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ABSTRACT

Xanthohumol (XN), the principal flavonoid of the hop plant (Humulus lupulus L.) and a
constituent of beer, has been suggested to have potential cancer chemopreventive activities. We
have observed that most cancer chemopreventive agents show antiangiogenic properties in vitro
and in vivo, a concept we termed “angioprevention.” Here we show for the first time that XN can
inhibit growth of a vascular tumor in vivo. Histopathology and in vivo angiogenesis assays
indicated that tumor angiogenesis inhibition was involved. Further, we show the mechanisms for
its inhibition of angiogenesis in vivo and related endothelial cell activities in vitro. XN repressed
both the NF-xB and Akt pathways in endothelial cells, indicating that components of these
pathways are major targets in the molecular mechanism of XN. Moreover, using in vitro
analyses, we show that XN interferes with several points in the angiogenic process, including
inhibition of endothelial cell invasion and migration, growth, and formation of a network of
tubular-like structures. Our results suggest that XN can be added to the expanding list of
antiangiogenic chemopreventive drugs whose potential in cancer prevention and therapy should
be evaluated.
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chemoprevention has recently received rapidly expanding attention. Among

chemopreventive chemicals, natural nontoxic products (or their synthetic analogs), in
particular, dietary components, have been under scrutiny for their potential to halt or reverse the
development or progression of cancer (1, 2). Studies of several compounds of plant origin, in
particular, the flavonoids, suggest that these molecules can harbor cancer chemoprevention
and/or therapeutic activities.

I n parallel with the evolution of cardiovascular preventive medicine, interest in cancer



Flavonoids are a group of constituents in food and drinks commonly consumed by humans,
including compounds of different chemical classes such as flavones (7,8-benzoflavone),
flavonols (quercetin), flavanol (cathechin), flavanones (naringenin), isoflavones (genistein), and
chalcones (xanthohumol). Xanthohumol (XN) has been isolated from hop “cones,” the female
inflorescences of the hop plant (Humulus lupulus L.) that are largely used in the brewing industry
as a preservative and flavoring agent to add bitterness and aroma to beer. Chemically, XN
belongs to the prenylated chalcones (open C-ring flavonoids) class and represents 82—-89% of the
total prenylated flavonoid identified in various European hop varieties (3). It is also a constituent
of beer, a major dietary source of prenylated flavonoids, where it has been found at
concentrations up to 0.96 mg/l (1.95 uM) (4, 5). Flavonoids, including chalcones, have been
shown to inhibit tumor cell proliferation and growth (6-9). For example, XN inhibits human
breast (MCF-7), colon (HT-29), and ovarian cancer (A-2780) cell proliferation in vitro (7), with
ICs0s ranging from 0.52 to 13.3 puM. It has also been reported to prevent preneoplastic lesion
development in mouse mammary gland organ culture and, through different mechanisms of
action, including antioxidant capability and anti-inflammatory properties, to target the initiation,
promotion, and progression stages of carcinogenesis in the H41IE rat hepatoma cell line (6).

The biological effects of the chalcones depend on their chemical structure, and substitutions on
the structure have a profound influence on the anticarcinogenic effects of the compounds. XN
has been demonstrated to inhibit cytochrome P-450 CYP enzymes that activate carcinogens, with
doses between 2 and 10 uM (10, 11) and to induce quinone reductase in the mouse hepatoma
Hepa 1c1c7 cell line (4) at 5-10 puM, suggesting promising potential activity in the prevention of
cancer induced by chemical carcinogens. XN and other compounds in extracts from H. lupulus
have been reported to potently inhibit the production of nitric oxide (NO), a free radical involved
in carcinogenesis and in the angiogenic process, by suppressing inducible NO synthase (iNOS)
expression (12) in a dose range of 1-100 uM with cell viability <50% at concentrations of 10
MM and higher.

Tumor vascularization is necessary for growth and metastatic dissemination, thus blocking or
retarding tumor angiogenesis represents a strategy not only in cancer therapy, but also in cancer
prevention. We have previously observed that a variety of known or potential cancer
chemoprevention agents all target angiogenesis, which may be a common and key point in
chemoprevention activity, a concept we termed “angioprevention” (13). This has recently been
confirmed for epigallocatechin-3-gallate (EGCG) from green tea (14-16), N-acetyl-cysteine
(NAC) (17, 18), and fenretinide (19-21). Based on these observations, we hypothesized that, like
other natural flavonoids, an antiangiogenic activity of XN could be an important mechanism of
its anticancer action. We investigated the effects of XN on the cell populations typically involved
in tumor angiogenesis and the main target of most angiogenesis inhibitors: endothelial and tumor
cells.

Tumor and endothelial invasion is influenced by numerous gene products that are regulated by
NF-xB, including matrix metalloproteinases (MMPs), urokinase type plasminogen activator
(uPA), interleukin-8 (IL-8), and other chemokines (22-24). NF-xB activation also controls the
expression of a number of chemokines and angiogenic growth factors (25); various adhesion
molecules, including ICAM-1, VCAM-1, and ELAM-1, and even iNOS (26). Furthermore, NF-
kB protects cells from the induction of programmed cell death by proapoptotic stimuli such as
tumor necrosis factor (TNF) (27, 28). In a resting state, inhibitory proteins known as the 1kBs



repress resident NF-kB by binding it to prevent nuclear uptake. Proinflammatory stimulation
leads to rapid phosphorylation, ubiquitinylation, and degradation of IxB, freeing NF-xB to
translocate to the nucleus and activate the transcription of its target genes. We hypothesized that
XN could affect the NF-xB pathway. Upstream of the 1kBs in the NF-kB pathway is Akt/protein
kinase B, a serine/threonine kinase known to be an important component in migratory and
prosurvival signaling pathways (29).

Here we show that XN inhibited proliferation of both endothelial and KS-IMM tumor cells, a
cell line derived from a Kaposi’s sarcoma, and strongly reduced the invasive activity of
endothelial cells and their ability to form a network of tubular-like structures on Matrigel in vitro
at micromolar concentrations. XN administrated to mice in their drinking water prevented
angiogenesis in the Matrigel sponge model and significantly reduced tumor growth in vivo. In
endothelial cells, the antiangiogenic effects of XN correlated with a block of NF-xB activation
and IkBa phosphorylation, with a consequent arrest of NF-kB translocation to the nucleus.
Finally, XN also repressed phosphorylation of endothelial Akt in response to growth factor
stimulation, suggesting that XN interferes with the molecular mechanisms of cell migration and
survival.

MATERIALS AND METHODS
Cell cultures and XN treatments

KS-IMM cells, a previously described spontaneously immortalized iatrogenic Kaposi’s sarcoma
cell line obtained from a biopsy (30), were grown in RPMI 1640 containing 10% fetal calf serum
(FCS) and 1% glutamine. Human umbilical vein endothelial cells (HUVEC) freshly isolated
were plated on gelatin-coated flasks and cultured in M199 supplemented with 10% FCS, 1%
glutamine, 10 ng/ml acidic fibroblast growth factor (a-FGF), 10 ng/ml basic fibroblast growth
factor (b-FGF), 10 ng/ml EGF, 100 pg/ml heparin sodium salt, and 1 pg/ml hydrocortisone. XN
was dissolved in ethanol and added to cell culture at the indicated concentrations; the final EtOH
vehicle concentration was maintained at 0.1%. Samples indicated as controls received vehicle
(0.1% EtOH) alone.

Cytostatic and toxic effects of XN were tested using the crystal violet assay as described
previously (16). In brief, 1500 cells/well were seeded in 96-well microtiter dishes in complete
medium and treated with XN as specified; after the indicated times of incubation, the plates were
processed and the absorbance read at 595 nm. The effects on apoptosis were determined with the
Cell Death Detection ELISA assay (Roche, Mannheim, Germany) according to the
manufacturer’s instructions. The effects on cell vitality and growth were also measured as cell
membrane lysis and release of lactate dehydrogenase (LDH) into supernatants by HUVEC.
Briefly, 1500 cells/well were plated in 96-well microtiter dishes in 100 pl of complete medium.
After overnight attachment, cells were treated in 5% FCS medium with XN at the indicated
doses. LDH release was measured by the colorimetric CytoTox 96 assay kit (Promega, Milano,
Italy). Data were expressed as the percentage of LDH release relative to the total LDH in the
cells, that is, an index of total cell number.



Chemoinvasion, chemotaxis, and gelatin zymographies

The effects of XN on the migration and invasion of endothelial and tumor cells were tested using
a modified Boyden chamber assay as described previously (31). Briefly, cells were pretreated
overnight in complete medium with XN and placed in the upper compartment of a Boyden
chamber (1.5x10° cells/800 pl per chamber), with XN at the indicated concentrations. The 8 or
12 um pore polycarbonate filters (Millipore, Vimodrone, Milano, Italy) for KS-IMM or
HUVEC, respectively, that separated the compartments were coated with a solution of 5 pg/filter
of collagen IV for chemotaxis assays or with Matrigel (12-20 pg/filter) for chemoinvasion
assays. NIH-3T3-CM was used as chemoattractant and serum-free medium (SFM) as the
negative control. At the end of the assays, the filters were collected and the supernatants were
concentrated for gelatin zymography. Cells remaining on the upper side were removed
mechanically, and cells that migrated to the lower side of the filter were fixed in ethanol and
stained with Toluidine blue (Sigma, St. Louis, MO). Five to eight fields per filter were counted.
Assays were performed in triplicate and repeated multiple times.

Gelatin zymography on the cellular supernatants from the invasion assays was performed as
described previously (18). In some experiments, the HUVEC were incubated in SFM for 6 h and
the supernatants were collected, concentrated, and loaded onto a single, wide lane. After
electrophoresis, the single lane was divided into equal strips and incubated either in collagenase
buffer alone or buffer containing XN. Gels were stained with 0.1% Coomassie brilliant blue and
destained. Enzyme-digested regions appear as clear bands against a blue background. Digestion
of the bands was quantified by densitometric analysis.

Morphogenesis assay

The effects of XN on the ability of endothelial cells to reorganize and differentiate into networks
were assessed in the Matrigel morphogenesis assay as described previously (16). Matrigel (300
pl/well) thawed at 4°C was added with a cold pipette to a prechilled 24-microwell plate. After
polymerization of Matrigel at 37°C, 7 x 10* cells/well were layered in endothelial cell growth
medium without serum on top of the polymerized gel in the presence or absence of XN at the
indicated concentrations. The effects on morphogenesis were evident after a few hours of
incubation at 37°C in humidified atmosphere. Wells were photographed at 7 and 24 h with a
Leitz DR-IMB microscope with charge-coupled device (CCD) optics.

In vivo angiogenesis

The ability of XN to inhibit the formation of new blood vessels was tested using the Matrigel
sponge model of angiogenesis in vivo as described previously (16). Angiogenic factors (50 ng/ml
vascular endothelial growth factor [VEGF] and 2 ng/ml TNF-a) were added along with heparin
to unpolymerized Matrigel at 4°C to a final volume of 600 pl. The suspension obtained was
slowly injected s.c. into the flanks of C57/b16N male mice (Charles River, Calco, Lecco, Italy)
with a cold syringe: the Matrigel quickly polymerizes in vivo to form solid gel.

In one series of experiments, the effects of XN were tested by direct addition of the compound (5
MM) to the Matrigel mixture before s.c. injection into mice. In other experiments, animals
received XN (2, 10, and 20 uM) treatment daily in the drinking water starting 3 days before



Matrigel injection. Control animals were provided water ad libitum. Four days after injection, in
both series, the gels were recovered, weighed, and either fixed in formalin and embedded in
paraffin for histological examination or minced and diluted in water for hemoglobin content
measurement with a Drabkin kit (Sigma). Final hemoglobin concentration was calculated from a
standard calibration curve.

Tumor growth in vivo and histochemistry

Kaposi’s sarcoma tumors were obtained by s.c. injection of 5 x 10° KS-IMM cells mixed with
liquid Matrigel (final volume 250 pl) in the flanks of 7-wk-old nude nu/nu (CD-1)BR mice
(Charles River) as described previously (18). Controls were provided water ad libitum, while
treated animals were given 20 uM XN in the drinking water starting 4 days before cell injection.
The animals were weighed, and tumor growth was monitored at regular intervals by measuring
two tumor diameters with calipers and calculating the tumor volumes with the following
formula: length x width?/2. On day 23, the animals were killed and the tumors were removed,
weighed, fixed in formalin, and embedded in paraffin. The 4 um sections were rehydrated and
stained with hematoxylin and eosin for histological examination.

Immunofluorescence microscopy

HUVEC were seeded on multiwell chamber slides (LabTek, Nunc, Naperville, IL) coated with
gelatin. After 24 h the medium was changed and the cells were treated for 3 h with 10 uM XN;
TNF-a. (10 ng/ml) was added for the final 15 min where indicated. At the end of the incubation,
cells were fixed and permeabilized in cold methanol for 10 min at —20°C, blocked in PBS with
10% horse serum for 10 min, and stained for 1 h with anti-NF-xB monoclonal antibody (Zymed,
San Francisco, CA) at a 1:100 dilution in PBS with 1% horse serum. Cells were then washed
three times with PBS and incubated with TRITC-conjugated secondary anti-mouse antibody
(DakoCytomation, Glostrup, Denmark) at 1:200 dilution in PBS with 1% horse serum for 30
min. Cells were then counterstained with DAPI (1ug/ml) for 5 min and washed in PBS. Slides
were mounted and viewed in a CCD optics equipped Leica DML epifluorescence microscope at
x10 magnification.

Nuclear protein extraction

Cells were pretreated with XN for 3 h; stimulated with TNF-a for 5, 15, or 30 min; and then
harvested. Nuclear protein extracts were prepared using the Nuclear Protein extract kit (Active
Motif, Carlsbad, CA) according to the manufacturer’s instructions. Briefly, cells were washed in
ice-cold PBS with phosphatase inhibitors, then resuspended in cold PBS/PI (5 ml) and
centrifuged for 5 min at 500 rpm at 4°C in a precooled centrifuge. The pellet was again
resuspended in 0.5 ml hypotonic buffer by pipetting and left on ice for 15 min. Detergent (25 pl)
was added, and the pellet was vortexed for 10 s at the highest setting. The nuclei were pelleted at
14,000 g for 10 min, and the supernatant was removed. The pellet was then resuspended in 50 pul
of complete lysis buffer and incubated for 30 min on ice on a rocking platform at 150 rpm. After
another centrifugation at 14,000g for 10 min, the supernatant containing the nuclear protein was
transferred into a prechilled microcentrifuge tube. The extracts were stored at —80°C.



NF-kB ELISA

An ELISA assay for NF-kB activity was performed using a commercially available kit
(TransAM, Active Motif). The oligonucleotide containing the NF-xB consensus site (5'-
GGGACTTTCC-3') was immobilized on 96-well plates. Wells were blocked with 30 pl of
complete binding buffer. HUVEC nuclear protein extract (10 pg) from control and treated cells,
diluted in complete lysis buffer, was added to triplicate wells and incubated for 1 h at room
temperature with mild agitation (100 rpm on a rocking platform). Plates were washed to remove
unbound protein, and anti-NF-xB detection antibody was added and labeled with horseradish
peroxidase (HRP)-conjugated antibody. After addition of the developing solution for 5 min, the
enzymatic reaction was arrested with a stop solution. Plates were read at 450 nm.

Western blot analysis

HUVEC were seeded overnight on gelatin-coated flasks in complete medium. After attachment,
the serum was withdrawn for 16 h and cells were treated with 10 uM XN for 1 h in serum-free
medium. Thirty minutes before the end of incubation, cells were stimulated with 250 ng/ml
insulin-like growth factor (IGF)-1. In another experiment, HUVEC were treated with 10 uM XN
for 3 h in M199 medium containing 10% FCS, 10 ng/ml a-FGF and b-FGF, 20 ng/ml EGF, and
160 pg/ml heparin. Cells were then treated with 10ng/ml TNF-a for 5, 15, or 30 min in the
presence or absence of 10 uM XN. Cell lysates were prepared by adding ice-cold buffer
containing 20 mM Tris HCI, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-
100, 2.5 mM sodium pyrophosphate, glycerol 2-phosphate, 1 mM sodium orthovanadate, 1pg/ml
leupeptin, and 1 mM PMSF. Total cell lysates were then sonicated, and protein concentration
was determined by using the DC Protein Assay kit (Bio-Rad, Hercules, CA). Equal amounts of
samples were separated on 12.5% polyacrylamide-SDS gels and transferred on to nitrocellulose
membranes. Membranes were blocked in 5% dried milk in TTBS (25 mM Tris, pH 7.5, 0.150 M
NaCl, and 0.1% Tween-20) for 1 h at room temperature and then incubated with primary
antibodies. The following anti-human antibodies (Cell Signaling Technology, Beverly, MA)
were used at the indicated dilutions: rabbit polyclonal anti-phospho-AKT, 1:1000 in 5% BSA in
TTBS; rabbit polyclonal anti-total AKT, 1:1000 in 5% BSA in TTBS; rabbit polyclonal anti-
phospho-1xB, 1:1000 in 5% BSA in TTBS; and mouse polyclonal anti-B-tubulin, 1:5000 in 5%
milk in TTBS. All antibodies were used overnight at 4°C, except for the anti-tubulin, 1 h at room
temperature. Secondary anti-rabbit or anti-mouse secondary antibodies labeled with HRP were
used at the appropriate concentration for 1 h at room temperature. The immunoreaction was
revealed by ECL-Plus detection system (Amersham Biosciences, Little Chalfont, UK). In some
cases, immunoblots were stripped at 50°C in Tris buffer (62.5 mM, pH 6.7) containing 2% SDS
and 2.5% DTT, washed 3 times with TTBS for 30 min, blocked in 5% dried milk in TTBS and
then reprobed with a primary antibody.

Statistical analyses

The statistical analyses performed were two-tailed t tests for comparison of two datasets, one-
way ANOVA for multiple datasets, and two-way ANOVA for growth curves using Prism
(Graphpad) program.



RESULTS
Effects of XN on tumor and endothelial cell growth, survival, and apoptosis

Endothelial cells activated by an angiogenic stimulus enter into a proliferative state; we therefore
examined the effects of XN on growth of tumor (KS-IMM) and endothelial (HUVEC) cells in
vitro (Fig. 1A). A potent cytostatic activity of XN was observed at doses of 10 uM and above. In
HUVEC, a significant reduction of growth was apparent at 72 h, with doses from 10 to 15 uM
XN (P<0.001, two-way ANOVA), with cytostasis at 15 uM (Eig. 1A). The effect on KS-IMM
cells was even more apparent, with cytostasis attained at 10 uM and significant inhibition of
growth (P<0.001, two-way ANOVA) from 48 h on (Fig. 1A). Lower concentrations of XN
caused no evident or significant effects even at long exposure times.

Higher concentrations (25 pM) demonstrated an apparent cell-killing activity (Fig. 1A and data
not shown), with significant differences from 48 h on in HUVEC and 24 h on in KS-IMM cells
(Fig. 1A). The mechanism of this reduction in cell number by XN was examined to verify
potential apoptotic or cytotoxic activity. The basal levels of DNA fragmentation as an indicator
of apoptosis were not modified by treatment for 24 h with doses of XN in the 5-25 uM range
either in Kaposi’s or endothelial cells. Further, XN had no additive effect on the apoptosis
induced by 1 pM vincristine; on the contrary, 5-15 pM XN was associated with a slight
reduction in apoptosis (data not shown). Using measurement of LDH release, which permits
estimation of both cell growth and death, we found cytostasis with low levels of cytotoxicity at
10 uM XN in HUVEC (Fig. 1B, 1C). In contrast, the growth inhibitory effects at 25 uM XN
were associated with a high rate (>80%) of cell death (Fig. 1C), apparently in the absence of
DNA fragmentation.

Inhibition of migration and invasion of endothelial and tumor cells

Fundamental steps in angiogenesis and tumor metastasis are migration and invasion through
extracellular matrix barriers. Chemotaxis and chemoinvasion assays were used to measure the
effects of XN on cell responses to strong angiogenic factors such as those in the conditioned
medium from NIH/3T3 cells, used as a chemoattractant. Endothelial cells readily migrated and
invaded in response to NIH-3T3 conditioned medium in vitro. Addition of XN inhibited
endothelial cell chemotaxis and invasion in vitro at concentrations as low as 5 UM, with
complete inhibition at 10 puM or higher (P<0.001, Fig. 1D). Similar effects were observed for
XN inhibition of the migration and invasion of KS-IMM cells, although they appeared less
sensitive, as complete inhibition was obtained at 25 uM (data not shown). MMP-2 and MMP-9
(gelatinase/collagenase IV metalloproteases) are two metalloproteases involved in the invasion
process in angiogenesis and metastasis. Recent studies have shown that some flavonoids, such as
the green tea polyphenol EGCG, inhibit metalloproteinase activities associated with activated
endothelial and tumor cell invasion (15, 16, 32), thus we examined the effects of XN on the
gelatinolytic activities released by HUVEC. The release of MMP-2 by HUVEC was only slightly
reduced at 5-25 pM XN (data not shown). Further, addition of XN directly to the digestion
buffer indicated that XN had no direct effect on the activity of MMP-2. A similar lack of
substantial effects on MMP-2 and MMP-9 was noted upon XN treatment of KS-IMM cells.



XN inhibits the formation of endothelial networks

Another step in endothelial cell modulation during angiogenesis is differentiation and
reorganization to make new vessels. We examined the ability of XN to interfere with the
reorganization of endothelial cells into networks on Matrigel, where they spontaneously form
structures reminiscent of branching capillaries (33) in a process that reflects the final
morphogenesis phase of angiogenesis. In keeping with the effects on migration and invasion, the
addition of XN dose-dependently repressed network formation on Matrigel by HUVEC, with the
effects readily evident at 5-10 uM concentrations (Fig. 2).

XN inhibition of angiogenesis in vivo

We used the Matrigel sponge model (34) as a rapid and quantitative system for measuring tumor
angiogenesis to test the effects of XN on angiogenesis in vivo. Subcutaneous injection of
Matrigel produces a three-dimensional sponge that, when angiogenic factors are present,
becomes rapidly vascularized. The extent of vascularization can be readily estimated by
measurement of the hemoglobin content of the gels or by histological examination of paraffin-
embedded samples. A cocktail of VEGF, TNF-a, and heparin, as an angiogenic stimulant in the
Matrigel, induced an intense angiogenic reaction. Addition of 5 uM XN to this cocktail in the
Matrigel significantly inhibited the angiogenic response in vivo (P<0.01, t test) (Fig. 3A). We
therefore tested whether oral administration of XN could repress angiogenesis in vivo.

Oral administration of XN inhibits angiogenesis in vivo

Since these data indicated potential angioprevention properties of XN, we investigated its
activity in a chemoprevention setting by oral administration of XN, the preferred route for
chemoprevention treatment in humans. Preventive administration of XN in drinking water
(starting 3 days before Matrigel injection) potently and dose-dependently inhibited angiogenesis
in vivo as was macroscopically visible (Fig. 3B). Quantification of the extent of angiogenesis by
hemoglobin content (Fig. 3C) demonstrated that XN doses as low as 2 uM in the drinking water
induced a significant inhibition of angiogenesis that was dose-dependent up to 20 uM XN.
Strong angiogenesis inhibition by XN with no adverse effects on animal health parameters was
noted at doses as high as 200 pM, indicating low or absent toxicity (data not shown).

Histological examination of the pellets in vehicle-treated controls (Fig. 4A) or in animals
receiving 20 pM XN in the drinking water (Fig. 4B) reflected the strong reduction of vessel
formation in gels implanted in mice receiving XN, with a variable reduction of the cellular
infiltrate.

Oral administration of XN prevents vascular tumor growth in vivo

We then examined whether XN was able to prevent vascular tumor growth in vivo in an
angioprevention setting. The immortalized Kaposi’s sarcoma cell line KS-IMM forms highly
angiogenic tumors when injected s.c. in male nude mice (16, 18). In this protocol, the animals
were divided into two groups: one received 20 pM XN in drinking water starting 3 days before
KS-IMM cell injection and the other received the ethanol vehicle alone. The growth of tumors in
animals receiving XN was strongly and significantly (P<0.001, two-way ANOVA) reduced as



compared with the controls (Fig. 3D). Substantial differences were noted as the growth of control
tumors exceeded 100 mm®, with the differences statistically significant from day 20 on. No
differences were noted in the body weight or general health parameters in the treated animals as
compared with controls, again indicating limited or no toxicity of XN treatment even with long-
term administration. Upon removal of the tumors at termination of the experiment, the animals
receiving XN had significantly (P=0.0039, t test) smaller tumors than the control animals (Fig.
3D, inset) as determined by tumor weight. Histological analyses indicated that control tumors
showed extensive areas of vascularization interspersed with occasional zones of necrosis
containing myeloperoxidase-positive neutrophils (Fig. 4C). In contrast, in tumors from XN-
treated animals, the areas of necrosis and fibrosis were much more prevalent (Fig. 4D), even in
the tumor periphery, often containing vessels and a myeloperoxidase-negative, pan-leukocyte
CD-45-negative cell infiltrate (Fig. 4D, inset) in addition to the myeloperoxidase-positive
neutrophils.

XN inhibits NF-xB translocation and activation

Tumor invasion is influenced by numerous gene products that are regulated by NF-xB. This
nuclear factor also regulates aspects of inflammation and the expression of a number of
chemokines and angiogenic growth factors. Inactive NF-kB consists of a heterotrimer composed
of the p50 and p65 subunits together with the IkB complex. Proinflammatory stimulation leads
to rapid phosphorylation of IkBa. The phosphorylation of IkBa leads to its ubiquitination and
rapid degradation that consequently frees the p50-p65 NF-kB heterodimer to translocate to the
nucleus and activate NF-kB-dependent genes. Since XN was able to inhibit angiogenesis
induced by a cocktail containing VEGF and TNF-a, an angiogenic cytokine known to induce
activation and translocation of NF-xB to the nucleus, we hypothesized that XN could affect the
NF-kB pathway.

Immunofluorescent staining indicated that NF-xB was largely localized in the cytoplasm of
unstimulated HUVEC and that XN treatment had little effect on this localization (Fig. 5).
Treatment of endothelial cells for 15 min with 10 ng/ml TNF-a resulted in translocation of NF-
kB to the nucleus; pretreatment with 10 uM XN completely inhibited this translocation, with
NF-kB remaining in the cytoplasm (Fig. 5). In keeping with this, ELISA assays for activated NF-
kB demonstrated a significant reduction in the amount of active NF-kB upon XN treatment in
both untreated and TNF-a-stimulated cells (Fig. 6A). Western blot analysis indicated that XN
also significantly repressed the levels of phosphorylated IkBa present in HUVEC after
stimulation with TNF-a (Fig. 6B), indicating an inhibitory activity by XN toward the protein
kinase IKK, which phosphorylates IkBa. These data suggest that XN is able to interfere with the
signaling pathways leading to NF-«xB activation.

XN inhibits growth factor-induced Akt phosphorylation

The observation that XN inhibited endothelial cell chemotaxis, invasion, and morphogenesis in
vitro at concentrations that had little or no effect on cell growth suggested that XN may
preferentially target cellular motility. The serine/threonine protein kinase Akt, a kinase known to
be an important component in migratory and prosurvival signaling pathways, lies at a key
junction in cellular signaling pathways leading to NF-«B activation and cell motility. We



therefore examined whether XN is able to inhibit the phosphorylation of Akt induced by growth
factors active on endothelial cells, in particular using IGF-1, which has been shown to induce an
Akt-dependent program of endothelial cell survival (35) and motility (36). Treatment of the
HUVEC with IGF resulted in a significant enhancement of Akt phosphorylation that was
completely blocked by the presence of 10 uM XN (Fig. 6C). Taken together, these data indicate
that XN interferes with multiple signaling pathways involved in endothelial cell activation in
response to angiogenic factors.

DISCUSSION

Like that of many traditional beverages, beer consumption was originally emblematically
associated with enhanced health. Identification of increasing numbers of pharmacologically
active compounds from natural products and examination of their molecular mechanisms is
opening new perspectives, particularly in preventive medicine (37). Several flavonoids,
including chalcones, have been shown to inhibit the proliferation of cancer cells and tumor
growth in preclinical studies and are now being tested in phase Il trials of prevention. XN has
been proposed as a potential chemoprevention agent, and here we show for the first time that XN
does reduce solid tumor growth in vivo. Our data show that XN is a potent orally available
antiangiogenic antitumor chemoprevention agent whose collective properties place it in the
increasingly wide realm of angioprevention agents (13). Similar to the green tea flavonoid
EGCG, XN appears to effect several different pathways that lead to efficient inhibition of
angiogenesis in vivo.

In vitro, XN inhibited endothelial cell chemotaxis and invasion at concentrations as low as 5 UM,
with complete inhibition reached at 10 puM. This was associated with reduced formation of
endothelial cell networks on Matrigel in an in vitro morphogenesis assay. Further, XN inhibited
HUVEC proliferation, and to an even greater extent KS-IMM tumor cell proliferation, at slightly
higher doses (10 puM). The XN doses effective on migration did not induce HUVEC or KS cell
apoptosis, suggesting that migration and growth, but without toxic effects, are the principal
targets for the reduction of angiogenesis and tumor growth observed in vivo. These data are
consistent with current studies indicating that XN inhibits breast cancer cell invasion in in vitro
models (38). Recent data indicate that XN induces apoptosis in tumor cells, leading to PARP
cleavage and caspase activation (38, 39); we found cytostatic and, at higher concentrations,
apoptotic activity of XN on KS and endothelial cells. However, the observation that the XN
doses effective on migration did not affect HUVEC or KS cell apoptosis further suggests
migration may be a principal target producing the inhibition of angiogenesis and tumor growth
observed in vivo. Finally, the inhibitory effects on NF-xB and Akt pathways, both involved in
the regulation of gene products that affect tumor invasion and migratory and prosurvival
signaling pathways, are in agreement with the effects of XN on endothelial cell mobility.

TNF-a is a potent inflammatory cytokine that acts as a strong promoter of VEGF, VEGF
receptor, and IL-8 expression. Mice lacking the p55 receptor (TNF receptor 1) show impaired
angiogenesis, confirming the role of this molecule in promoting angiogenesis (40). Here we
combined TNF-o. with VEGF to form a potent angiogenic cocktail in vivo; however, XN
essentially completely blocked angiogenesis induced by this cocktail, suggesting that it interferes
with signaling along both cytokine and growth factor pathways. The principal signaling pathway
of TNF-a is through NF-kB, expressed ubiquitously in the cytoplasm of all cell types. When



activated, NF-kB translocates to the nucleus, where it regulates the expression of more than 200
immune, growth, and inflammation genes. NF-«xB activation can induce cellular transformation,
proliferation, invasion, and angiogenesis, mediating inflammation and tumorigenesis. Most
inflammatory agents mediate their effects through the activation of NF-xB, while anti-
inflammatory agents suppress NF-kB activation. Similarly, most carcinogens and tumor
promoters activate NF-xB, whereas chemopreventive agents suppress it (26). Consistent with
potential chemopreventive activities of XN, it blocked translocation of NF-xB to the nucleus that
was associated with inhibition of IkBa phosphorylation and NF-kB activation. Finally, XN also
inhibited Akt activation, which would repress both cellular migration and IKK activity. These
data indicate that XN interferes with signaling events at or upstream of IkBa, and that it may
harbor anti-inflammatory activities as well, also consistent with chemoprevention activities (13,
41). Histological analyses showed myeloperoxidase-positive neutrophil infiltrates in the tumors
of both treated and control animals; however, animals treated with XN showed the occasional
presence of a CD-45-negative infiltrate not observed in the controls. The combined inhibition of
growth factor and cytokine signaling events appears to confer particularly potent antiangiogenic
activities of XN. These activities may be further enhanced in vivo due to tumor hypoxia; Goto et
al. recently demonstrated that the inhibition of tumor cell proliferation and migration by XN was
remarkably enhanced with hypoxia in vitro (42).

Taken together, our data show that XN is a potent orally available antiangiogenic
chemoprevention agent whose mechanism targets endothelial cell migration and invasion and to
a lesser extent proliferation. We also provide the first evidence of antitumor activities of XN and
show that this correlates with angiopreventive properties. The levels of XN in beer indicate
however that a daily intake of numerous liters might be necessary to attain significant
chemoprevention effects. Therefore, enrichment of XN in the beer extraction in brewing and/or
the isolation of XN administered as a dietary supplement will be needed for future trials. This
paper is the first complete demonstration of preclinical cancer prevention in vivo by this agent
and should open the way to human investigation.
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