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Abstract. The antitumor activity of extracts of Centaurea
ainetensis (C. ainetensis), a plant endemic to Lebanon, was
investigated in human colon carcinoma cells. At concentrations
that were non-cytotoxic to normal human intestinal epithelial
cells, the crude extract inhibited the proliferation of a host of
colon-derived cancer cells. The crude extract effect was then
investigated in HCT-116 (p53**) cells, most sensitive to
treatment and was found to cause apoptosis, increase the
Bax/Bcl-2 ratio, pS3 and p21 protein levels and reduce cyclin
B, proteins. In vivo, the crude extract injected intraperitoneally
before the subcutaneous injection of the carcinogen 1,2-
dimethylhydrazine, drastically reduced the number of tumors
and decreased the mean size of aberrant crypt foci. Further
bioassay-guided fractionation of the crude extract resulted in
the identification of the bioactive molecule Salograviolide A,
a Sesquiterpene Lactone, to which the growth inhibition in
colon cancer was linked. Salograviolide A, at non-cytotoxic
concentrations to normal human intestinal cells, reduced the
growth of colon cancer cell lines. Salograviolide A induced
growth inhibition and resulted in an increased preG, phase
and presumably apoptosis induction which was further
confirmed by TUNEL. These data support the testing of the C.
ainetensis extract and its bioactive molecule, Salograviolide
A, in colon cancer treatment.

Introduction

The current therapy is unsatisfactory and necessitates the
exploration of other avenues for the prevention and treatment
of cancer. Colon cancer is the fourth leading cancer in
developed countries. Herbal therapies, in particular, plant-
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based products, have been recognized as preventive with
regard to the development of colon cancer (1,2). However, little
understanding exists about the active components responsible
for this biological effect and about their cellular and molecular
mechanism(s) of action. Lebanon, which is part of the
Mediterranean coast and has varied microclimates, has a
wide diversity of plant species distributed along its relatively
small geographical area. More than a hundred plant species
in Lebanon are reported to have medicinal properties (3).
Some of these plants used by people as folk medicines for
hundreds of years (4), are still commonly used.

The genus Centaurea (Asteraceae), extensively used in folk
medicine for hundred of years (5), includes 500 species
distributed around the Mediterranean area and West Asia (6).
The genus Centaurea is rich in secondary metabolites that have
antioxidant, antimicrobial, anti-tumor and anti-inflammatory
properties (5,7-11). Various types of Sesquiterpene Lactones
were isolated from the Centaurea species and found to exhibit
a broad spectrum of biological activities including cytotoxic
and antitumor (12-14). For instance, Sesquiterpene Lactones
isolated from C. zuccariniana, C. Achaia, C. thessala and C.
deusta showed considerable growth inhibitory activities against
breast cancer MCF-7 and lung cancer H460 cell lines (11).
The structure-activity relationship of several Sesquiterpene
Lactones has been attributed to the presence of a- and B-
unsaturated carbonyl groups (12,13).

To our knowledge, the anticancer properties of the C.
ainetensis extract, its subfractions and isolated components
have not been investigated. Therefore, the present study
involved the evaluation of the anticancer activity and mecha-
nism of action of the C. ainetensis extracts using human colon
cancer cells and the 1,2-dimethylhydrazine (DMH) mouse
model of colon cancer. In addition, the anti-proliferative
activity of fractions and isolated guaianolide, Salograviolide A,
obtained through bioassay-guided fractionation were tested
against human colon cancer cells. These studies highlight the
potential therapeutic mode of C. ainetensis extracts and
Salograviolide A in colon cancer.

Materials and methods

Cell culture, the collection of the plant material, extraction,
fractionation, isolation and molecular identification
procedures. In brief, the aerial parts of the plant material of
C. aninetensis were collected and identified and a voucher
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specimen was deposited in the George Post Herbarium at the
American University of Beirut (AUB). The plant was
extracted using methanol, the extract was fractionated using
column chromatography and the active compound was isolated
and purified using solide phase extraction followed by several
spectroscopic measurements.

FHs74Int normal human intestinal epithelial cells and
HCT-116 human colon cancer cells were kindly provided by
Dr R. Schneider-Stock (Otto-von-Guericke University of
Magdeburg, Germany). The colon cancer cell lines, HCT-116
and HT-29 were grown in RPMI-1640 + HEPES. FHs74Int
cells were grown in Hybricare medium, supplemented with
30 ng/l epidermal growth factor (EGF) (ATCC, Manassas,
Virginia, USA). All cells were maintained at 37°C in a
humidified atmosphere of 5% CO,, 95% air, supplemented
with 1% penicillin-streptomycin (100 U/ml) and 10% fetal
bovine serum (Invitrogen, Carlsbad, CA, USA). In all
experiments, cells were plated at 103 cells/ml. One day after
seeding, the medium was changed and the cells, at a 40-50%
confluency, were treated with different concentrations of the
plant extracts.

Cell proliferation and viability assays. Cells were plated in
96-well plates. At 24 h of treatment with the extracts,
proliferation and toxicity were determined using the Cell
Titer 96 non-radioactive cell proliferation kit and the
CytoTox 96 non-radioactive cytotoxicity Kkit, respectively
(Promega Corporation, Madison, WI, USA). The proliferation
assay is an MTT-based method, which measures the ability
of metabolically-active cells to convert tetrazolium salt into a
blue formazan product and its absorbance is recorded at
570 nm. The CytoTox 96 assay quantitatively measures the
lactate dehydrogenase (LDH), a stable cytosolic enzyme that is
released upon cell lysis. Released LDH in culture supernatants
is measured with a coupled enzymatic assay which results in
the conversion of a tetrazolium salt into a red formazan
product, the absorbance of which is recorded at 490 nm.

Flow cytometry analysis. The distribution of cells in the
different phases of the cell cycle was evaluated by flow
cytometry. Cells were plated in 60-mm tissue culture dishes.
One day after treatment with the extracts, the cells were
trypsinized, washed once with PBS and fixed with 70%
ethanol for at least 2 h at -20°C. Fixed cells were washed with
PBS, incubated with 200 yg/ml RNase A for 1:15 h at 37°C
and stained with propidium iodide (PI) obtained from
Molecular Probes (Eugene, OR, USA). The stained cells were
analyzed by a FACScan flow cytometer and the percentage of
cells in preG,, Gy/G,, S and G,/M phases was determined
using the CellQuest histogram analysis program. Cells that
were less intensely stained than G, cells in flow cytometric
histograms were considered as apoptotic cells and marked as
preG;.

TUNEL assay. Terminal deoxy-transferase (tdT)-mediated
dUTP nick end-labeling obtained from the Roche Diagnostic
Corporation (Mannheim, Germany) was used to assess the
induction of apoptosis by measuring the extent of fragmented
DNA. One day after treatment, cells were collected, washed
twice with PBS, fixed with 4% formaldehyde and diluted in
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1X PBS (Vol/Vol) at room temperature for 30 min. The
pellet was then washed with PBS and re-suspended in 100 ul
of solution containing 1X PBS, 0.1% sodium citrate and
0.1% Triton X-100 for 2 min. Fixed cells were then
incubated with a TUNEL reaction mixture. The stained cells
were analyzed by a FACScan flow cytometer.

Western blot analysis. Cellular protein extracts were prepared
from cells, washed twice with PBS and scraped into an SDS-
lysis buffer (0.25 M Tris-HCI, pH 6.8, 20% glycerol, 4%
SDS, 0.002% bromophenol blue, 10% B-mercaptoethanol).
Protein concentrations were determined using a DC protein
assay kit (Bio-Rad Laboratories, Hercules, CA, USA)
according to the manufacturer's protocol. Equal amounts of
total cellular proteins (40 ug) were resolved by 12% SDS-
polyacrylamide gel electrophoresis (PAGE), transferred onto
polyvinylidene difluoride (PVDF) membranes (Amersham,
Arlington, IL, USA) and then probed with primary antibodies
including: anti-GAPDH, anti-actin (I-19), anti-Bcl2 (N-19),
anti-pS3 (FL-393), anti-p21 [(c-19)-G], anti-cyclinB, (H-344)
and anti-Bax followed by secondary antibodies conjugated
with horseradish peroxidase (all purchased from Santa Cruz,
CA, USA). Actin was used to ensure equal loading. The
immunocomplexes were visualized using enhanced chemi-
luminescent kits obtained from Santa Cruz. To quantify
protein bands, densitometry was done using ImageQuant
software.

In vivo DMH tumor experiment

Animals and treatment. Female Balb/c mice, 6-9 weeks old,
average weight 25 g, were randomly distributed to the
treatment and control groups. The mice were bred in the
animal room of the Biology Department at the American
University of Beirut. Mice were housed under optimum
conditions of temperature set at 22+2°C, with a 12-h light/
dark cycle. They were kept in plastic cages covered with
sawdust and had unrestricted access to a commercial mouse
diet (24% protein, 4.5% fat and 4% fiber) and tap water. All
animal studies were conducted using a protocol approved by
the Institutional Animal Care and Use Committee of the
American University of Beirut. A total of 80 animals were
divided into four groups: Group 1 mice were injected intra-
peritoneally (i.p.) with 0.9% sodium chloride (n=10), Group 2
mice were injected i.p. with the crude water extract of C.
ainetensis (n=10), Group 3 mice were injected subcutaneously
(s.c.) with 20 mg/kg mouse body weight of the carcinogen
DMH (n=30) and Group 4 mice were injected i.p. with the
crude extract 15 min prior to the injection of DMH (n=30).
DMH was dissolved in 0.9% NaCl and was freshly prepared
prior to injection. The duration of the experiment was for 30
weeks and injections were done once a week. The volume of
the injected solution (saline or extract) was 0.3 ml. The long-
term animal tumor experiment was performed with the
undiluted crude extract which was not toxic to animals when
injected i.p. for 10 consecutive days (data not shown).

Aberrant crypt foci and tumor counts. At week 10, mice were
sacrificed by ether inhalation and colon tissue was processed
so as to determine aberrant crypt foci (ACF) counts (n=8) by
staining with Schiff's reagent. Briefly, the colons were
excised, flushed with PBS and kept in ethanol : acetic acid
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Figure 1. Effect of C. ainetensis crude extract on HCT-116 (p53*+), HCT-116 (p537), DLD1 and Caco-2 cell viability (A) and proliferation (B). Effect of C.
ainetensis crude extract on human normal intestinal FHs74Int cell viability and proliferation (C). One day after seeding, cells were treated with increasing
concentrations of extract. Cell growth and viability were determined 24 and 6 h, respectively using the Cell Titer 96 non-radioactive cell proliferation and
cytotoxicity kits as described in Materials and methods. Each value represents the mean + SD of two separate experiments done in triplicate.

(3:1) at 4°C until analysis. At the time of analysis, colons
were placed in 50% aqueous ethanol for 15 min at room
temperature, transferred to distilled water for 10 min, then to
1 N HCL at 60°C. After 7 min of incubation, colons were
transferred to the Schiff's reagent for 10 min. They were then
rinsed in distilled water, cut longitudinally, pinned flat on a
corkboard and stored overnight in 45% aqueous acetic acid at
4°C. The following day, all colons were cut into equal parts
(proximal, middle and distal), placed on microscopic slides
and examined using fluorescent microscopy. ACF were
identified, as being larger in diameter and having thickened
crypt walls compared to neighboring normal crypts and their
size and location was recorded. At weeks 20 and 30, colon
tissue was processed to determine the tumor numbers (n=8).
Briefly, the colons were excised, flushed with PBS, rinsed
with distilled water, cut longitudinally and visible tumors
were counted using an optical microscope.

Statistical analysis. Results are expressed as means =+
standard error (SE). Statistical analysis was performed using
the SPSS student version 11.0 software package. Comparisons
between Groups 4 and 3 were evaluated using ANOVA
followed by the Dunnett test. The level of significance was
set at 0.05,0.01 or 0.0001 as indicated.

Results

Centaurea ainetensis crude extract selectively inhibits cancer
cell proliferation. Four human colon cancer cell types (HCT-

116 p53+*, HCT-116 p53”-, DLD-1 and Caco-2) were treated
with increasing concentrations (0.1-1.5 mg/ml) of the
methanolic crude extract of C. ainetensis and the effects on
cytotoxicity and cell proliferation were monitored. The C.
ainetensis crude extract and vehicle treatment were found to be
relatively non-toxic to all cell lines at all tested concentrations
(Fig. 1A). The extract inhibited the proliferation of all four
colon cancer cell lines in a dose-dependent manner (Fig. 1B)
with ICs, values ranging between 0.5 and 0.9 mg/ml. Notably,
the C. ainetensis extract did not induce significant growth
inhibition or toxicity in normal human intestinal epithelial
cells (Fig. 1).

Centaurea ainetensis crude extract induces cell cycle arrest
and apoptosis. We further investigated the mode of action of
the crude extract on cellular parameters, including cell cycle
distribution and apoptosis, in the HCT-116 (p53**) human
colon cancer cell lines. Among the host of colon cancer cell
lines used, the HCT-116 cell line appeared to be the most
sensitive to the crude extract inhibitory effect. Cell cycle
profiles of cells treated at various concentrations of the
extract were obtained by flow cytometry of DNA content by
PI staining at 24 h. This analysis shows that the C. ainetensis
crude extract induced a progressive increase in the proportion
of sub-G, cells with a maximum induction of 41% at 1 mg/ml
(Fig. 2A).

The nature of cell death observed was confirmed by
utilizing the TUNEL assay, which confirmed apoptosis
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Figure 2. Effect of C. ainetensis crude extract on cell cycle progression (A) and apoptosis induction in HCT-116 cells. One day after seeding, cells were
treated with increasing concentrations of the extract for 24 h. Distribution of the cells in preG,, S, and G,/M phases was analyzed by flow cytometry and the
induction of apoptosis was determined using the TUNEL assay as described in Materials and methods. Effects of the C. ainetensis crude extract on the protein
expression of p53, p21, Bax, Bcl-2, and cyclin B, in HCT-116 cells. One day after seeding, cells were treated with increasing concentrations of the extract for
24 h. Cell lysis and Western blotting were performed as described in Materials and methods. Each value represents the mean + SD of two separate
experiments done in duplicate. Bands were quantified and expressed as a ratio of control cells set to one.

induction (Fig. 2B). HCT-116 treated cells underwent a
significant amount of apoptosis and the percentage of TUNEL
positive cells was 26% at 1 mg/ml treatment (Fig. 2B).

Centaurea ainetensis crude extract modulates key cell cycle
and apoptotic regulators. Several studies have shown an
association between cell cycle deregulation and carcinogenesis.
Inhibition of the cell cycle was appreciated as a target for
cancer treatment (11,15). Consequently, the effect of the C.
ainetensis extracts on cellular growth inhibition and alterations
in the protein expression of key cell cycle and apoptotic
mediators (cyclin B, p21, p53, Bax and Bcl-2) was
investigated.

Upon treating the HCT-116 cells with the C. ainetensis
crude extract, we observed a dose-dependent decrease in the
cyclin B, expression ranging from 80-90% at 0.4 and 1 mg/ml,
respectively (Fig. 2). Conversely, p21 and p53 proteins levels
were induced upon treatment with 0.4 and 1 mg/ml of the
plant extract (Fig. 2). Then, we monitored changes in pro-
apoptotic Bax and anti-apoptotic Bcl-2 proteins upon
treatment with the plant extract. While Bax is up-regulated
by p53, Bcl-2 proteins prevent the release of apoptotic factors.
Hence, an increase in pro-apoptotic over anti-apoptotic proteins

favors apoptosis and leads to the release of cytochrome ¢ and
promotes cell death. HCT-116 cells treated with the extract
for 24 h resulted in an increase in the Bax/Bcl-2 ratio ranging
from 2 to 3 folds (Fig. 2).

Centaurea ainetensis effect in vivo on DMH-induced colonic
tumors in mice

Centaurea ainetensis extracts or DMH have no effect on body
weight gain in mice. Intraperitoneal injections of Balb/c mice
with the non-diluted crude extracts of C. ainetensis for 10
consecutive days did not affect their body weight or induce
death (data not shown). Therefore, we performed the long-term
animal tumor experiment with the undiluted crude extracts.
In addition, DMH-injected groups gained normal body weight
during the entire experimental period (data not shown).

Centaurea ainetensis inhibited tumor formation in DMH-
induced colon cancer. At week 10, after fixation for at least
24 h at 4°C, the colons from all animals were equally divided
into proximal, middle and distal segments and stained with
Schiff's reagent. The total number of ACF was recorded in all
treatment groups. As expected, no ACF were observed in
animals given the plant extract alone or in those treated with
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0.9% NaCl (data not shown). After 10 weeks of DMH treat-
ment, all animals developed ACF. The size of ACF located
in the middle and distal colon was recorded in mm? for all
different groups. Although groups treated with the crude extract
15 min prior to the DMH injection did not show a significant
decrease at 10 weeks in the total number of ACF (Fig. 3A), the
average size of ACF present in the colon was significantly
reduced (p<0.0001) as compared to the DMH-treated group
(Fig. 3B).

At 20 and 30 weeks of treatment and using an optical
microscope, tumors were observed in all DMH-treated mice.
No such lesions were noted in animals treated with either plant
extract or saline alone (data not shown). The administration
of the extract 15 min prior to the DMH injection decreased the
average number of adenomas by 79% at week 20 (p<0.001)
and the average number of adenocarcinomas by 73% at week
30 (p<0.0001) as compared to the carcinogen-treated controls
(Fig. 3A).

The bio-guided fractionation of Centaurea ainetensis and
isolation of Salograviolide A. The Centaurea ainetensis
extract induces antiproliferation and apoptosis in human colon
cancer cells and reduces colon tumor formation in mice. We
have used cell proliferation assays to guide our attempts to
isolate a purified molecule from this extract. The methanolic
extract used in the initial screening studies was fractionated
(Fig. 4) and the antiproliferative effects of four fractions (I.1,
1.2, 1.3 and 1.4) were investigated in HCT-116. Fraction 1.2
significantly inhibited the growth of HCT-116 cells by
almost 80-90% without being toxic to normal intestinal cells
(data not shown). Therefore, further bioassay-guided
fractionation was done using fraction I.2. A total of six
fractions resulted from the subfractionation of 1.2, all of
which were tested in HCT-116 cells. Results showed that
the 1.2.2 subfraction, exerted significant growth inhibitory
effects in the HCT-116 cells (data not shown). The

purification and identification of the 1.2.2 subfraction using a
solid phase extraction and spectroscopic analysis led to the
isolation of Salograviolide A (Fig. 4). Salograviolide A was
not cytotoxic to the four cell lines tested at concentrations up
to 16 ug/ml (Fig. 5A). Growth inhibition by Salograviolide A
was dose-dependent and reached ~75% inhibition at 16 pg/ml
(Fig. 5B). Non-cytotoxic concentrations of Salograviolide A
of up to 16 pg/ml only caused a 30% growth suppression in
normal human intestinal cells (Fig. 5C). An analysis of cell
cycle distribution of PI-stained DNA content showed that
Salograviolide A increased preG, cells in the HCT-116 cell
lines (Fig. 6A). This was further supported using the TUNEL
assay whereby we showed that the induced increases in the
pre-G, phases are due to apoptosis (Fig. 6A).

Discussion

We showed that the crude extract of C. ainetensis inhibits
tumor formation in the 1,2-dimethylhydrazine mouse model
of colon cancer. Furthermore, the crude extract and the isolated
guaianolide, Salograviolide A, obtained by bioassay-guided
fractionation induce specific antiproliferation effects against
several human colon cancer cells. We demonstrated that
Salograviolide A derived from this plant has no cytotoxic
properties on normal cells, indicating its selectivity to cancer
cells.

Cellular and molecular evidence obtained from this study
indicate that extracts of the indigenous C. ainetensis induce
apoptosis in human colon cancer cells. Extract-induced
programmed cell death is associated with an increase in p53
and p21 protein expression. The pro-apoptotic protein Bax
and the anti-apoptotic protein Bcl-2 are known to act at the
mitochondrial level to control membrane permeability, which
is a fundamental event in apoptosis signaling. The up-
regulation of Bax and down-regulation of Bcl-2 favor the pro-
apoptotic over the anti-apoptotic response in the cell leading
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cells. (B) Chemical structure of Salograviolide A.

to the release of cytochrome ¢ and promoting cell death.
Notably, a remarkable increase in the Bax/Bcl-2 ratio occurred
in the crude extract-treated tumor cells, which correlated with
the induction of apoptosis observed in the HCT-116 colon
cancer cell lines. Furthermore, the expression of the cyclin B,
protein, the down-regulation of which is fundamental for
mitotic exit and cytokinesis (16), is significantly reduced in
extract-treated HCT-116 cells. Unlike most known chemo-
therapeutic drugs associated with strong toxicity, C. ainetensis
showed a high selectivity against cancer cells with no apparent
toxic effects on normal cells at the tested concentrations.
This differential effect makes the plant extract a potentially
harmless agent that can effectively inhibit colon cancer
development.

The stepwise development of colorectal carcinogenesis
from dysplastic ACF to adenomas and adenocarcinomas
offers multiple opportunities for assessment and intervention,
particularly in animal models. Experimental colonic tumors
induced by DMH are of epithelial origin with a similar
histology, morphology and anatomy to human colonic
neoplasms and, therefore, are regarded as an excellent model
for anticancer studies (17). DMH-induced colon cancer has
been used extensively to study the antitumor effect of plant-
derived drugs (18,19). The possible tumor inhibitory effect of

C. ainetensis in DMH-induced colorectal carcinogenesis was
investigated by treating mice weekly with the extract prior to
the DMH injection. After the DMH injections over a 10-week
period, 100% of the mice treated with both DMH and DMH*
of the plant extract developed ACF in the colon. ACF are
potential markers of early tumor growth and are considered
to be useful intermediate biomarkers for the modifying effect
of certain natural or synthetic compounds on chemically-
induced carcinogenesis (20). The decrease in the average
number of ACF in the colon from the extract was not
statistically significant. Despite the absence of the extract
inhibitory effect on the ACF number, it notably reduced the
mean size of ACF.

Notably, the extract substantial inhibition of tumor
formation was observed as early as 20 weeks. The inhibitory
effects on cancer formation but not on benign ACF develop-
ment suggest that the extract may be active at later stages of
tumor development rather than early ones. This activity
resembles that of rofecoxib, a highly selective inhibitor of
cyclooxygenase-2 that was shown to inhibit the later stages
of DMH-induced colon carcinogenesis in Wistar rats (21).

Several studies suggest that the genus Centaurea is a
house of many secondary metabolites exhibiting several
therapeutic values (11). The biological activity of C. nicolli,
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apoptosis was determined using the TUNEL assay, as described in Materials and methods. Each value represents the mean + SD of two separate experiments

done in duplicate.

specifically its antifungal effects, has been attributed to the
Salograviolide A molecule present in this plant (22). In this
study, purified Salograviolide A, which belongs to the
guaianolide Sesquiterpene Lactones from C. ainetensis was
responsible, at least in part, for the crude extract biological
activity. Sesquiterpene Lactones are the most widely
investigated metabolites in Centaurea plants. They exhibit
considerable growth inhibitory activities against MCF-7
breast cancer and H460 lung cancer cell lines when isolated
from C. zuccariniana, C. Achaia, C. thessala and C. deusta
(11). Furthermore, lactones derived from the aerial parts of

C. thessala and C. attica possess a pronounced antifungal
activity against nine fungal species (23). Studies have
attributed the observed antifungal activity of the plant-derived
lactones to the relatively low polarity of Sesquiterpene
Lactone molecules (24).

The antitumor activities of Salograviolide A are new
activities identified for this molecule. Although 5 distinct
guaianolides isolated from C. nicoli, a plant endemic to
Yugoslavia and Albania, were identified, only Salograviolide A
was shown to possess antifungal activities against seven
fungi (21).
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In conclusion, our results are the first to describe a potent
antiproliferative effect of the C. ainetensis extract against
colon cancer. In vitro, the crude extract inhibited the growth of
several human colon cancer cells. In vivo, this extract reduced
the mean size of ACF and decreased tumor formation in the
DMH model of colon cancer. In addition, this is the first
successful attempt to isolate the molecule Salograviolide A
from the extract of C. ainetensis that, as we showed, is
responsible for its biological activity. Salograviolide A
induces apoptosis in human colon cancer cells and thus
merits further investigation as both a chemoprotective agent
as well as a potential anticancer agent. Future studies will
focus on investigating the molecular targets and effectors,
which are modulated by Salograviolide A to induce apoptosis.
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