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Hydroxylated polymethoxyflavones (PMFs) are a class of novel flavonoid compounds mainly
found in citrus plants. We studied the effects of three major 5-hydroxy PMFs, namely:
5-hydroxy-6,7,8,3' 4 -pentamethoxyflavone, ~ 5-hydroxy-3,6,7,8,3',4'-hexamethoxyflavone, =~ and
5-hydroxy-6,7,8,4 tetramethoxyflavone, on human colon cancer HCT116 and HT29 cells. Their
effects were compared with those produced by their permethoxylated counterparts, namely:
nobiletin, 3,5,6,7,8,3',4'-heptamethoxylflavone, and tangeretin. 5-Hydroxy PMFs showed much
stronger inhibitory effects on the growth of the colon cancer cells in comparison with their
permethoxylated counterparts, suggesting the pivotal role of hydroxyl group at 5-position in the
enhanced inhibitory activity by 5-hydroxy PMFs. Flow cytometry analysis demonstrated that three
5-hydroxy PMFs produced different effects on the cell cycle and apoptosis, which may suggest that
three 5-hydroxy PMFs act through different mechanisms. For example, 5-hydroxy-6,7,8,3",4'-
pentamethoxyflavone caused cell cycle arrest at G2/M phase in HT29 cells, while 5-hydroxy-
3,6,7,8,3 4 -hexamethoxyflavone led to significant GO/G1 phase arrest. In contrast, 5-hydroxy-
6,7,8,4 -tetramethoxyflavone increased sub-G0/G1 cell population, which has been confirmed to be
due to enhanced apoptosis. Our results further demonstrated that the inhibitory effects of 5-
hydroxy PMFs were associated with their ability in modulating key signaling proteins related to
cell proliferation and apoptosis, such as p21“P/¥*! CDK-2, CDK-4, phosphor-Rb, Mcl-1, caspases
3 and 8, and poly ADP ribose polymerase (PARP).
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1 Introduction

Polymethoxyflavones (PMFs) refer to flavonoid compounds
that bear two or more methoxy groups on their basic benzo-
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v-pyrone skeleton with a carbonyl group at the C4 position
(Fig. 1). Naturally, PMFs were mainly found in citrus plants,
particularly in the peels of sweet oranges (Citrus sinensis)
and mandarin oranges (Citrus reticulata) [1]. Currently, more
than 20 PMFs have been isolated and identified from
different parts of citrus plants. They exhibited a broad
spectrum of biological activity, such as anti-inflammatory,
anti-carcinogenic, anti-atherogenic, anti-viral, and anti-
oxidative ones [1-3]. The most studied PMFs are perme-
thoxylated PMFs, such as nobiletin, 3,5,6,7,8,3',4'-hepta-
methoxylflavone (HMF) and tangeretin (Fig. 1). These
PMFs are also most abundant ones found in orange peel
extract from cold-pressed sweet orange peel oil [1].
Recently, a class of hydroxylated PMFs have been isolated
from aged orange peel extracts, and they could be formed
by auto-hydrolysis of their permethoxylated counterparts
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during long-term storage (Fig. 1) [1, 4, 5]. We have
previously showed that hydroxylated PMFs, i.e. 5-hydroxy-
6,7,8,3 4 -pentamethoxyflavone (SHPMF) and 5-hydroxy-
3,6,7,8,3 4'-hexamethoxyflavone (SHHMF), had much
stronger inhibitory effect on the growth of human lung
cancer cells than their permethoxylated counterparts, i.e.
nobiletin and HMF, respectively [6]. It has also been
demonstrated that SHHMF and 3'-hydroxy-5,6,7,4'-tetra-
methoxyflavone showed much more potent inhibitory
effects on the growth of human leukemia cells and breast
cancer cells than their permethoxylated counterparts, HMF
and 5,6,7,3,4-pentamethoxyflavone, respectively [7, 8].
While aforementioned studies demonstrated promising
cancer-preventive effects of hydroxylated PMFs, much
more research efforts are needed to understand the
mechanisms by which hydroxylated PMFs act against cancer
cell growth.

Colon cancer is one of leading causes of cancer death
in the developed Western countries such as the United
States [9]. The incidence of colon cancer is increasing
globally as the dietary patterns and life styles of the indus-
trialized Western countries are adopted worldwide [10, 11].
As part of our efforts to identify novel dietary agents
for cancer prevention, we studied effects of three major
5-hydroxy PMFs, namely: SHPMF, SHHMF, and 5-hydroxy-
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Figure 1. Chemical structures of
SHTMF permethoxylated PMFs and 5-hydroxy
PMFs.

6,7,8,4'-tetramethoxyflavone (SHTMF) on two human colon
cancer cell lines. We also compared their activities with
those of their permethoxylated counterparts, namely, nobi-
letin, HMF, and tangeretin. It is noteworthy that this is the
first report on the colon cancer chemopreventive effects of
5HTMEF.

2 Materials and methods

2.1 lIsolation of PMFs and cell culture treatments
with PMFs

PMFs were isolated and identified as previously described
[1, 6, 12]. Human colorectal cancer cell lines HCT116 and
HT29 were obtained from American Type Cell Collection
(ATCC, Manassas, VA, USA), and were maintained in
McCoy’s 5A media (ATCC) supplemented with 5% heat
inactivated FBS (Mediatech, Herndon, VA, USA), 100 units/
mL of penicillin, and 0.1 mg/mL of streptomycin (Sigma-
Aldrich) at 37°C with 5% CO2 and 95% air. Cells were
kept sub-confluent and media were changed every other
day. DMSO was used as the vehicle to deliver PMFs,
and the final concentration of DMSO in all experiments
was 0.1%.

www.mnf-journal.com
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2.2 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide assay for cellular
viability

HCT116 (1500 cells/well), HT29 (2000 cells/well) cells were
seeded in 96-well plates. After 24 h, cells were treated with
serial concentrations of PMFs in 200 pL of serum complete
media. After 48h treatments, cells were subject to 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. Media were replaced by 100 uL fresh media
containing 0.5mg/mL of MTT (Sigma-Aldrich). After 1h
incubation at 37°C, MTT-containing media were removed
and the reduced formazan dye was solubilized by adding
100 L of DMSO to each well. After gentle mixing, the
absorbance was monitored at 570nm using a plate reader.
(EIx800TM absorbance microplate reader, BioTek Instru-
ment, VT, USA)

2.3 Cell cycle analyses

HCT116 (6 x 10* cells/well) and HT29 (7 x 10* cells/well)
cells were seeded in 6-well plates. After 24-h incubation for
attachment, cells were treated with different concentrations
of hydroxylated PMFs in 2mL of serum complete media.
After another 24 or 48h, media were collected and
combined with adherent cells that were detached by brief
trypsinization (0.25% trypsin-EDTA; Sigma-Aldrich). Cell
pellets were washed with 1mL of ice-cold PBS and then
resuspended in 1 mL of 70% ethanol in —20°C overnight.
After centrifugation (1600g, 1min), the supernatant was
removed and cells were incubated with 0.5mL of PBS
containing 50 pg RNAse (Sigma-Aldrich) and 5pg propi-
dium iodine (Sigma-Aldrich) for 30 min at room tempera-
ture. Single-cell suspension was generated by gentle
pipetting. Cell cycle was analyzed using a BD LSR II cell
analyzer at the analytical cytometry facility (University of
Massachusetts Ambherst), and data were processed using
Modifit software.

2.4 Detection of apoptosis

HCT116 and HT29 cells were treated exactly same as in
cell cycle analyses described above. Apoptotic cells were
quantified by Annexin V/propidium iodide (PI) double
staining assay. Annexin V/PI staining was done using
apoptotic detection kit (BioVision, Mountain View, CA,
USA) following the manufacturer’s instruction. Cells were
gently detached by brief trypsinization (any floating cells
were also collected), and then washed with ice cold PBS.
After another wash with binding buffer, cells were suspen-
ded in 300 pL binding buffer containing Annexin V and PI,
and incubated for 5min at room temperature. Early apop-
totic cells were identified as Annexin V-positive/PI-negative
cells, while late apoptotic/necrotic cells were identified as
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Annexin V-positive/PI-positive cells using a BD LSR II cell
analyzer.

2.5 Immunoblot analysis

Whole-cell lysates were prepared as previously described [6].
For immunoblot analysis, equal amount of proteins
(20-50pg, depending on the proteins of interest) were
resolved over 12% SDS-polyacrylamide gel electrophoresis
and transferred to nitrocellulose membrane. The
membranes containing the transferred protein were blocked
in blocking buffer (5% nonfat dry milk, 1% Tween-20 in
20mM Tris-buffered saline, pH 7.6) for 2h at room
temperature, and then incubated with appropriate mono-
clonal primary antibody in blocking buffer overnight at 4°C.
After incubation with appropriate secondary antibodies, the
membranes were washed three times with Tris buffer with
tween-20, and then visualized using enhanced chemilumi-
nescence (Boston Bioproducts, Ashland, MA, USA). Anti-
bodies for hyperphospho-Rb (Ser780), CDK-2, CDK-4,
cleaved caspase 3 (Aspl75), caspase 8, poly ADP ribose
polymerase (PARP), p21°PY/¥2f1 "and Mcl-1 were from Cell
Signaling Technology (Beverly, MA, USA). Antibody for
B-actin was from Sigma-Aldrich.

2.6 Statistical analyses

All data were presented as mean+ SD. Student’s t-test was
used to test the mean difference between two groups.
Analyses of variance model was used for the comparison of
the differences among more than two groups. A 1%
significant level was used for all the tests.

3 Results

3.1 5-hydroxyl PMFs were more effective than their
permethoxylated counterparts in inhibiting
colon cancer cell growth

The effects of six PMFs (Fig. 1) were studied on the growth of
HCT-116 and HT-29 human colon cancer cells. Three
5-hydroxy PMFs were SHPMF, SHHMF, and HTMF, and
their corresponding permethoxylated PMFs were nobiletin,
HMF, and tangeretin, respectively. In both HCT116 and HT29
cells, all six PMFs showed dose-dependant inhibition on the
cell growth (Fig. 2). Interestingly, 5-hydroxy PMFs showed
much stronger growth inhibitory effects than their perme-
thoxylated counterparts. For example, in HCT116 cells, 5-
hydroxy PMFs, namely, SHPMF, SHHMF, and SHTMF had
ICsp values of 8.7, 3.5, and 1.6 uM, respectively, while perme-
thoxylated PMFs, namely, nobiletin, HMF, and tangeretin had
ICso values of 37, 36, and 22 uM, respectively. Similar trend
was also observed in HT29 cells. For example, ICs, values of

www.mnf-journal.com
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Figure 2. Growth inhibitory effect of 5-hydroxy PMFs and permethoxylated PMFs on HCT116 and HT29 human colon cancer cells. HCT116
(A) and HT29 (B) cells were seeded in 96-well plates, and after 24 h, cells were treated with serial concentrations of permethoxylated PMFS
(i.e. nobiletin, HMF, and tangeretin) and 5-hydroxy PMFs (i.e. 5SHPMF, 56HHMF, and 5HTMF). After 48 h of treatments, growth inhibition was
measured by MTT assay as described in Section 2. Data represent mean +SD (n = 6). * indicates the statistical significance in comparison

with the control cells (p<0.01).

SHPMF, SHHMF, and SHTMF were 22.0, 11.2, and 4.04 uM,
respectively, and they were 2.1-, 3.1-, and 6.6-fold lower than
the ICs, values of nobiletin, HMF, and tangeretin, respectively.

3.2 Effect of 5-hydroxy PMFs on cell cycle
distribution of colon cancer cells

To further elucidate the mechanisms by which 5-hydroxy
PMFs inhibit the growth of colon cancer cells, we studied their
effects on cell cycle distribution of cancer cells. According to
the relative potency of 5-hydroxy PMFs in growth inhibition of
cancer cells (Fig. 2), we selected concentrations for each 5-
hydroxy PMFs that produced similar degree of growth inhi-
bition on colon cancer cells to test their effects on cell cycle. In
HCT116 cells, treatment with SHHMF for 24 h increased cell
population in both G1/G0 and G2/M phases, and decreased
cell population in S phase. In contrast, treatments with
SHPMF and SHTMF only caused increase of cell population in
G2/M phase (Fig. 3A). At the highest concentrations tested,
SHPMF (8uM), SHHMF (4uM), and SHTMF (3uM)
increased G2/M cell population to 3.7-, 3.4-, and 5.4-fold of that
of the control cells, respectively. In HT29 cells, treatment with
SHPMF (36puM) for 24h modestly increased G2/M cell
population, while much more increase in G2/M cell popula-
tion was caused by SHTMF at much lower concentration
(6 uM) (Fig. 3B). Moreover, treatment with SHHMF (18 uM)
caused substantial cell accumulation in GO/G1 phase. It is
noteworthy that treatments with SHTMF led to significant
increase in sub-G0O/G1 cell population in both HCT116 and
HT29 cells, which suggested DNA degradation potentially
caused by cell death. These results showed that three
5-hydroxy PMFs showed different effects on the cell cycle
distribution of two human colon cancer cells.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

3.3 5-hydroxy PMFs induced apoptosis in HCT-116
and HT-29 cells

In order to determine the extent to which apoptosis contribute
to the growth inhibition caused by 5-hydroxy PMFs, we
studied the effects of three 5-hydroxy PMFs on cellular
apoptosis in colon cancer cells after 48h treatment. The
apoptotic cells were quantified by Annexin-V/PI double
staining assay. Viable cells (FITC-negative) and early apoptotic
cells (FITC-positive) were Pl-negative, whereas late apoptotic
and necrotic cells were Pl-positive and FITC-positive. In
HCT116 cells, treatments with SHPMF (8 uM) increased early
apoptotic cell population to 2.2-fold of that of control cells (
Fig. 4A), while SHHMF showed similar effects at much lower
concentration of 4uM. Treatment with SHTMF at even
lower concentration of 3 puM increased early apoptotic cell
population to 4.4-fold of that of the control cells. Similar
effects were observed in late apoptosis/necrosis cell popula-
tion in HCT116 cells after treatments with three 5-hydroxy
PMFs. Similar to HCT116 cells, three 5-hydroxy PMFs
induced apoptosis in HT29 cells with descending potency
order of SHTMF >5HHMF >5HPMF (Fig. 4B). In contrast,
at higher concentrations, treatments with permethoxylated
PMFs, namely, nobiletin, HMF, and tangeretin did not
increase apoptotic cell population in either HCT116 or HT29
cells after 48 h treatment (Figs. 4A and B).

3.4 5-hydroxy PMFs profoundly modified cell cycle
and apoptosis-related signaling proteins
In order to obtain further insights into the molecular

mechanisms of 5-hydroxy PMFs, we examined their effects
on key proteins related with cell cycle progression and
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apoptosis in HCT116 cells. Western blotting was performed
on the whole-cell lysates after the treatments with 5-hydroxy
PMFs. Three permethoxylated PMFs at 16 uM were used as
comparisons. The results showed that after 24 h treatment,
5-hydroxy PMFs dose-dependently increased the levels of
p21°PYWafl and decreased the levels of CDK-2 (Fig. 5A).
Treatments with SHPMF or SHHMF did not change the
levels of CDK-4, but treatment with SHTMF (3 uM) signifi-
cantly decreased CDK-4 levels. All three 5-hydroxy PMFs
dose-dependently increased total Rb and decreased p-Rb,
especially SHHMF and S5HTMF. Three permetho-
xylated PMFs did not cause significant changes on p21<*%
Wafl oy CDK-4, but modestly decreased the levels of CDK-2
and Rb.

Activation of caspase cascade plays a crucial role in the
process of apoptosis. First we examined the effects of
5-hydroxy PMFs on Mcl-1, a member of Bcl-2 anti-apoptotic

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

family after 48h treatments. The results showed that
SHPMF did not cause noticeable change on Mcl-1, while
SHHMF slightly decreased the Mcl-1 level. In contrast,
SHTMF caused dose-dependent decrease in the Mcl-1
levels (Fig. 5B). Caspase 8 was activated by the treatments
with all three 5-hydroxy PMFs in a dose-dependent
manner. The relative potency in the caspase 8-activation was
in the order of SHPMF<5HHMF <5HTMF. Consistent
with these results, caspase 3, the downstream effector of
caspase 8, was significantly activated by all three 5-hydroxy
PMFs dose-dependently.  Furthermore, the results
confirmed that treatments with three 5-hydroxy PMFs
increased the levels of PARP dose-dependently. In contrast
to the profound pro-apoptotic effects of 5-hydroxy PMFs, the
permethoxylated PMFs at the high concentration (16 uM)
did not cause any noticeable change on Mcl-1, caspase 8,
caspase 3, or PARP.
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4 Discussion

In this study, we investigated the inhibitory effects of three
5-hydroxy PMFs and their permethoxylated counterparts on
two human colon cancer cells. Our results demonstrated
that 5-hydroxy PMFs (i.e. SHPMF, SHHMF, and SHTMF)
had much stronger inhibitory effects on the growth of the
cancer cells in comparison with their permethoxylated
counterparts (i.e. nobiletin, HMF, and tangeretin, respec-

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

tively). This suggests that the substitution of the methoxy
group with hydroxyl group at 5-position of PMFs plays a
pivotal role in enhancing inhibitory activity of the PMFs
against the growth of colon cancer cells. Previously, we have
reported that SHPMF and SHHMF were more potent in
inhibiting the growth of human lung cancer cells than
nobiletin and HMF [6]. Others also demonstrated that
5-hydroxy PMFs were potent agents in inhibiting leukemia
and breast cancer cell growth [4, 7, 8, 13]. Moreover,
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hydroxylation of other methoxy groups in the PMFs can
also enhance their bioactivities, e.g. hydroxylated urinary
metabolites of nobiletin were shown to exert much stronger
inhibitory effects on LPS-induced inflammation response in
murine macrophage cells [14]. It is noteworthy that our
results for the first time demonstrated potent inhibitory
effects of SHTMF against colon cancer cells.

Our results demonstrated that three 5-hydroxy PMFs had
different potency in inhibiting colon cancer cell growth with
relative potency of SHPMF < 5SHHMF <5SHTMF. This may
be associated with relative lipophilicity of the 5-hydroxy
PMFs. Based on our experience in analyzing and quantify-
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Figure 5. Effects of b5-hydroxy
PMFs and permethoxylated PMFs
on cell cycle and apoptosis related
proteins in HCT116 human colon
cancer cells. HCT-116 cells were
seeded in 10-cm dishes for 24h,
and then cells were treated with
serial concentrations of 5HPMF,
5HHMF 5HTMF, nobiletin, HMF,
and tangeretin. After 48h of
incubation, cells were harvested
for  Western immunoblotting
as described in Section 2. The
numbers underneath of the
blots represent band intensity
(normalized to B-actin, means of
three independent experiments)
measured by Image J software.
The standard deviations (all
within+15% of the means) were
not shown. B-Actin was served as
an equal loading control. The
experiments were repeated three
times.

ing these PMFs by reverse phase HPLC, the difference on
the position and number of methoxy group can change
lipophilicity of the PMFs significantly [15]. Among the three
5-hydroxy PMFs, SHTMF showed strongest lipophilicity,
while SHPMF had weakest lipophilicity. Increased lipophi-
licity may promote binding of the compound to the plasma
membrane, which in turn may increase the uptake of the
compound into the cytosol of the cell. Thus increased lipo-
philicity may enhance bioavailability, and this may subse-
quently increase the bioactivities of the PMFs. It is also
possible that colon cancer cells have different preference in
uptaking 5-hydroxy PMFs. The exact mechanism by which

www.mnf-journal.com
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the methoxylation may modulate the bioavailability of PMFs
is an attractive topic for future investigation.

Our results demonstrated that the three 5-hydroxy PMFs
produced different effects on the cell cycle of colon cancer
cells. At the concentrations causing similar degree of growth
inhibition, SHHMF treatment resulted in GO/G1 arrest in
HT29 cells, while SHPMF and 5SHTMF led to G2/M arrest.
In addition, SHTMF treatment significantly increased sub-
GO/G1 cell population of HT29 cells, suggesting DNA
degradation caused by cell death. Similar results were also
observed in HCT116 cells. These results indicated that three
5-hydroxy PMFs inhibited colon cancer cell growth by
different mechanisms. The cell cycle distribution and cell
death are downstream manifestation of upstream molecular
events, such as binding of small molecules (e.g. 5-hydroxy
PMFs) with signaling proteins on cell surface and/or in
cytosol. These upstream events can trigger a cascade of
signaling events that eventually modulate cell cycle
progression and/or cell death. Due to the structural differ-
ence, three 5-hydroxy PMFs may bind to different proteins
and/or bind to same proteins with different affinity. The
different interactions between key signaling proteins and
individual 5-hydroxy PMFs accumulatively lead to the
different effects on cell cycle progression and cell death in
cancer cells treated with different 5-hydroxy PMFs.

Deregulation of cell cycle progression is a distinct feature
of cancer cells. Our results showed that three 5-hydroxy
PMFs dose-dependently increased the levels of p21€iPY/Wafl,
As a CDK inhibitor, p21<P/¥2f1 is 3 negative regulator of
cell cycle progression. It inhibits CDK activities, which
causes hypo-phosphorylation of Rb, and this in turn leads to
cell cycle arrest and decreased cell proliferation [16]. Indeed,
the levels of phosphorylation of Rb protein were decreased
in colon cancer cells after treatments with 5-hydroxy PMFs.
Moreover, treatments with 5-hydroxy PMFs significantly
increased total Rb levels, which suggested increased levels of
hypo-phosphorylated Rb that can lead to cell cycle arrest.
Our results demonstrated that all three 5-hydroxy PMFs
dose-dependently decreased the levels of CDK-2, which can
form complex with cyclin A or E to contribute to the cell
cycle progression [17]. Especially, SHTMF treatment
decreased CDK-2 to a non-detectable level. Besides CDK-2/
cyclin complexes, CDK-4/Cyclin D complex also plays
important roles in both G1 to S and G2 to M phase transi-
tion [16, 18]. Although treatments with SHPMF and
SHHMF did not decrease the levels of CDK-4, the treatment
with SHTMF at 3 uM significantly decreased the level of
CDK-4. Overall, our results have demonstrated profound
changes caused by the treatments with different 5-hydroxy
PMFs, and the cumulative consequences of these changes
were manifested as cell cycle arrest at different phases in
colon cancer cells.

The evasion of apoptosis is one of the essential abnorm-
alities in cell physiology that lead to malignant growth in
most types of cancer [19]. The results from annexinV/PI co-
staining assay clearly demonstrated that all three 5-hydroxy
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PMFs induced apoptosis in colon cancer cells. However, the
magnitude of apoptosis caused by different 5-hydroxy PMFs
was much different. At the concentrations causing similar
degree of growth inhibition, treatments with SHPMF and
SHHMEF induced moderate apoptosis, while SHTMF induced
much stronger apoptosis. These results indicated that apop-
tosis contributed much more to the growth inhibition caused
by SHTMF than that caused by SHPMF or SHTMF. The pro-
apoptotic effects of three 5-hydroxy PMFs were confirmed by
Western blotting of key proteins related with apoptosis. The
Bcl-2 family proteins are critical regulators of mitochondria-
mediated apoptosis by functioning as either promoters or
inhibitors of apoptosis [20]. Mcl-1 is an anti-apoptotic
member of the Bcl-2 family, and it antagonizes pro-apoptotic
Bcl-2 family members [21]. Treatment with SHPMF and
SHHMEF did not change Mcdl-1 levels, while treatment with
SHTMEF significantly decreased Md-1 level. This suggested
SHTMF at least partially induced mitochondria-mediated
apoptosis. Caspases play crucial roles in the initiation and
execution of apoptosis mediated by both death receptor and
mitochondria [22, 23]. Activated caspase 8 cleaves and acti-
vates downstream effector caspases such as caspases 1, 3, 6,
and 7. Caspase 3 is a central player of apoptosis, as it is
responsible for the proteolytic cleavage of many key proteins
such as PARP [24]. The cleavage of PARP facilitates cellular
disassembly and ultimately apoptosis [25]. Our results
showed that caspases 3 and 8 were activated by the treatment
with SHPMF, 5SHHMF, and SHTMF. Consequently, the
levels of cleaved PARP were significantly elevated by all three
5-hydroxy PMFs.

Taken together, we demonstrated that 5-hydroxy PMFs,
namely, SHPMF, SHHMF, and SHTMF have much stron-
ger inhibitory effect on the growth of human colon cancer
cells than their permethoxylated counterparts, namely,
nobiletin, HMF, and tangeretin, respectively. The enhanced
bioactivity was associated with hydroxylation at 5-position on
the A ring of PMFs. Further more, the difference on the
position and the number of methoxy groups also modifies
the bioactivities of different 5-hydroxy PMFs. These struc-
tural differences may cause different 5-hydroxy PMFs to
bind different signaling proteins and/or to bind same
proteins with different affinity. In addition, the structural
difference also changes the lipophilicity of the compounds,
which may contribute to the difference in bioavailability. In
comparison with permethoxylated PMFs, the enhanced
inhibitory effects of 5-hydroxy PMFs against cancer cells
make them promising cancer-preventive agents that can be
used as health-promoting ingredients in functional foods
and dietary supplements.
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