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Garcinol Modulates Tyrosine Phosphorylation of
FAK and Subsequently Induces Apoptosis Through
Down-Regulation of Src, ERK, and Akt Survival
Signaling in Human Colon Cancer Cells
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Abstract Garcinol, from the fruit rind of Garcinia indica and other species, has been reported to suppress colonic
aberrant crypt foci (ACF) formation in rats. In this study, we investigate the beneficial effects of tumor prevention by
garcinol on the human colorectal cancer cell line, HT-29. Focal adhesion kinase (FAK) is the major signaling mediator of
integrin-mediated cell–matrix contact-regulated cellular proliferation,migration, and apoptosis in adherent cells. Results
of Matrigel analysis show that exposure of HT-29 cells to 10 mMgarcinol inhibited cell invasion, and decreased the dose-
dependent tyrosine phosphorylation of FAK. We further demonstrate by Western blot analysis that garcinol inhibited
activation of the Src, MAPK/ERK, and PI3K/Akt signaling pathways. To investigate whether the loss of integrin-mediated
cell–matrix contact can induce apoptosis, we demonstrate that garcinol induced it in HT-29 cells. The apoptotic dose of
garcinol (20 mM) changed the ratio of the anti-apoptotic Bcl-2 and proapoptotic BAX proteins within 12 h, which
correlatedwith a release of cytochrome c from themitochondria to the cytosol, andwith PARP cleavage. Additionally, we
demonstrate that a decreasing MMP-7 protein level in HT-29 cells results in sensitization to garcinol. Garcinol also
significantly inhibited the expression of MMP-7 in IL-1b-induced HT-29 cells. These results suggest that garcinol reduces
cell invasion and survival through the inhibition of FAK’s downstream signaling. J. Cell. Biochem. 96: 155–169, 2005.
� 2005 Wiley-Liss, Inc.
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Colorectal cancer (CRC) is one of the most
common human cancers, and more than
945,000 new cases were diagnosed worldwide
in 2000 [Edwin, 2003]. Overall survival for CRC
at 5 years is about 50%, and most of these
patients will develop liver metastases [Parkin
et al., 2001]. Reducing tumor development and
preventing metastases should improve the

prognosis of most colorectal cancers [Hasegawa
et al., 1998; Yang et al., 2003]. Recently, a
standard chemotherapeutic agent, 5-fluorour-
acil, has been improved to induce apoptosis in
colorectal cancer with biochemical modification
[Bunz et al., 1999]. Non-steroidal anti-inflam-
matory drugs (NSAID), like sulindac, are pro-
totypic chemopreventive agents and inhibit
cyclooxygenases through reducing cell prolif-
eration, inducing apoptosis, or modulating
angiogenesis in CRC [Janne and Mayer, 2000;
Smith et al., 2000].

Focal adhesion kinase (FAK), a cytoplasmic
tyrosine kinase located in the focal adhesion
complex, has been implicated in the integration
of signals from integrins and neuropeptides
and plays an anti-apoptotic role in anchorage-
dependent cells [Sonoda et al., 2000].
The carboxy-terminal tyrosine residue
(Tyr397) of FAK, constitutes a major site of
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phosphorylation, appears important for the
tyrosine phosphorylation of focal complex asso-
ciated proteins, and creates a high-affinity
binding site recognized by the SH-2 domain of
the Src family. The recruitment and activation
of Src through the formation of a bipartite
kinase complex result in activation of the Ras-
Raf-mitogen-activated protein kinase (MAPK)
pathway [Parsons et al., 2000]. In addition, Akt
is serine-phosphorylated following the tyrosine
phosphorylation of FAK. Recent studies have
indicated thatmany colon cancer cell lines over-
express both Src and FAK, and the subsequent
inhibition of FAK phosphorylation causes apop-
tosis in colon cancer cell lines through blocking
the Akt survival pathway and activating cas-
pase-3 [Golubovskaya et al., 2003]. Several
downstream targets of Akt have also been
identified as components of the cell’s anti-
apoptotic machinery, including Bcl-2 family
members and the cell death enzyme caspase 9
[Cardone et al., 1998; Asnaghi et al., 2004].
The phenolic antioxidant caffeic acid phenethyl
ester (CAPE) has been demonstrated to affect
the tyrosine phosphorylation of FAK in human
colorectal cancer cells, a change which reduced
cell invasion and induced apoptosis [Weyant
et al., 2000]. Thus, inhibition of FAK tyrosine-
phosphorylation was expected to regulate Akt/
caspase-9 pathway and decrease cell survival in
human colorectal cancer cell line, HT-29. The
cell line was chosen for this study because of its
APC-null phenotype, the typically found in both
sporadic and heritable forms of colon cancer.

In anchorage-dependent cells, growth factor-
deprivation-induced apoptosis implies associa-
tion with the proteolytic cleavage of FAK by
caspase-3, which is thought to be fundamental
to successful cancer treatment. Accordingly, the
mitochondria play an essential role in the
apoptotic death of mammalian cells, which
includes the release of proteins normally stored
in the intermembrane space, like cytochrome c,
into the cytoplasm, which catalyses the activa-
tion of caspase-9 to subsequently cleave the
effector caspase-3 and -7 [Lawen, 2003]. It was
subsequently reported that the anti-apoptotic
subfamily, withmembers such as Bcl-2 and Bcl-
xL, inhibits the cell death induced by various
stimuli [Adams and Cory, 1998]. Otherwise, the
multi-domain proapoptotic subfamily, with
members such as Bax and Bak, is also needed
to induce cell death and mediates cytochrome c
release [Tsujimoto, 2003].

Garcinol (camboginol), a polyisoprenylated
benzophenone derivative, is present in Gutti-
ferae (Garcinia indica, Garcinia huillkensis,
and Garcinia cambogia). Garcinia is a rich
source of secondary metabolites including
xanthones, flavanoids, benzophenones, lac-
tones, and phenolic acids. Garcinol, containing
both phenolic hydroxyl groups and a b-diketone
moiety, is a potent anti-oxidant [Yamaguchi
et al., 2000a; Sang et al., 2002]. Recently,
garcinol has attracted considerable interest
because of its health promoting properties,
including antiulcer activities [Yamaguchi
et al., 2000b] and suppression of colonic aber-
rant crypt foci (ACF) formation [Tanaka et al.,
2000]. In our previous data, garcinol displayed
the ability to inhibit nitric oxide (NO) genera-
tion in macrophages [Sang et al., 2001; Liao
et al., 2004]. To further characterize the
chemopreventive efficacy of garcinol, we treated
HT-29 cells with it. Several observations made
thereafter suggested that some chemopreven-
tive compounds modulated the loss of integrin-
mediated cell–matrix contact and induced
apoptosis in human colon carcinoma cells
[Weyant et al., 2000]. Here, we use human colon
carcinomacells (HT-29) to examine the effects of
garcinol on FAK tyrosine phosphorylation in
the pathway of the survival signal.

We found that garcinol can reduce FAK
tyrosine-phosphorylation and induce apoptosis
inHT-29 cells through themitochondria-mediated
pathway. Upon the tyrosine phosphorylation
inhibition of FAK, garcinol down-regulated the
p42/p44 MAPK and PI3K/Akt signaling path-
way. In addition, the proteolytic degradation of
extracellular matrix by matrix metalloprotei-
nase (MMP) has been considered an essential
element in tumor invasion in human colorectal
cancers. We have also demonstrated that
reduction of proteolytically active MMP-7 is
involved in garcinol mediated-cell invasion and
apoptosis. Our results suggest that garcinol, a
chemopreventive agent, moderately prevents
colon cancer cell invasion and induces apoptosis.

MATERIALS AND METHODS

Cells and Reagents

HT-29human colorectal cancer cell lineswere
obtained from the American Type Culture
Collection (Manassas, VA) and cultured in
RPMI-1640 medium supplemented with 10%
fetal calf serum (Hyclone Laboratories, Logan,
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UT). Cells were grown in monolayers and
incubated at 378C in 10% CO2. Garcinol was
synthesized as described [Sang et al., 2002],
and its structure is shown in this reference.
Recombinant human IL-1b was purchased
from R & D (R & D Systems Inc., Minneapolis,
MN).

Immunoprecipitation and Western Blot

Total cellular extracts were prepared using
lysis buffer containing 10% glycerol, 1.0%
Triton X-100, 1.0 mM NaHPO3, 137 mM NaCl,
10mMNaF,1.0mMEGTA,5.0mMEDTA,20mM
Tris-HCl, 100 mM b-glycerophosphate, 1.0%
sodium dodecyl sulfate, 1.0 mM Na3VO4, and
protease inhibitor cocktail (Roche Applied
Science, Mannheim, Germany). For immuno-
precipitation, the cell lysates (500 mg protein)
were precleared with protein-A/G agarose bead
at 48C for 10 min followed by incubations with
5 mg anti-FAK or anti-phosphotyrosine (4G10)
antibodies for 2 h and 6 mg rabbit anti-mouse
IgG for 30 min. The immune complexes were
recovered by a 16 h incubationwith protein-A/G
agarose bead and then washed twice in
wash buffer and boiling in reducingSDS sample
buffer. For Western blotting analysis, equal
amounts of total cellular protein (30–50 mg)
were resolved by sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis (SDS–PAGE)
and transferred onto Immobilon polyvinylidene
difluoride membranes (Millipore, MA). The
indicated primary antibodies containing anti-
FAK and anti-Phospho-FAK (Y379) were pur-
chased from Transduction Laboratories (San
Diego, CA). The anti-caspase-3, anti-caspase-9,
anti-PARP, anti-cytochrome c antibodies, and
anti-MMP-7 (matrilysin) were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA)
and Oncogene (Boston, MA). The anti-phospho-
ERK1/2 (Thr202/ Tyr204) and anti-phospho-
Akt (Ser473) antibodies from Cell Signaling
Technology (Beverly, MA) were used to deter-
mine the levels of phosphorylated proteins.
The blots were revealed by chemiluminescence
(ECL kits, Amersham Pharmacia Biotech,
Taiwan). Band intensities were quantitated
by densitometry (IS-1000 Digital Imaging Sys-
tem). Each blot was performed in duplicate
or triplicate. The ratios of phosphorylated
protein to total protein were determined
and normalized to 1.0 for control cells. Two-
tailed t-tests were used to assess statistical
significance.

DNA Fragmentation Analysis

Cells were harvested, washed with ice-cold
PBS, and lysed in 50 ml lysis buffer (5 mM Tris-
HCl pH 8.0, 10 mM EDTA, and 0.5% Triton X-
100) on ice for 20 min. Then, the cell lysate was
centrifuged at 12,000 rpm for 20 min. The
supernatant was treated with RNase A (100 mg/
ml) at 378C for 60min and ProteinaseK (200 mg/
ml) at 508C for 120 min. Then, the DNA was
extracted by phenol/chloroform before loading
and analysis by 1.8% agarose gel electrophor-
esis. The gels were run at 50 V for 120 min in
TBE (Tris-borate/EDTA) buffer. Approximately
20 ml DNA was loaded, stained by ethidium
bromide, and visualized under UV light.

Flow Cytometry

The cells were harvested and fixed in 75%
ethanol at �208C for at least 1 h. After
centrifugation at 1,000 rpm for 5 min, cell
pellets were resuspensed in 0.5 ml PBS buffer
with 0.5% Triton X-100 and 100 mg/ml RNase A
and incubated at 378C for 30 min. Propidium
iodide (50 mg/ml) was added, and the mixture
was allowed to stand on ice. Fluorescence
emitted from the PI–DNA complex (564–
606 nm) was examined using argon laser
excitation at 488 nm by a FACScan flow
cytometer (Becton-Dickinson, Franklin Lake,
NJ). The effect of various modulators on
garcinol and its derivative-triggered apoptosis
was analyzed and quantified by FACS in sub-G1

phase. Annexin V-FITC and propidium iodide
double-staining of HT-29 cells was also mea-
sured using an annexin V-FITC apoptosis kit
(Boehringer, Mannheim, Germany) by a FACS-
can flow cytometer (Becton-Dickinson). For
each sample, �10,000 cells were analyzed, and
results were presented as dot plots where the
FL1 and FL3 values indicated the intensity of
annexin-V-FITC and propidium iodide staining,
respectively. The CellQuest (Becton-Dickinson)
software was used to analyze results.

Measurement of Caspase Activity

Caspase activities of cell lysate with various
indicated times (0, 1, 3, 6, 12, 24 h) were
determined by a fluorogenic assay. Cells, trig-
gered by testing compounds, were lysed with
buffer containing 25 mMHEPES pH 7.5, 5 mM
MgCl2, 5 mM EDTA, 0.1M NaCl, and 5 mM
dithiothioine. Then 50 mg of total protein was
incubatedwith25mMsubstrate acetyl-Asp-Glu-
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Val-Asp-7-amino-4-methylcoumarin (Ac-DEVD-
AMC) of caspase-3 at 308C for 1 h. The fluore-
scence of released 7-amino-4-methylcoumarin
(AMC) was measured by excitation at 360 nm
and emission at 460 nm using a fluorescence
spectrophotometer (Hitachi F4500).

Invasion Assay

HT-29 cells were subjected to the standard
treatment conditions (see above), incubated for
24 h, and then trypsinized. The invasive ability
of the cells was assayed in transwell chambers
(Costar, Cambridge, MA). The cells (5� 104) in
low serum DMEM medium were placed on the
Matrigel-coated polycarbonate filters of the
invasionassayplates (8-mmwells, 8-mmpores).
Conditioned medium from NIH3T3 cells, sup-
plemented with 10% fetal calf serum, was
placed in the bottom chambers as a chemoat-
tractant. Plateswere incubated at 378C for 24 h.
Cells that migrated to the bottom compartment
were stained with hematoxylin and counted
under a light microscope. Each assay was per-
formed in triplicate.

RESULTS

Garcinol Caused Morphological Change and
Inhibited Invasion of Human Colon Cancer Cells

The effect of garcinol on cell survivals was
investigated inhuman colorectal cancer cell line
HT-29. As shown in Figure 1A, these cells were
placed in medium with 5% serum containing
10 mM garcinol and incubated for 24 h. The
morphological change upon garcinol treatment
was visualized by phase-contrastmicroscopy, in
which cells became round.Thepropidium iodide
staining that is sensitive to DNA was used to
assess changes in nuclearmorphology following
garcinol treatment. The nuclei in garcinol-
treated cells, similar to those in normal cells,
exhibited diffused staining of the chromatin.
Figure 2B shows the flow cytometric analysis of
garcinol-treated (10 mM) HT-29 cells within
48 h. The M1 area was quantitated as a sub-G1

peak. The sub-G1 peak area was 0.56% at
30 min, 6.28% at 24 h, and 21.2% at 48 h.
Garcinol did not cause apparent cytocity at the
concentration of 10 mM for 24 h. However, after
exposure to 10 mM garcinol for 48 h, a marked
increase of the sub-G1 peakwas observed inHT-
29 cells. To further characterize the effects of
garcinol in human colorectal cancer cells, we

measured the migration of HT-29 cells through
Matrigel. HT-29 cells treated with garcinol
(2.5, 5, 10 mM) for 24 h were placed on top of
Matrigel-coated polycarbonate filters, with con-
ditioned medium from NIH3T3 cells (supple-
mented with 10% calf serum) in the chambers
below. After a further incubation of 24 h, cells
that succeeded in migrating to the bottom
compartment were stained with hematoxylin
and counted under a light microscope (Fig. 1C).
In the study, garcinol displays an inhibition of
cell growth andmigration inHT-29 colon cancer
cells.

Garcinol Decreased the Tyrosine Phosphorylation
of FAK and Inhibited the Formation of Src

Family PTK Signaling Complex

Due to the dramatic inhibitory effect of
garcinol on cell invasion, we attempted to deter-
minewhethergarcinol regulates focal adhesion-
associated signaling protein. As shown in
Figure 2A, cells were treated with garcinol
(2.5, 5, 10 mM) in the medium containing 5%
serum. Immunoprecipitation (IP) was per-
formed using an anti-phosphotyrosine antibody
(clone 4G10) and anti-FAK antibody, followed
by immunoblotting with an anti-FAK antibody
and anti-phosphotyrosine antibody, respectively.
The phospho-tyrosyl protein level of 125 kDa
FAKwas elevated by serumaddition for 30min,
and a dose-dependent reduction was observed
after treatment with 10 mM garcinol in HT-29
cells. Moreover, garcinol (10 mM) blocked the
phosphorylation at Tyr397 of FAK protein in a
time-course manner (Fig. 2B). Following the
serum addition, FAK was auto-phosphorylated
at Tyr397 within 1 h. As expected, exposure of
HT-29 cells to garcinol decreased FAK phos-
phorylation for 30 min. Garcinol was found to
significantly reduce the amount of phospho-
FAK at time points ranging from 30min to 12 h,
and the reduction percentage reached 49% at
the dose of 10 mM for 1 h. Recent study has
indicated that integrin-induced auto-phosphor-
ylation of tyrosine 397 creates a high-affinity
binding site for the Src family kinases via their
SH2 domains and also for the p85 regulatory
subunit of PI 3-kinase [Jones et al., 2000]. To
examine events downstream of FAK, we next
determined the effect of garcinol on the steady-
state levels of FAK and other proteins that
associate with this kinase. As shown in
Figure 2C, cell lysates were immunoprecipi-
tated by anti-FAK antibody and immunobloted
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Fig. 1. Garcinol induces changes in cell morphology and
inhibits Matrigel invasion in HT-29 cells for 24 h. HT-29 cells
were subjected to treatment with garcinol in 5% serum
conditions. A: Garcinol (10 mM) was used to treat HT-29 cells
for 24 h. The cells were observed by light-microscopy, and the
nuclei of HT-29 cells were stained by propidium iodide.
B: Determination of sub-G1 cells in control and garcinol treated
HT-29 cells were quantitated by flow cytometry. HT-29 cells
were exposed to 10 mMgarcinol for the indicated times (0.5, 3, 6,
12, 24, and 48 h, right panel) and were treated with DMSO only

as control (left panel). The method of flow cytometry used is
described in ‘‘Materials and Methods.’’ C: After treatment with
garcinol for 24 h, the invasive capacity of HT-29 cells was
analyzed in transwell chambers. Matrigel invasion assay
procedure was described in ‘‘Materials and Methods.’’ Results
shown are from a representative experiment and were repro-
duced in three other identical experiments. Data were mean�
SD. *P< 0.001 as compared to control cells, maintained in the
absence of garcinol. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Modulation of FAK Signaling and Cell Fate by Garcinol 159



by anti-Src or anti-p85 antibody. At 1 h follow-
ing serum treatment, Src and p85 associate
with FAK (Fig. 2C, lane 2). The association
between FAK and Src was disrupted when

garcinol was applied in a dose-dependent
manner (2.5, 5, 10 mM) for 1 h to HT-29 cells.
This demonstrated that garcinol produced a
decrease in FAK tyrosine phosphorylation, and

Fig. 2. Garcinol inhibits tyrosine phosphorylation of focal
adhesion kinase (FAK), and disrupted PTK signaling complex in
colorectal cancer cells.A: HT-29 cellswere treatedwith garcinol
for 30 min in a dose-dependent manner (2.5, 5, 10 mM), and cell
lysates were prepared for Western blot analysis. The amount of
protein (500 mg) from each treatment was immunoprecipitated
using the anti-phosphotyrosine beads or anti-FAK antibody and
immunobloted using the anti-FAK or anti-phosphotyrosine
antibody. B: Subsequently, the eluted proteins from the time-
dependent treatment (0.5, 1, 3, 6, 9, and 12 h) of 10 mM garcinol
were immunobloted to determine the level of phosphorylated-
FAK protein on Tyr397 residue. The tyrosine phosphorylation of
FAK was resolved by SDS–PAGE for immunobloting analysis by

anti-phospho-FAK (pY397), and detection of FAK was used as a
standard of protein quantities analyzed. A significant association
was observed between the time-dependent treatment of garcinol
and a decrease in HT-29 cells (*P< 0.001). C: Cells, serum-
starved for 24 h, were treated with garcinol in a dose-dependent
manner (2.5, 5, 10 mM) in medium supplemented with 5% FCS.
The amount of protein (500 mg) from each treatment was
immunoprecipitated using the anti-FAK antibody and immuno-
bloted using the anti-p85 or anti-Src antibody. The experiments
were performed three times with similar results. [Color figure
can be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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suppressed the downstream pathways for
proteins associated with the focal adhesion
complex.

Garcinol Suppressed the Src Family Kinases
and the Phosphorylation of ERK and

Akt Signaling Pathway

To determine whether garcinol suppressed
Src kinase signaling, we examined the effect of
garcinol on the phosphorylation of Src, ERK,
and Akt. FAK tyrosine phosphorylation was
affected by garcinol treatment in HT-29 cells
(Fig. 2). For the experiments, HT-29 cells were
serum-starved for 24 h and then treated with
garcinol at various concentrations (2.5, 5, 10 mM)
in the medium containing 5% serum for 30 min.
Cell lysates were immunoprecipitated with
anti-phosphotyrosine (4G10) antibody, and phos-
phorylation of Src was assessed using an anti-
Src antibody by Western analysis (Fig. 3A).
To further address the molecular mechanisms
through which garcinol reduced tyrosine phos-
phorylation, blotting comparisons of serum-
starved and garcinol-treated HT-29 cells in the
presence of serumwere performed. As shown in
Figure 3A, both tyrosine phosphorylations of
Src (Mr 60,000) and the 85 subunit of PI3K (Mr

85,000) were immunoblotted by anti-phospho-
tyrosine antibody. Our results suggested that
activations of Src and PI3Kwere suppressed by
garcinol in HT-29 cells. These data support the
concept that garcinol-reduced FAK phosphor-
ylation may down-regulate Src-family PTK and
PI3K/Akt survival signaling in HT-29 cells. As
shown inFigure 3B, the phosphorylation of p42/
p44 MAPK was induced by serum addition
for 30 min. Immunoblotting with anti-phos-
pho-ERK antibody indicated that garcinol
reduced the activation of ERK in a dose-
dependent manner (2.5, 5, 10 mM) for 30 min
(Fig. 3B). The data also shows that the survival
signal, activated-Akt, was blocked by garcinol
in a dose-dependent manner. We examined, by
means of immunoblotting, the phosphorylation
of Akt at Ser473 in HT-29 cells, and the result
shows that it was inhibited during garcinol (2.5,
5, 10 mM) treatment for 30 min (Fig. 3B).

Garcinol Induced Apoptosis in a Dose-Dependent
Manner and Activated Caspase-3 in

Colon Cancer Cells

The interaction of FAK with several proteins
might lead to survival signals from FAK,
suggesting that the binding of PI3-kinase and

Src with FAK is required for the anti-apoptotic
function of FAK. Previous study has confirmed
the notion that the general features of FAKplay
a role in the lack of apoptosis in various cells
[Sonoda et al., 2000]. As demonstrated in
Figure 2A, a dose-dependent reduction in the
tyrosine phosphorylation of FAK protein was
observed in HT-29 cells treated with garcinol
(10 mM). To further characterize the apoptosis
triggered by garcinol, the HT-29 cells were
treated with various concentrations (5, 10, 20,
40 mM) of it for 24 h, and the apoptotic action
was confirmed by measuring the presence of
phosphatidylserine on the outer cellmembrane.
Figure 4A shows the results of annexin-V
binding experiments to measure the presence
of phosphatidylserine on the outer cell
membrane revealed approximately 8% and
32% of cells with apoptosis after 20 and 40 mM
garcinol treatment, respectively. Our data
indicate that 20 mM garcinol has significant
effects on HT-29 cell death within 24 h: cells
exhibit significant morphological changes
and chromosomal condensation (data not
shown). Pronounced DNA laddering also
occurred (Fig. 4B). The appearance of DNA
fragmentation under garcinol treatment in a
dose-dependent manner (5, 10, 20, 40 mM) also
displayed its ability to induce apoptosis.

To further examine the regulation of
caspase activity in the apoptotic process, we
analyzed the effects on cleavage of the pro-
caspase-3 protein of garcinol in HT-29 cancer
cells. Caspase-3 is synthesized as a 32-kDa
inactive precursor (pro-caspase-3), which is
proteolytically cleaved to produce a mature
enzyme composed of 17-kDa fragments. As
shown in Figure 5A, pro-caspase-3 protein
disappeared concomitantly with apoptosis by
garcinol (20 mM) treatment in a time-dependent
manner (3, 6, 9 h), and caspase-3 in cleaved form
was generated. We also measured caspase-3
protease activity using specific peptide sub-
strates in cells treated with 20 mM garcinol in a
time-course manner (Fig. 5B). In contrast to
DMSO only as control, caspase-3 activity inHT-
29 cells was markedly elevated by garcinol
(20 mM) treatment within 24 h. Activation of
caspase-3 leads to the cleavage of the effector
caspase substrate PARP. Our data shows that
garcinol (20 mM) was able to trigger cleavage of
PARP (as judged by the appearance of the p85
PARP cleavage product) in a time-dependent
manner (Fig. 5C).
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Garcinol Influenced the
Mitochondria-Dependent Apoptosis Signaling

In order to further investigate the activation
of mitochondria-disruption processes under
garcinol treatment in HT-29 human colon
cancer cells, the caspase-8 substrate Bid was
analyzed by Western blot. As shown in

Figure 6A, the full-length Bid protein had
decreased at the analyzed time point (0.5, 1, 2,
4, and 6 h) during garcinol treatment (20 mM).
Thus, treatment of HT-29 cells with 20 mM
garcinol for 9 h caused cytochrome c to be
released from mitochondria to cytoplasm
(Fig. 6B). We next examined the cleavage of
pro-caspase-9 during treatment of HT-29 cells

Fig. 3. Reduced tyrosine phosphorylation of FAK associated
protein, Src and p85, by garcinol treatment results in decreased
serum-stimulated ERK and Akt activation. A: HT-29 cells were
treated with 2.5, 5, 10 mM garcinol (lanes 3–5) for 30 min in
medium supplementedwith 5%FCSor serum-starved (lane 1) for
16 h. Total cell lysates were immunoprecipitated with anti-
phosphotyrosine (PY20) antibody and immunobloted using the
anti-Src antibody. The effects of garcinol on tyrosine phosphor-
ylation of Src and 85 subunit of PI3K were further assessed by
SDS–PAGE for immunobloting analysis using anti-phosphotyr-
osine (PY20) and anti-phosphotyrosine (4G10) antibody, respec-
tively. The blots were stripped and reprobed with antibody

against Src and p85, respectively. B: HT-29 cells were treated
with 2.5, 5, 10 mM garcinol (lanes 3–5) for 30 min in medium
supplemented with 5% FCS, or serum-starved (lane 1) for 16 h.
Whole cell lysates were prepared and analyzed for p42/p44
MAPK and Akt phosphorylation byWestern blot using phospho-
p42/p44 MAPK and phospho-Akt (Ser473) antibodies, respec-
tively. The blots were stripped and reprobed with antibody
against total p42/44 MAPK and Akt, respectively. Values shown
were the mean� SD of at least three independent experiments
andwere expressed as the percentage of themaximal decrease in
ERK, Akt phosphorylation value.
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with garcinol (20 mM). A time-dependent pro-
teolytic cleavage of pro-caspase-9 was observed
(Fig. 6C). These data suggest that mitochon-
drial dysfunction causes cytochrome c to be

released into the cytosol and then induces the
activations of caspase-9 and caspase-3. To
further identify changes in protein levels of
the Bcl-2 family in themitochondria-dependent
apoptosis signaling, we treated the cells with
garcinol (20 mM) at various time points. As
shown in Figure 6D, the Bcl-2 level decreased
following a 0–12 h incubation with garcinol
(20 mM). The protein level of pro-apoptotic Bax
did not change during garcinol treatment, and
remained constant throughout the experiments
at the analyzed time point. Our data supports
the notion that garcinol induces HT-29 cell
death through the mitochondria-dependent
pathway.

Garcinol Decreased the Protein Levels of
Proteolytically Active MMP-7 to Regulate Cell

Survival in Colon Cancer Cells

Cell–extracellular matrix attachment has
been shown to play a primary role in the
regulation of cell invasion and survival in
different cellular models. Migration of malig-
nant cancer cells requires the serial assembly
and disassembly of focal adhesion complexes
and the expression of matrix metalloprotei-
nases.Recent evidence suggests thatmatrilysin
(MMP-7) also plays a critical role in cell survival
and themetastatic pathwayofhumancolorectal
cancers [Adachi et al., 1999; Mitsiades et al.,
2001]. To determine whether garcinol down-
regulates the MMP-7 protein, the HT-29 cells
were treated with it in a dose-dependent
manner for 24 h. As shown in Figure 7A,
treatment of cells with 10 mM garcinol reduced
the protein level of MMP-7 up to 50%. Interest-
ingly, HT-29 cells were treated with IL-1b
(20 ng/ml) in serum-withdrawal conditions,
and the expression of MMP-7 protein increased
under treatmentwithin 24h (Fig. 7B, lane 2). In
the study, garcinol markedly reduced the
expression of MMP-7 upon IL-1b treatment
in a concentration-dependent manner, and it
shrank to undetectable levels under 5 mM
garcinol treatment for 24 h (Fig. 7B, lane 5).
To further examine whether the tyrosine phos-
phorylation of FAK can be induced by IL-1b and
the induction of phospho-FAK can be blocked by
garcinol, IL-1b treated-HT-29 cells were expo-
sed to garcinol for 30 min at 1.25, 2.5, 5 mM
(Fig. 7C). The result indicates that garcinol
inhibits the activation of FAK and reduces
protein levels of MMP-7 in IL-1b-activated
HT-29 cells.

Fig. 4. Determining cell viability of garcinol-treated HT-29
cells by annexin V-FITC and propidium iodide double-staining
anddetectionDNAfragmentationbygel electrophoresis.A: Flow
cytometric histograms of HT-29 cells were examined at different
concentrations of garcinol (5, 10, 20, 40 mM) for 24 h. Healthy
cells are in the bottom left quadrant, apoptotic cells are in the
bottomright quadrant, andnecrotic and late apoptotic cells are in
theupper right.Numbers in eachquadrant are percentageof cells
they contain. Annexin V-FITCwas used to bind phosphatidylser-
ine andwas recorded on FL1-H filters (right panel). B: Cells were
incubated with different doses (5, 10, 20, and 40 mM) of garcinol
for 24 h. The DNA fragmentation was analyzed by agarose gel.
The experimentswere performed three timeswith similar results.
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DISCUSSION

Epidemiological studies of colorectal cancer
incidence suggest that tumor development can
be modulated by dietary factors, with a high
intake of fruits and vegetables providing a
protective effect [Block et al., 1992]. Here, we
are interested in whether garcinol, a polyiso-
prenylatedbenzophenone, can reduce the riskof

colon carcinogenesis. Our data suggest that
FAK plays an important role in protecting
against apoptosis and promoting invasion in
HT-29 colorectal cancer cells. Garcinol (10 mM)
treatment induces morphological changes
in HT-29 cells and reduces cell migration
according the results of Matrigel analysis. We
demonstrate that garcinol has the potential to
reduce the activation of FAK and to induce

Fig. 5. Garcinol induced the activation of caspase-3 and
cleavage of FAK and poly-(ADP-ribose) polymerase (PARP).
A: Cell lysates, prepared from garcinol (20 mM) treatment for
various periods (3, 6, and 9 h), were analyzed by Western blot.
The samples were probed with antibody against caspase-3.
B: Kineticsof caspase-3were determinedby incubationof 100mg
of total protein with fluorogenic substrate, Ac-DEVD-AMC,

respectively, for 1 h at 308C. The release of AMC was measured
by emission at 460 nm using a fluorescence spectrophotometer.
Results show the mean� SD of three experiments. C:
After treatment of cells with 20 mM garcinol for various
periods (3, 6, and 9 h), PARP cleavage was analyzed byWestern
blot. The experiments were performed three times with similar
results.
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apoptosis in HT-29 cells. According to the
general view, binding of the SH2 domains of
Src family kinases and the p85 subunit of PI3K
to auto-phosphorylation of FAK on Tyr397

residue results in the activation of these
kinases, andmediates anti-apoptotic signalings
[Jones et al., 2000]. It has been demonstrated
that garcinol inhibits tyrosine phosphorylation

Fig. 6. Induction of cell death by garcinol regulated the Bcl-2
family in mitochondria. A: Cells for each timepoint following 20
mM garcinol treatment were analyzed by Western blot. The cell
lysates were probed with antibodies against full-length t-Bid.
B: HT-29 cells were treated with 20 mM garcinol and then
cytochrome c was released from mitochondria into the cytosol.
The fraction of cytosol protein was detected by anti-cytochrome
c antibody. C: Caspase-9 processing was induced by garcinol
treatment. Total cell lysates were prepared fromHT-29 cells and

analyzed by Western blot using anti-pro-caspase-9 antibody.
D: Cells from each time point following 20 mM garcinol were
prepared. Total lysates were separated by SDS–PAGE, electro-
transferred on nitrocellulous membranes, and then probed with
antibodies for the detection of Bcl-2 or Bax. Values shown were
the mean� SD of at least three independent experiments and
were expressed as the percentage of the maximal decrease in t-
Bid, procaspase-9 protein levels, and the ratios of Bcl-2/Bax.
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of Src family kinases and the p85 subunit of
PI3K (Fig. 3A). Garcinol also inhibits the
activation of ERK and Akt, the downstream
effectors of FAK, in HT-29 cells (Fig. 3B).
Additionally, matrilysin (MMP-7) has also con-
tributed to the in vivo invasive and anti-

apoptotic ability of colorectal cancer cells [Mit-
siades et al., 2001]. Our data indicate that the
level of proteolytically active MMP-7 in the
colorectal cancer cell line HT-29 is reduced
under garcinol treatment. We have observed
that IL-1b-induced overexpression of MMP-7 in

Fig. 7. Garcinol significantly reduced the expression of MMP-
7.A: Cellswere incubatedwithdifferentdoses (2.5,5, and10mM)
of garcinol. Effect of garcinol on MMP-7 was examined by
Western blot. Garcinol caused a decrease in the protein levels of
MMP-7 for the 24-h treatment in the medium containing 5%
serum. *P< 0.001 as compared to control cells, maintained in
the absence of garcinol. B: After treatment with IL-1b (20 ng/ml)
for 24 h in serum-withdrawal conditions, the level of MMP-7
protein increased in HT-29 cells. Garcinol (5 mM) showed strong
inhibition of the expression ofMMP-7. The sampleswere probed
with antibody againstMMP-7, anddetectionof Actinwas used as
a standard of protein quantities analyzed. Immunoreactive bands

were semi-quantified, and the relative protein levels of MMP-7
were established with the ratios MMP-7/Actin. Data were
mean� SD of at least three independent experiments.
*P< 0.001 as compared to IL-1b-treated cells, maintained in
the absence of garcinol. C: HT-29 cells were treated with 20 ng/
ml IL-1b and garcinol at various concentrations as indicated for
30min. The amount of protein (500 mg) from each treatment was
immunoprecipitated using the anti-phosphotyrosine beads or
anti-FAK antibody and immunobloted by anti-FAK or anti-
phosphotyrosine antibodies. The experiments were reproduced
in three other identical experiments.
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HT-29 cells is completely suppressed by 5 mM
garcinol.
To determine the effect of garcinol on the

prevention of cancer, we chose various cancer
cell lines and normally primary cultured cells to
examine cell viability. We found that garcinol
had more potential to disrupt colon cancer cells
(IC50¼ 22 mM) than other derivatives, like
GDPPH-1, GDPPH-2, and cambogin. Garcinol
showed a slight effect on rat cortical neuron
from primary culture (IC50¼ 34 mM) and on
NIH3T3 mouse fibroblast cells (IC50¼ 69 mM).
However, other oxidative compounds derived
from garcinol, such as GDPPH-1 and cambogin,
significantly induced cell death in rat primary
cortical neuron and fibroblast (IC50¼ 6 mM).
Our data indicate that garcinol has more
potential as a chemopreventive agent than
either its derivatives or curcumin.
Recent study has asserted that some chemo-

preventive drugs, such as CAPE and sulindac,
reduce the risk of colorectal cancer development
and invasion through the inhibition of FAK-
mediated signaling pathways [Weyant et al.,
2000]. The tyrosine 397 of FAK is in an auto-
phosphorylation position, a high-affinity bind-
ing site for Src homology 2 (SH2) domains of Src
family kinases and also for the p85 regulatory
subunit of PI3K [Jones et al., 2000]. Conse-
quently, downstream signaling is stimulated by
the creation of additional phosphotyrosine
binding, including that of Grb2, which links
integrin engagement to the Ras/MAPK path-
way and the Akt/PKB pathway [Liu et al.,
2002]. In our study, garcinol displays inhibitive
effects on the survival of theRas/MAPKandAkt
signaling pathways following FAK auto-
phosphorylation, and activation of caspase-3
leads to apoptosis in HT-29 colon carcinoma
cells.
Additionally, we demonstrated that garcinol

treatment had not only down-regulated the
anti-apoptotic Bcl-2 protein and pro-apoptotic
Bax protein, but had also cleaved the substrate
of caspase-8, the pro-apoptotic Bid protein
(Fig. 6) that resulted in cell apoptosis (Fig. 4).
Accordingly, mitochondria play an important
role in cytochrome cbeing released to the cytosol
and inducing caspase-9-dependent activation of
caspase-3 in activation of the cell death stage.
Our data show that both caspase-9 activation
and cytochrome c release happenedwithin 9h of
20 mM garcinol treatment (Fig. 6). Caspase-3
activation and PARP cleavage then occurred in

garcinol-induced apoptosis. The induction of
apoptosis by garcinol inHT-29 colorectal cancer
cells takes place through the mitochondrial-
disruption process.

The ability to inhibit tumor formation during
both the initiation and post-initiation phases of
carcinogenesis may be required for a chemopre-
ventive agent to be effective. In the mouse
model, previous studies indicate that effective
agentsmodulate certain stroma–enterocyte inter-
actions early in the promotion or progression
phases of tumorigenesis and decrease FAK
protein levels and the relative tyrosine phos-
phorylationof this kinase [Xuet al., 1996;Reddy
et al., 1999]. We further examined MMP-7
because ECM–enterocyte interactions play an
important role in early stages of intestinal
carcinogenesis. The tumor formation process
was prevented by elimination of the matrix
metalloproteinase gene, MMP-7 [Hasegawa
et al., 1998; Masaki et al., 2001]. MMP-7 is
produced from malignant tumor cells such as
colorectal, breast, lung, prostate, and liver
cancer cells at their earliest stage. MMP
inhibitors have been shown to inhibit tumor
growth and spread and to decrease the liver
metastatic potential of colorectal cancer cells
[Wang et al., 1994]. We have established that
garcinol hindered the invasive ability of HT-29
cells at the concentration of 5 mMfor 24h.MMP-
7 protein levels in the human colorectal cancer
cell lineHT-29were down-regulated by garcinol
treatment (10 mM). To further examine the
protein level of MMP-7 in HT-29 cells, we
utilized IL-1b to induce the over-expression of
MMP-7 protein while garcinol suppressed it.
These findings lead us to conclude that garcinol
decreases the malignant potential of colorectal
cancer cells by reducing their capability to bind
to ECM, with a consequent decrease in the
proliferative activity and synthesis ofMMP-7.A
decrease in the protein level of MMP-7 by
garcinol may also contribute to the cell death
of human colon carcinoma cells.

Recent evidence has indicated that modula-
tion of integrin-mediated signaling, reflected by
FAK phosphorylation status and FAK protein
levels, by plant phenolics can trigger apoptosis
in colorectal cancer cells [Weyant et al., 2000].
Garcinol has been reported as a chemopreven-
tive agent and potential antioxidant [Tanaka
et al., 2000]. We have observed its modulation
activity on FAK signaling and cell survival in
the human colon carcinoma cell lineHT-29. Our
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data also indicate that garcinol attenuates the
tumor cell expression of MMP-7, which may
reduce the proteotic cleavage of FasL and
enhance the involution of HT-29. The specific
inhibition of MMP-7 by garcinol may also have
potential in chemotherapy. In summary, our
findings suggest that garcinol treatment redu-
ces the risk of colorectal cancer proliferationand
invasion.
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