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Inhibitors of hyaluronan export from hops prevent

osteoarthritic reactions

Dennis Stracke, Tobias Schulz and Peter Prehm

Muenster University Hospital, Institute of Physiological Chemistry and Pathobiochemistry, Muenster, Germany

Scope: An early reaction in osteoarthritic chondrocytes is hyaluronan overproduction followed
by proteoglycan loss and collagen degradation. We recently found that hyaluronan is exported
by the ATP-binding cassette transporter multidrug resistance associated protein 5 (MRP5) in
competition with ¢cGMP and that some phosphodiesterase 5 inhibitors also inhibited
hyaluronan export. These inhibitors also prevented osteoarthritic reactions in cartilage. In an
effort to identify the improved inhibitors directed primarily toward MRP5, we analyzed the
flavonoids

Methods and results: Prenylflavonoids from hop xanthohumol, isoxanthohumol and
8-prenylnaringenin inhibited MRP5 export at lower concentrations than phosphodiesterase 5
activity. They were analyzed for their effect on IL-induced osteoarthritic reactions in bovine
chondrocytes. Xanthohumol was the superior compound to inhibit hyaluronan export, as well
as proteoglycan and collagen loss. It also prevented the shedding of metalloproteases into the
culture medium. It directly inhibited MRP5, because it reduced the export of the MRP5
substrate fluorescein immediately and did not influence the hyaluronan synthase activity.
Conclusions: Xanthohumol may be a natural compound to prevent hyaluronan over-
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production and subsequent reactions in osteoarthritis.

Keywords:

Hyaluronan export / MRP5 / Osteoarthritis / Prenylflavonoids / Xanthohumol

1 Introduction

Many pathological disturbances are accompanied by hyalur-
onan overproduction including tumor metastasis [1] and
osteoarthritis [2, 3]. Hyaluronan is a space filling component,
because it has an enormous hydration volume. It displaces
other macromolecules from the site of swelling at the cell
membrane and expands the tissue, when it is extruded [4].
The sequence of the osteoarthritic reactions can be mimicked
in tissue culture of bovine cartilage explants activated by ILs.
Hyaluronan overproduction is one of the first changes that
disintegrate the compact assembly of articular cartilage [5, 6].
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The induction of hyaluronan export is followed by proteogly-
can loss and collagen degradation. Collagen degradation is
mediated by metalloproteases that are produced by activated
chondrocytes and can only diffuse to their targets, when the
compact assembly of the tissue is lost. Over the past decades,
therapeutic interventions were concentrated on the develop-
ment of protease inhibitors which indeed inhibited collagen
degradation, but could not be transferred into therapeutic
drugs because ofmassive side effects [7]. Second, the protease
inhibitors acted at the end of the osteoarthritic reaction
cascade and may thus be less effective.

It is thus desirable to evaluate inhibitors of hyaluronan
overproduction for their effect on these diseases. Recently, we
discovered that hyaluronan is exported from fibroblasts and
chondrocytes by the ATP-binding cassette transporter multi-
drug resistance associated protein 5 (MRPS5), which is
competitively inhibited by cGMP, which is also an endogen-
ous substrate [5, 6, 8-10]. Analogs of cGMP have intensively
been studied as phosphodiesterase 5 (PDES) inhibitors and
some of them were also inhibitory for MRP5 transport. In
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order to reduce cellular and physiological reactions mediated
by elevated levels of intracellular cGMP, we searched for more
specific MRP5 inhibitors and considered natural sources in
order to take advantage of the evolutionary drug design and
avoid expensive and laborious high-throughput screening. It
was our intention to identify the compounds that exert a high
and specific MRP5 and a low PDES inhibitory activity. Initially
we considered icariin lead compound, because it is a natural
PDES inhibitor [11]. Then we focussed our attention on rela-
ted plant flavonoids and found that prenylflavonids from hops
inhibited hyaluronan export. Their efficacy was analyzed on
bovine cartilage explants activated by ILs for osteoarthritis
reactions.

2 Materials and methods
2.1 Materials

Bovine articular cartilage was from a local slaughterhouse.
Hyaluronan-binding protein was from Calbiochem, hyalur-
onan (Healon™) was a gift from Genzyme, Cambridge, MA.
Xanthohumol, isoxanthohumol and 8-prenylnaringenin
were from Alexis Biochemicals. Additional chemicals were
from Sigma-Aldrich Chemical. The PDE5 assay kit was
from BPS Bioscience.

2.2 General methods

The cytotoxicity of the drugs [12] and proteoglycans [13] was
determined as described. The determination of the ICs,
values on the PDE5 was performed according to the
instructions of BPS Bioscience. The cytotoxicity was
measured by the Alamar blue assay which determined the
cell viability by reduction of resazurin with NADH [14].

2.3 Culture of bovine chondrocytes in alginate
beads

Chondrocytes were suspended in an alginate solution (1.2%
in 0.9% NaCl) at a cell density of 4 x 10°cells/mL and
pressed though a 22G syringe dropwise (3 drops) into a
sterile solution of 102 mM CaCl, that had been added in the
wells of a microtiter plate. This treatment leads to the
formation of alginate beads containing chondrocytes.
Osteoarthritic reactions were induced in chondrocytes
growing in alginate beads by incubation with the medium
containing 10 ng/mL of IL-17 for 6 days, and in the cartilage
explants with 10ng/mL of IL-17 and 5ng/mL of IL-1a. The
supernatants were collected and stored at —20°C for later
analysis. The explants were weighed and extracted with
1mL of 4M guanidinium hydrochloride for 72h at 4°C.
The proteoglycan concentrations were determined in the
extracts.
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2.4 Hyaluronan synthase activity

The hyaluronan synthase activity was determined on a cell
membrane fraction [8]. Chondrocytes were grown to
confluency and stimulated by the addition of fetal calf serum
to a final concentration of 15%. After incubation for 5 h, the
cells were washed with cold PBS, harvested with the aid of a
rubber policeman, sedimented at 1500 x g for 5min and
suspended in 30 mL of ice-cold PBS. The cells were trans-
ferred into a Parr-cell disruption bomb, exposed to a nitro-
gen pressure of 900 psi for 15 min and disrupted by nitrogen
cavitation [15] and the particulate fraction was obtained by
centrifugation at 40000 x g for 20 min. The sediment was
suspended in 50mM Tris-malonate pH 7.0 at a protein
concentration of 200 pg/mL and were mixed with an equal
volume of the substrate for hyaluronan synthesis that
contained 8uM UDP-[**C]GlcA, 166uM UDP-GlcNac,
4mM dithiothreitol, 20 mM MgCl, in 50 mM Tris-malonate
pH 7.0 and incubated at 37°C for 4h in the presence of
increasing concentrations of multidrug resistance inhibi-
tors. Hyaluronan synthesis was stopped by adding a solution
of 10% SDS to a final concentration of 1%. The mixtures
were applied to descending paper chromatography that was
developed with ethanol/aq. 1 M ammonium acetate pH 5.5
(13:7) as solvent. After 18h the radioactivity of [*C]
hyaluronan at the origin was determined.

2.5 |Inhibition of hyaluronan synthesis

The chondrocyte containing beads in the wells of the
microtiter plate were washed with PBS and incubated with
RPMI-media and increasing concentrations of the flavo-
noids for another 6 days at 37°C. The beads were washed
with PBS and solubilized with a solution of 125 pul 55mM
Na-citrate in 0.9% NaCl, pH 6.05 for 10 min at 37°C. The
cells were sedimented at 2000 x g for 5min and the super-
natants were supplemented with 12.5uL of 200 pug/mL
papain in 0.1 M Na-acetate pH 5.53, 50mM EDTA, 0.9%
NaCl, 5mM cysteine and also incubated for 20h at 37°C.
Aliquots were taken for determination of the hyaluronan
concentration by the following ELISA-like assay [16]. Briefly,
the wells of a 96-well Covalink-NH-microtiter plate (NUNC)
were coated with 100pl of a mixture of 100mg/mL
of hyaluronan (Healon®™), 9.2pg/mL of N-hydroxy-
succinimide-3-sulfonic acid and 615pl/mL of 1-ethyl-3-
(3-dimethylaminopropyl)-carbodiimide for 2h at room
temperature and overnight at 4°C. The wells were washed
three times with a solution of 2M NaCl, 41 mM MgSOy,,
0.05% Tween-20 in 50mM PBS pH 7.2 (buffer A) and once
with 2M NaCl, 41mM MgSO,, in PBS pH 7.2. Additional
binding sites were blocked by incubation with 300 uL of
0.5% bovine serum albumin in PBS for 30min at 37°C.
Calibration of the assay was performed with the standard
concentrations of hyaluronan ranging from 15ng/mL to
6000ng/mL in equal volumes of culture medium, as used
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for measurement of the cellular supernatants. A solution
(50 pL) of the biotinylated hyaluronan-binding fragment of
aggrecan (Applied Bioligands, Winnipeg, Canada) in 1.5M
NaCl, 0.3M guanidinium hydrochloride, 0.08% bovine
serum albumin, 0.02% NaNj3, 25 mM phosphate buffer pH
7.0 was preincubated with 50 pL of the standard hyaluronan
solutions or cellular supernatants for 1h at 37°C. The
mixtures were transferred to the hyaluronan-coated test
plate and incubated for 1 h at 37°C. The microtiter plate was
washed three times with buffer A and incubated with
100 pL/well of a solution of streptavidin-horseradish—per-
oxidase-conjugate (Amersham) at a dilution of 1:100 in PBS,
0.1% Tween-20 for 30 min at room temperature. The plate
was washed five times with buffer A and the color was
developed by incubation with a 100 uL/well of a solution of
5mg o-phenylenediamine and 5L 30% H,0, in 10 mL of
0.1 M citrate-phosphate buffer pH 5.3 for 25 min at room
temperature. The adsorption was read at 490nm in an
ELISA-reader. The concentrations in the samples were
calculated from a logarithmic regression curve of the
hyaluronan standard solutions.

2.6 Determination of proteoglycans

Cartilage explants were weighed (average wet weight: 20 mg)
and incubated in the absence and presence of 10ng/mL of
IL-17 and 5ng/mL of IL-1o. and the inhibitors at various
concentrations for 5 days. The tissues were extracted with
1.5mL of a solution of 4M guanidinium hydrochloride,
0.1M e-aminohexanoid acid, 5mM benzamidine, 10mM
N-ethylmaleinimide, 0.5 mM PMSF for 3 days at 4°C. The
solution was centrifuged for S5min at 10000 x g and the
proteoglycans were determined in the supernatant by
the Alcian blue method as described [13].

2.7 Determination of the proteoglycan synthesis

Chondrocytes were cultured in alginate beads as described
above and supplemented with 25 uL of [**S]sulfate (0.5 mCi/
mL) for 24h. The beads were washed three times with
102 mM CaCl, to remove unincorporated radioactivity and
dissolved in 55mM sodium citrate. Proteoglycans were
isolated by the Alcian blue precipitation method [17] and
aliquots were used for the determination of radioactivity.

2.8 Zymography of matrix proteases

Bovine cartilage explants were cultured in serum-free
DMEM for 5 days in the presence or absence of 10 ng/mL of
IL-17 and 5ng/mL of IL-1a and 12.5 or 50 uM of xantho-
humol, isoxanthohumol, 8-prenylnaringenin or icariin. The
protein concentrations of the culture media were deter-
mined and equal amounts of proteins were directly applied
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to a 7.5% SDS-polyacrylamide gel that contained 0.1%
gelatin. After electrophoresis, the gel was washed twice with
2.5% Triton X-100 for 30 min, three times with water for
10min and a solution of 50mM Tris-HCI, 5mM CaCl,,
1uM ZnSO,, pH 8.0 for 5 days at 37°C. The gel was stained
with Coomassie blue.

2.9 Determination of collagen synthesis

Chondrocytes were cultured in alginate beads for 1 week with
10% fetal calf serum in Dulbecco’s medium. The medium was
changed and supplemented with 1 mM cysteine, 1 mM pyru-
vate, 60 pug/mL B-aminopropionitrile and 25 pg/mL ascorbic
acid and the cells were incubated for 24 h. The medium was
replaced with serum-free medium containing the above
supplements, 10ng/mL of IL-17 and 5ng/mL of IL-1q, the
inhibitors and [**C]proline (2pCi/mlL), and the cells were
incubated for 24h. The beads were washed three times with
0.9% NaCl, CaCl, (116mg/L) for 30min to remove unin-
corporated radioactivity, dissolved in 500 uL of 55 mM sodium
citrate, and the radioactivity was determined.

2.10 Export inhibition of the MRP5 substrate
fluorescein

The effect of the prenylflavonoids on the MRP5 export rate
was measured with fluorescein diacetate. MRP5 over-
expressing human embryonic kidney (HEK) 293 cells were
incubated in the 96-well microtiter plates with 100 pL of
DMEM in the presence of 4 uM fluorescein diacetate and
10 uM of the prenylflavonoids. At different time periods, the
fluorescence of the medium was determined at 485 and
528 nm by a Synergy HT reader (Biotek Instruments).

2.11 Histochemical staining of collagen in cartilage

Cartilage explants were incubated with and without a mixture
of 10ng/mL of IL-17 and 5ng/mL of IL-1a for 14 days. The
addition of the cytokines was repeated daily. The tissues were
fixed with 3.7% paraformaldehyde for 24h, imbedded in
paraffin and stained by the van Gieson method [18].

2.12 Zymography of matrix metalloproteases

Bovine chondrocytes in alginate beads were cultured in serum-
free DMEM for 3 days in the absence or presence of IL-17
(25ng/mL) and 12.5pM or 50uM of the inhibitors xantho-
humol, isoxanthohumol, 8-prenylnaringenin and icariin. The
protein concentrations of the culture media were determined
by the Lowry method [19] and equal amounts of proteins were
directly applied to a 7.5% SDS-polyacrylamide gel that
contained 0.1% gelatin. After electrophoresis, the gel was
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washed twice with 2.5% Triton X-100 for 30 min, three times
with water for 10min and a solution of 50mM Tris-HCl,
S5mM CaCl,, 1 pM ZnSO,, pH 8.0 for 5 days at 37°C. The gel
was stained with Coomassie blue.

3 Results

3.1 Search for the natural hyaluronan export
inhibitors

We compared the inhibitory profile of several natural flavo-
noids toward hyaluronan export by MRP5 from human
fibroblasts and PDES in a cell-free assay. Table 1 shows the
ICso values for the inhibition of hyaluronan export from
chondrocytes and for PDES5. The references indicate data
obtained from the cited literature. The comparison indicated
that the prenylflavonoids from hops fulfilled this requirement
Dbest. The inhibitory effect of these compounds was also tested
on IL-activated bovine chondrocytes that are known to express
the hyaluronan exporter MRP5-like fibroblasts [5] and
compared to the related prenylflavonoid icariin, which also
inhibits PDES5. Figure 1A shows that all prenylflavonoids
inhibited hyaluronan export from chondrocytes in a concen-
tration-dependent manner. The prenylflavonoids except icariin
inhibited hyaluronan secretion into the media of IL-activated
cartilage explants (Fig. 1B).

3.2 Specificity of the prenylflavonoids

A convenient assay of the export activity of MRP5 and its
related homolog MRP4 [8] is the measurement of fluorescein
in the culture supernatant of cells exposed to fluorescein
diacetate. This non-fluorescent precursor is taken up by cells,
converted to fluorescein by cytosolic esterases and exported by
MRP5 or MRP4. The inhibitory activity of the prenylflavonoids
was measured on MRP5 and MRP4 overexpressing HEK cells
[10]. Figure 2 shows that the prenylflavonoids xanthohumol,
isoxanthohumol and 8-prenylnaringenin inhibited, whereas
icariin activated export. In contrast, the prenylflavonoids did
not influence the export of fluorescein by MRP4 at concen-
trations of 50 uM (data not shown).

The toxicities were tested on bovine chondrocytes by the
Alamar blue assay, and the prenylflavonoids were not toxic
up to concentrations of 100 uM (data not shown). They were
also analyzed for an effect on the hyaluronan synthase
activity on membranes isolated from human fibroblasts, and
they did not influence the synthase up to concentrations of
100 uM (Fig. 3). In addition, their influence of the expres-
sion of MRP5 in bovine chondrocytes was analyzed by
Western blotting, and they did not alter the expression up to
concentrations of 100 uM (data not shown). In conclusion,
these results indicated that the prenylflavonoids xanthohu-
mol, isoxanthohumol and 8-prenylnaringenin have a higher
inhibitory activity toward MRP5 than to PDES.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Mol. Nutr. Food Res. 2011, 55, 485-494

3.3 Inhibition of proteoglycan loss

It is known that hyaluronan overproduction leads to proteo-
glycan loss from the cartilage [5, 6]. Therefore, we determined
whether this loss could be prevented by the prenylflavonoids.
Cartilage explants were incubated for 6 days in the presence
and absence of IL-17, an inducer of osteoarthritic reactions
[20], and increasing the concentrations of the prenyl-
flavonoids. Proteoglycans were determined in the culture
supernatants and in the cartilage extracted with guanidinium
hydrochloride. Figure 4A shows that IL-17 reduced the
proteoglycan content in the cartilage and Fig. 4B shows the
elevated concentrations in the culture medium. The best
protection from proteoglycan loss was observed for xantho-
humol, whereas icariin was the least active one.

In a separate experiment, the effect of the inhibitors on
the proteoglycan synthesis rate was determined. Cartilage
explants were incubated with [**S]sulfate in the presence of
the prenylflavonoids over a concentration range of
12.5-50 uM for 24 h and the radioactivity incorporated into
proteoglycans was determined. [**S]Sulfate incorporation
into proteoglycans at inhibitor concentrations of 50 pM was
82, 89, 98 and 94% for xanthohumol, isoxanthohumol,
8-prenylnaringenin and icariin, respectively. Thus, the
inhibitors had little influence on proteoglycan synthesis.

3.4 The prenylflavonoids reduce collagen
degradation

It is known that hyaluronan overproduction leads to
collagen degradation from the cartilage [5, 6]. Initial
experiments with IL-17 alone indicated that this treatment
was insufficient to induce detectable collagen degradation.
Therefore, cartilage explants were incubated with a mixture
of the osteoarthritis inducing chemokines IL-1a, IL-18 and
IL-17 with 12.5 and S0puM of the prenylflavonoids for 14
days and collagen was stained by the van Giesson method.
Figure 5 shows that particularly xanthohumol was effec-
tively protecting the cartilage from collagen loss.

3.5 The prenylflavonoids reduce the action of
gelatinases

It is known that chondrocytes produce gelatinases particu-
larly if activated by ILs [21, 22]. The enzymes diffuse out of
the tissue and are found in the culture supernatants [5]. We
analyzed the effect of the prenylflavonoids on gelatinases
released from chondrocytes grown in alginate beads and
incubated in the absence and presence of IL-17 and the
prenylflavonoids. Enzymes in the media were analyzed by
gel zymography. Figure 6 shows three bands with molecular
weights of 86, 66 and 62kDa. The upper band was MMP9,
because it reacted with monoclonal MMP9 antibodies [5].
The lower two bands comigrated with an authentic sample
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Table 1. Inhibition of PDE5 and hyaluronan export from bovine chondrocytes by MRP5

Compound Structure Inhibition Inhibition of Natural source Reference
of hyaluronan PDE5 ICso (uM)
export I1Csq (uM)
Genistein HO. O O 44 739 Soybeans [43]
|
(YL
Phloretin OH 130 No inhibition Apples [44]
HO l OH O
OH O
Quercetin OH 12 >100 Many plants [43]

Isoxanthohumol 15 >50 Hops
Xanthohumol 8 >50 Hops
8-Prenylnaringenin 15 >50 Hops
Icariin 25 59 Horny goat weed [11]

Bovine chondrocytes were incubated in alginate beads and hyaluronan export and the PDE5 activity was determined as described in
Section 2.
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Figure 1. Inhibition of hyaluronan export from bovine chon-
drocytes and explants of bovine cartilage. Bovine chondrocytes
in alginate beads (A) were incubated in the absence and
presence of IL-17 and increasing concentrations of xanthohumol
(open bars), isoxanthohumol (left hatched bars), icariin (right
hatched bars) and 8-prenylnaringenin (vertical hatched bars) for
6 days and the hyaluronan concentrations were determined in
the supernatant. The concentrations were related to 100% of the
control. Bovine cartilage explants (B) were similarly incubated,
weighed and hyaluronan concentrations were determined. The
concentrations were related to 100% of the control. The error
bars indicate the SD of four determinations.

of pro-MMP2 and MMP2 gelatinases. IL-17 enhanced the
release of the gelatinase, and particularly xanthohumol and
8-prenylnaringenin inhibited the MMP release.

4 Discussion

There is an urgent need for specific inhibitors of hyaluronan
production to interfere with several pathological disturbances.
Most inhibitors known so far were unspecific, because they
are analogs of cGMP and developed as PDE5 inhibitors.
The prenylflavonoids xanthohumol, isoxanthohumol and
8-prenylnaringenin did not inhibit PDES, but hyaluronan
export by MRP5 from fibroblasts and chondrocytes with ICsq
values between 8 and 15 pM. They inhibited the export of the
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Figure 2. Fluorescein export by MRP5. Fluorescein is an MRP5
substrate and a useful marker of export activity. MRP5 over-
expressing HEK cells were incubated with non-fluorescent
fluorescein diacetate, which is intracellularly cleaved to the
MRP5 substrate fluorescein in the absence (M) or presence of
icariin (x), xanthohumol (<), isoxanthohumol () or 8-prenyl-
naringenin (A). The SD of three determinations was below 2%.
p-values calculated for control versus the treated cultures by
ANOVA on the areas-under-the-curve for the last 5 values were
below 0.0001 and post-hoc t-tests showed that the differences
were significant.
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Figure 3. Effect of prenylflavonoids on the hyaluronan synthase.
A membrane fraction was isolated from chondrocytes and
incubated with radioactive substrates UDP-['*C]GIcA and UDP-
GlcNac for hyaluronan synthesis and increasing concentrations
of icariin (<), xanthohumol (M), isoxanthohumol (A) or
8-prenylnaringenin (). After 4h the mixtures were applied to
paper chromatography and the radioactivity of ['“Clhyaluronan
at the origin was determined.

MRPS5 substrate fluorescein from MRPS5 overexpressing HEK
cells, but not from MRP4 overexpressing HEK cells, whereas
icariin inhibited PDES, activated fluorescein export by MRP5
and inhibited hyaluronan export from fibroblasts and chon-
drocytes. Icariin differs from xanthohumol, isoxanthohumol
and 8-prenylnaringenin by the presence of two sugar moieties
(glucose and rhamnose) and an additional double bond. This
structural difference may explain the altered action profile.
Theoretically, the prenylflavonoids could have shown the
same effect, if they altered the activity or expression of the
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Figure 4. Inhibition of proteoglycan loss. Bovine cartilage
explants were weighed and incubated in media (control) or in
media containing an osteoarthritis inducing mixture of IL-17 in
the presence of increasing concentrations of the prenyl-
flavonoids. The proteoglycan concentrations were determined
after 3 days in the guanidinium hydrochloride solubilized
explants (A) and in the culture media (B). The concentrations
were related to 100% of the control. The error bars indicate the
SD of four determinations.

hyaluronan synthase or the expression of MRP5. However,
these possibilities were unlikely, because the hyaluronan
synthase activity, as measured by incorporation of radio-
active glucuronic acid in membrane preparation, was not
effected, and because of the immediate effect on the fluor-
escein efflux test, as inhibition of MRP5 expression should
take a longer period.

The paradoxical phenomenon that icariin inhibited
hyaluronan export from chondrocytes and fibroblasts, but
activated fluorescein export from MRP5 overexpressing
HEK cells, could be caused by the different experimental
setup. Fluorescein export was measured immediately after
addition of the prenylflavonoids and icariin activated the
MRP5 export, whereas hyaluronan export could only be
measured after a certain amount of hyaluronan had accu-
mulated in the media. Thus, icariin had the opportunity to
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Figure 5. Inhibition of collagen degradation. Cartilage explants
were incubated with and without a mixture of IL-1a, IL-1B and
IL-17 for 14 days in the presence of 12.5 or 50 uM 8-prenylnar-
ingenin, xanthohumol, isoxanthohumol or icariin. Collagen was
visualized by the van Giesson stain. The staining intensity was
quantified using the Scion image software and the results were
calculated as percentage of protection from the IL-treated image.

inhibit PDES and raising the cGMP concentration which
then inhibited hyaluronan export. In contrast, xanthohumol,
isoxanthohumol and 8-prenylnaringenin appeared to inhibit
MRPS5 export directly.

Their efficacy was tested on osteoarthritic reactions. In
osteoarthritis, hyaluronan overproduction is an early cellular
reaction and precedes protease activation that leads to
collagen degradation and cartilage destruction [21, 23, 24].
In previous publications we showed that hyaluronan over-
production led to increased diffusion of proteolytic enzymes
through the lacunae of the cartilage matrix, which in turn
caused the loss of proteoglycans and degradation of collagen
from osteoarthritic cartilage [5, 6]. Our results showed that
the prenylflavonoids from hops reduced hyaluronan export,
protected cartilage from proteoglycan loss and inhibited the
release of metalloproteases into the medium and collagen
degradation at micromolar concentrations. In contrast,
icariin inhibited only hyaluronan export from isolated
fibroblasts and chondrocytes, but not proteoglycan loss or
collagen degradation.

The prenylflavonoids from hops and in particular
xanthohumol have been intensively studied and beneficial
effects were found for many diseases including chronic
allergic contact dermatitis [25], hepatoma carcinoma prolif-
eration [26], hepatic inflammation and fibrosis [27] and
chronic lymhocytic leukemia [28]. They are anti-inflamma-
tory [29], antimutagenic [30], anti-invasive [31] and anti-
genotoxic [32]. Although xanthohumol has been shown to
modulate other cellular targets such as TNF-a release [33],
suppression of NF-kappaB regulated gene products [34],
inhibition of topoisomerase [35] and alkaline phosphatase
[36] it is also possible that some of these cellular and
physiological effects are mediated by the inhibition of
hyaluronan export.

www.mnf-journal.com



492 D. Stracke et al.

Interleukin Interleukin
o + 5 +
£ Icariin £  Xanthohumol
8 0 125 50 ] 0 125 50
oM HM

pPMMP-9
MMP-9

pMMP-2
MMP-2

Interleukin Interleukin
o + 5 +
£  8-Prenylnaringenin £  Isoxanthohumol
8 0 125 50 S 0 125 50
HM M

pMMP-9
MMP-9

pMMP-2
MMP-2

Figure 6. Inhibition of gelatinase liberation. Chondrocytes in
alginate beads were incubated in the absence or presence of
25ng/mL IL-17 and the prenylflavonoids xanthohumol, isoxan-
thohumol, 8-prenylnaringenin and icariin at concentrations of
12.5 and 50uM for 3 days at 37°C. The activity of gelatin
degrading enzymes released into the culture supernatant was
determined by zymography.

The efficacy of xanthohumol on the inhibition of
hyaluronan export by MRP5 may also extend to other
diseases with hyaluronan overproduction such as meta-
stasis, edema formation or inflammation. We showed
previously that other unspecific MRP5 inhibitors reduced
migration and invasion of metastatic melanoma cells [9]. On
the other hand, the well-known beneficial action of
xanthohumol on the diseases mentioned above could be
mediated by reducing hyaluronan production.

It is interesting to note that xanthohumol can be
converted to isoxanthohumol by the acidic pH of the
stomach which in turn can be converted to 8-prenylnar-
ingenin by demethylation in the liver [37]. 8-prenylnar-
ingenin is the strongest known phytoestrogen, whereas
xanthohumol is not estrogenic [38, 39]. It has been specu-
lated that the phytoestrogens may have evolved to defend
against animals that feed on the female cones and the seeds
[40]. One possible target could be the inhibition of
oocytes maturation that is highly dependent on hyaluronan
synthesis [41, 42].
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