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Abstract

Background: Curcumin is a small-molecular-weight
compound that is isolated from the commonly used spice
turmeric. In animal models, curcumin and its derivatives
have been shown to inhibit the progression of chemi-
cally induced colon and skin cancers. The genetic
changes in carcinogenesis in these organs involve differ-
ent genes, but curcumin is effective in preventing carci-
nogenesis in both organs. A possible explanation for this
finding is that curcumin may inhibit angiogenesis.
Materials and Methods: Curcumin was tested for its
ability to inhibit the proliferation of primary endothelial
cells in the presence and absence of basic fibroblast
growth factor (bFGF), as well as its ability to inhibit
proliferation of an immortalized endothelial cell line.
Curcumin and its derivatives were subsequently tested
for their ability to inhibit bFGF-induced comeal neovas-

cularization in the mouse cornea. Finally, curcumin was
tested for its ability to inhibit phorbol ester-stimulated
vascular endothelial growth factor (VEGF) mRNA pro-
duction.
Results: Curcumin effectively inhibited endothelial cell
proliferation in a dose-dependent manner. Curcumin
and its derivatives demonstrated significant inhibition of
bFGF-mediated comeal neovascularization in the
mouse. Curcumin had no effect on phorbol ester-stimu-
lated VEGF production.
Conclusions: These results indicate that curcumin has
direct antiangiogenic activity in vitro and in vivo. The
activity of curcumin in inhibiting carcinogenesis in di-
verse organs such as the skin and colon may be mediated
in part through angiogenesis inhibition.

Introduction
Curcumin is a carotenoid pigment found in the
rhizome of Curcuma longa, source of turmeric
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(1,2). Turmeric is a major component of the diet
of the Indian subcontinent. Administration of
curcumin to mice treated with skin and colon
carcinogens has been shown to result in a de-
creased incidence and size of tumors compared
with control mice (3-7). The exact mechanism of
curcumin's chemopreventive activities is not
fully understood. Curcumin has been demon-
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strated to inhibit several signal transduction
pathways, including those involving protein ki-
nase C, the transcription factor NF-kB, phospho-
lipase A2 bioactivity, arachidonic acid metabo-
lism, antioxidant activity, and epidermal growth
factor (EGF) receptor autophosphorylation
(8-12). Precisely how inhibition of these path-
ways relates to curcumin's antitumor effect is
uncertain.

Colon and skin cancers are major public
health problems in Westernized nations. Hered-
itary colon cancers account for up to 20% of
colon carcinoma in the United States. Several
genes have been shown to contribute to colon
carcinogenesis in human disease and transgenic
mice (13-15). These syndromes are usually au-
tosomal dominant, and they include familial ad-
enomatous polyposis and nonpolyposis syn-
dromes. In mice, phospholipase A2 expression
has been demonstrated to be a co-factor in ge-
netically susceptible mice (15). In addition, dele-
tion of the cyclooxygenase 2 gene in colon car-
cinoma-prone Apc mice results in suppression of
intestinal polyposis (16). Loss of p53 and activa-
tion of ras oncogenes appear later in tumor pro-
gression (17,18). Human skin cancers constitute
the most common form of human neoplasia and
are increasing in incidence, primarily as a result
of sun exposure. In contrast to colon carcinoma,
mutations of the p53 gene are felt to arise early in
ultraviolet-induced cutaneous carcinogenesis.
Given that curcumin has protective effects
against both colon and skin cancer, but the genes
involved in tumor progression of skin and colon
cancer differ, we hypothesized that the antitu-
mor effects of curcumin may be due in part to
angiogenesis inhibition.

Here we demonstrate that curcumin inhibits
basic fibroblast growth factor (bFGF)-induced
proliferation of endothelial cells in vitro and an-
giogenesis in vivo. We also tested the effect of
curcumin analogs with known differential che-
mopreventive activities on in vivo angiogenesis.
Our findings indicate that inhibition of angiogen-
esis may underlie in part the antitumor activity
of curcumin in vivo.

Materials and Methods
Endothelial Proliferation Assays

Bovine capillary endothelial cells were isolated
according to the method of Folkman et al. (19)
and were plated at a concentration of 10,000
cells/well in gelatinized 24-well dishes. The pri-

mary endothelial cells were cultured in Dulbec-
co's modified Eagle's medium (DMEM) supple-
mented with 10% bovine serum and grown at
37°C in 10% CO2. Twenty-four hours after plat-
ing, cells were treated with curcumin in the pres-
ence or absence of bFGF. After 72 hr of treat-
ment, cells were counted using a Coulter
counter. Cell counts for each condition were re-
peated in triplicate and in the presence or ab-
sence on 1 ng/ml bFGF. Similarly, MS1 (ATCC
CCRL 2279) endothelial cells, which are a SV40
large T antigen immortalized murine endothelial
cell line (20), were also plated at a concentration
of 10,000 cells/well in nongelatinized 24-well
dishes. MS1 cells do not require endothelial mi-
togens for growth and were cultured in DMEM
supplemented with 5% fetal calf serum (FCS).
Cells were counted after a 72-hr exposure to
curcumin with the same method used for the
bovine capillary endothelial cells.

Evaluation of bFGF-Induced Corneal
Neovascularization by Curcumin and
Curcumin Analogs

Pellets were prepared according to a modification
of the method of Kenyon et al. (21). An aqueous
solution of 80 ng of basic fibroblast growth factor
(Scios Nova, Mountain View, CA) was evapo-
rated to dryness under reduced pressure in the
presence of 10 mg of sucralfate (Bukh Meditec,
Vaerlose, Denmark). Ten microliters of 12% hy-
dron and 10 mg of curcumin or curcumin ana-
logs were then added, and the homogenous mix-
ture was deposited onto a sterile 15 x 15 mm
3-300/50 nylon mesh (Tetko, Lancaster, NY) and
air dried. Once the mixture was dry, the mesh
was manually dissociated to yield 225 pellets.
Each pellet contained 80 ng of bFGF and 44 jig of
curcumin or curcumin analog. In our prior ex-
perience (21), pellets containing Hydron in the
absence of bFGF have not caused neovascular-
ization, so pellets prepared in the absence of
bFGF were not used in this study. The approxi-
mate pore size was 0.4 x 0.4 mm. Both sides of
the mesh were covered with a thin layer of
Hydron.

C57BL6 male mice (5-6 weeks old) were
anesthetized with methoxyflurane prior to im-
plantation of pellets and with 0.5% propara-
caine. A central, intrastromal linear keratotomy
was performed with a surgical blade, and a la-
mellar micropocket was prepared according to
the method of Kenyon et al. (21). The pellet was
advanced to the end of the pocket. Erythromycin
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ointment was placed on the operated eye to pre-
vent infection. Eyes were examined by slit lamp
on days 3-6 after implantation under general
anesthesia. Corneal angiogenesis is assayed
through two measurements. The first measure-
ment, vessel length, is the length of the vessel
from the corneal limbus as it grows toward the
bFGF pellet. Clock hours is a measurement of
neovascularized area of the cornea. The cornea is
viewed as a circle that can be divided as a clock,
with a maximum of 12 hr. Thus, a measurement
of 3 clock hours implies that one-quarter of the
cornea is vascularized. This system of measure-
ment was established by Kenyon et al. (21).

RNAse Protection for VEGF
HaCaT keratinocytes (22) were grown in
(DMEM) (JRH) supplemented with 5% FCS
(Hyclone, Logan, UT) in 25 cm2 flasks. One hour
prior to stimulation with 12-0-tetradecanoyl-
phorbol- 1 3-acetate (TPA), cells were switched to
serumless media supplemented with 10 ,uM cur-
cumin or an equal quantity of ethanol (final
concentration 0.1 %). TPA was added to a final
concentration of 5 ng/ml and incubated for 3 hr
at 370C. Cells were harvested and RNA extracted
with guanidinium thiocyanate/phenol.

A plasmid containing the coding region of
human vascular endothelial growth factor
(VEGF) 121 was obtained from H. Weich (Uni-
versity of Freiburg, Germany), and used to gen-
erate P32-labeled antisense riboprobe as per man-
ufacturers protocols (Ambion, Austin, TX).
RNAse protection assays were performed accord-
ing to the method of Hod (23). Protected frag-
ments were separated on gels of 5 % acrylamide,
8 M urea, 1 X Tris-borate buffer, and quantified
with a phosphorimager (Molecular Dynamics,
Sunnyvale, CA). An 18 S riboprobe was included
in each sample to normalize for variations in
loading and recovery of RNA.

Phase II Enzyme Induction

The ability of curcumin derivatives to induce
phase II activities was measured by assaying qui-
none reductase [NAD (P)H: (quinone-acceptor)
oxidoreductase, EC 1.6.99.2] in murine Hepacl c7
cells. Serial dilutions of curcumin, curcumin de-
rivatives, and tetraphenylcyclopentadienone
(TPCPD) were added, and the concentration of
compound required to double the specific activ-
ity (CD) was calculated according to the method
of Prochaska et al. (24).

Statistics

Significant differences between two groups were
determined using an unpaired, two-tailed Stu-
dent's t test. Results are expressed as the mean +
standard error of the mean.

Results
Inhibitory Effect of Curcumin on Endothelial
Proliferation in the Presence or Absence of bFGF

Endothelial cells are stimulated to proliferate in
the presence of 1 ng/ml bFGF. Curcumin was
added in concentrations ranging from 0.5 to 10
AM to primary endothelial cells. A steep decrease
in cell number was seen at 10 ,M. No evidence
of cytotoxicity was observed, and the number of
cells at the end of treatment was not significantly
less than the number of cells originally plated.
This decrease was observed in both the presence
or absence of bFGF (Fig. 1). In addition, cur-
cumin was able to inhibit the growth of endo-
thelial cells immortalized by SV40 large T anti-
gen, with a similar dose response as seen with
primary endothelial cells.

Curcumin Inhibits bFGF-Induced Neovascularization
in the Mouse Cornea

The ability of curcumin to inhibit bFGF-induced
corneal neovascularization in vivo was studied.
Pellets were prepared containing 80 ng of bFGF
and curcumin, or a control aromatic ketone, tet-
raphenylcyclopentadienone (TPCPD). TPCPD
was added to rule out the possibility that the
inhibition of neovascularization due to curcumin
was not secondary to dilution. There was no
difference in neovascularization in mice contain-
ing bFGF pellets in the presence or absence of
TPCPD (data not shown). Neovascularization
was assessed by slit lamp at 5 days after implan-
tation, and the corneas were photographed. Both
the vessel length and clock hours were signifi-
cantly reduced in the presence of curcumin
(Fig. 2).

Curcumin Analogs Inhibit bFGF-Induced
Neovascularization in the Mouse Cornea

Curcumin analogs were assayed for their ability
to inhibit bFGF-induced corneal neovasculariza-
tion as described above. All analogs showed in-
hibitory activity, with demethoxycurcumin
showing the greatest activity on both clock hours
and vessel length, tetrahydrocurcumin having
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Effect of curcumin on endothelbal
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Fig. 1. Effect of curcumin on the proliferation
of capillary endothelial cells. Cells were grown
in the presence or absence of bFGF and doses of cur-

cumin ranging from 0 to 20 ,uM curcumin. The y-

axis denotes the cell number after 72 hr. (A) Effect
of curcumin on primary capillary endothelial cells
stimulated with 1 ng/ml of bFGF. (B) Effect of cur-

cumin on the proliferation of unstimulated primary
capillary endothelial cells. (C) Effect of curcumin on

immortalized endothelial cells. The error bars repre-

sent standard error of the mean.

the least effect on clock hours, and bisdeme-
thoxycurcumin having the least effect on vessel
length (Fig. 3). All of the curcumin derivates
showed significant inhibition of bFGF-mediated
neovascularization compared with control pel-
lets.

Effect of Curcumin on VEGF Production by
Transformed Keratinocytes

HaCaT cells are derived from spontaneously
transformed human keratinocytes (22). In order
to determine whether curcumin could inhibit
production of angiogenesis factors by relevant
tumor cells as well as directly inhibit endothelial
function; we treated HaCaT cells with tetradeca-
noylphorbol ester (TPA) in the presence or ab-
sence of curcumin and assayed expression of
VEGF mRNA. TPA caused a 2.5-fold increase in
VEGF mRNA, which was not inhibited by cur-
cumin (Fig. 4). Thus the primary antiangiogenic
effect of curcumin is directly on endothelium,
rather than inhibition of production of VEGF, an
important angiogenic factor.

Effect of Curcumin Derivatives on Induction of Phase
II Enzyme Induction
Several plant-derived compounds with antican-
cer and chemopreventative activities also show
the ability to induce phase II detoxifying en-
zymes, including quinone reductase. We wanted
to determine whether the antiangiogenic activi-
ties of curcumin derivatives correlated with the
ability to induce quinone reductase activity. The
CD (concentration to double the specific activity)
value for curcumin was 7.3 ,uM, 9.0 ,uM for
demethoxycurcumin, and 11.0 ,tM for bisde-
methoxycurcumin. These CD values are approx-
imately equal, but they differ significantly from
that of tetrahydrocurcumin. Tetrahydrocur-
cumin, the curcumin derivative with the least
antitumor activity, caused a 1.6-fold induction of
quinone reductase activity at 25 ,uM. However,
TPCPD, which is an unsaturated aromatic ketone
with no anti-angiogenic activity, had a CD value
of 4.8 AM. Thus, antiangiogenic activity does not
correlate with phase II activity.

Discussion
Curcumin is a nontoxic, small-molecular-weight
compound with established chemopreventive
activity in areas of direct contact, such as the skin
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Fig. 2. Effect of curcumin on corneal neovas-

cularization. (A, B) The photograpih oI the left
shows a cornea containiing bFGF and curcumill,
while the corInea on the right contains TPCPD, a

control substance, and an equal quantity (80 ng) of
l)FGF. The arrows point to a corneal feeder vessel,
which is enlarged in the abseince of curcumin and is

and gastroiintestinial tract (3-7). The reasons for
its efficacy as a chemopreventive agent are nlot
fully understood. Curcumin has been shown to

possess several activities that may affect tuniiori-
genesis in vivo. First, curcumin has been showin
to inhibit tumor initiation by the carcinogeins
benzo(a)pyrene and 7,12,-dimethylbenzantlhra-
cene (DMBA), as well as ttimor promotion in-
dtuced by phlurbol esters (6,7,12). Curcumin has

also been shown to inhibit phorbol ester-in-
dtuced ornithinie decarboxylase, a marker of cel-
lular proliferation and ttumorigeniesis, ilt IOitiSe
skiin. In addition, curcumini has an inhibitory
effect on expression of c-fos and c-juu1, oncogeInes
that form the transcriptioin factor AP-1 (8,10).
These pathways also influence tumor cell prolif-
eration in vivo, and curcuminin Imay have a dual
effect on inhibiting both tumor growth in vivo

* lPCPD
0 Curcumin

Effect of curcumin on clock hours

atteniuated in the presenice of curcuLinii. (C) The bar
grapIh shows the eflect of cLIrcLlflhiII and TPCPD on
vessel leIngth. P < 0.05. (D) The bar graph slhows thie
effect of ctircuminii and TPCPD on clock hours, a
measuLre of area. The error bars represenit standard
error of the mean.

throtugh inhibiting ttunmor promotioni, as well as
ilihibitinig angiogeInesis in tumors that have al-
ready undergonie the angiogenic switclh.

Basic fibroblast growth factor (bFGF) is a
potent angiogenic factor. This factor has been
shown to be a potent stimulus for both endothe-
lial proliferation and migration. The activity of
bFGF on endothelial cells may be due in part
though stimilatioin of protein kinase C (25). The
corneal neovascularization assay, which mea-
stures vessel length and density in response to a
bFGF pellet placed in the normally avascular
cornea, has proven tiseful in the characteriza-
tioIn of multiple angiogenesis inhibitors (21).
Admiinistration of cturcumin or its analogs
withini the pellet restulted in potent inhibition
of bFGF-indtuced corneal neovascullarization.
This iinhibitioni was not due to dilution of bFGF,
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Fig. 3. Effect of curcumin analogs on corneal
neovascularization. (A) Effect of curcumin ana-
logs on vessel length. All curcumin derivatives show
a significant difference in vessel length from controls
at p < 0.05. (B) Effect of curcumin analogs on clock
hours. All curcumin derivatives show a significant
difference in area from controls at p < 0.05.

as administration of a structurally related inac-
tive compound, tetraphenylcyclopentadienone
(TPCPD), has no effect on bFGF-induced corneal
neovascularization. Intraperitoneal administra-
tion of curcumin at doses up to 300 mg/kg did
not inhibit corneal neovascularization (data not
shown); this may be due to the well-known
rapid metabolism of curcumin (26,27). Higher
doses of curcumin caused weight loss in mice.

Curcumin had a strong antiproliferative ef-
fect on endothelial cells, with a steep curve, oc-

curring between 5 and 10 ,uM. This was true
both in the presence or absence of bFGF, and this
inhibition could not be overcome by the immor-
talizing ability of SV40 large T antigen.

Food-grade curcumin consists of 77% cur-

cumin, 17% demethoxycurcumin, and 3% bis-
demethoxycurcumin. In a previous study, Huang
et al. found that these three compounds were

able to inhibit phorbol ester-stimulated induc-

0CO
1a

Curcumin

TPA
+ +
_ + +

Fig. 4. Effect of curcumin on VEGF mRNA
production in HaCat cells. The intensity of bands
from VEGF RNAse protection were quantified by
densitometry and normalized for loading by quanti-
fication of 18S RNA. The error bars represent stan-
dard error of the mean.

tion of ornithine decarboxylase and promotion
of mouse skin initiated with 7,12-dimethylbenz-
anthracene (DMBA) (6). These derivatives also
inhibited phorbol ester-mediated transformation
of JB6 cells (8). The saturated derivative tetrahy-
drocurcumin was less active than the unsatur-
ated derivatives in these assays. These curcumin
analogs were placed into corneal pellets and as-
sayed for angiogenesis inhibition. Pure cur-
cumin, demethoxycurcumin, tetrahydrocur-
cumin, and bisdemethoxycurcumin were all
active in inhibiting bFGF-induced corneal neo-
vascularization, but to varying degrees. Cur-
cumin, demethoxycurcumin, and bisde-
methoxycurcumin are much more effective
chemopreventive agents than tetrahydrocur-
cumin in vivo (6), although all of the derivatives
have antiangiogenic activity. This may be due to
other activities of curcumin, such as the ability to
induce phase II detoxifying enzymes, which may
inhibit further tumor promotion. All of the un-
saturated curcumin derivatives have approxi-
mately equal potencies in induction of phase II
enzymes, whereas the fully saturated tetrahy-
drocurcumin has little ability to induce phase II
enzymes.

Angiogenesis inhibitors may be divided into
two classes. The first class, or direct angiogenesis
inhibitors, refer to those agents which are rela-
tively specific for endothelial cells and have little
effect on tumor cells (28). Examples of these
include soluble VEGF receptor antagonists and
angiostatin (29,30). Indirect inhibitors may not
have direct effects on endothelial cells but may
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down-regulate the production of an angiogenesis
stimulator, such as VEGF (20,31). VEGF has
been shown to be up-regulated during chemi-
cally induced skin carcinogenesis; this is likely
due to activation of oncogenes, such as H-ras (20,
32,33). Examples of indirect inhibitors of angio-
genesis include inhibitors of ras-mediated signal
transduction, such as farnesyltransferase inhibi-
tors (33). The antagonism of bFGF-mediated cor-
neal neovascularization by curcumin and its de-
rivatives suggests that curcumin is a direct
angiogenesis inhibitor. The lack of inhibition of
TPA-mediated VEGF production further supports
the role of curcumin as a direct angiogenesis
inhibitor.

Chemopreventive agents are a diverse group
of compounds with multiple activities. These in-
clude inhibition of proliferation, enhancement of
DNA repair, and induction of detoxifying en-
zymes, such as quinone reductase, for the re-
moval of mutagenic xenobiotics (34). Fotsis et al.
have found that the chemopreventive agent
genistein can inhibit the proliferation of endo-
thelial cells in vitro (35). We show that cur-
cumin, another chemopreventive agent, is capa-
ble of inhibiting bFGF-mediated angiogenesis in
vivo. The precise mechanism of how chemopre-
ventive agents actually prevent neoplasia is not
fully understood. Inhibition of angiogenesis may
underlie in part the beneficial activity of chemo-
preventive agents.
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