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On the basis of our previous finding that humulone,
a bitter acid from beer hop extract, was a potent in-
hibitor of bone resorption and inhibited the catalytic
activity of cyclooxygenase-2 (COX-2) and more po-
tently the transcription of the COX-2 gene, we exam-
ined the effect of humulone on angiogenesis, using
chick embryo chorioallantoic membranes (CAMs) and
vascular endothelial and tumor cells. Humulone sig-
nificantly prevented in vivo angiogenesis in CAM in a
dose-dependent manner with an ED;, of 1.5 ug/CAM.
Humulone also inhibited in vitro tube formation of
vascular endothelial cells. Moreover, it suppressed the
proliferation of endothelial cells and the production of
vascular endothelial growth factor (VEGF), an angio-
genic growth factor, in endothelial and tumor cells.
Thus, humulone is a potent angiogenic inhibitor, and
may be a novel powerful tool for the therapy of various
angiogenic diseases involving solid tumor growth and
metastasis. © 2001 Academic Press
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Angiogenesis, the formation of new capillary blood
vessels for supplying oxygen and nutrients, plays a key
role in the development of malignant tumors (1). The
inhibition of angiogenesis prevents tumor growth and
metastasis (2, 3). Recently, prostagrandin-forming cy-
clooxygenases (COXes) were postulated to be involved
in tumor growth, metastasis, and angiogenesis. It is
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well known that two COX isozymes (COX-1 and -2) are
involved in PG synthesis. COX-2 is an inducible en-
zyme with various pathological roles (4). It was re-
ported that the microvessel density within tumors
grown in animals correlated with the intensity of
COX-2 expression as was observed in different types of
human cancers and the COX-2 inhibitor exhibited po-
tent antiangiogenic activity (5). On the other hand,
COX-1 as well as COX-2 was reported to play an im-
portant role in vascular endothelial cells during the
modulation of angiogenesis (6).

In the screening test for the inhibitor of bone resorp-
tion, we found humulone (Fig. 1) that was isolated from
beer hop (Humulus lupulus L.) extract, to be a strong
inhibitor of bone resorption. The value of IC5 (50%
inhibition of bone resorption) was 5.9 nM in the pit
formation assay (7). In order to study the mechanism of
action of humulone, we noted the similarity in struc-
tures between humulone and prostaglandin (PG) mol-
ecules. The two molecules have a 5- or 6-membered
ring structure, unsaturated side chains, and carbonyl
and hydroxyl groups. PGE, is a well known bone
resorbing-compound and produced in murine osteo-
blastic cells (8). Therefore, we studied the interaction
between humulone and PG biosynthesis. Previously, it
was reported that tumor necrosis factor (TNF) « in-
duced the expression of the COX-2 enzyme markedly in
the murine osteoblastic cell line, MC3T3-E1, releasing
PGE, into the culture medium (9). Recently, we found
that humulone potently blocked the transcription of
COX-2 gene of MC3T3-El cells but inhibited the cata-
lytic activities of cyclooxygenase-1 and -2 much less
potently (10).

In view of the involvement of COX-2 in angiogenesis,
we investigated the possible effect of humulone on an-
giogenesis, using chick embryo chorioallantoic mem-
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FIG. 1. Structure of humulone.

branes (CAMs), vascular endothelial cells and tumor
cells.

MATERIALS AND METHODS

Reagents and cells. Humulone was isolated and purified from hop
paste as described previously (7). NS-398 was obtained from Biomol
Research Lab., Inc. The ELISA kit for mouse VEGF was purchased
from R&D Systems (Minneapolis, MN). The fertilized eggs were
obtained from Omiya Kakin (Omiya, Japan). Murine endothelial
(KOP2.16) cells were a kind gift from Dr. N. Toyama-Sorimachi
(Rinshoken) and maintained in PRMI 1640 containing 20% fetal calf
serum (FCS), 2-mercaptoethanol, MEM nonessential amino acids,
and MEM sodium pyruvate. Rat lung endothelial (RLE) cells were a
gift from Dr. T. Aoyagi (Showa Pharmaceutical University) and
maintained in MEM containing 10% FCS. Mouse colon carcinoma
(Co26) cells were a gift from Dr. M. ligo (National Cancer Center
Research Institute) and maintained in RPMI 1640 medium supple-
mented with 10% FCS.

Chick embryo chorioallantoic membrane assay. In vivo angio-
genic activity was assayed using CAMs as described previously (11).
Humulone was mixed in 1% methyl cellulose/0.9% NaCl. On day 4 of
the fertilized chick embryo in a shell, 10 ul of humulone preparation
was applied to the silicon ring that was placed on the surface of the
CAM. After 48-h exposure at 37°C, the fat emulsion was injected into
CAM to visualize the blood vessels. Angiogenic inhibition was indi-
cated by the formation of an avascular zone around the ring of 3 mm
diameter. The results were expressed as the percentage of embryos
showing inhibition.

Tube formation assay of endothelial cells. RLE cells (5 X 10*
cells/ml) were suspended with humulone in serum-free MEM me-
dium at room temperature for 30 min. Separately, the wells of
24-well tissue culture plates were coated with 150 ul/well of Matrigel
and 150 pl/well of MEM, which were incubated at 37°C for 24 h for
solidification. The cell suspension was then plated onto the surface of
the Matrigel and incubated at 37°C. After 8- and 16-h incubation,
respectively, the cells were photographed and analyzed for the extent
of tube formation.

Proliferation assay of endothelial cells. KOP2.16 cells (3 x 10*
cells per well) were seeded onto 24-well tissue culture plates and
incubated for 24 h. After the samples were dissolved in DMSO, the
medium in each well was replaced with fresh medium containing 1%
FCS, and the samples in triplicate were added to each well. After 30
min of incubation, bFGF was added to a final concentration of 10
ng/ml. The cells were cultured for 48 h, trypsinized, and counted with
a Coulter counter.

Analysis of VEGF production. The expression of VEGF in
KOP2.16 cells and Co026 cells was evaluated using ELISA. KOP2.16
cells or Co26 cells (3 x 10° cells per well) were cultured in 24-well
tissue culture plates with medium containing 10% FCS. After 24-h
incubation, the medium was changed to serum-free one containing
10 ng/ml of bFGF for KOP2.16 cells or to a serum-free one for Co26
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cells, and the samples in triplicate were added to each well. The 24-h
cultured medium was collected for ELISA.

RESULTS

Inhibition of angiogenesis in chick embryo CAM.
The in vivo antiangiogenic activity of humulone was
tested with CAM in Fig. 2. Humulone strongly inhib-
ited angiogenesis, clearly producing an avascular zone
in CAM (Fig. 2B). In contrast, no avascular zones were
observed in any of the control embryos treated with
0.9% NaCl alone (Fig. 2A). Figure 2C shows the dose-
dependent inhibition of in vivo angiogenesis in CAM by
humulone and a specific COX-2 inhibitor, NS-398. Hu-
mulone at concentrations of 0.1-100 ug/CAM substan-
tially inhibited new blood vessel growth of chick em-
bryos. The EDs, of humulone was 1.5 ug/CAM. NS-398
inhibited the angiogenesis in CAM in a dose-dependent
manner with an EDs, of 65 ug/CAM. The antiangio-
genic activity of humulone was 40 times more potent
than that of NS-398 in CAM assay.
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FIG. 2. Inhibitory effect of humulone on in vivo angiogenesis in
CAM. No (A) or 10 pg/ml (B) humulone was added to the CAM
surfaces of 4-day-old fertilized eggs, and then the eggs were incu-
bated for 46—48 h as described under Materials and Methods. Hu-
mulone produced an avascular zone (surrounded by arrows), indicat-
ing its antiangiogenic activity. (C) Dose-dependent inhibition of in
vivo angiogenesis in CAM by humulone and NS-398. The antiangio-
genic activity was assessed as described under Materials and Meth-
ods. Values are the means of five experiments. Humulone potently
inhibited angiogenesis in CAM in a dose-dependent manner.
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FIG. 3. Effect of humulone on in vitro vascular endothelial cell tube formation. (A) Serum-starved RLE cells were plated on Matrigel and
incubated for 6 h. Cells migrated and started to form capillary-like structures, reflecting in vitro angiogenesis. (B—D) After 6 h of incubation
on Matrigel, serum-starved RLE cells failed to migrate and form capillary-like structures in the presence of 30 uM (B), 10 uM (C), or 3 uM
(D). (E) Serum-starved RLE cells were plated on Matrigel and incubated for 16 h. All cells formed capillary-like structures. (F—H)
Serum-starved RLE cells were plated on Matrigel and incubated for 16 h in the presence of humulone. 30 uM (F), 10 uM (G), and 3 uM (H)
of humulone inhibited the ability of RLE cells to form capillary-like structures.

Inhibition of vascular endothelial cell tube formation
by humulone. Tube formation by vascular endothelial
cells was investigated in the presence of humulone.
RLE cells were preincubated with humulone (0-30
M) and put on Matrigel. Figure 3 shows the inhibition
of tube formation of RLE cells by humulone. After 6 h
of incubation on Matrigel, nontreated RLE cells mi-
grated and then started to form capillary-like struc-
tures (Fig. 3A). In contrast, all RLE cells treated with
humulone exhibited delayed migration and tube for-
mation (Figs. 3B—3D). After 16 h of incubation, the
tube formation of nontreated RLE cells was completed
(Fig. 3E). However, the tube formation was signifi-
cantly inhibited by humulone, at concentrations of 3 to
30 uM (Figs. 3F-3H).

Inhibition of endothelial cell proliferation by humu-
lone. The effect of humulone on the proliferation of
endothelial cells was investigated using KOP2.16 cells
stimulated by 10 ng/ml bFGF (Fig. 4). Humulone at 10
uM inhibited endothelial cell proliferation by 80%. Hu-
mulone had a strong inhibitory effect on the growth of
endothelial cells. In contrast, NS-398 showed a moder-
ate inhibitory effect on cell growth in the concentration
range of 3 to 100 uM.

Suppression of VEGF expression in tumor cells and
endothelial cells. Tumor cells are known to produce a
variety of factors, such as VEGF, bFGF, and PDGF-B
which contribute to angiogenesis. To evaluate if humu-
lone suppresses the production of VEGF by KOP2.16
endothelial cells or Co26 colon cancer cells which con-
stitutively express COX-2 protein (12) we measured
VEGEF in the culture medium of these cells that were
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FIG. 4. Effect of humulone on proliferation of endothelial cells.
Kop2.16 cells were treated for 48 h with humulone or NS-398 at
various concentrations indicated. Data are means = SD from five
separate wells. Humulone potently inhibited the proliferation of
endothelial cells.
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FIG.5. Effect of humulone on production of VEGF by endothelial
cells and tumor cells. Kop2.16 cells (A) and Co026 cells (B) were
treated for 24 h with humulone at various concentrations indicated.
VEGF in conditioned medium was assayed by ELISA. Humulone
suppressed the production of VEGF by endothelial cells and tumor
cells.

treated or not treated with humulone (Fig. 5). Humu-
lone at 100 uM substantially inhibited the production
of VEGF by KOP2.16 cells (Fig. 5A) and Co026 cells (Fig.
5B). The inhibition was more significant in tumor cells
than in endothelial cells at 10-100 uM of humulone.

DISCUSSION

In this study, humulone was demonstrated to be a
novel angiogenesis inhibitor that was sufficiently po-
tent to suppress angiogenesis in vivo (Fig. 2). In vitro,
this compound inhibited vascular endothelial cell tube
formation (Fig. 3), endothelial cell proliferation (Fig.
4), and VEGF production in endothelial cells and tu-
mor cells (Fig. 5).

Previously, we reported that humulone inhibited
COX-2 enzyme activity more potently than COX-1 en-
zyme activity, with 1Cs, values of 1.6 and 45 uM, re-
spectively. Furthermore, humulone suppressed TNFa-
induced COX-2 gene transcription with an ICg, of as
low as approximately 30 nM. Its signal transduction
may not involve a glucocorticoid receptor but may be
mediated by NF«B and NF-IL6. Thus, humulone in-
hibited COX enzyme activity and more potently the
transcription of the COX-2 gene (10).

Nonsteroidal antiinflammatory drugs (NSAIDs) as
COX inhibitors are known to prevent gastrointestinal
tumor and polyp, and reduce mortality from cancers of
the stomach (13) and the colon (14). One of the mech-
anisms of the anticancer activity by COX is the sup-
pression of angiogenesis. Many reports have described
the direct relationship between COX and angiogenesis,
and the suppression of angiogenesis by COX inhibitor
has been demonstrated (15-19). However, the question
as to which of the two isozymes contributes to angio-
genesis, remains to be answered.

Recently, the role of COX in tumor-induced angio-
genesis was estimated, using an endothelial cell/colon
carcinoma coculture model system incubated with NS-
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398 and aspirin, and it was demonstrated that both
COX isozymes regulated colon-carcinoma-induced an-
giogenesis caused by two mechanisms: COX-2 could
modulate the production of angiogenic factors by colon
cancer cells, while COX-1 regulated angiogenesis in
endothelial cells (6). A study to evaluate the role of
COX, using a nonselective inhibitor and a selective
COX-2 inhibitor, demonstrated that both COX iso-
zymes were important for the regulation of angiogen-
esis (20). However, COX-2 was clearly detected not
only in most of colon, lung, breast, and prostate tumors
in humans, but also in the angiogenic vasculature in
their tumors. It was also reported that cornea blood
vessel formation was suppressed by a selective COX-2
inhibitor but not by a COX-1 inhibitor in a rat model of
angiogenesis, suggesting that COX-2 plays a critical
role in tumor angiogenesis (5). In our study, humulone
inhibited angiogenesis in both in vivo and in vitro
assays more potently than the specific COX-2 inhibitor,
NS-398. The ICg, of NS-398 against COX-2 catalytic
activity was reported to be 3.8 uM (21). This value is
almost the same as the ICg of humulone against
COX-2 catalytic activity. On the other hand, humulone
exhibited the potent inhibition of the transcription of
COX-2 gene with an ICg, of 30 nM (10). Therefore, the
potent antiangiogenic activity of humulone may de-
pend on the inhibition of COX-2 on catalytic activity
and gene transcription. Furthermore, humulone, was
reported to have radical scavenging activity and lipid
peroxidation inhibitory activity (22) which induce an-
giogenic inhibition (23, 24). The antiangiogenesis of
humulone may also involve these biological activities.
In view of the importance of COX-2 in angiogenesis,
humulone may be useful as an angiogenic inhibitor,
because it can significantly inhibit both enzyme activ-
ity and the transcription of the COX-2 gene.

However, compounds that suppress pathological an-
giogenesis are almost certain to suppress the physio-
logical angiogenesis required for wound and ulcer heal-
ing. NSAIDs produce gastroduodenal ulcers in about
25% of users and delay ulcer healing, presumably by
blocking PG synthesis by COX-1 and -2. These harmful
side effects by NASIDs on the gastric mucosa were
presumed to result from the inhibition of gastric
COX-1. Thus, a selective COX-2 inhibitor was expected
to serve as an effective anti-inflammatory and analge-
sic agents with less harmful side effects (25). However,
it was reported that both indomethacin and a selective
COX-2 inhibitor delayed healing of experimental gas-
tric ulcers because of their inhibition of angiogenesis,
and that COX-2 as well as COX-1 were required for
unimpeded healing of the gastric mucosa as well as for
gastric mucosal defense (20). Therefore, this finding
indicates the advantage of humulone as an antiangio-
genic and anti-inflammatory agent, since humulone
has the ability to block COX-1 activity to a lesser
extent.
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In conclusion, humulone, a bitter acid from hops,

potently inhibits in vivo and in vitro angiogenesis pre-
sumably through the regulation of COX, and may be
applied clinically as an antiangiogenic agent in the
treatment of cancer, rheumatoid arthritis, and diabetic
retinopathy.

REFERENCES

10.

11.

12.

. Folkman, J. (1995) Angiogenesis in cancer, vascular, rheuma-

toid, and other disease. Nat. Med. 1, 27-31.

. Kim, K. J., Li, B., Winer, J., Armanini, M., Gillett, N., Phillips,

H. S., and Ferrara, N. (1993) Inhibition of vascular endothelial
growth factor-induced angiogenesis suppresses tumour growth
in vivo. Nature 362, 841-844.

. Boehm, T., Folkman, J., Browder, T., and O'Reilly, M. S. (1997)

Antiangiogenic therapy of experimental cancer does not induce
acquired drug resistance. Nature 390, 404—-407.

. Herschman, H. R. (1996) Prostaglandin synthase 2. Biochim.

Biophys. Acta. 1299, 125-140.

. Masferrer, J. L., Leahy, K. M., Koki, A. T., Zweifel, B. S., Settle,

S. L., Woerner, B. M., Edwards, D. A., Flickinger, A. G., Moore,
R. J., and Seibert, K. (2000) Antiangiogenic and antitumor ac-
tivities of cyclooxygenase-2 inhibitors. Cancer Res. 60, 1306—
1311.

. Tsujii, M., Kawano, S., Tsuji, S., Sawaoka, H., Hori, M., and

DuBois, R. N. (1998) Cyclooxygenase regulates angiogenesis in-
duced by colon cancer cells. Cell 93, 705-716.

. Tobe, H., Muraki, Y., Kitamura, K., Komiyama, O., Sato, Y.,

Sugioka, T., Maruyama, H. B., Matsuda, E., and Nagai, M.
(1997) Bone resorption inhibitors from hop extract. Biosci. Bio-
technol. Biochem. 61, 158-159.

. Yokota, K., Kusaka, M., Ohshima, T., Yamamoto, S., Kurihara,

N., Yoshino, T., and Kumegawa, M. (1986) Stimulation of pros-
taglandin E2 synthesis in cloned osteoblastic cells of mouse
(MC3T3-E1) by epidermal growth factor. J. Biol. Chem. 261,
15410-15415.

. Yamamoto, K., Arakawa, T., Ueda, N., and Yamamoto, S. (1995)

Transcriptional roles of nuclear factor kappa B and nuclear
factor-interleukin-6 in the tumor necrosis factor alpha-
dependent induction of cyclooxygenase-2 in MC3T3-E1 cells.
J. Biol. Chem. 270, 31315-31320.

Yamamoto, K., Wang, J., Yamamoto, S., and Tobe, H. (2000)
Suppression of cyclooxygenase-2 gene transcription by humulon
of beer hop extract studied with reference to glucocorticoid. Febs.
Lett. 465, 103-106.

Shimamura, M., Ashino, H., Oikawa, T., lwaguchi, T., Naga-
sawa, H., Hori, H., and Inayama, S. (1994) Novel-type hypoxic
cell radiosensitizer inhibits angiogenesis. Recent Advances In
Chemotherapy, pp. 912-913, Amer. Soc. Microbiol.

Tomozawa, S., Nagawa, H., Tsuno, N., Hatano, K., Osada, T.,
Kitayama, J., Sunami, E., Nita, M. E., Ishihara, S., Yano, H.,

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

224

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Tsuruo, T., Shibata, Y., and Muto, T. (1999) Inhibition of
haematogenous metastasis of colon cancer in mice by a selective
COX-2 inhibitor, JTE-522. Br. J. Cancer 81, 1274-1279.

Thun, M. J., Namboodiri, M. M., Calle, E. E., Flanders, W. D.,
and Heath, C. W. (1993) Aspirin use and risk of fatal cancer.
Cancer Res. 53, 1322-1327.

Thun, M. J., Namboodiri, M. M., and Heath, C. W. (1991) Aspirin
use and reduced risk of fatal colon cancer. N. Engl. J. Med. 325,
1593-1596.

Yamada, M., Kawai, M., Kawai, Y., and Mashima, Y. (1999) The
effect of selective cyclooxygenase-2 inhibitor on corneal angio-
genesis in the rat. Curr. Eye Res. 19, 300-304.

Nishimura, G., Yanoma, S., Mizuno, H., Kawakami, K., and
Tsukuda, M. (1999) A selective cyclooxygenase-2 inhibitor sup-
presses tumor growth in nude mouse xenografted with human
head and neck squamous carcinoma cells. Jpn. J. Cancer Res. 90,
1152-1162.

Liu, X. H., Kirschenbaum, A., Yao, S., Lee, R., Holland, J. F., and
Levine, A. C. (2000) Inhibition of cyclooxygenase-2 suppresses
angiogenesis and the growth of prostate cancer in vivo. J. Urol.
164, 820—-825.

Tsuji, S., Tsujii, M., Kawano, S., and Hori, M. (2001)
Cyclooxygenase-2 upregulation as a perigenetic change in carci-
nogenesis. J. Exp. Clin. Cancer Res. 20, 117-129.

Hernandez, G. L., Volpert, O. V., Iniguez, M. A., Lorenzo, E.,
Martinez-Martinez, S., Grau, R., Fresno, M., and Redondo, J. M.
(2001) Selective inhibition of vascular endothelial growth factor-
mediated angiogenesis by cyclosporin A: Roles of the nuclear
factor of activated T cells and cyclooxygenase 2. J. Exp. Med.
193, 607-620.

Jones, M. K., Wang, H., Peskar, B. M., Levin, E., Itani, R. M.,
Sarfeh, I. J., and Tarnawski, A. S. (1999) Inhibition of angiogen-
esis by nonsteroidal anti-inflammatory drugs: Insight into mech-
anisms and implications for cancer growth and ulcer healing.
Nat. Med. 5, 1418-1423.

Futaki, N., Takahashi, S., Yokoyama, M., Arai, I., Higuchi, S.,
and Otomo, S. (1994) NS-398, a new anti-inflammatory agent,
selectively inhibits prostaglandin G/H synthase/cyclooxygenase
(COX-2) activity in vitro. Prostaglandins 47, 55-59.

Tagashira, M., Watanabe, M., and Uemitsu, N. (1995) Antioxi-
dative activity of hop bitter acids and their analogues. Biosci.
Biotechnol. Biochem. 59, 740-742.

Monte, M., Davel, L. E., and de Lustig, E. S. (1994) Inhibition of
lymphocyte-induced angiogenesis by free radical scavengers.
Free Radic. Biol. Med. 17, 259-266.

Shklar, G., and Schwartz, J. L. (1996) Vitamin E inhibits exper-
imental carcinogenesis and tumour angiogenesis. Eur. J. Cancer
B. Oral Oncol. 32B, 114-119.

Sheng, H., Shao, J., Kirkland, S. C., Isakson, P., Coffey, R. J.,
Morrow, J., Beauchamp, R. D., and DuBois, R. N. (1997) Inhibi-
tion of human colon cancer cell growth by selective inhibition of
cyclooxygenase-2. J. Clin. Invest. 99, 2254 -2259.



	FIG. 1
	MATERIALS AND METHODS
	RESULTS
	FIG. 2
	FIG. 3
	FIG. 4
	FIG. 5

	DISCUSSION
	REFERENCES

