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The consumption of food products containing high
amounts of flavonoids has been reported to lower the
risk of various cancers. The mechanisms underlying the
cancer-protective effects of these naturally occurring
polyphenolic compounds, however, remain -elusive.
Based on our previous finding that the cytotoxic effect
of the flavanol epigallocatechin-3-gallate on prostate
cancer cells correlates with its ability to inhibit fatty
acid synthase (FAS, a key lipogenic enzyme overex-
pressed in many human cancers), we examined the anti-
lipogenic effects of a panel of 18 naturally occurring
polyphenolic compounds. In addition to epigalloca-
techin-3-gallate, five other flavonoids, more particularly
luteolin, quercetin, kaempferol, apigenin, and taxifolin,
also markedly inhibited cancer cell lipogenesis. Inter-
estingly, in both prostate and breast cancer cells, a re-
markable dose-response parallelism was observed be-
tween flavonoid-induced inhibition of fatty acid
synthesis, inhibition of cell growth, and induction of
apoptosis. In support for a role of fatty acid synthesis in
these effects, the addition of exogenous palmitate, the
end product of FAS, markedly suppressed the cytotoxic
effects of flavonoids. Taken together, these findings in-
dicate that the potential of flavonoids to induce apo-
ptosis in cancer cells is strongly associated with their
FAS inhibitory properties, thereby providing a new
mechanism by which polyphenolic compounds may exert
their cancer-preventive and antineoplastic effects.

Flavonoids constitute the largest and most important group
of polyphenolic compounds in plants. They are widely distrib-
uted in many frequently consumed beverages and food prod-
ucts of plant origin such as fruit, vegetables, wine, tea, and
cocoa (1, 2). The molecular structure of flavonoids consists of
two aromatic rings (A ring and B ring), that are linked by a
three-carbon bridge (Fig. 1). Depending on their oxidation state
and functional groups, flavonoids are further divided in six
subclasses: flavones, flavanones, flavanols, flavonols, isofla-
vones, and anthocyanidins (1-3).

* This work was supported by Cancer Research Grants from FB
Insurance (Fortis Bank), by a grant “Geconcerteerde Onderzoeksactie
van de Vlaamse Gemeenschap,” by research grants and a postdoctoral
fellowship (to K. B.) from the Fund for Scientific Research-Flanders
(Belgium) (FWO), and by a grant Interuniversity Poles of Attraction
Programme-Belgian State, Prime Minister’s Office, Federal Office for
Scientific, Technical, and Cultural Affairs. The costs of publication of
this article were defrayed in part by the payment of page charges. This
article must therefore be hereby marked “advertisement” in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

% To whom correspondence should be addressed: Laboratory for Ex-
perimental Medicine and Endocrinology, K. U. Leuven, Gasthuisberg,
O&N, bus 902, Herestraat 49, B-3000, Leuven, Belgium. Tel.: 32-16-34-
59-74; Fax: 32-16-34-59-34; E-mail: johan.swinnen@med.kuleuven.
ac.be.

5636

Intake of beverages or food products containing flavonoids
has been frequently associated with a reduced risk for devel-
oping various cancers (2, 4—6). Consumption of onions and/or
apples, two major sources of the flavonol quercetin (1, 3), was
inversely associated with the incidence of cancer of the pros-
tate, lung, stomach, and breast (7—10). Frequent consumption
of tea, an important source of both flavanols (1, 11) and fla-
vonols (1), has been correlated with a lower incidence of cancer
of the breast, prostate, bladder, lung, pancreas, colon, stomach,
esophagus, and oral cavity (11-13). In addition, moderate wine
drinkers also seem to have a lower risk to develop cancer of the
lung, endometrium, esophagus, stomach, and colon (14-18).
Besides anthocyanidins, red wine contains relatively high lev-
els of both flavanols and flavonols (1, 19). Furthermore, also
consumption of olives and/or olive oil, containing relatively
large amounts of the flavones luteolin and apigenin, has been
associated with a lower risk to develop cancer of the breast,
ovary, and colon (20-22).

Although several molecules and pathways have been pro-
posed as targets of flavonoids (3, 6), the precise mechanism by
which these compounds exert their cancer-protective effects are
poorly understood. Recently, we have shown that the flavanol
EGCG,! the main polyphenolic compound of green tea, inhib-
ited fatty acid synthase (FAS) activity and lipogenesis in pros-
tate cancer cells, an effect that was strongly associated with
growth arrest and cell death (23). FAS is a key metabolic
enzyme that catalyzes the synthesis of long chain fatty acids
(24). In contrast to most normal tissues, which show low FAS
expression, expression of FAS is markedly increased in various
human cancers, including cancer of the prostate, breast, ovary,
endometrium, colon, and lung (25-27). Up-regulation of FAS
occurs early in tumor development and is further enhanced in
more advanced tumors. In addition, high FAS expression levels
often predict a poor outcome for cancer patients. We have
previously demonstrated that RNA interference-mediated si-
lencing of FAS severely inhibits lipogenesis and induces growth
arrest and apoptosis in prostate cancer cells (28). Furthermore,
blockage of FAS by the chemical inhibitors cerulenin and C75
also inhibits proliferation and is cytotoxic for various tumor cell
lines in vitro and/or tumor xenografts in vivo (29-33). In the
present work we have investigated whether, in addition to
EGCG, other naturally occurring flavonoids also inhibit FAS
activity and lipogenesis in cancer cells and whether this inhi-
bition correlates with the effects of these polyphenolic com-
pounds on cancer cell growth and survival.

1 The abbreviations used are: EGCG, epigallocatechin-3-gallate;
EC, epicatechin; ECG, epicatechin-3-gallate; EGC, epigallocatechin;
FAS, fatty acid synthase; RNAi, RNA interference; siRNA, small
interfering RNA.

This paper is available on line at http://www.jbc.org
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Fic. 1. Molecular structure of the studied polyphenolic compounds.

EXPERIMENTAL PROCEDURES

Cell Culture—The human LNCaP prostate cancer cell line and MDA-
MB-231 breast cancer cell line were obtained from the American Type
Culture Collection (Manassas, VA). Nonmalignant skin fibroblasts
were kindly provided by Prof. Dr. J. J. Cassiman (Center for Human
Genetics, K. U. Leuven, Leuven, Belgium). Cells were cultured as pre-
viously described (23). Quercetin, kaempferol, luteolin, apigenin, taxi-
folin, eriodictyol, naringenin, myricetin, galangin, flavone, 3-OH-
flavone, genistein, resveratrol, (+/—)catechin, (—)-epicatechin (EC),
(—)-epigallocatechin (EGC), (—)-epicatechin-3-gallate (ECG) and (—)-
epigallocatechin-3-gallate (EGCG) were purchased from Sigma; cells
were exposed to various concentrations (0—100 uM) of polyphenols or to
vehicle (Me,SO) for the indicated periods. For culturing cells in the
presence of palmitate-bovine serum albumin complex, palmitate
(Sigma) was first complexed to fatty acid-free bovine serum albumin
(Invitrogen) as described (34). Briefly, 4 volumes of a 4% bovine serum
albumin solution in 0.9% NaCl were added to 1 volume of 5 mm palmi-
tate in ethanol and incubated at 37 °C for 1 h to obtain a 1 mMm stock
solution of bovine serum albumin-complexed palmitate.

RNA Interference—Transfection of LNCaP cells with small interfer-
ing (si) RNA was carried out as previously described (28); siRNA oligo-
nucleotides were purchased from Dharmacon (Lafayette, CO). The
siRNA oligonucleotides targeting FAS were: sense, CCCUGAGAUCC-
CAGCGCUGATAT; antisense, CAGCGCUGGGAUCUCAGGGATAT. As
a control, the GL2 luciferase siRNA was used as previously described
(35). Transfections of LNCaP cells were performed with 0.66 nmol of
siRNA duplex in 60-mm dishes (0.4 X 108 cells/dish) using Oligo-
fectamine (Invitrogen). Morphological analysis and [2-'*C]acetate in-
corporation assays were performed 72 h after transfection.

[2-7*C]Acetate Incorporation Assay and TLC Analysis—After 1 or
20 h of exposure to polyphenols or at 72 h after transfection with siRNA,

TaBLE 1
Inhibitory activity of polyphenolic compounds (25 um) on
LNCaP cell lipogenesis (5-h exposure)
Lipogenesis was quantitated by measuring incorporation of *C-la-
beled acetate into cellular lipids. Data are the means + S.D. (n = 6-8)
of percentages of lipogenesis of control cells.

Polyphenol class % Lipogenesis of control

Control (0 um) 100.0 = 9.6
Luteolin Flavone 24.0 = 9.0
Quercetin Flavonol 38.1 = 7.0
Kaempferol Flavonol 49.2 + 8.3
Apigenin Flavone 68.4 = 6.7¢
Taxifolin Flavanone 74.6 = 11.4°
EGCG Flavanol 80.7 = 6.7
Galangin Flavonol 82.5 125
ECG Flavanol 85.1 =9.3
Myricetin Flavonol 872+ 5.1
Eriodictyol Flavanone 87.9 = 11.6
Catechin Flavanol 91.6 = 9.0
Naringenin Flavanone 92.3 = 8.4
Genistein Isoflavone 94.3 = 8.1
EC Flavanol 95.5 = 7.7
Resveratrol Stilbene 96.9 = 5.7
3-OH-flavone Flavonol 983+ 7.1
EGC Flavanol 99.3 4.9
Flavone Flavone 99.3 = 8.7

“ Significantly different from control cells (0 um) by the Tukey test.

2-14C-labeled acetate (57 mCi/mmol; 2 uCi/dish; Amersham Bio-
sciences) was added to the culture medium of LNCaP cells, MDA-MB-
231 cells, or fibroblasts. After 4 h of incubation, culture medium and
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Fic. 2. Flavonoid-mediated inhibi-
tion of lipid biosynthesis in cancer
cells. A-B, [2-'*C]acetate incorporation
into cellular lipids of LNCaP cells after
5 h (A) or 24 h (B) exposure to 3-OH-
flavone (3-OH-flav), luteolin (lut), querce-
tin (que), kaempferol (kae), or EGCG. C,
[2-1*C]acetate incorporation into cellular
lipids of MDA-MB-231 cells after 24 h
exposure to 3-OH-flavone, luteolin, quer-
cetin, or kaempferol. D, impact of fla-
vonoids on the enzymatic activity of FAS
in vitro. Protein extracts from LNCaP
cells were incubated with vehicle (ctrl) or
with 100 um 3-OH-flavone, kaempferol,
quercetin, luteolin, or EGCG, and FAS
activity was measured by quantitation of
2-1*C-labeled malonyl-CoA incorporation
into fatty acids in vitro. Data are the
means * S.D. (n = 5-16). *, significantly
different (p < 0.05) from control (0 um) by
the Tukey test.

A

-acetate incorporation in cellular lipids

14
5

2% acetate incorporation in cellular lipids

C-acetate incorporation in cellular lipids

14

2

FAS activity
(% cpm of control)

(% cpm of control cells)

(% cpm of control cells)

(% cpm of control cells)

100

80

40

20 4

0 4

. O M
CJ6uM
. 12 pM

125uM
| . 50 M

3-OH-flav lut kae EGCG

ll-

1004

80

60

40

204

* %
* %
* *
*
+*
%*
¥
*
L]

3-OH-flav lut que kae EGCG

100

80

60+

40 1

204

%I » * %

*

— *
*

3-OH-flav lut que kae

100 -

80

60 -

40 4

20

*
H

= 1

] r

T T T T T T

ctl  3-OH-flav  Iut que kae EGCG

2702 ‘6T AInc uo 1senb Aq /B10-0q [ mamwy/:dny wouy pepeojumoq


http://www.jbc.org/

FAS Inhibition by Flavonoids Induces Cancer Cell Apoptosis 5639
100
. 0 M
« 112 M
25 801
Fic. 3. Effect of flavonoid-induced 58
inhibition of lipogenesis on different 23
lipid classes of LNCaP cells. After 20 h 8 €
of exposure to 3-OH-flavone or quercetin, E § 60 -
LNCaP cells were exposed to [2-'*Clac- £ 2
etate for 4 h. After lipid extraction, differ- 52
ent lipid species were separated by TLC, B=
and incorporation of [2-'*Clacetate was E jg_ 40
quantitated by scintillation counting. PL, 25
phospholipids; TG, triglycerides; Chol, £
cholesterol. Data are the means + S.D. g
(n = 4-11). *, significantly different (p < = = 204
0.05) from control (0 um) by the Tukey o
test.
o -

FiG. 4. Microscopic analysis of LNCaP cell morphology after
treatment with flavonoids (24 h) or FAS siRNA (72 h). Compared
with control cells (A), luteolin (12 um) (B), and kaempferol (25 um) (C)
induced morphological changes in LNCaP cells, similar to those induced
by FAS inhibition via RNAi (D), including loss of cell-cell contacts and
formation of astrocyte-like extrusions. The bar indicates 50 um.

cells were collected, and cells were pelleted by centrifugation and re-
suspended in 0.8 ml of PBS. Lipids were extracted using the Bligh Dyer
method as previously described (36); [2-'*C]acetate incorporation into
cellular lipids was quantitated by scintillation counting. Obtained re-
sults were normalized for sample protein content. For TLC analysis,
lipid extracts and standards were spotted on silica gel G plates (Merck)
and developed in hexane-diethyl ether-acetic acid (70:30:1, v/v/v) for
separation of neutral lipids or in chloroform-methanol-acetic acid (65:
25:10, v/v/v) for separation of phospholipids. Lipid samples and stand-
ards were visualized by iodine vapor. The different lipid fractions were
quantitated using a PhosphorImager screen (Amersham Biosciences)
and normalized for sample protein content.

FAS Activity Assay (in Vitro)—Enzymatic activity of FAS was meas-
ured on cellular extracts of LNCaP cells. LNCaP cells were harvested,
pelleted by centrifugation, and resuspended in a hypotonic buffer (1 mm
EDTA, 20 mm Tris-HCI, pH 7.5); thereafter, sample protein content was
determined using a bicinchoninic acid (BCA) assay (Pierce). Equal
amounts of protein (50 pg) were preincubated with polyphenolic com-
pounds (100 um) for 30 min at 37 °C in 2.5 ml of potassium phosphate
buffer (100 mm, pH 7). Subsequently, 20 ul of reaction mix (2.5 mm
NADPH, 1.25 mM acetyl-CoA, 1.25 mM malonyl-CoA, and 0.02 mm
[2-'*C]malonyl-CoA (60 mCi/mmol; PerkinElmer Life Sciences)) was
added, and samples were incubated for another 15 min at 37 °C. Reactions
were stopped by the addition of 3 ml of ice-cold 1 M HCl/methanol (6:4,
v/v), fatty acids were extracted with petroleum benzin, and incorporation
of [2-*C]malonyl-CoA was analyzed by scintillation counting.

Immunoblot Analysis—After exposure to different concentrations of
polyphenols, cells were washed with phosphate-buffered saline and
lysed in a reducing buffer containing 62.5 mm Tris, pH 6.8, 2% SDS,
0.715 M 2-mercaptoethanol and 8.7% glycerol. Protein concentrations
were measured using the BCA assay. Generation of antibodies against
FAS and Western blot procedures using antibodies against FAS, cyto-

PL TG Chol PL TG Chol

3-OH-flavone quercetin

keratin 18 (Santa Cruz Biotechnology, Santa Cruz, CA), or cleaved
poly-ADP-ribose polymerase (Cell Signaling Technology Inc., Beverly,
MA) have been previously described (28, 37).

Proliferation / Cytotoxicity Assay—LNCaP cells, MDA-MB-231 cells,
or fibroblasts were treated with different doses of polyphenolic com-
pounds. After 0, 24, 48 or 72 h of exposure, cells were collected, and cell
growth and viability were determined using a trypan blue dye exclusion
assay as described previously (23).

Hoechst Staining—LNCaP cells were plated in Lab-Tek II chamber
slides (Nalge Nunc International, Naperville, IL) at a density of 1.2 X
10° cells per chamber, incubated overnight, and treated with polyphe-
nolic compounds. After 24 h of exposure, Hoechst dye 33342 (Sigma)
was added to the culture medium of living cells; changes in nuclear
morphology were detected by fluorescence microscopy using a filter for
Hoechst 33342 (365 nm).

Statistical Analysis—Obtained results were analyzed by one-way
analysis of variance using a Tukey test as post-test. p values <0.05
were considered statistically significant. All data are the means = S.D.

RESULTS

Comparative Analysis of the Inhibitory Activity of Naturally
Occurring Polyphenolic Compounds toward Cancer Cell Lipo-
genesis—To investigate the ability of polyphenolic compounds
to inhibit lipogenesis, LNCaP prostate cancer cells were
treated with different polyphenols (25 um) for 5 h, and incor-
poration of 2-1*C-labeled acetate into cellular lipids was quan-
titated. Of 18 naturally occurring polyphenolic compounds (Fig.
1), luteolin, quercetin, and kaempferol inhibited lipogenesis by
more than 50% (Table I). Apigenin, taxifolin, and EGCG also
displayed inhibitory activity on lipogenesis, but their effect was
less pronounced. No significant inhibitory effects were observed
for the other compounds at a concentration of 25 um (Table I).

Because luteolin, quercetin, and kaempferol turned out to be
the most efficient inhibitors, the effects of these compounds on
lipogenesis in LNCaP prostate cancer cells and MDA-MB-231
breast cancer cells were studied in more detail. EGCG, the
main polyphenolic compound in green tea which was previously
demonstrated to inhibit lipogenesis in LNCaP cells (23), and
3-OH-flavone, a polyphenol that did not affect cancer cell lipo-
genesis, were used as a positive and negative reference, respec-
tively. 2-1*C-Labeled acetate incorporation assays showed that
after 5 h of exposure of LNCaP cells to luteolin, quercetin, or
kaempferol, a significant decrease in lipid synthesis was al-
ready evident at a concentration of 6 um. Higher concentrations
further reduced lipogenesis in a dose-dependent way (Fig. 24).
A further decline was observed after 24 h of exposure (Fig. 2B).
At 12 pwMm, luteolin reduced lipogenesis to less than 10% of the
control levels, thereby making luteolin the most efficient inhib-
itor of the studied flavonoids. EGCG was clearly less active

/702 ‘6T AIng uo 158nb Ag /B10°0q ['mman//:dny wouy pspeojumod


http://www.jbc.org/

5640

FAS Inhibition by Flavonoids Induces Cancer Cell Apoptosis

LNCaP MDA-MB-231
© | 0 ieolin luteolin
= 3] —o—6uM 34
- —v— 12pM
> —v— 25uM
o 21 —m—50uM 2 #*
re
#*
5} #* '
3 i i
Oh 24h 48 h Oh 24h 48 h
% | quercetin R quercetin
x s *
% " 5
E 2 #* 2 #
Fic. 5. Flavonoids inhibit cancer o . 4
cell proliferation. LNCaP cells and &
MDA-MB-231 cells were treated with dif- 2 1 1
ferent concentrations of luteolin, querce- ° %
tin, kaempferol, or 3-OH-flavone. At the 2
indicated time points, cells were stained § 0 0
with trypan blue, and the number of via- < oh 24h 48 h 0h 24 h 48h
ble cells was counted. Data are the
means = S.D. (n = 6). #* significantly 'S k ferol
different from control cells (0 uMm) after 2, kaempferol 3 aempiero
24 h (#) and 48 h (*), by the Tukey test. X
1]
2 * *
g #
: | L
o #* #
«
S #*
s 1 #x 14
)
£
g 0 0
0Oh 24h 48 h Oh 24h 48 h
o«
2, 3-OH-flavone 3 3-OH-flavone
x
2
8 2 *
o 2 #*
§ #* *
>
5 1 1
g
E o ‘ . 0
< Oh 24h 48 h Oh 24h 48 h

(Fig. 2, A-B). Luteolin, quercetin, and kaempferol had similar
inhibitory effects on lipid synthesis in MDA-MB-231 cells (Fig.
20), a breast cancer cell line that displays about 50—70% of the
lipogenic activity observed in LNCaP cells. 3-OH-flavone did
not affect lipid synthesis in LNCaP or MDA-MB-231 cells (Fig.
2,A-C), even not at a concentration of 100 uM (data not shown).

Luteolin, Quercetin, and Kaempferol Decrease Lipogenesis in
Prostate and Breast Cancer Cells via Inhibition of FAS Activi-
ty—To confirm that the selected flavonoids act as FAS inhibi-
tors, protein extracts from LNCaP cells were pretreated with
these polyphenolic compounds, and incorporation of “C-la-
beled malonyl-CoA into fatty acids was quantitated. A concen-
tration of 100 um luteolin reduced the in vitro FAS activity to
14%, and 100 uM quercetin caused a reduction to 19%, whereas
100 um kaempferol caused a reduction to 32% (Fig. 2D). EGCG
decreased enzymatic FAS activity to less than 1% at a concen-
tration of 100 umMm, thereby making it, at least in vitro, a more
efficient inhibitor of FAS enzymatic activity than luteolin,
quercetin, and kaempferol (Fig. 2D). In agreement with its
effects on cancer cell lipogenesis, 100 um 3-OH-flavone did not
inhibit enzymatic activity of FAS (Fig. 2D). Western blot anal-

ysis for FAS revealed that luteolin, quercetin, and kaempferol
did not influence FAS protein levels in LNCaP cells (data not
shown), thereby confirming that inhibition of lipid synthesis
was the direct result of inhibition of enzymatic FAS activity
and was not caused by decreased FAS expression. Consistent
with their FAS inhibitory effect, inhibition of lipogenesis by
luteolin, quercetin, and kaempferol affected the synthesis of
phospholipids (including phosphatidylcholine, phosphati-
dylethanolamine, phosphatidylinositol, phosphatidylserine,
and sphingomyelin) and of triglycerides in LNCaP cells (Fig. 3;
data for quercetin are shown; similar results were obtained for
luteolin and kaempferol) and MDA-MB-231 cells (data not
shown); 3-OH-flavone had no effect on any of these lipid classes
(Fig. 3). As previously observed for EGCG and cerulenin (23,
38, 39), luteolin, quercetin, and kaempferol also decreased the
synthesis of cholesterol in LNCaP (Fig. 3) and MDA-MB-231
cells (data not shown). Cholesterol synthesis, however, ac-
counts for less than 10% of the total lipogenic activity in
LNCaP and MDA-MB-231 cancer cells, whereas ~75 and 15%
of the lipogenic activity in these cells represents phospholipid
and triglyceride synthesis, respectively.
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Luteolin, Quercetin, and Kaempferol Induce Morphological
Changes in LNCaP Cells Comparable with Those Observed
after RNAi-mediated FAS Inhibition—Microscopic analysis
showed that concentrations of quercetin (not shown), luteolin,
and kaempferol (Fig. 4) that efficiently inhibited lipogenesis
also induced marked morphological changes of LNCaP cells,
including loss of cell-cell contacts and formation of astrocyte-
like extrusions. Similar changes of LNCaP cell phenotype were
observed after specific RNAi-mediated FAS inhibition (which
caused a reduction of lipogenesis to 34% of the normal levels,
i.e. a FAS inhibitory effect comparable with that of 6-12 um
luteolin or 25-50 uM quercetin or kaempferol) (Fig. 4), suggest-
ing that the changes in cell morphology induced by luteolin,
quercetin, and kaempferol were direct results of FAS inhibi-
tion. These phenotypical changes were not observed in 3-OH-
flavone-treated LNCaP cells (not shown).

Luteolin, Quercetin, and Kaempferol Induce Growth Arrest of
Prostate and Breast Cancer Cells—Increasing concentrations of
luteolin, quercetin, and kaempferol gradually inhibited prolif-
eration of both LNCaP and MDA-MB-231 cells (Fig. 5). Already
at a concentration of 6 um, growth inhibition was observed. For
all three flavonoids, a remarkable parallelism was observed
between the dose-response curves reflecting growth inhibition
and those reflecting inhibition of lipogenesis. 3-OH-flavone also

24h 48 h 72h 24h 48 h 72h

slightly inhibited proliferation of LNCaP cells and MDA-MB-
231 cells (Fig. 5), but only at high concentrations (25-50 um).

Luteolin, Quercetin, and Kaempferol Induce Apoptosis in
Prostate and Breast Cancer Cells—Trypan blue staining re-
vealed that exposure to luteolin, quercetin, or kaempferol for 24
or 48 h induced cell death of both LNCaP and MDA-MB-231
cells (Fig. 6). Remarkably, for all three flavonoids, induction of
cell death occurred at flavonoid concentrations that also inhib-
ited lipid synthesis. In contrast, 3-OH-flavone did not affect
viability of LNCaP or MDA-MB-231 cells (Fig. 6). After 72 h of
exposure, cytotoxic effects were even more pronounced, since
also relatively low doses (6—-12 um) of luteolin, quercetin, and
kaempferol induced significant death of LNCaP and MDA-MB-
231 cells (Fig. 6).

To investigate the pathway by which luteolin, quercetin, and
kaempferol induced cancer cell death, stainings with Hoechst
33342 and Western blot analysis for poly-ADP-ribose polymer-
ase were performed on LNCaP cells. Hoechst staining showed
that luteolin (12 um), quercetin (50 um), and kaempferol (50 um)
induced chromatin condensation and fragmentation of the nu-
clei into oligonucleosomes (Fig. 7, A-D). Apoptosis and induc-
tion of caspase activity was confirmed by Western blot analysis
showing cleavage of poly-ADP-ribose polymerase (PARP)
(Fig. 7E).
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Fic. 7. Flavonoids induce apoptosis of LNCaP cells. A-D,
LNCaP cells were treated with vehicle (A) or with 12 um luteolin (B), 50
uM quercetin (C), or 50 uM kaempferol (D) for 24 h. Thereafter, cells
were stained with Hoechst 33342 and analyzed by fluorescence micros-
copy. The bar indicates 100 um. E, Western blot analysis for poly-ADP-
ribose polymerase (PARP) and cytokeratin-18 (CK18) on LNCaP cells
exposed to vehicle (C¢rl) or to 50 um 3-OH-flavone (F), 12 uM luteolin
(L), 50 uM quercetin (@), or 50 um kaempferol (K) for 24 h.

Palmitate Suppresses Cytotoxicity of Luteolin, Quercetin, and
Kaempferol in Cancer Cells—To confirm that the cancer cell
cytotoxicity induced by flavonoids was related to FAS inhibi-
tion, LNCaP cells were exposed for 24 h to luteolin (25 um),
quercetin (50 um), kaempferol (50 um), or EGCG (100 um) in the
presence of 75 um palmitate. Palmitate markedly reduced the
cytotoxic effect of all four flavonoids, as the percentage of
trypan blue-positive LNCaP cells was significantly decreased
after the addition of exogenous palmitate (Fig. 8).

Correlation between the Cytotoxic Effects of Natural Fla-
vonoids and Their Ability to Inhibit Lipid Synthesis in Cancer
Cells—To examine whether the lipogenesis inhibitory effect of
polyphenols correlates with their cytotoxic effects on cancer
cells, viability of LNCaP cells was analyzed after 24 h of expo-
sure to 25 uM concentrations of 18 different polyphenolic com-
pounds (listed in Fig. 1 and Table I). At this concentration, only
luteolin, quercetin, kaempferol, apigenin, and taxifolin proved
cytotoxic to LNCaP cells. The percentages of trypan blue-posi-
tive cells were: for luteolin, 26.9 = 4.5%; for quercetin, 16.7 =
2.9%; for kaempferol, 16.2 + 1.3%; for apigenin, 12.8 = 1.7%;
for taxifolin, 11.7 = 0.9% (p < 0.05 for all 5 flavonoids versus
control LNCaP cells (6.7 = 1.1% trypan blue-positive cells)).
Other polyphenols had no impact on LNCaP cell viability at a
concentration of 25 uM, as percentages of trypan blue-positive
cells did not exceed 8% (not significantly different from the
control condition). Importantly, a striking correlation was ob-
served between the lipogenesis inhibitory effect of the polyphe-
nolic compounds and their cytotoxic effect on cancer cells (Pear-
son’s correlation coefficient r = —0.95; p < 0.001) (Fig. 9).

Flavonoid-mediated FAS Inhibition Does Not Affect Growth
or Viability of Non-malignant Fibroblasts—To explore whether
cell death induced by flavonoids is selective for malignant cells
overexpressing FAS, we also investigated the effect of luteolin,
quercetin, and kaempferol on non-malignant cells. Fibroblasts
were used as a non-cancerous cell type, since contrary to cancer
cells, these fibroblasts are characterized by low FAS expression
and activity even when cultured in vitro (fibroblast FAS activ-
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100
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Fic. 8. Exogenous palmitate suppresses flavonoid-induced
cancer cell cytotoxicity. LNCaP cells were exposed to vehicle (c¢rl) or
to luteolin (lut) (25 pum), quercetin (que) (50 um), kaempferol (kae) (50
uM), or EGCG (100 uM) in the presence or absence of 75 uM palmitate.
After 24 h, cells were stained with trypan blue to calculate the percent-
age of dead cells. Data are the means = S.D. (n = 6). *, significantly
different from control condition (0 um palmitate) by the Tukey test.

ity was 20 times lower than that observed in LNCaP cells) (28).
[14C]Acetate incorporation assays revealed that luteolin, quer-
cetin, and kaempferol also inhibited de novo synthesis of lipids
in these fibroblasts (Fig. 10A). However, in contrast with can-
cer cells, these three flavonoids did not affect proliferation (not
shown) or viability (Fig. 10B) of fibroblasts. In agreement with
the previous findings, 3-OH-flavone had no effect on lipogene-
sis in fibroblasts (Fig. 10A) either on fibroblast proliferation or
viability (data not shown).

DISCUSSION

Recently, we observed that the green tea polyphenol EGCG,
the consumption of which correlates with a lower cancer risk,
blocks FAS activity in prostate cancer cells. In the present
work, we examined the anti-lipogenic effect of a panel of 18
polyphenolic compounds and showed that luteolin, quercetin,
kaempferol, apigenin, and taxifolin also act as potent inhibitors
of lipogenesis in intact prostate and breast cancer cells via
blockage of the enzymatic activity of FAS. Interestingly, the
anti-lipogenic effect of these compounds was strongly associ-
ated with their ability to arrest growth and induce apoptosis of
prostate and breast cancer cells, indicating that FAS inhibition
may be at least one of the mechanisms by which flavonoids
exert their anti-carcinogenic effects.

Analysis of anti-lipogenic effects on intact cancer cells re-
vealed that of 18 polyphenols, luteolin, quercetin, and
kaempferol were the most potent inhibitors of lipogenesis fol-
lowed by apigenin, taxifolin, and EGCG. At a concentration of
25 uM, no significant effects were observed for the other 12
polyphenols studied, although galangin, ECG, myricetin, and
eriodictyol showed a trend to inhibit lipogenesis. In vitro assays
on LNCaP cell extracts revealed that luteolin, quercetin, and
kaempferol acted as inhibitors of enzymatic FAS activity and
that the in vitro FAS inhibitory activity of these polyphenolic
compounds paralleled their in vivo ability to block lipogenesis
in prostate and breast cancer cells. These findings are in ac-
cordance with recently published data showing that several
flavonoids (including luteolin, quercetin, and kaempferol) in-
hibit the activity of purified FAS, with a comparable order of
inhibitory potencies luteolin > quercetin > kaempferol (40).
Although we observed that EGCG acted as a more potent FAS
inhibitor than luteolin, quercetin, and kaempferol in vitro, this
stronger FAS inhibitory effect of EGCG was not reflected in
vivo. Similarly, we observed that myricetin, which was demon-
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strated by Li and Tian to display a stronger FAS inhibitory
activity than taxifolin in vitro (40), was a less potent inhibitor
of lipogenesis than taxifolin in intact cells. Possible explana-
tions for the observed differences between in vitro and in vivo
data include differences in uptake, sequestration, and/or oxi-
dation rate of flavonoids.

With regard to the structure-activity relationship of fla-
vonoids, it can be noted that those flavonoids that significantly
inhibit lipogenesis (luteolin, quercetin, kaempferol, apigenin,
taxifolin, and EGCG) all contain hydroxyl groups on the 5 and
7 position of the A-ring, whereas flavone and 3-OH-flavone,
which lack these 5,7-hydroxyls, do not affect lipogenesis. Fur-
thermore, the four 5,7-hydroxyflavonols (myricetin, quercetin,
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Fic. 9. Correlation analysis of flavonoid-induced lipogenesis
inhibition and cytotoxicity in cancer cells. LNCaP cells were ex-
posed to 25 puM concentrations of 18 different flavonoids (listed in Fig. 1
and Table I) for 24 h. For each polyphenol, the percentage of cell death
(calculated by using the trypan blue exclusion assay) was plotted in
function of the observed lipogenesis (expressed as the percentage lipo-
genesis of the control condition (0 um)). The Pearson’s correlation coef-
ficient (r) and the coefficient of determination (r®) are indicated. Signif-
icant cytotoxic effects on LNCaP cells were observed for luteolin (L),
quercetin (), kaempferol (K), apigenin (A), and taxifolin (7). Data are
the means = S.D. (n = 4-8).
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kaempferol, and galangin) and the two 5,7-hydroxyflavones
(luteolin and apigenin) studied, which inhibited lipid synthesis
or at least showed a trend to inhibit lipogenesis, all contain a
C-2,3 double bond and a 4-ketone function. In addition, within
each flavonoid subclass, the 3',4'-dihydroxyflavonoids (with 2
hydroxyls on the B ring) are most active (luteolin > apigenin,;
eriodictyol > naringenin; quercetin > kaempferol, galangin,
and myricetin). Taken together, it can be concluded that the
presence of a C-2,3 double bond, a 4-ketone function, and hy-
droxyl groups on positions 5, 7, 3/, and 4’ favor the potential of
flavonoids to inhibit lipid synthesis in intact cells. Wang et al.
(41) previously demonstrated that the presence of a galloyl
moiety was essential for FAS inhibition by catechins: only
EGCG and ECG (but not EC or EGC) inhibited FAS activity in
vitro. In addition, they also observed that both EGCG and ECG
showed irreversible slow binding activity, whereas other fla-
vonoids (including quercetin and kaempferol) only showed re-
versible fast binding inhibition of FAS (41, 42), thereby sug-
gesting that EGCG and ECG may inhibit lipogenesis by
different mechanisms than other flavonoids.

At least six of the studied polyphenolic compounds (EGCG
(23), luteolin, quercetin, kaempferol, apigenin, and taxifolin)
have marked effects on cancer cell growth and survival. Several
of our findings suggest that these effects are related to the
ability of flavonoids to inhibit fatty acid synthesis. First, a
comparative analysis of 18 naturally occurring flavonoids re-
vealed that their ability to inhibit lipogenesis markedly corre-
lated with their cytotoxic effects in cancer cells. Second, the
dose-response curves of luteolin, quercetin, and kaempferol,
reflecting the inhibition of total cancer cell lipogenesis as well
as those reflecting the inhibition of phospholipid and triglycer-
ide synthesis, show a striking parallelism with the dose-re-
sponse curves reflecting the impact of these compounds on
proliferation and viability of cancer cells. Several of these fla-
vonoids also inhibit cholesterol synthesis, but this effect corre-
lates less well with the effects on viability. For some com-
pounds, such as galangin, marked inhibition of cholesterol
synthesis (5-fold reduction) was observed at concentrations
(1225 um) that did not affect phospholipid or triglyceride
synthesis nor cell viability (data not shown). Third, specific
blockage of FAS using RNA interference technology also re-
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sulted in growth arrest and cell death of cancer cells (28) and
induced comparable morphological changes in LNCaP cells as
observed after treatment with luteolin, quercetin, or
kaempferol. Finally, the addition of exogenous palmitate, the
most important end product of FAS activity, suppressed the
cytotoxic effects of polyphenolic compounds, thereby providing
evidence that FAS inhibition is a common denominator in the
effects of these agents on cancer cells.

With respect to the potential use of luteolin, quercetin, and
kaempferol as cancer-preventive or chemotherapeutic agents,
it is worth mentioning that these compounds display very low
toxicity in humans. Daily intake of relatively high doses of
quercetin (1 g) or luteolin/apigenin (140 mg) for several weeks
did not induce any side effects (43, 44). Moreover, the growth
inhibitory and cytotoxic effects of these flavonoids may be rel-
atively selective for malignant cells expressing high levels of
FAS. In fact and again analogous to what we observed after
selective inhibition of FAS by the use of RNAi (28), the prolif-
eration rate and viability of nonmalignant fibroblasts express-
ing low levels of FAS was not affected by luteolin, quercetin or
kaempferol and this despite a further lowering of lipogenesis in
these cells. Whether this selectivity also applies in an in vivo
situation requires further investigation.

The potential contribution of flavonoids to the cancer-pre-
ventive effects of polyphenol-rich diets of course depends on the
daily intake and uptake of these compounds. The average fla-
vonoid intake in the western world has been estimated at 1000
to 1100 mg per day (2, 3). However, it is obvious that signifi-
cantly larger flavonoid portions can be taken up by individuals
upon frequent consumption of particular flavonoid-rich food
products. Several studies in humans have demonstrated that
intake of food products containing quercetin or kaempferol
results in plasma concentrations ranging from 0.6 to 6 um (43,
45-49). In addition, the half-live of quercetin in humans is
20-30 h, suggesting that frequent consumption may result in
accumulation of flavonoids in plasma and tissues (2), as previ-
ously observed for green tea polyphenols (50). Importantly, our
data demonstrate that luteolin, quercetin, and kaempferol al-
ready inhibit FAS activity in cancer cells at relatively low
concentrations (6—12 uM), which also induce significant cancer
cell death. Thus, according to the pharmacokinetic studies dis-
cussed above and taking into account that different flavonoids
may have additive effects and that regular intake may result in
accumulation, flavonoid concentrations affecting FAS activity
may be reached by the use of polyphenol-rich diets.

It should be mentioned that flavonoids may also contribute
to cancer prevention by other mechanisms such as radical
scavenging (2, 6), detoxification of mutagenic xenobiotics (6, 51,
52), and inhibition of topoisomerases (6, 53, 54), cyclin-depend-
ent kinases (55, 56), and protein kinases (including phosphati-
dyl inositol 3-kinase) (57). The question may be asked as to
whether some of these alternative effects of flavonoids could be
secondary to inhibition of lipogenesis. Indeed, we have recently
demonstrated that RNAi-mediated FAS inhibition in prostate
cancer cells decreases the synthesis of phospholipids partition-
ing into detergent-resistant membrane microdomains (58),
membrane structures involved in signal transduction and cell
migration (59). As a consequence, flavonoid-mediated inhibi-
tion of FAS activity in cancer cells may cause multiple down-
stream effects, resulting from disturbed membrane functions.
Taken together, our findings show that flavonoids constitute
interesting candidate molecules for cancer-preventive and/or
antineoplastic therapies and that interference with endoge-
nous lipogenesis may be an important mechanism underlying
their effects.
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