106 in LLC-PK1 cells not treated
with flavonoids and of 14.4 ±
0.4 U/h . 106 in untreated
MCF-7 cells. *** P < 0.001

Table 2A Flavones, their substituents and their growth inhibitory activities in intestinal cell lines

number
of OH-
groups compound R3 R5 R6 R7 R8 R2’ R3’ R4’ R5’ R6’

EC50

<100µM
EC50

>100µM

1 5-OH-flavone H OH H H H H H H H H ●

1 7-OH-flavone H H H OH H H H H H H ●

2
7.8-(OH)2-fl-

avone
H H H OH OH H H H H H ●

2 acacetin H OH H OH H H H OCH3 H H ●

2 chrysin H OH H OH H H H H H H ●

2 diosmin H OH H sugar H H OH OCH3 H H ●

2 apiin H OH H
-apiosyl

glucoside
H H H OH H H ●

3 baicalein H OH OH OH H H H H H H ●

3 apigenin H OH H OH H H H OH H H ●

3 diosmetin H OH H OH H H OH OCH3 H H ●

3 kaempferide OH OH H OH H H H OCH3 H H ● ●

4 tangeretin H OH OH OH OH H H OCH3 H H ●

4 luteolin H OH H OH H H OH OH H H ● ●

4 rutin
manno/

gluco-pyranosyl
OH H OH H H H OH OH H ●

EC50 values for growth-inhibition were taken from Table 1. Those flavonoids that displayed half-maximal inhibitory concentrations below
100 µM in one of the intestinal cell lines Caco-2 or HT-29 and above 100 µM in the other were marked in both columns. The number of OH-
groups refers to those that are free and linked to the basic phenylbenzopyrone structure.
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Flavonoids are considered to be antioxidants and inhi-
bition of cell growth might therefore depend on the ca-
pacity of the compounds to serve as free radical scaven-
gers. It has been described that flavonoids with 4-6 OH
groups act as strong antioxidants in an aqueous milieu,
whereas those with more or fewer OH groups show low
or no antioxidant activities (31). Moreover, it was found
that OH groups in the ortho-position at ring B as well as
the double bond between C2 and C3 together with the
carbonyl function in ring C are important structural deter-
minants for the antioxidant effects of flavonols (32).
From this point of view, one might expect that flavonoids
with lower antioxidative properties possess less antipro-
liferative activities since flavones with 1 or 2 OH groups
displayed high EC50 values of growth inhibition. How-
ever, there were also flavanones and isoflavones carrying

only one or two OH groups that showed high antiprolif-
erative potencies (Table 2). In addition, ortho-OH groups
in ring B seemed not to promote growth inhibition since
3-OH flavone bearing no OH group in ring B proved to
be a strong growth inhibitor (Tables 1 and 2).

Although flavonoids may be powerful antioxidants,
they were also shown be able to generate reactive oxygen
species (33). This property, however, was found to de-
pend on the amount of dissolved oxygen in the test sys-
tem (34). Consequently, it is almost impossible to predict
whether pro- or antioxidative properties of flavonoids in a
cell system are predominant. Previous studies employing
proliferating HT-29 cells had shown the flavonols myri-
cetin, kaempferol, and especially quercetin to be cyto-
toxic after 48 h of exposure and that was attributed to an
autoxidation process (34). We, however, did not observe

Table 2B Flavonols, their substituents and anti-proliferative activities in intestinal cells

number of
OH-groups compound R3 R5 R6 R7 R8 R2’ R3’ R4’ R5’ R6’

EC50

<100µM
EC50

>100µM

1
3-OH-
flavone

OH H H H H H H H H H ●

4 kaempferol OH OH H OH H H H OH H H ●

4 fisetin OH H H OH H H OH OH H H ●

5 quercetin OH OH H OH H H OH OH H H ●

5 morin OH OH H OH H OH H OH H H ●

6 myricetin OH OH H OH H H OH OH OH H ●

Table 2C Flavanones, their substituents and anti-proliferative activities

number
of OH-
groups compound R3 R5 R6 R7 R8 R2’ R3’ R4’ R5’ R6’

EC50

<100µM
EC50

>100µM

0 flavanone H H H H H H H H H H ●

1 bavachinin H H
methyl-
butenyl

OCH3 H H H OH H H ●

1 didymin H OH H -rutinosid H H H OCH3 H H ● ●

2 hesperidin H OH H
manno/gluco-

pyranosyl
H H H OCH3 OH H ●

3 hesperetin H OH H OH H H OH OCH3 H H ●

3 naringin H OH H
manno/gluco-

pyranosyl
H H H OH H H ●

Table 2D Isoflavonesand their anti-proliferative activities

number
of OH-
groups compound R3 R5 R6 R7 R8 R2’ R3’ R4’ R5’ R6’

EC50

<100µM
EC50

>100µM

2
biochanin

A
H OH H OH H H H OCH3 H H ●

2 daidzein H H H OH H H H OH H H ●

2 genistin H OH H -glucoside H H H OH H H ●

3 genistein H OH H OH H H H OH H H ●
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any toxicity of these flavonols which might be due to dif-
ferences in the oxidative status of the cell systems em-
ployed.

Another possible mechanism by which the antiprolif-
erative activity of the flavonoids may be mediated could
be the induction of apoptosis. We therefore determined
whether selected compounds that possess a high potency
for growth inhibition could induce apoptosis in Caco-2
and HT-29 cells. This was done by measuring the in-
crease in activity of apopain, a caspase-3 protease con-
sidered to represent a specific and early marker in the
apoptotic pathway in normal and transformed intestinal
cells (29, 35). It became obvious that the four  selected
antiproliferative compounds (baicalein, genistein, ba-
vachinin, and myricetin) increased apopain activity in the
intestinal cell lines reaching levels of significance for all
four flavonoids in HT-29 but only for baicalein and myri-
cetin in Caco-2 cells. The activation of the caspase by the
flavonoids was specific for the intestinal cell lines since
there was no apopain stimulation detectable in LLC-PK1

or MCF-7 cells when exposed to these flavonoids. Such a
cell specific induction of apoptosis has been demon-
strated for baicalein in three different hepatocellular car-
cinoma cell lines, leading to apoptosis only in one line
(36).

Whereas, to our knowledge, this is the first report on
apoptosis in intestinal carcinoma cell lines induced by
baicalein, bavachinin, and myricetin, genistein has al-
ready been described to activate apoptotic pathways in
HT-29 and Caco-2 cells (37). Moreover it was found to
inhibit apoptosis in LLC-PK1 (38) and to promote apopto-
sis in MCF-7 cells (39). The sensitivity of the breast can-
cer cells with regard to apoptotic stimuli is generally low
(29) and this was confirmed here by only a twofold
stimulation of caspase-3-like activity by camptothecin.
However, the MCF-7 cells we used appeared to be even
more resistant to apoptotic stimuli for example by genis-
tein and also to growth inhibition mediated by this isofla-
vone. Whereas other studies reported 50% growth inhibi-
tion in MCF-7 cells by genistein at concentrations of 10
µM (40) to 40 µM (41), our studies revealed an EC50

value of around 130 µM. Since genistein effects are
linked to growth-promoting activities of estradiol and
growth factors such as EGF, the concentrations of fla-

vonoids needed for growth suppresion are consequently
dependent on the growth factors provided in the culture
medium (42). We used 10% FCS as a medium supple-
ment and therefore higher concentrations of the fla-
vonoids may be needed for overcoming growth promoting
and anti-apoptotic effects of the serum. However, by us-
ing the same FCS concentration and the same FCS batch
in all studies, a direct comparison of the effects of fla-
vonoids along the different cell lines becomes possible.

Although the mechanisms by which the flavonoids
exert their cellular effects remain to be determined, it be-
comes evident from our studies that the intracellular
events leading to apoptosis or cell cycle arrest are not
strictly linked. This is supported for example by the lack
of caspase-3 activation by the flavonoids in LLC-PK1

cells. Caspase-3 activation has been shown in the renal
cell line to be important for apoptosis (43) but none of the
test compounds activated apopain in LLC-PK1 cells in
spite of their potent growth inhibitory activity. To which
extent the induction of apoptosis by the flavonoids tested
contributes to growth inhibition in the colon carcinoma
cell lines remains unclear. When compared to camptothe-
cin, the increase in apopain activitiy by the flavonoids is
considerably lower, suggesting that the effects of baical-
ein, bavachinin, genistein, and myricetin on cell growth
are most likely based on an arrest in cell cycle progres-
sion as also obserevd in MCF-7 and especially in LLC-
PK1 cells.

In conclusion, dietary flavonoids inhibit in vitro
growth of a variety of cell lines mainly by cell cycle ar-
rest. Especially in colon cancer cell lines, induction of
apoptosis may contribute as well. There is no obvious
structure-activity relationship with regard to the chemical
composition of the flavonoids and their cell biological ef-
fects. Moreover, their proposed antioxidant activity does
not relate to the inhibition of cell growth and/or induction
of apoptosis. The fact that the intestinal epithelium may
be confronted with much higher concentrations of the die-
tary flavonoids than cells in other tissues and moreover is
able to accumulate certain flavonoids (44) implies that
dietary polyphenols could have a significant role in the
prevention of colon cancer by blocking hyperproliferation
of the epithelium and by promoting apoptosis.
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