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Abstract
Flavonoids are polyphenolic compounds widely distributed in the plant kingdom. Compelling
research indicates that flavonoids have important roles in cancer chemoprevention and
chemotherapy possibly due to biological activities that include action through anti-inflammation,
free radical scavenging, modulation of survival/proliferation pathways, and inhibition of the
ubiquitin-proteasome pathway. Plant polyphenols including the green tea polyphenol, (-)-
epigallocatechin gallate or (-)-EGCG, and the flavonoids apigenin, luteolin, quercetin, and chrysin
have been shown to inhibit proteasome activity and induce apoptosis in human leukemia cells.
However, biotransformation reactions to the reactive hydroxyl groups on polyphenols could
reduce their biological activities. Although methylated polyphenols have been suggested to be
metabolically more stable than unmethylated polyphenols, the practical use of methylated
polyphenols as a cancer preventative agent warrants further investigation. In the current study,
methylated and unmethylated flavonoids were studied for their proteasome-inhibitory and
apoptosis-inducing abilities in human leukemia HL60 cells. Methylated flavonoids displayed
sustained bioavailability and inhibited cellular proliferation by arresting cells in the G1 phase.
However, they did not act as proteasome inhibitors in either an in vitro system or an in silico
model and only weakly induced apoptosis. In contrast, unmethylated flavonoids exhibited
inhibition of the proteasomal activity in intact HL60 cells, accumulating proteasome target
proteins and inducing caspase activation and poly (ADP-ribose) polymerase cleavage. We
conclude that methylated flavonoids lack potent cytotoxicity against human leukemia cells and
most likely have limited ability as chemopreventive agents.
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Interest in the potential cancer chemopreventive and therapeutic properties of diet-derived
compounds such as plant polyphenols has increased in recent years. A subgroup of
polyphenols, flavonoids, contains a flavone backbone with hydroxylations at various
positions. These compounds can be found in a number of fruits and vegetables including
celery, apples, onions, parsley, capsicum pepper, etc. [Ramos, 2007], and have been shown
to possess anti-cancer activities. The mechanisms by which flavonoids impart their anti-
cancer effects are varied and may include action through anti-inflammation [Choi et al.,
2004], free radical scavenging [Sim et al., 2007], modulation of survival and proliferation
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pathways [Lee et al., 2005; Lee et al., 2004], and inhibition of the ubiquitin-proteasome
pathway [Chen et al., 2007; Chen et al., 2005].

Although numerous studies indicate positive anti-cancer effects, the bioavailability and
therefore efficacy of ingested flavonoids may be limited due to conjugation reactions
(methylation, sulfonation, and glucuronidation) to the free hydroxyl groups surrounding the
molecules [Manach and Donovan, 2004]. Exogenously derived methylated flavonoids have
been shown to promote oral bioavailability [Wen and Walle, 2006a; Wen and Walle, 2006b]
but direct evidence to indicate whether these compounds promote apoptotic cell death in
cancer cells remains unclear. Furthermore, the effects of methylated flavonoids on
proteasome activity have not been examined.

The eukaryotic proteasome is a large multi-catalytic, multi-subunit protease complex
possessing at least three distinct activities, which are associated with three different β
subunits, respectively: chymotrypsin-like (with β 5 subunit), trypsin-like (with β 2 subunit),
and peptidyl-glutamyl peptide-hydrolyzing-like (PGPH- or caspase-like; with β 1 subunit)
[Groll et al., 1997]. Inhibition of the chymotrypsin-like, but not the trypsin-like, activity of
the proteasome has been found to be associated with induction of tumor cell apoptosis [An
et al., 1998; Lopes et al., 1997]. By examining a broad range of cell culture models, it has
been found that proteasome inhibitors rapidly induce tumor cell apoptosis, selectively
activate the cell death program in cancer or oncogene-transformed, but not normal or
untransformed cells, and are able to trigger apoptotic death in human cancer cells that are
resistant to various anticancer agents [Adams, 2003; Almond and Cohen, 2002; Dou and Li,
1999; Dou et al., 2003; Goldberg, 1995].

We have previously observed cytotoxicity associated with proteasome inhibition by the
hydroxylated flavonoids apigenin, luteolin, quercetin, and chrysin in leukemia cells but not
in non-transformed cells [Chen et al., 2007; Chen et al., 2005]. Proteasome inhibition leads
to accumulation of proteasome target proteins (such as IκBα) and subsequent induction of
apoptosis in human cancer cell lines, apparent by activation of caspases and cleavage of
poly(ADP-ribose) polymerase (PARP) [Chen et al., 2007; Chen et al., 2005]. In this work,
we analyzed fully methylated flavonoids for their ability to impart cytotoxicity to human
leukemia HL60 cells and whether cell death could be correlated to proteasomal-inhibitory
activity. We found that methylated flavonoids inhibit tumor cell proliferation, but have little
to no effect on proteasomal inhibition or apoptosis induction. These findings correlate with
the notion that methylated flavonoids could increase bioavailability. However, due to their
limited ability to induce apoptosis, the usefulness of methylated flavonoids as cancer
therapeutic or preventative agents remains to be further studied.

Materials & Methods
Materials

Bisbenzimide Hoechst No. 33258 stain, dimethylsulfoxide (DMSO), apigenin, luteolin,
quercetin, chrysin and other chemicals were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Methylated flavonoids were purchased from Indofine (Hillsborough, NJ, USA). 3-
[4,5-dimethyltiazol-2-yl]-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
salt (MTS) was purchased from Promega (Madison, WI, USA) RPMI 1640, penicillin, and
streptomycin were purchased from Invitrogen (Carlsbad, CA). The fluorogenic peptide
substrate Suc-LLVY-AMC (for the proteasomal chymotrypsin-like) and N-acetyl- DEVD-
AMC (for caspase-3/-7 activity) was from Calbiochem (San Diego, CA, USA). Mouse
monoclonal antibody against human PARP was purchased from BIOMOL International LP
(Plymouth Meeting, PA). Mouse monoclonal antibody against ubiquitin, rabbit polyclonal
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antibody against IκBα, goat polyclonal antibody against actin, and secondary antibodies
were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).

Cell culture and cell extract preparation
Human promyelocytic leukemia HL60 cells were grown in RPMI 1640 supplemented with
10% fetal bovine serum, 100 units/mL of penicillin, and 100 μg/mL of streptomycin. Cells
were grown at 37 °C in a humidified incubator with an atmosphere of 5% CO2. A whole cell
extract was prepared as previously described [An and Dou, 1996].

Cell proliferation/viability assay
The MTS assay was used to determine the effects of flavonoids on proliferation of leukemia
HL60 cells by plating 100 μl of 200,000 cells/ml in a 96-well plate. Cells were allowed to
recover for 24 h, followed by the addition of each flavonoid at varying concentrations and
incubated at 37 °C. At the end of each time point, 20 μl of MTS solution was added to the
wells and incubated for 2 to 4 h. The presence of the bioreduced colored formazan product
was measured by absorbance at 490 nm using a Victor 3 Multilabel Counter (PerkinElmer,
Boston, MA, USA). All samples were assayed in triplicate in three independent
experiments, and the mean value for each experiment was calculated. The results are
displayed as mean (± standard deviation) and are expressed as a percentage of the control,
which was considered to be 100%.

Trypan blue assay and apoptotic morphology changes
The trypan blue dye exclusion assay was used to ascertain cell death in HL60 cells treated
with each compound at 1, 25, or 50 μM for 4 or 24 h. Cell morphology was assessed using
phase-contrast microscopy as described previously [Kuhn et al., 2005; Smith et al., 2002].

Caspase-3 activity assay
HL60 cells were treated with each compound as indicated, harvested, and lysed as described
previously [Nam et al., 2001; Smith et al., 2002]. Whole cell extracts (20 μg) were incubated
with Ac-DEVD-AMC (40 μM) fluorogenic substrate at 37 °C in 100 μl of assay buffer (50
mM Tris-HCL, pH 7.5) for 2.5 h. After incubation, production of hydrolyzed 7-amino-4-
methylcoumarin (AMC) groups was measured using a Victor 3 Multilabel Counter with an
excitation filter of 380 nm and an emission filter of 460 nm as described previously [An et
al., 1998]. All samples were assayed in triplicate in three independent experiments, and the
mean value for each experiment was calculated.

Cellular and nuclear morphology analysis
A Zeiss (Thornwood, NY) Axiovert 25 microscope was used for all microscopic
fluorescence imaging for cellular and nuclear morphology by Hoechst staining, as
previously described [Daniel et al., 2005].

Proteasome activity assay
HL60 cells were treated with the indicated compounds, harvested, and lysed. Suc-Leu-Leu-
Val-Tyr-AMC (20 μM) was then incubated with the prepared cell lysates for 2.5 h and the
chymotrypsin-like activity was measured as described previously [An et al., 1998]. All
samples were assayed in triplicate in three independent experiments and the mean value for
each experiment was calculated.
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Western blot analysis
HL60 cells were treated, harvested and lysed. Cell lysates (50 μg) were separated by SDS-
PAGE and transferred to a nitrocellulose membrane, followed by visualization using the
enhanced chemiluminescence kit (Amersham Biosciences, Piscataway, NJ), as previously
described [Chen et al., 2005].

Cell cycle analysis
Cell cycle analysis was performed using the BD Biosciences Pharmingen, APO-DIRECT™
kit (San Diego, CA). Cells were treated, harvested, fixed and stained according to the
protocol. Briefly at each time point cells were collected, washed twice with PBS, and fixed
in 70% ethanol for 24 h at -20 °C. The cells were then centrifuged, re-suspended in 1 ml of
sample buffer containing propidium iodide (1× PBS, 50 mg propidium iodide, 1 mg/ml
glucose, and 100 U/ml ribonuclease A) and incubated at room temperature for 30 min in the
dark. Propidium iodide staining, indicative of G0/G1, S, and G2/M phase distribution of the
cell population, was visualized with FACScan (Becton Dickinson Immunocytometry, CA)
and cell cycle distribution was determined by ModFit LT cell cycle analysis software
(Verity Software, Topsham, ME). The cell cycle distribution is presented as the percentage
of cells containing G0/G1, S, and G2/M DNA content.

Computational Modeling and nucleophilic susceptibility analysis
Molecules were constructed using the CAChe Workstation (Fujitsu, inc.) as described
previously [Smith et al., 2004]. The AutoDock 3.0 suite of programs, was used for the
docking calculations and the output from AutoDock was rendered with PyMOL as described
previously [Smith et al., 2004].

RESULTS
Methylated flavonoids inhibit proliferation of leukemia HL60 cells

The chemical structures of various flavonoids and their methylated counterparts are depicted
in Figure 1A. To determine the biological effects that methylation imparts on these
flavonoids, an MTS cell proliferation/viability assay was performed using increasing
concentrations of each compound. A 24 h treatment of HL60 cells with the indicated
flavonoids revealed that cell proliferation was inhibited by both unmethylated and
methylated compounds, most notably at the highest concentrations (Fig. 1B). Apigenin and
methylated apigenin (me-apigenin) were the most potent compounds at 50 μM and inhibited
cell proliferation by 67 and 75%, respectively (Fig. 1B).

Methylated flavonoids weakly induce apoptotic cell death
Because of the pronounced inhibition of cellular proliferation observed (Fig. 1B), we
determined if methylated flavonoids could induce cell death by performing a trypan blue dye
exclusion assay. HL60 cells were treated with increasing concentrations (up to 50 μM) of
each pair of unmethylated and methylated compounds. After 24 h treatment, the four
methylated flavonoids were found to induce only around 10% cell death at the highest
concentration (50 μM) compared to the DMSO-treated cells while the four unmethylated
counterparts induced cell death from ∼60% (quercetin) to ∼80% (apigenin) at the same
concentration (Fig. 1C and data not shown).

To investigate whether the failure of methylated flavonoids to induce cell death is due to
their failure to activate the apoptotic program, we performed a caspase-3 activity assay with
aliquots of the treated HL60 cells from the same experiment (Fig. 1D). We found that
treatment with 50 μM of the methylated flavonoids exhibited very limited caspase-3 activity,
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inducing only up to 2-fold increase in caspase-3 activity, while the same treatment with the
unmethylated flavonoids displayed pronounced caspase-3 activation by up to 13-fold,
compared to the control-treated HL60 cells (Fig. 1D).

To further define the limited apoptosis-inducing ability of methylated flavonoids, Western
blot analysis, Hoechst staining and flow cytometry were also performed. Western blot
analysis revealed that the methylated flavonoids induced little cleaved PARP (p85 fragment,
Fig. 2A) even at the highest concentration tested (50 μM) after 24 h. In contrast, increasing
PARP cleavage coincided with increasing concentrations of the unmethylated flavonoids
after 24 h treatment (Fig. 2A). Likewise, Hoechst staining revealed that brightly stained,
punctate, apoptotic nuclei predominated in HL60 cells treated with 50 μM of unmethylated
flavonoids, compared to those treated with methylated flavonoids (Fig. 2B).

A third measure of apoptosis, by flow cytometry, revealed that treatment with 50 μM of
methylated flavonoids for 24 h did not appreciably increase the subG1 population (1.3-3.1%,
Table 1), compared to the control (1.3%, Table 1). However, an increase in the fraction of
subG1 cells was observed in HL60 cells after 24 h exposure to 50 μM of the unmethylated
flavonoids (18.8-39.3%, Table 1) compared to the DMSO control. Similar results were
obtained in all other treatments with unmethylated vs. methylated flavonoids (Table 1).
These results demonstrate that while methylated flavonoids apparently inhibit cellular
proliferation, they are poor inducers of apoptosis in human leukemia HL60 cells especially
when compared to unmethylated flavonoids.

Methylated flavonoids do not inhibit cellular proteasome activity in intact leukemia HL60
cells

Inhibition of the proteasomal chymotrypsin-like, but not trypsin-like activity is associated
with apoptosis induction in cancer cells [An et al., 1998; Lopes et al., 1997]. We have
previously shown that the flavonoids apigenin, luteolin, quercetin, and chrysin are able to
inhibit proteasomal chymotrypsin-like activity and induce apoptosis in leukemia cells [Chen
et al., 2007; Chen et al., 2005]. Therefore, we hypothesized that the failure of methylated
flavonoids to induce apoptosis is due to their inability to inhibit the cellular proteasomal
chymotrypsin-like activity. To test this hypothesis, HL60 cells were treated with increasing
concentrations of each methylated flavonoid, using their unmethylated counterparts as
controls. After each treatment, proteins were extracted and used for measuring proteasomal
activity. In cells treated with the methylated flavonoids, proteasomal chymotrypsin-like
activity was only inhibited 10% or less after 24 h treatment, even when a 50 μM
concentration was used (Fig. 3A). In contrast, the unmethylated flavonoid treatments at 50
μM inhibited the proteasomal chymotrypsin-like activity by as much as 73% after 24 h
treatment (such as Apigenin; Fig. 3A). Inhibition of proteasomal activity should cause
accumulation of ubiquitinated proteins and natural proteasome targets, such as IκBα [An et
al., 1998; Chen et al., 1996; Li and Dou, 2000]. We have previously reported that in
association with proteasomal inhibition, an ubiquitinated form of IκBα protein with a
molecular weight of about 56 kDa, is accumulated [Chen et al., 2005]. While cells treated
for 24 h with 50 μM of the unmethylated flavonoids revealed an ubiquitinated form of IκBα
(indicated by an arrow), the methylated flavonoids did not appear to have such an effect
(Fig. 3B).

Methylated flavonoids affect cellular proliferation but not apoptosis in a time-dependent
manner

To confirm the proliferation-inhibitory activity of methylated flavonoids, 50 μM of the
methylated and unmethylated flavonoids was used to examine the effects of each compound
on HL60 proliferation after multiple time points. After exposure to each compound for 16
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and 24 the MTS assay revealed that both the methylated and unmethylated flavonoids were
able to inhibit cellular proliferation (Fig. 4A). However, the unmethylated compounds
generally displayed greater potency. Therefore, we performed a more detailed kinetic
analysis to determine whether methylated flavonoids might elicit apoptosis-inducing activity
at even earlier time points. Various assays were utilized to compare the effects of HL60 cells
after treatment for 2, 4, 6, 8, 16, and 24 h with 50 μM of each compound. After each
treatment, cells were harvested and proteins extracted to measure their potential for
caspase-3/-7 activation and for PARP cleavage. Me-apigenin exhibited very weak
caspase-3/-7 activation at all the time points tested while apigenin appeared to peak in
caspase-3/-7 activity at 8 h (Fig. 4B). The processes of apoptosis were confirmed by the
presence of PARP cleavage that dominated in the apigenin-treated cells compared to
treatment with me-apigenin (Fig. 4C).

The chymotrypsin-like activity in the HL60 cells was also examined in this kinetic
experiment to determine if the small amount of caspase-3/-7 (Fig. 4B) and PARP cleavage
(Fig. 4C) observed in the me-apigenin-treated cells was a consequence of proteasome
inhibition. Protein aliquots from the same treatment were tested for the proteasomal
chymotrypsin-like activity. While me-apigenin did not effectively inhibit proteasome
activity, a time-dependent decrease in proteasome activity, as much as 82% inhibition, was
evident in the apigenin-treated cells (Fig. 4D). Proteasome inhibition was confirmed by
Western blot analysis that showed accumulation of ubiquitinated IκBα in the apigenin-
treated cells only (Fig. 4C).

Methylated flavonoids do not inhibit the chymotrypsin-like activity of a purified 20S
proteasome

The unmethylated flavonoids, apigenin, luteolin, quercetin, and chrysin, have been shown to
inhibit chymotrypsin-like activity against a purified 20S proteasome with IC50 values less
than 5 μM [Chen et al., 2007; Chen et al., 2005; Table 2]. We then examined the
proteasome-inhibitory potency of methylated flavonoids against a purified 20S proteasome
using the unmethylated flavonoids as controls. The IC50 of methylated flavonoids against
chymotrypsin-like activity was greater than 50 μM (Table 2). This finding, in combination
with the lack of proteasome inhibition in intact HL60 cells (Figs. 3-4), indicates that
methylated flavonoids do not possess proteasome-inhibitory activity.

Methylation on flavonoids results in an unstable proteasome-inhibitory pose
The carbonyl carbon in the C ring of unmethylated flavonoids (Fig. 1A) has been shown to
confer their proteasome-inhibitory potencies [Chen et al., 2005]. Since methylation
significantly worsened the IC50 of the flavonoids (Table 2), we examined whether
methylation has any effect on the potential for these compounds to undergo nucleophilic
attack by Thr 1 within the β5 subunit of the proteasome. We found that methylation had no
apparent effect on the nucleophilic susceptibility of the carbonyl carbon of apigenin and me-
apigenin (Fig. 5A). Likewise, all other flavonoids and their methylated counterparts showed
similar nucleophilic susceptibility (data not shown). This suggests that the loss of
proteasome-inhibitory activity in methylated flavonoids may not be due to changes in their
nucleophilic susceptibility but in the manner with which the compounds are oriented within
the proteasomal β5 subunit.

To test this idea, apigenin and me-apigenin were docked to the proteasomal β5 subunit and
cluster analysis was performed. The predictability of binding was determined based on the
number of times the molecule adopts an inhibitory pose out of 100 docks. Similar to what
we reported previously, apigenin docked with 82 inhibitory poses (82%) placing the
carbonyl carbon in a suitable position to undergo nucleophilic attack (Fig 5B, left).
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However, me-apigenin docks with only 63 poses (63%) placing the carbonyl carbon in such
a suitable position to undergo nucleophilic attack (Fig 5B, right). Therefore, the apigenin
docking demonstrated higher predictability than me-apigenin. All other methylated and
unmethylated flavonoids were examined using the same analysis. Similar results were
obtained in that the unmethylated flavonoids were able to adopt an inhibitory pose with
higher predictability than the methylated flavonoids (data not shown).

The docking pose most adopted by apigenin places the carbonyl carbon at an appropriate
distance for nucleophilic attack, 2.96 Å (Fig. 5B, left) [Daniel et al., 2006]. Likewise, me-
apigenin adopted a pose that places the carbonyl carbon within the optimal distance for
nucleophilic attack, 3.20 Å from Thr 1 (Fig. 5B, right). Apigenin possesses the ability to
form hydrogen bonds (due to exposed hydroxyl groups) with surrounding amino acids e.g.,
tyrosine 170 and Serine 96, within the β5-subunit, strengthening its potential to bind tightly
(Fig. 5B, left). On the contrary, the probability that me-apigenin binds tightly to Thr1 is
diminished based on its inability to form the stabilizing hydrogen bonds with nearby amino
acids (Fig. 5B, right). For this reason, me-apigenin most likely lacks potent proteasome-
inhibitory potential.

An analysis of the remaining unmethylated and methylated polyphenols revealed that all
unmethylated flavonoids (luteolin, quercetin, and chrysin) were able to adopt a pose that
placed the carbonyl carbon within the optimal distance for nucleophilic attack by Thr1 (data
not shown). The unmethylated flavonoids were able to form hydrogen bonds with various
surrounding amino acids within the β5-subunit, strengthening their potential for binding and
inhibition. In contrast, the methylated flavonoids me-luteolin and me-chrysin found a
majority pose in which the carbonyl carbon was within the optimal distance for nucleophilic
attack by Thr1, but me-quercetin did not (data not shown). Compounded with the notion that
hydrogen bonding with the surrounding amino acids of the β5 subunit can not take place in
all the methylated flavonoids, me-quercetin appears to have lost a predictable binding pose
for proteasome inhibition (data not shown).

Methylated flavonoids induce G0/G1 cell cycle arrest in HL60 cells
We have shown that although methylated flavonoids inhibited proliferation of leukemia
HL60 cells (Figs. 1 and 4), the molecular basis was not due to the induction of apoptosis, as
shown by lack of caspase-3/-7 activation, PARP cleavage, Hoechst positivity, and subG1
population (Figs. 1-4 and Table 1). To determine the cause for inhibited cellular
proliferation by methylated flavonoids, HL60 cells were treated for 24 and 48 h with 50 μM
of apigenin and me-apigenin and examined by flow cytometry for cell cycle analysis (Fig.
6). We found that, compared to the control-treated cells, me-apigenin increased the G0/G1
population of cells by 19% after 24 h and by 46% after 48 h (Fig. 6). This provides an
explanation, at least in part, for the reduction in cell proliferation/viability observed in
Figures 1 and 4. In contrast, apigenin’s mechanism of action appears to be through apoptosis
induction, confirmed by the significantly increased subG1 population, especially at 48 h
(50.0%; Fig. 6B).

DISCUSSION
The pervasiveness of drug resistance extends to virtually every known disseminated cancer.
Therefore, pursuing molecular targets and novel, nontoxic cancer therapeutics has become
increasingly important. Numerous studies indicate that cancer and transformed cells are
significantly more sensitive to proteasome inhibition than normal, non-transformed cells
[Adams, 2003; Almond and Cohen, 2002; Delic et al., 1998; Dou and Li, 1999; Kuhn et al.,
2005; Landis-Piwowar et al., 2005], providing relevance for proteasome inhibitors as
potential novel anti-cancer drugs.
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Our previous studies have suggested that polyphenolic compounds, including flavonoids,
from natural plant sources are innocuous toward normal cells, while they could inhibit the
proteasome in cancer cells [Chen et al., 2007; Chen et al., 2005]. However, flavonoids are
unstable under physiological conditions and could be rapidly degraded or metabolized,
through interactions with the hydroxyl groups that surround the molecules [Manach and
Donovan, 2004]. Although the methylated flavonoids examined in this work are synthetic
compounds, their presence has been shown in nature, e.g., me-apigenin present in citrus
[Mizuno et al., 1991]. Therefore, understanding the effects of methylated flavonoids on cell
proliferation/viability could potentially be useful in chemopreventive strategies.

Methylation has been suggested as a measure to enhance the entry of flavonoids into cells,
thereby preventing their degradation [Wen and Walle, 2006b]. Additionally, because of their
increased stability, these compounds have been proposed to be more potent
chemopreventive agents [Walle et al., 2007]. The data presented in this work indicate that
methylated flavonoids possess a different mechanism of action compared to unmethylated
flavonoids. While unmethylated flavonoids induce apoptosis through proteasome inhibition,
methylated flavonoids do not induce apoptosis or proteasome inhibition and act mostly
through inducing G0/G1 cell cycle arrest. Therefore, methylated flavonoids could have some
efficacy as chemopreventive agents, but as anti-cancer therapeutics the efficacy of these
compounds is questionable.

The properties of methylated and unmethylated tea polyphenols in leukemia Jurkat T cells
were examined previously [Landis-Piwowar et al., 2007]. In the current study, we
hypothesized that methylated flavonoids would display reduced apoptosis inducing abilities
as a consequence of reduced proteasome-inhibitory activity. To test this notion, HL60 cells
were treated in dose-dependent and kinetic assays with methylated and unmethylated
flavonoids. The anti-proliferative effects were determined using an MTS assay and indicated
that both unmethylated and methylated flavonoids possess the capacity to reduce
proliferation of HL60 cells in a dose-dependent manner (Fig. 1C). When the 50 μM
treatment was examined after multiple time points extended to 48 h, the methylated
flavonoid, me-apigenin, was found to produce results most closely correlated with its
unmethylated counterpart, apigenin (Fig. 4A). In contrast, other methylated flavonoids, me-
luteolin, me-quercetin, and me-chrysin, appeared to reverse their inhibitory activities by 48 h
(data not shown). This reversal in inhibitory activity could potentially arise from
intracellular detoxification of the methylated compounds by sulfonation/glucuronidation [Lu
et al., 2003], thus decreasing their potential to impart long-lasting effects.

Since the methylated flavonoids appeared adept at inhibiting cell proliferation, the
mechanism to explain the reduced cell numbers was examined. Apoptotic events
predominated after treatment with unmethylated, but not methylated compounds in both
dose- and time-dependent analysis and therefore, inhibited cellular proliferation was found
not to be a consequence of apoptosis by the methylated flavonoids (Figs. 2 and 4D).

To ascertain whether the limited apoptosis induction by methylated flavonoids was a
function of reduced proteasome inhibitory activity, a number of proteasome activity assays
were examined. HL60 cells treated in dose-dependent and kinetic experiments were found to
display substantial proteasome inhibition after treatment with only unmethylated flavonoids
(Figs. 3 and 4). In addition, ubiquitination of the proteasome target protein IκBα was not
observed after treatment with the methylated flavonoids (Figs. 3 and 4). Furthermore,
incubation with a purified 20S proteasome revealed that methylated flavonoids were inactive
as inhibitors of chymotrypsin-like activity (Table 2).
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In silico analysis of methylated and unmethylated flavonoids indicated that both contained a
nucleophilic site of attack, the carbonyl carbon (Fig. 5 and data not shown), and that
methylated flavonoids were able to adopt a pose that positioned the carbonyl carbon in
appropriate proximity to Thr1 in the β5 subunit of the proteasome (Fig. 5 and data not
shown). However, stabilization within the β5 subunit is theoretically reduced by the
deficiency in hydrogen bonding of methylated flavonoids with surrounding amino acid
residues. These results point to the potential failings of methylated flavonoids and the
rationale for unmethylated flavonoids as proteasome inhibitors.

A strong correlation between the times of proteasome inhibition and apoptosis induction was
observed after treatment with the unmethylated flavonoids. By 4 h, proteasome activity was
inhibited by approximately 30% (Fig. 4C) and caspase-3 activity (Fig. 4B) had risen to 10-
fold above the DMSO control before peaking at 8 h. Ubiquitinated IκBα was not observed
until 6 h (Fig. 4D), but the full length fragment was decreased by 4 h and PARP cleavage
was clear (Fig. 4D), indicating that apoptosis was strongly stimulated.

Methylated flavonoids also induced PARP cleavage albeit to a lesser extent than their
unmethylated counterparts (Fig. 4C). Ban et al. reported that the compound 2,3-dihydro-3,5-
dihydroxy-6-methyl-4H-pyranone (DMMP) is an important constituent of onions that
confers anti-cancer activities through NF-kB inhibition [Ban et al., 2007]. Likewise, the
apoptotic events observed in Figure 4C by the methylated flavonoids may be a result of NF-
kB inhibition independent of proteasome inhibition.

In an attempt to determine the rationale for the decrease in cell proliferation, flow cytometry
for cell cycle analysis was performed. Me-apigenin exhibited the strongest measure of arrest
in the G0/G1 population of cells compared to the control cells with an increase of 19 and
46% after 24 h and 48 h treatment, respectively (Fig. 6). These findings are similar to those
obtained by Walle et al., in which methylated flavonoids induced an increase in the G0/G1
population of oral squamous cell carcinoma SCC-9 cells [Walle et al., 2007]. Similarly,
Jiang et al., examined the effects of DU145 cells treated with a methylated selenium
compound and also observed G1 arrest that was associated with increase p27kip1 and
p21cip1 expression [Jiang et al., 2002]. However, continued investigation into the
mechanisms by which methylated flavonoids induce cell cycle arrest is warranted.

The findings reported here indicate that methylated flavonoids lack proteasome-inhibitory
and apoptosis-inducing abilities while apparently inhibiting the growth, or at least viability,
of human leukemia cells. Although various reports have indicated that methylated
flavonoids exhibit increased bioavailability [Wen and Walle, 2006a; Wen and Walle,
2006b], the mechanisms for potential cancer prevention or therapeutics do not appear to be a
function of proteasome inhibition and apoptosis induction. On the other hand, unmethylated
flavonoids are apparently profoundly cytotoxic to HL60 cells and provide additional
evidence for their use as chemopreventive and possibly therapeutic agents. Although beyond
the scope of the current study, a future investigation should elucidate the molecular
mechanism by which methylated flavonoids inhibit tumor cell proliferation in order to
evaluate the potential of the methylated compounds as cancer therapeutic or preventative
agents.
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Fig. 1.
Flavonoids inhibit cell proliferation and induce apoptosis. A. Chemical structures of
flavonoids and their fully methylated counterparts. B. Leukemia HL60 cells were treated for
24 h with 1, 25, or 50 μM of the indicated flavonoid. An MTS proliferation assay was
performed and is described in the MATERIALS AND METHODS. C. Leukemia HL60
cells were treated for 24 h with 50 μM of the indicated flavonoid followed by trypan blue
dye exclusion analysis. D. HL60 cells were treated for 24 h with 1, 25, or 50 μM of the
indicated flavonoid followed by detection of caspase-3/-7 activity, described in the
MATERIALS AND METHODS. Error bars, SD; *, p-value < 0.05; **, p-value < 0.01.
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Fig. 2.
Unmethylated flavonoids induce apoptosis. A. HL60 cells were treated for 24 h with
increasing concentrations of unmethylated and methylated flavonoids (apigenin, Api;
methylated apigenin MeApi; luteolin, Lut; methylated luteolin, MeLut; quercetin, Quer;
methylated quercetin, MeQuer; chrysin, Chry, methylated chrysin, MeChry). Cells were
harvested and the cell extracts were utilized for Western blot analysis. Antibody specific for
PARP indicated the presence of the full length p116 fragment and the cleaved p85 fragment.
B. HL60 cells were treated for 24 h with 50 μM of indicated unmethylated and methylated
flavonoids and nuclei that were punctuate or granular and bright were shown (Magnification
100×).
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Fig. 3.
Dose-dependent proteasome inhibition by flavonoids. A. HL60 cells were treated with
DMSO or 1, 25, or 50 μM of the indicated flavonoids for 24 h. Chymotrypsin-like activity is
represented as a percentage of the solvent (DMSO) control. B. Western blot analysis was
performed using reserved aliquots from the chymotrypsin-like activity assay. A
ubiquitinated form of IκBα was observed at approximately 56 kD and is indicated by an
arrow. Actin was used as a loading control. Error bars, SD; *, p-value < 0.05; **, p-value <
0.01.
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Fig. 4.
Kinetic evaluation of flavonoids on cell proliferation, apoptosis, and proteasome inhibition.
A. HL60 cells were plated in 96-well plates and treated with 50 μM of the indicated
flavonoid for 16 and 24 h before an MTS assay was performed. B-D. HL60 cells were
treated with 50 μM of apigenin, me-apigenin, or the DMSO control for the indicated time
point. Cells were harvested and proteins extracted, followed by assaying caspase-3/-7
activity (B), Western blotting (C) and the proteasomal chymotrypsin-like activity (D). Error
bars, SD; *, p-value < 0.05; **, p-value < 0.01.
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Fig. 5.
The nucleophilic susceptibility and docking poses of unmethylated and methylated
flavonoids. A. Molecular orbital energy analysis is demonstrated by drawing an electron
density isosurface colored by nucleophilic susceptibility. The red center signifies the highest
area of susceptibility. B. Apigenin and methylated apigenin are represented by the stick
structure (see also Fig. 1 for description) and the colors are representative of atom type
(carbon, gray; oxygen, red, methyl, light blue). The dotted line in yellow represents the
distance in angstroms to Thr 1 of β5 subunit and is indicative of potential nucleophilic
attack. The dotted lines in light blue represent potential hydrogen bond formations with
surrounding amino acids in the S1 pocket. The pose shown represents the most frequently
adopted conformation of the molecule.
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Fig. 6.
Effect of methylated and unmethylated flavonoids on the cell cycle progression of HL60
cells. HL60 cells were treated with 50 μM of apigenin, me-apigenin or DMSO control for
the indicated time. Cells were collected and labeled with PI and analyzed by DNA flow
cytometry. Experiments were performed in duplicate and gave similar results.
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Table 1

Flow cytometry analysis for the SubG1 cell population

SubG1 Population (% total cells)

DMSO 1.3

Apigenin 36.0

Me-Apigenin 3.1

Luteolin 32.6

Me-Luteolin 1.3

Quercetin 39.3

Me-Quercetin 1.7

Chrysin 18.8

Me-Chrysin 2.8
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Table 2

Inhibition of 20S proteasome activity by unmethylated and methylated flavonoids

Flavonoid IC50 (μM)‡

Apigenin 1.8 (± 0.03)§

MeApi >50

Luteolin 1.5 (± 0.01)€

MeLut >50

Quercetin 3.5 (± 0.05)§

MeQuer >50

Chrysin 4.9 (± 0.15)€

MeChry >50

‡
Results were obtained from 3 independent experiments performed in triplicate.

§
Chen et al. 2005

€
Chen et al. 2007
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