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Abstract. Naringenin has been shown to display various biolog-
ical effects such as antioxidant, anticancer, anti-inflammatory,
and antiviral activities. Taxifolin inhibits the production of lipo-
polysaccharide-induced prostaglandin E, and fustin suppresses
the activity of acetylcholinesterase. They all belong to flavanone
which is a class of flavonoids with a C6-C3-C6 skeleton. Since
the anticancer activities of flavanone derivatives have rarely
been reported, we examined the effects of 26 flavanone deriva-
tives on HCT116 colorectal cancer cells. Our results suggest
that flavanone derivatives control the expression of cell cycle
regulatory proteins, which blocks G1 cell cycle progression
and inhibits the clonogenicity of HCT116 cells. In addition, in
order to design flavanone derivatives that show better anticancer
activity, structure-activity relationships were examined.

Introduction

A trihydroxyflavanone, naringenin, shows various biological
effects such as antioxidant, anticancer, anti-inflammatory, and
antiviral activities (1). Taxifolin, a pentahydroxyflavanone,
inhibits the production of lipopolysaccharide-induced pros-
taglandin E and the expression of inflammatory mediators,
and shows analgesic activity (2-4). Fustin, a tetrahydroxy-
flavanone, reduces [-amyloid-induced learning impairment,
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the activity of acetylcholinesterase, and the gene expression
induced by B-amyloid, and shows a dose-independent anti-
mutagenic activity (5-7). Pinocembrin, a dihydroxyflavanone,
improves neurological deficits and the survival of Epilachna
paenulata, soothes hippocampal neuronal loss, and increases
the activity of heme oxygenase (8-10). Alpinetin, 7-hydroxy-
5-methoxyflavanone, has demonstrated cytotoxic activity
against human cancer cells such as MCF7 and Caski cells (11).
They all belong to flavanones which are a class of flavonoids
with a C6-C3-C6 skeleton. Here, the C6-C3 of chroman-4-one
and C6 of phenyl ring were connected to each other through a
carbon-carbon single bond. Because chroman-4-one contains
a chiral carbon, the structure of flavanone is flexible. The wide
range of the flavanone bioactivity may be due to its chiral
structure (12,13). Studies on flavanones have recently been
carried out. More than 1,000 research articles on flavonones
can be found on PubMed, with about 20% of them published
within the last 3 years. Lipinski's rule of 5 is a rule of thumb
to evaluate drug-like compounds, and revelas that flavanones
belong to the category (14).

Colorectal cancer is the third most common cancer. More
than 100,000 new patients were diagnosed with this cancer
in the United States in 2010 and more than 50,000 died from
this disease (15). Even though the factors causing colorectal
cancer are not clear, Western style diet, and consumption of
red meat or alcohol increase the person's risk. The lifetime risk
of colorectal cancer is about 7% (16). Many drugs including
5-fluorouracil are known for their chemotherapeutic proper-
ties. Most chemotherapeutic agents show cellular toxicities
which affect cancer as well as normal cells (17). Therefore, the
development of new drugs showing low toxicities is required.
More than 10,000 flavonoids have been reported, but they are
not used as chemotherapeutic agents because of their mild
activities. Studies on adjuvant colorectal cancer therapy have
recently been performed (16). Flavonoids do not show sufficient
activity to be used for chemotherapy, but they can be applied
for adjuvant therapy. In addition, the anticancer activities of
flavanones have rarely been reported. We examined the effects
of 26 flavanone derivatives on HCT116 colorectal cancer
cells. To examine their anticancer effects, the clonogenicity
of HCT116 human colorectal carcinoma cells as a long-term
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survival assay was measured. The aim of this research was to
find the structural conditions of flavanones that would result
in optimal anticancer activity against colorectal cancer cells
based on a comparison of structures of the flavanone deriva-
tives and their inhibitory effects against the clonogenicity.

Materials and methods

Flavanone derivatives. Five monohydroxyflavanones, a
trihydroxyflavanone, a tetrahydroxyflavanone, a pentahydroxy-
flavanone, 4 monomethoxyflavanones, 4 dimethoxyflavanones,
5 trimethoxyflavanones, 4 hydroxymethoxyflavanones, and a
chloroflavanone were used for the clonogenicity assay as race-
mates (Table I). They were purchased from Indofine Chemical
Co., Inc. (Hillsborough, NJ).

Biological data. To examine the effects of flavanone deriva-
tives on the clonogenicity of HCT116 human colorectal
carcinoma cells, a long-term survival assay was performed.
HCT116 cells were obtained from the American Type Culture
Collection (ATCC) and maintained in DMEM (Invitrogen Life
Technologies, Carlsbad, CA) supplemented with 10% heat-
inactivated fetal bovine serum (Invitrogen Life Technologies).
Mid-log phase cultured HCT116 cells (5x10° cells/well) were
seeded onto 24-well tissue culture plates (BD Falcon) in the
absence or presence of different concentrations of flavanone
derivatives and incubated for 7 days. Colonies formed were
fixed with 6% glutaraldehyde, followed by staining with
0.1% crystal violet, as previously described (18). Following
exposure of HCT116 cells to 20 pM 5-hydroxy-7-methoxy-
flavanone (5-OH-7-OMeFlav) for 48 h, cells were washed once
with PBS and trypsinized. Cells were then incubated with
2.5 pg/ml propidium iodide (PI) for 5 min at room tempera-
ture. To quantify the number of dead cells, PI-stained cells
were analyzed using a FACSCalibur flow cytometer (Becton
Dickinson Immunocytometry Systems, San Jose, CA).
HCT116 cells were treated with 20 mM 5-OH-7-OMeFlav for
24 or 48 h, fixed in 70% ethanol, washed twice with phosphate-
buffered saline, and stained with 50 mg/ml PI, as previously
described (19). The cellular DNA content was analyzed using a
FACSCalibur flow cytometer. HCT116 cells were treated with
either vehicle or 20 uM 5-OH-7MeOFlav. At 24 or 28 h post-
treatment, cells were collected and extracted in 20 mM HEPES
(pH 7.2) containing 1% Triton X-100, 10% glycerol, 150 mM
NaCl, 10 pg/ml leupeptin, and 1 mM phenylmethylsulfonyl
fluoride. The protein samples (20 pg/lane) were then separated
by 10% SDS-PAGE and transferred onto nitrocellulose filters.
Western blotting was performed according to standard proce-
dures using an antibody specific for p21 (1:1,000), cyclin D1
(1:2,000), PCNA (1:2,000), cyclin A (1:1,000), cyclin B
(1:1,000) or GAPDH (1:2,000). All antibodies used in this
study were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA). The signals were developed using an enhanced
chemiluminescence detection system (Amersham Pharmacia
Biotech Inc., Piscataway, NJ).

Three dimensional structure-activity relationships. To eluci-
date the SAR, 3 dimensional (3D) QSAR was conducted using
the SYBYL 7.3 software (Tripos, St. Louis, MO). Twenty-six
compounds were divided into 2 groups arbitrarily: a training
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set used to generate QSAR models, and a test set (compounds
8, 15, 16, 18, and 19 in Table I) used to validate the models.
The training set was aligned using the SYBYL/Database
Alignment module. In the alignment procedure, derivative 1,
2'-hydroxyflavanone, which showed the highest inhibitory
activity against the clonogenicity of HCT116 cells, was used
as a template and the atom-based root mean square fit method
was adapted with the SYBYL/Database Align option (20).

Results

Clonogenic survival assay. The results of the clonogenic
survival assay using HCT116 colorectal cancer cells treated
with the flavanone derivatives are shown in Fig. 1 and their
values obtained from densitometry analysis are listed in
Table I. A low value obtained from densitometry analysis was
indicative of better activity because the treated compound
more effectively killed the HCT116 colorectal cancer cells.
When the value of the non-treated cell was 500, the biological
data ranged between 161.13 and 432.32, which corresponded to
an inhibitory effect of 67.8 and 13.5%, respectively. The lowest
inhibitory effect was caused by 2'-hydroxyflavanone and the
strongest inhibitory effect was caused by 3,3',4',5,7-pentahy-
droxyflavanone (taxifolin).

Structure construction and optimization. Flavanone
compounds have a C6-C3-C6 skeleton composed of 3 rings,
A-, C-, and B-, respectively, and a chiral carbon at the C-3
position; thus, their 3D structure should be determined.
(2S)-Naringenin contained in the crystallographic structure
of chalcone isomerase (leyq.pdb) was used as a template for
the 3D structure calculations of the flavanone derivatives used
in this experiment (21). The structures of 26 derivatives listed
in Table I were built using SYBYL 7.3. All derivatives were
used for their biological test as racemates, their 2S conforma-
tions were used in silico experiments. Each structure was
subjected to energy minimization, which was terminated upon
the convergence of total energy (0.05 kcal/mol A). Systematic
conformational searches were performed using the SYBYL
program to obtain the conformer with the lowest energy.

3D QOSAR study. The 3D QSAR was carried out using compara-
tive molecular field analyses (CoMFA) and comparative
molecular similarity indices analysis (CoMSIA). Twenty-six
flavanone derivatives were split-up into a training set to create
the QSAR models and a test set to validate the models. Of the
several CoOMFA models, the model showing the best cross-
validated correlation coefficient (q>=0.660) was chosen for
further analyses. Partial least square analyses were performed
to establish a linear relationship between the inhibition of
clonogenicity and the resulting field matrix of the flavanone
derivatives. The cross-validated analyses were performed using
the leave-one-out (LOO) method. The final non-cross-validated
(r*=0.968) analysis was performed using the optimal number
of components (6) obtained from the LOO method. In the
partial least square analysis, the standard error of estimate and
F-values were 15.459 and 69.732, respectively. The best CoMFA
model was obtained using the region-focusing method. CoMFA
models were evaluated by predicting the activity of each
compound based on the model, and comparing the predictions
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Figure 1. Effects of flavanone derivatives on the clonogenicity of HCT116 cells. HCT116 cells (5x10° cells/well) were plated and cultured for 7 days in the
absence or presence of different concentrations of flavanone derivatives. Similar results were obtained from 2 other independent experiments. (A) The greatest
inhibitory effect was observed for derivative 1 and the lowest effect was observed for derivative 3, and (B) values obtained from the densitometry analysis.

“Test set used for the SAR calculations.

= T

Figure 2. COMFA contour maps. The corresponding steric and electrostatic
field contributions were 57.4 and 42.6%, respectively. The steric field contours
are shown in green (more bulk-favored) and yellow (less bulk-favored), while
the electrostatic field contours are shown in red (electronegative substituent-
favored, 68%) and blue (electropositive substituent-favored, 32%).

with the experimental data. Residuals between the experimental
and predicted values for the training set ranged from 0.07%
(derivative 10, 6-methoxyflavanone) to 14.2% (derivative 20,
2'3'7-trimethoxyflavanone) and this error range was acceptable.
To validate the QSAR model, 5 derivatives, 8, 15, 16, 18, and 19,
were selected as a test set. Their residuals ranged between 0.1%
(derivative 8, 7-hydroxyflavanone) and 18.5% (derivative 19,
3' 4", 6-trimethoxyflavanone); thus, this QSAR model was reli-
able.

To visualize the relationship between the structures of
the flavanone derivatives and the inhibition of clonogenicity,
CoMFA contour maps were generated using SYBYL 7.3.
The steric and electrostatic field descriptors contributed 57.4
and 42.6%, respectively. Of the steric field contributors, the
bulky favored and disfavored regions contributed 35 and 65%,
respectively (Fig. 2). Of the electrostatic field contributors, the

Figure 3. The field contributions of steric and H-bond acceptor fields were
54.7 and 45.3%, respectively in the CoMSIA contour maps. The more bulk
favored region and less bulk favored regions are shown in green and yellow,
respectively. The H-bond acceptor favored contour and disfavored contour
are colored in magenta (33%) and red (67%), respectively.

electronegative and electropositive favored regions contrib-
uted 32 and 68%, respectively.

While CoMFA provides information on only the steric and
electrostatic effects, COMSIA can yield information on the
steric and electrostatic effects as well as the hydrogen bond
effects; thus, CoMSIA analysis was performed. A partial least
squares analysis was used to determine correlations between
the biological activity and descriptors of the physicochemical
property of each derivative. The model displaying the best
cross-validated value (q*=0.556) was selected. The corre-
sponding r? was 0.945. The number of components, the standard
error of estimate, and the F-value were 4, 18.851, and 68.702,
respectively. A comparison of the experimental data and of the
values predicted by CoMSIA was performed. In the training
set, the residual errors between the experimental values and
the predicted values ranged between 0.2% (derivative 3,
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Figure 4. Effects of the 5-OH-7-OMeFlav on the inhibition of Gl cell cycle progression. (A) HCT116 cells were treated with 20 xM 5-OH-7-OMeFlav for 48 h,
and the population of PI-positive cells was quantified using FACSCalibur flow cytometry. M1, PI-negative live cells; M2, PI-positive dead cells. (B) HCT116
cells were treated with 20 uM 5-OH-7-OMeFlav for 24 or 48 h. DNA content was analyzed by PI staining at 488 nm using FACSCalibur flow cytometry. M1,
sub-G1; M2, G1; M3, S; M4, G2/M; 2N, diploid; 4N, tetraploid. (C) HCT116 cells were treated with 20 xM 5-OH-7-OMeFlav for 24 or 48 h, and the expression
of cell cycle regulatory proteins in whole cell lysates were assessed by Western blotting using the indicated antibodies. GAPDH was used as an internal control.

3,3'4'5,7-pentahydroxyflavanone) and 20.0% (derivative 17,
5-hydroxy-7methoxyflavanone), and in the case of the test set,
they were 4.2% (derivative 18, 2'4',6-trimethoxyflavanone)
and 18.4% (derivative 19, 3'4',6-trimethoxyflavanone). These
results demonstrate that the CoMSIA model used in this
experiment was reliable.

The CoMSIA calculations revealed that the steric and
H-bond acceptor fields contribute 54.7 and 45.3%, respec-
tively. Like COMFA, the CoMSIA contour map was generated
and is shown in Fig. 3. In the steric fields, the bulky favored
region and the disfavored region contributed 33 and 67%,
respectively. Similarly to the steric fields, the H-bond acceptor-
favored region and disfavored region contributed 33 and 67%,
respectively.

The substituent at C-5 favors the non-bulky group and
the functional group as the H-bond acceptor. The activity of
derivative 17 was better than that of derivative 14. Likewise,
derivative 25 displayed better activity than derivative 15. In
the cases of derivatives 26 and 19, the former showed better
activity than the later because C-6 favors the non-bulky group.
The C-7 position favors a bulky substituent such as methoxyl
group. For example, derivative 11 showed better activity than
derivative 8. Derivatives 1, 12, and 20 produced good inhibi-
tory effects because the C-2' prefers a hydroxyl or methoxyl
group. When 2 bulky groups are attached to the B-ring and
are separated they do not show good activity. The ortho
substituted dimethoxyl groups (derivatives 12, 13, 20, and 26)
showed good activity.

Discussion

To investigate the molecular mechanism underlying the
inhibition of clonogenicity of HCT116 cells, the flavanone
derivatives showing good inhibitory activity, derivative 17
(5-hydroxy-7-methoxyflavanone, 5-OH-7-OMeFlav), was
selected, and its effect on the induction of cell death was
evaluated. PI is a fluorescent dye that can bind to nucleotides
by intercalating between the bases. PI is impermeable and
excluded from viable cells; however, in cells lacking membrane
integrity, fluorescent PI rapidly diffuses out of the cell (22).
Thus, PI staining is widely used to identify dead cells in a
solution. Flow cytometry analysis showed that the population
of PI-stained cells only slightly increased following treatment
with 20 yuM 5-OH-7-OMeFlav for 48 h (Fig. 4A), suggesting
that the flavanone derivatives had no effect on cell death.
We then examined the effect of the 5-OH-7-OMeFlav on the
progression of the cell cycle using FACS analysis. The number
of sub-Gl cells was not changed by 5-OH-7-OMeFlav treat-
ment (Fig. 4B), further conforming that this compound had no
effect on inducing apoptotic cell death. Forty-eight hours after
5-OH-7-OMeFlav treatment, the number of cells increased in
the G1 phase (49.0% vs. 80.64%) with concomitant decreases
in the S phase (26.76% vs. 8.72%) and G2/M phase (24.25%
vs. 9.19%) of the cell cycle when compared to the control cells
(Fig. 4B). These data suggest that 5-OH-7-OMeFlav treatment
arrested the cell cycle progression at the G1 phase for HCT116
cells. We next analyzed the effect of the 5-OH-7-OMeFlav on
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the expression of cell cycle regulators by Western blot analysis.
In this analysis, the steady-state level of p21™*7/C! (hereafter
p21) was increased, whereas the levels of cyclin DI, cyclin A,
and cyclin B1 proteins were decreased when compared to the
control cells (Fig. 4C). PCNA and GAPDH were not affected.
Since p21 plays important roles in the inhibition of cell cycle
progression at Gl and G2/M phases (23,24) and cyclin D1
regulates the transition of cells from the GI1 to S phase (25),
it seems likely that the 5-OH-7MeOFlav-induced cell cycle
arrest at the G1 phase in HCT116 cells was mediated by the
up-regulation of p21 and down-regulation of cyclin D1. Taken
together, our results suggest that flavanone derivatives control
the expression of cell cycle regulatory proteins, which blocks
Gl cell cycle progression and inhibits the clonogenicity of
HCT116 cells. As mentioned above, the results obtained from
this QSAR study reveal the structural condition to show good
inhibitory effects on HCT116 colorectal cancer cells, so that
compounds that have met the condition will be designed,
prepared, and assessed in a future study.
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