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The aim of this study was to determine whether isorhamnetin, an immediate 3’-O-methylated
metabolite of quercetin, affects proliferation, cell death, and the cell cycle of human colon carcinoma
(HCT-116) cells. Isorhamnetin was found to be a potent antiproliferative agent in a dose- and time-
dependent manner, with an I1Csq of 72 uM after 48 h of incubation as estimated by MTT assay. Flow
cytometry and fluorescence microscopy analysis showed that isorhamnetin exerted a stimulatory
effect on apoptosis and necrosis. Isorhamnetin also increased the number of cells in G2/M phase.
Serum deprivation appeared to potentiate the effects of isorhamnetin on cell death and facilitated
cell cycle progression to GO/G1 phase. These results suggest that isorhamnetin might mediate
inhibition of HCT-116 cell growth through the perturbation of cell cycle progression and are
consistent with the notion that G2/M checkpoints could be a conserved target for flavonoids in
human colon cancer cells, leading to apoptotic and necrotic death. These antiproliferative, apoptotic,
necrotic, and cell cycle effects suggest that isorhamnetin may have clinically significant therapeutic
and chemopreventive capabilities. To our knowledge, this is the first report of the effect of isorhamnetin

on human colon cancer cells.
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INTRODUCTION

Colon cancer represents almost 10% of all tumors and is the
third most common cancer in men in modern countries (after lung
and prostate cancers) and the second in women (after breast
cancer), with approximately 1 million new cases each year world-
wide. Only 5—10% of the cases are due to genetic factors, while
more than 70% are related to diet and lifestyle, suggesting that
colon cancer rates could be substantially reduced by changes in
dietary and lifestyle patterns (/). Epidemiological studies have
associated a diet high in vegetables, fruits, cereals and seeds with a
lower risk of colon cancer. In particular, food constituents such as
polyphenols have been reported to reduce colon cancer risk
experimentally (2).

One of the major polyphenols in the human diet is quercetin, a
naturally occurring flavonoid that has antioxidative and anti-
proliferative effects in a wide variety of cancer cell lines (3). Once
ingested, quercetin is extensively metabolized to form methylated,
sulfated and glucuronidated phase II conjugates (¢) (Figure 1A),
which is a process common to many xenobiotics that restricts
their potential toxic effects and facilitates biliary and urinary
elimination by increasing their hydrophilicity. The 3'-hydroxyl
group is an important target for phase IT metabolism of quercetin
(®), and conjugation of this hydroxyl group with the catechol
moiety of quercetin is thought to attenuate its biological activity
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compared with aglycon. An intermediate 3'-O-methylated meta-
bolite of quercetin is isorhamnetin (3’-O-methylquercetin)
(Figure 1B), a flavonol which has recently been reported to highly
accumulate in xenograft tumors (6) and to have antioxidant and
antitumor activity on human hepatocellular (7) and human
esophageal squamous (8) cancer cells. Isorhamnetin also prevents
endothelial cell injuries caused by oxidized low-density lipopro-
tein (9) and angiotensin I1 (/0), and inhibits adipogenesis through
downregulation of PPARy and C/EBPa in 3T3-L1 cells (/7).

In addition to isorhamnetin metabolically derived from quer-
cetin, different fruits and vegetables constitute a primary source
of isorhamnetin (/2). It is interesting to note that the bioavail-
ability of isorhamnetin is thought to be higher than that of
quercetin, because the absorption and metabolic stability of methy-
lated flavonoids are dramatically increased when compared with
unmethylated parent molecules (13, 14), indicating that intrinsic
biological activities of isorhamnetin should be tested thoroughly. In
order to enhance understanding regarding the cytotoxicity of
isorhamnetin against cancer cells in general and for treatment of
colon cancer in particular, we investigated the in vitro chemother-
apeutic potential of isorhamnetin on HCT-116 cells, an aggressive,
microsatellite unstable, and growth hormone independent human
colon cancer line.

MATERIALS AND METHODS

Materials. All cell culture reagents were purchased from Gibco
(Madrid, Spain). Isorhamnetin was purchased from Extrasynthese
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Figure 1. Structure of quercetin aglycon (A), numbering of relevant carbon atoms and the identified sites of conjugation, and isorhamnetin (B). Metabolites of
quercetin include methylated (—OCHs3), sulfated (—OSO5 ™) and glucuronidated (—Ogluc) counterparts.

(Lyon, France). The purity of isorhamnetin (> 99%) was confirmed by
HPLC-DAD—-MS. A 100 mM stock solution of isorhamnetin was
prepared in dimethyl sulfoxide (DMSO) and stored at —20 °C until cell
culture studies. MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2 H-tetra-
zolium bromide), DMSO, Triton X-100, EDTA, RNase-A, annexin V,
and propidium iodide (PI) were purchased from Sigma-Aldrich (Madrid,
Spain).

Cell Culture. HCT-116, a colon adenocarcinoma cell line, was
obtained from the American Type Culture Collection (Bethesda, MD;
ATCC #CCL 247). Cells were grown at 37 °C with 5% CO, and 90%
relative humidity in McCoy’s SA medium supplemented with 10% heat-
inactivated fetal bovine serum (FBS), 100 U/mL penicillin, and 100 ug/mL
streptomycin.

Cell Viability Assay. Cell viability was assayed based on the ability of
live cells to reduce MTT. HCT-116 human colon cancer cells were cultured
in 96-well plates in triplicate at a density of 5 x 10* cells/well in 200 uL of
medium. The cells were grown to 70% confluence, and the media supple-
mented with the indicated concentrations of isorhamnetin in DMSO. The
final concentration of DMSO in culture medium was maintained at
<0.001%, and S-fluorouracyl (5-FU, 5 uM) was used as a positive
control. Cells were incubated for 24 and 48 h, and then 20 uL of the
MTT solution (5 mg/mL in PBS) was added to each well. Cells were
incubated for 3 hat 37 °C in a humidified chamber with 5% CO,. The con-
centration of formazan was measured spectrophotometrically at 490 nm
using a Multiskan Spectrum microplate reader (Thermo Labsystems, MA,
USA). All MTT assays were carried out in three separate trials.

Cell Cycle Analysis by Flow Cytometry. Cells were grown in 24-well
plates at 37 °C under 5% CO, until 90% confluence was reached. The
medium was then changed, and isorhamnetin and 5-FU were added to the
indicated concentrations. The cells were incubated at 37 °C for 24 and 48 h.
After incubation, the cells were harvested, and washed three times with ice-
cold PBS (pH 7.4). The supernatant was removed, and the cells were
washed with 1.0 mL of PBS and centrifuged at 4 °C. Finally, the
supernatant was carefully removed and the cell pellet was resuspended
in 200 L of 70% ice-cold ethanol and 200 uL of PBS and stored at —80 °C
until further use. For use in flow cytometry experiments, the cell pellet was
washed twice more with PBS. The cell pellet was suspended in 0.5 mL of
staining reagent (50 ug/mL PI, 50 U/mL RNase, 0.1 mM EDTA, 0.1%
Triton X-100, and PBS) and incubated for 30 min at 37 °C in the dark.
DNA fluorescence was measured using a Becton Dickinson (BD) FACS-
canto II flow cytometer with an excitation wavelength of 488 nm and
emission wavelength of 585 nm. Pulse width area signals were used to
discriminate between G2 cells and cell doublets. The data were analyzed
using FACSDiva Software (BD). The relative distribution of 10000 events
for each sample was analyzed for background aggregates and debris, an
indicator of apoptosis as well as GO/G1, S, and G2/M phases of the cell
cycle.

Assessment of Apoptosis and Necrosis. Apoptosis and necrosis were
assessed using a Vybrant Apoptosis Assay kit # 2 (Molecular Probes,
Barcelona, Spain) according to the manufacturer’s instructions. Apoptotic
cells were labeled with annexin V conjugated to green-fluorescent Alexa
Fluor 488 dye, and necrotic cells were labeled with red-fluorescent PI.
These populations were analyzed using a BD FACScanto II flow
cytometer with an excitation wavelength of 488 nm and a 530 nm filter
for the detection of Alexa Fluor 488 and a 585 nm filter for PI detection.

The data were analyzed using FACSDiva Software (BD). At least 10000
events for each sample were analyzed and gated according to light
scattering properties.

For microscopy, cells were stained using a Vybrant Apoptosis Assay kit
# 2 (Molecular Probes, Barcelona, Spain) according to the manufacturer’s
instructions and observed under an Olympus IX81 motorized inverted
fluorescence microscope (Tokyo, Japan) equipped with FITC and Texas
Red filtersets. Images were recorded using a MegaView II CCD camera
(Soft Imaging System) and analyzed using a Cell R software (Olympus).
Apoptotic cells were stained with annexin V conjugated to green-fluor-
escent Alexa Fluor 488 dye. Cells were dually stained with PI to mark
Necrosis.

Statistical Analysis. StatGraphics Plus software was used for statis-
tical analyses. All quantitative data are represented as mean + SD from
triplicate experiments performed in parallel unless otherwise indicated.
Mean values among treatment groups were compared by the ANOVA test
followed by Duncan’s multiple comparison test. A level of P < 0.05 was
accepted as statistically significant.

RESULTS

Isorhamnetin Induces Growth Inhibition of HCT-116 Human
Colon Cancer Cells. Using the HCT-116 human colon cancer cell
line, we first evaluated the effect of isorhamnetin on cell prolif-
eration by MTT assay, which measures the appearance of a
formazan product that is directly proportional to the number of
living cells in the culture. HCT-116 cells were treated with dif-
ferent concentrations (0—100 M) of isorhamnetin for 24 and
48 h. Cell viability in the presence of complete medium or the
DMSO control alone was not affected (data not shown). How-
ever, HCT-116 cells were sensitive to isorhamnetin in a dose- and
time-dependent manner (Figure 2A). The 1Cs, values of isorham-
netin for HCT-116 cells were 224 uM and 72 uM after 24 and 48 h
of incubation, respectively. In addition, we examined whether
serum deprivation could play a role in the survival of isorhamne-
tin-treated HCT-116 cells. Treatment of cells with 100 uM
isorhamnetin for 48 h in serum-deprived medium led to a signi-
ficantincrease (P < 0.05) of cell death compared with cells grown
in complete medium (Figure 2B).

Isorhamnetin Induces Apoptosis and Necrosis of HCT-116 Hu-
man Colon Cancer Cells. As resistance to apoptosis is critical for
cell survival and also contributes to drug resistance of cancer cells,
we studied whether isorhamnetin induced apoptosis in HCT-116
cells. There was a dose- and time-dependent increase in apoptosis
(Figure 3A) and necrosis (Figure 3B), as visualized by the Annexin
V/PI staining assay, with maximum apoptosis and necrosis
observed at a dose of 75 uM isorhamnetin for 24 and 48 h.
5-Fluorouracyl was used as a positive control for apoptosis and
necrosis. These findings were further confirmed by fluorescence
microscopy experiments in which treatment of cells with iso-
rhamnetin enhanced green and red fluorescence when compared
with control cells, indicating that the flavonol increased apoptosis
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Figure 2. Effect of isorhamnetin on viability of HCT-116 human colon
cancer cells assessed by MTT assay. (A) HCT-116 cells were treated with
isorhamnetin (0—100 «M) in complete medium for 24 and 48 h. (B) HCT-
116 cells were treated with 100 «M isorhamnetin in the presence (complete
medium) or absence (serum-free medium) of 10% FBS for 48 h. Cell
viability was assessed by MTT assay as described in Materials and
Methods. In panel A, HCT-116 cells treated with complete medium were
taken as 100% of cell viability. The data represent the average median of at
least three independent experiments (by triplicate) + SD. P < 0.05 was
determined by one-way analysis of variance followed by Duncan’s test.

and necrosis (Figure 4A). Proportions of apoptotic and necrotic
cells following treatment of cells with 75 uM isorhamnetin for
24 h are shown in representative plots of FACS analysis
(Figure 4B).

Isorhamnetin Induces G2/M Growth Arrest of HCT-116 Human
Colon Cancer Cells. Apoptosis and cell cycle deregulation are
closely related events, and disruption of cell cycle progression
may ultimately lead to apoptotic/necrotic death. Isorhamnetin,
at doses up to 75 uM, doubled the fraction of HCT-116 cells in
G2/M phase after 24 h (Figure 5A and 5B) and 48 h (data not
shown) of treatment compared with controls. The GO/G1 phase
was correspondingly decreased after isorhamnetin treatment,
suggesting that isorhamnetin may induce G2/M growth arrest
in HCT-116 cells. These results also indicate that isorhamnetin-
induced apoptosis and necrosis in HCT-116 cells is likely to
involve modulation of cell cycle progression. Isorhamnetin-trea-
ted HCT-116 cells also remained at GO/G1 phase in parallel
cultures in serum-deprived medium (Figure SC).

DISCUSSION

Flavonoids are a group of naturally occurring polyphenol
compounds that are ubiquitous in the vegetable kingdom and
are widely present in the human diet. In addition to their antiox-
idant function, their antiproliferative effects are considered to be
among the most therapeutically utilizable of these flavonoid
activities, which are related to their structure (3). These compounds
commonly have the basic skeleton of phenylbenzopyrone (Cs—C3—
Ce) consisting of 2 aromatic rings (A and B rings) linked by 3
carbons that are usually in an oxygenated central pyran ring, or C
ring (Figure 1A). Quercetin is one of the major dietary flavonoids
with antiproliferative efficacy on a range of cancer cells including
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Figure 3. Effect of isorhamnetin on apoptosis and necrosis of HCT-116
human colon cancer cells assessed by FACS analysis. HCT-116 cells were
treated with dimethylsulfoxide (DMSO), 5 uM 5-fluorouracyl (5-FU), or
isorhamnetin (50, 75, and 100 x«M) in complete medium for 24 and 48 h.
Cells were stained with annexin V (A) or propidium iodide (PI) (B), and
subjected to FACS analysis as described in Materials and Methods. The
data represent the average median of at least three independent experi-
ments (by triplicate) + SD. P < 0.05 was determined by one-way analysis
of variance followed by Duncan’s test.

colon cancer cells in vitro (15, 16) and in vivo (17, 18). The effects of
quercetin may in large part be mediated by its metabolites, in
particular isorhamnetin (3'-O-methylquercetin) (/9). According to
pharmacokinetic studies in animal models, isorhamnetin remains
elevated in plasma longer than quercetin and is not transformed
back into its unmethylated parent molecule (20). The oral bioavail-
ability, hepatic metabolic stability, and tissue uptake of quercetin
has also shown to be dramatically enhanced by methylation (/3).
More importantly, it has been suggested that methyl capping of
flavonoid free hydroxyl groups could greatly improve their intrinsic
cancer chemotherapeutic activity (/4). However, the antiprolifera-
tive effects of isorhamnetin in colon cancer cells are still not
understood. Our study aimed to examine the effects of isorhamne-
tin in HCT-116 cells.

Our results show that isorhamnetin can induce both dose- and
time-dependent growth inhibitory effects in HCT-116 cells. Iso-
rhamnetin was previously shown to inhibit proliferation of hu-
man hepatocellular carcinoma BEL-7402 cells (7), human
esophageal tumor cell line Eca-109 (8), and murine Lewis lung
cancer (LLC) cells (27). We found that isorhamnetin exhibited
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Figure 4. Representative pictures and FACS analysis of HCT-116 human colon cancer cells treated with isorhamnetin and stained with annexin V and
propidium iodide (P1). HCT-116 cells were treated with dimethylsulfoxide (DMSO) or 75 M isorhamnetin in complete medium for 24 h. Cells were stained
with annexin V and PI, and then subjected to phase contrast (PC) and fluorescence microscopy (A) or FACS analysis (B) as described in Materials and
Methods. The data are the relative number of annexin V" PI"9" and annexin V/PI"9" cells.

potent cytotoxicity against HCT-116 cells, with an I1Csq (72 uM)
after a 48 h incubation 2- to 3-fold lower than those measured in
BEL-7402 cells (ICs0 235 uM, 72 h) (7) and Eca-109 cells (ICsq 126
UM, 48 h) (8). In a recent study, ICs, for quercetin in HCT-116
cells under similar experimental conditions was > 100 uM (22).
Our study provides support for the superior potency of isorham-
netin compared with quercetin in inducing cell death in HCT-116
cells. Inhibition of cell growth by flavonoids has been suggested to
be mediated by different mechanisms of action such as regulation
of oncogene and tumor suppressor gene expression, inhibition of
signal transduction pathways involving Nrf, NF-«B, AP-1, Wnt/
f-catenin, MAPK and growth factors, and induction of cell-cycle
arrest and apoptosis involving the p53, Bcl-2 and caspase
families (3). Therefore, we investigated whether isorhamnetin
could induce apoptosis or affect cell cycle progression in HCT-
116 cells.

Our results show that isorhamnetin can induce both dose- and
time-dependent apoptosis and necrosis in HCT-116 cells. These
effects were assessed using two methods, flow cytometry and
fluorescence microscopy. Isorhamnetin was previously shown
to induce apoptosis in LLC cells through an activation of the
mitochondria pathway, involving the loss of transmembrane
potential, upregulation of Bax, and cleavage of procaspase-9
and PARP, and resulting in a significant decrease in the size and
weight of tumors excised from LLC bearing C57BL/6 mice (21).
Isorhamnetin has also been shown to induce apoptosis in Eca-109
cells through a decrease in the ratio of Bcl-2 to Bax (§). In
addition, it was shown that chromosomal condensation precedes
the formation of isorhamnetin-induced apoptotic bodies in
BEL-7402 cells (7). In HCT-116 cells, quercetin was found to
trigger apoptosis via NAG-1 under the control of the transcrip-
tion factor Spl and p53 (23). In our study, necrotic HCT-116 cells



Article J. Agric. Food Chem., Vol. 58, No. 20,2010 10873
DMSO 25 uM Isorhamnetin 130 25 uM Isorhamnetin
A GO0/G1 61.2%1.7% GO0/G1 60.0+1.9% C
600 S 24.6£05% 600 S 24.1£0.5% "" 003 p<0 05
G2/M 14.1£1.0% G2/M 158%1.3% 120 1
400 '_‘—l 400 |_1_| k
200 200 60 -
(| E— R U (I R—— S
50 uM Isorhamnetin 100 pM Isorhamnetin 0
GO/G1 58.4%1.2% GO/G1 45.3+1.5% 180 - el
600 | S 26320.6% 600 | S 26.2£1.1% P<0 05
G2/M 15.2%£0.9% | G2/M 28.40.4% 120 Pa’.{] 05 P<0.05
400 | 400 | 7
- ] - ©
200 | 200 1 ° &
z i | ]
g 0 ....... iyl 0 .............
8 0 50 100150200250 (x10%) 0 50 100150200250 (x10%)
- 0
DNA content 180 - p< 0.05 100 pM Isorhamnetin
B 40 - P n 0
5 P<0.05
P<0.05 120 - = i
30 A NS ! T
S NS 60
s 20 A | !
10 - G0/G1 G2/M
Complete medium + - + - + -
0 Serum-free medium -+ -+ -+
DMSO 25 50 100

Isorhamnetin (uM)

Figure 5. Effect of isorhamnetin on cell cycle distribution of HCT-116 human colon cancer cells assessed by FACS analysis. HCT-116 cells were treated with
dimethylsulfoxide (DMSO) or isorhamnetin (25, 50, and 100 «M) in the presence (complete medium) (A, B) or absence (serum-free medium) (C) of 10%
FBS for 24 h, and then subjected to FACS cell cycle analysis as described in Materials and Methods. In panel C, HCT-116 cultures treated with isorhamnetin in
complete medium were taken as 100% of cells in the G0/G1, S, or G2/M phase of the cell cycle. The data represent the average median of at least three
independent experiments (by triplicate) £ SD. P < 0.05 was determined by one-way analysis of variance followed by Duncan’s test.

constituted the main fraction of the dead and dying HCT-116
cells after isorhamnetin treatment. Similar findings have been
recently described for quercetin in rat neurons and in a human
neuroblastoma cell line SK-N-AS, in which the number of
necrotic cells exceeded the number of apoptotic ones (24).
Morphological changes that occur with necrotic cell death include
cell swelling, formation of cytoplasmic vacuoles and blebs,
disrupted organelle membranes and lysosomes, and the eventual
disruption of cell membrane and release of cytoplasmic contents
into the cell surroundings. Whereas apoptosis and necrosis have
been considered respectively as controlled or accidental modes of
cell death, there is now mounting evidence that necrotic cell death
is also regulated by a set of signaling pathways (25). Our results
suggest that isorhamnetin can induce the activation of multiple
cell death mechanisms, including both apoptosis and necrosis in
HCT-116 cells. Additional studies will be required to ascertain
the detailed mechanisms by which isorhamnetin initiates cell
death in human colon cancer cells.

We found that isorhamnetin altered cell cycle progression in
HCT-116 cells, with entry into GO/G1 being most strongly
inhibited. Therefore, isorhamnetin-treated HCT-116 cells were
growth arrested at G2/M. Isorhamnetin was previously reported
to prevent Eca-109 cells from entering G2/M (§). Conflicting
observations are common with regard to the stage-specific cell
cycle arrest caused by flavonoids (3). For example, quercetin was

recently shown to induce cell cycle arrest at GO/G1 in human
breast carcinoma SK-Br3 cells through hypo-phosphorylation of
pRb, which was accompanied by the induction of CDK inhibitor
p21 (26). In contrast, quercetin blocked human SW480 colon
cancer cells at G2/M through suppression of cyclin D; and
survivin at both the transcriptional and protein expression
levels (15). Cell cycle arrest of SW480 cells at G2/M was also
reported when cells were treated with quercetin and with structu-
rally related analogues of quercetin (27). Furthermore, an in-
crease in the number of cells in G2/M was observed in CO115
human colon cancer cells following quercetin treatment (28). The
negative regulation of the complex cyclin B/cdkl and other
positive regulators of cell cycle progression could impair CDK
activities and contribute to the isorhamnetin-induced suppression
of G2/M transition in HCT-116 cells (29). Our findings suggest
that isorhamnetin might mediate growth inhibition of HCT-116
cells through the perturbation of the cell cycle progression and are
consistent with the notion that G2/M checkpoints could be a
conserved target for flavonoids in human colon cancer cells,
leading to cell growth inhibition and possible apoptotic and
necrotic death (30).

Serum deprivation potentiated the effects of isorhamnetin on
cell death and facilitated cell cycle progression to GO/G1. It is
possible that the enhanced effects observed in the absence of
serum may be due to binding of isorhamnetin with serum proteins
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thus lowering the active concentration of isorhamnetin (37).
These findings are also in agreement with cytotoxic effects
involving both nuclear-dependent and nuclear-independent
processes (32) and the effect of serum deprivation stress in
synchronizing cell cultures to arrest in GO/G1 (33). The question
of whether both observations are concurrent or whether the
sensitivity of starved HCT-116 cells to isorhamnetin is time-
dependent requires further investigation.

All of these biological activities were exerted in vitro by
isorhamnetin at micromolar concentrations above the concentra-
tion range expected in human plasma after the intake of dietary
quercetin or isorhamnetin (3/). However, these values were
within that observed in mouse plasma after the intake of quercetin
supplements (6). There is no agreement between effective con-
centrations in vitro and those in vivo. For example, long-term
exposure to dietary polyphenols is thought to likely produce
significant concentrations in plasma and tissues and a biological
impact, even if the intake levels are low (3/). Moreover, iso-
rhamnetin could exert their effects both systemically and locally
within the lumen of the intestinal tract. Data from ileostomy
studies support this notion, showing that polyphenols may reach
the colon in substantially large amounts (34). Therefore, it will be
important to design studies, including appropriate biomarkers
that examine the efficacy of isorhamnetin against colon cancer
in vivo by reaching bioactive steady-state plasma and intraluminal
levels for targeting colonic epithelial cells.

In conclusion, we demonstrated that isorhamnetin inhibited
cell growth, arrested the cell cycle at G2/M, and induced both
apoptosis and necrosis in HCT-116 human colon cancer cells.
These antiproliferative and cell cycle effects suggest that iso-
rhamnetin may have clinical significance with therapeutic
and chemopreventive capabilities. Studies to further elucidate
synergistic or additive effects of this flavonol in conjunction with
conventional chemotherapeutic regimens are ongoing in our
laboratory. Further investigations are needed to establish detailed
molecular mechanisms of isorhamnetin-induced cytotoxicity in
HCT-116 cells. To our knowledge, this is the first report of the
effects of isorhamnetin on human colon cancer cells.
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