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Monodemethylated polymethoxyflavones from
sweet orange (Citrus sinensis) peel inhibit growth
of human lung cancer cells by apoptosis
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Polymethoxyflavones (PMFs) are almost exclusively found in the Citrus genus, particularly in the
peels of sweet orange (Citrus sinensis L. Osbeck) and mandarin (C. reticulate Blanco). We studied
the effects of two major PMFs, namely, nobiletin and 3,5,6,7,8,39,49-heptamethoxyflavone (HMF),
and two major monodemethylated PMFs, namely 5-hydroxy-3,7,8,39,49-pentamethoxyflavone
(5HPMF), and 5-hydroxy-3,6,7,8,39,49-hexamethoxyflavone (5HHMF), on the growth of human lung
cancer H1299, H441, and H460 cells. Monodemethylated PMFs were much more potent in growth
inhibition of lung cancer cells than their permethoxylated counterpart PMFs. In H1299 cells, cell
cycle analyses further revealed that monodemethylated PMFs caused significant increase in sub-G0/
G1 phase, suggesting possible role of apoptosis in the growth inhibition observed, whereas the perme-
thoxylated counterpart PMFs did not affect cell cycle distribution at same concentrations tested.
These results strongly suggested that the phenolic group is essential for the growth inhibitory activity
of monodemethylated PMFs. Further studies in H1299 cells demonstrated that monodemethylated
PMFs downregulated oncogenic proteins, such as iNOS, COX-2, Mcl-1, and K-ras, as well as induced
apoptosis evidenced by activation of caspase-3 and cleavage of PARP. Our results provide rationale to
develop orange peel extract enriched with monodemethylated PMFs into value-added nutraceutical
products for cancer prevention.
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1 Introduction

Cancer is a major cause of human death in the United States
and most other countries. Epidemiological evidence has
consistently indicated that diet abundant in fruits and vege-
tables may reduce the risk of cancer, and this effect has

been attributed to bioactive components present in these
foods. Flavonoids are universally found in food plants, and
an impressive body of evidence has demonstrated their can-
cer preventive effects [1]. Polymethoxyflavones (PMFs) are
a unique class of flavonoids, and almost exclusively exist in
the citrus genus, particularly in the peels of sweet oranges
(C. senensis) and mandarin oranges (C. reticulata) [2].
PMFs have shown a wide range of biological activity,
including anti-inflammatory, anticarcinogenic, antiviral,
antioxidant, antithrombogenic, and anti-artherogenic prop-
erties [2–4]. Citrus production worldwide in selected major
producing countries between 2003 and 2004 was 73.1 mil-
lion metric tons while that of the United States was 14.85
million metric tons. Orange juice industry yields about
1.8–2.3 million metric tons of orange peel as byproducts in
the United States [2].

Previously, nobiletin and 3,5,6,7,8,39,49-heptamethoxy-
flavone (HMF) were found as major PMFs in an aged
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orange peel extract from cold-pressed sweet orange peel oil
[2]. In the same study, besides the permethoxylated PMFs,
i. e., nobiletin and HMF, a class of monodemethylated
PMFs have also been isolated. Among these monodemethy-
lated PMFs, 5-hydroxy-6,7,8,39,49-pentamethoxyflavone
(5HPMF), and 5-hydroxy-3,6,7,8,39,49-hexamethoxyfla-
vone (5HHMF) were two most abundant ones. It was
believed that the monodemethylated PMFs could be formed
in the orange extract by auto-hydrolysis of their perme-
thoxylated counterparts during long-term storage (Fig. 1).
Recently, efforts have been made to compare the biological
activities of monodemethylated PMFs and their perme-
thoxylated PMF counterparts in different biological sys-
tems. It was found that 49-monodemethylated nobiletin had
much stronger anti-inflammatory activities than nobiletin
in LPS-treated RAW264.7 macrophages, i. e., 49-monode-
methylated nobiletin inhibited nitrite production, and
decreased the RNA and protein levels of both inducible
nitric oxide (iNOS) and cyclooxygenase (COX)-2, while
nobiletin did not [5]. In cell culture, 5HHMF and 39-
hydroxy-5,6,7,49-tetramethoxyflavone showed much more
potent inhibitory effects on the growth of human leukemia
cells and breast cancer cells than their permethoxylated
counterparts, HMF and 5,6,7,39,49-pentamethoxyflavone,
respectively [6, 7]. It is intriguing that monodemethylation
renders such difference in biological activities of PMFs.

Lung cancer is a leading cause of cancer death in the
United States and one of the most common cancer world-

wide [8]. Cancer chemoprevention by dietary components
may be a practical, economical, and effective approach to
reduce the risk of this disease [9]. Herein, we selected the
two most abundant monodemethylated PMFs from sweet
orange peel extract, i. e., 5HPMF and 5HHMF (Fig. 1), and
their permethoxylated counterparts, to investigate their
anticancer effects in human lung carcinoma H1299 cells.
Our effort was focused on the effects of these PMFs on the
cell growth, cell cycle, and apoptosis.

2 Materials and methods

2.1 Isolation and identification of PMFs

PMFs were isolated as previously described [2, 10]. In brief,
the sweet orange peel extract from Florida Flavors Com-
pany (Lakeland, FL, USA) (10 g) was dissolved in a mix-
ture of methylene chloride (2 mL) and hexanes (2 mL) and
loaded onto a 120 g preconditioned silica gel flash column
(Model Foxy 200, sg100, Isco, Lincoln, NE, USA). The
gradient was started with 10% ethyl acetate and 90% hex-
anes and went to 40% ethyl acetate and 60% hexanes within
35 min. Then the isocratic mobile phase (40% ethyl ace-
tate–60% hexanes) was applied for another 15 min (total
run of 50 min). The fractions that had UV absorbance at
254 nm were analyzed by LC-ESI-MS and pooled based on
their molecular weights. The pooled fractions containing
PMFs of interest were concentrated, and the residue was
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Figure 1. Chemical structures of PMFs.
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dissolved in ACN and water. The dissolved solution was
loaded onto a C18 RP HPLC system. A gradient method was
used from 25% ACN –75% water to 60% ACN –40%
water in 25 min with a flow rate of 20 mL/min. The frac-
tions were analyzed by LC-ESI-MS. Both the pure com-
pounds and mixtures were collected. To afford pure com-
pounds, the mixture fractions were subject to further purifi-
cation using an HPLC system equipped with the Welk-O 1
(R,R) Regis column (mobile phase: 35% absolute ethanol
and 65% hexanes). The fractions containing pure com-
pound analyzed by LC-MS were combined and concen-
trated or lyophilized to dryness. The dried compounds were
analyzed by MS, UV, and NMR for identification. Analyti-
cal data (MS, UV, and NMR) on pure nobiletin, 5HPMF,
HMF, and 5HHMF have been reported previously [2].

2.2 Cell culture and treatment

Human lung cancer cell lines H1299, H441, and H460 were
obtained from American Type Cell Collection (ATCC,
Manassas, VA, USA), and were maintained in RPMI 1640
media (Mediatech, Herndon, VA, USA) supplemented with
10% heat inactivated FBS (Mediatech), 100 U/mL of peni-
cillin, and 0.1 mg/mL of streptomycin (Sigma–Aldrich) at
378C with 5% CO2 and 95% air. Cells were kept sub-conflu-
ent and media were changed every other day. All cells used
were between 3 and 20 passages. DMSO was used as the
vehicle to deliver atorvastatin and PPE, and the final con-
centration of DMSO in all experiments was 0.1%.

2.3 Cell viability assay

H1299 (1500 cells/well), H441 (2000 cells/well), or H460
(2000 cells/well) cells were seeded in 96-well plates. After
24 h, cells were treated with serial concentrations of differ-
ent PMFs in 200 lL of serum complete media. After suit-
able treatment periods, cells were subject to 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. Media were replaced by 100 lL fresh media contain-
ing 0.5 mg/mL of MTT (Sigma–Aldrich). After 2 h incuba-
tion at 378C, MTT-containing media were removed and the
reduced formazan dye was solubilized by adding 100 lL of
DMSO to each well. After gentle mixing, the absorbance
was monitored at 550 nm using a plate reader (TECAN,
Phenix Research Products, Candler, NC, USA).

2.4 Cell cycle analyses

H1299 cells (56104 cells/well) were seeded in 6-well
plates. After 24 h incubation for attachment, cells were
treated with different concentrations of PMFs in 3 mL of
serum complete media. After another 24 or 48 h, 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 1 mL of

ice-cold PBS and then re-suspended in 0.5 mL of 70% etha-
nol overnight. After centrifugation (15006g, 3 min), the
supernatant was removed and cells were incubated with
0.5 mL of PBS containing 50 lg RNAse (Sigma–Aldrich)
and 5 lg propidium iodine (Sigma–Aldrich) for 30 min at
room temperature. Single-cell suspension was generated by
gentle pipetting. Cell cycle was analyzed using a Beckman
Coulter flow cytometer (FC500), and data were processed
using AXP acquisition and analysis software.

2.5 Immunoblotting

H1299 cells were seeded in 10-cm petri dishes. After 24 h,
cells were treated with serial concentrations of 5HPMF or
5HHMF. After another 24 h of incubation, cells were washed
with ice-cold PBS, collected with cell-scrapers. The cells
were combined with floating cells, if any, and incubated on
ice for 10 min in lysis buffer (cell signaling, Beverly, MA,
USA) supplemented with cocktails of protease inhibitor
(1:100), phosphotase inhibitor 1 (1:100), and phosphotase
inhibitor 2 (1:100) (Sigma–Aldrich). Cell suspensions were
then subject to sonication (5 s, three times). After further
incubation of 20 min on ice, followed by centrifugation at
100006g for 10 min at 48C, supernatants were collected.
Proteins were quantified by BCATM protein assay kit (Pierce
Biotechnology,Rockford, IL, USA), and 20–50 lg of pro-
teins were resolved by SDS-PAGE and transferred to nitro-
cellulose membrane. After blocking, proteins of interest
were probed using different antibodies at manufacturer's rec-
ommended concentrations, and then visualized using Odys-
sey system (LI-COR, NE, USA) after incubation with suit-
able IR-antibodies. Antibodies for hyperphospho-Rb, full
length PARP, cleaved PARP, and cleaved caspase-3
(Asp175) were from Cell Signaling (Beverly). Antibodies
for K-ras (F234), COX-2, and iNOS were from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Antibodies for
p21Cip1/Waf1 and b-actin were from Upstate (Lake Placid, NY,
USA) and Sigma–Aldrich, respectively.

2.6 Statistical analysis

All data were presented as mean l SD Student's t-test was
used to test the mean difference between two groups. Anal-
yses of variance (ANOVA) model was used for the compar-
ison of the differences among more than two groups. A 1%
significant level was used for all the tests.

3 Results

3.1 Monodemethylated PMFs are more effective
than their permethoxylated counterparts in
inhibiting the growth of H1299 cells

We studied effect of four pure PMFs isolated from sweet
orange peel on growth of human lung cancer cells including
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H1299, H441, and H460. The chemical structures of the
PMFs are shown in Fig. 1. In H1299 cells, after a treatment
for 24 h, nobiletin and HMF, up to 25 lM, slightly inhibited
cell growth (Figs. 2A and B). However, the monodemethy-
lated compounds, 5HPMF and 5HHMF, showed much
stronger inhibitory effect as compared to nobiletin and
HMF. Both 5HPMF and 5HHMF showed IC50 values of
16.5 lM at 24 h, while nobiletin and HMF had IC50 greater
than 50 lM in H1299 cells. At 48 h, all four PMFs showed
stronger inhibitory effect than that observed at 24 h, and the
monodemethylated 5HPMF and 5HHMF showed more
extensive inhibition than nobiletin and HMF in H1299
cells. In comparison to H1299 cells, H441, and H460 cells
responded to the four test compounds in a similar pattern,
which was indicative of that monodemethylated PMFs had
much stronger inhibitory effects on cancer cell growth than

their permethoxylated counterparts (Figs. 2C and D). To
further demonstrate the difference between the effects of
monodemethylated and permethoxylated PMFs on the
growth of lung cancer cells, we treated H1299 and H460
cells with the four PMFs at 10 and 25 lM, respectively.
After 48 h, photos of cells were taken (Fig. 3). Treatments
with 5HPMF and 5HHMF clearly caused much stronger
growth inhibitory effects on both H1299 and H460 cells
than with nobiletin and HMF.

3.2 Monodemethylated PMFs cause sub G0/G1
accumulation of H1299 cells

To further characterize the growth inhibitory effects
observed above, cell cycle analyses were performed on
H1299 cells after treatment with 10 lM of nobiletin, HMF,
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Figure 2. Growth inhibitory effect of PMFs on H1299, H441, and H460 human lung cancer cells. Lung cancer cells H1299 (A and
B), H441 (C), and H460 (D) were seeded in 96-well plates, and after 24 h, cells were treated with serial concentrations of nobiletin,
HMF, 5HPMF, and 5HHMF. After 24, 48, or 144 h of treatments, growth inhibition was measured by MTT assay as described in
Section 2. Data represent mean l SD, and the asterisks indicate the statistical significance between monodemethylated PMFs and
corresponding PMFs at the same concentration according to Student's t-test (pa0.01, n = 6).
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5HPMF, or 5HHMF. As shown in Fig. 4A, at 24 h, nobiletin
or HMF did not cause any changes in cell cycle distribution
compared to the control. However, the monodemethylated
PMFs, 5HPMF, and 5HHMF resulted in significant accu-
mulation of sub G0/G1 phase cell population. Sub G0/G1
cell population was increased by 4.1- and 3.8-fold by
5HPMF and 5HHMF, respectively. Similarly, at 48 h,
5HPMF and 5HHMF significantly increased sub-G0/G1
cell population by 5.1- and 4.7-fold, respectively, while
nobiletin or HMF did not (Fig. 4B).

3.3 Monodemethylated PMFs cause changes in
cell proliferation, apoptosis, and inflammation
related proteins

In order to elucidate molecular mechanisms by which
monodemethylated PMFs inhibit cancer cell growth, we
studied the effects of 5HPMF and 5HHMF on key proteins
related with cell proliferation, apoptosis, and inflammation
in H1299 human lung carcinoma cells. Figure 5 shows the

Western immunoblotting of these proteins after treatments
with 5HPMF and 5HHMF at different concentrations for
24 h. Our results demonstrated that 5HPMF and 5HHMF
decreased K-ras levels in a dose-dependent manner. Treat-
ments with 5HPMF and 5HHMF also dose-dependently
increased levels of p21Cip1/Waf1, and decreased levels of
hyper-phospho-Rb. As described above, both 5HPMF and
5HHMF caused significant accumulation of sub G0/G1 cell
population in H1299 cells, which suggests possible DNA
degradation caused by apoptosis. Herein, we tested effects
of hydroxylated PMFs on apoptosis-related proteins.
Expression levels of Mcl-1, an anti-apoptotic protein over-
expressed in H1299 cells, were decreased by both 5HPMF
and 5HHMF after 24 h treatment. Cleavage of caspase-3, a
hallmark of apoptosis, was observed in the cells treated
with both 5HPMF and 5HHMF, and the effects were more
appreciable as concentrations of 5HPMF and 5HHMF
increased. Moreover, activation of caspase-3 was compa-
nied by decrease in full-length PARP protein levels and
increase in cleaved PARP protein levels caused by treat-
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Figure 3. Photos of H1299
and H460 human lung can-
cer cells after treatments
with nobiletin, HMF,
5HPMF, or 5HHMF. H1299
and H460 cells were
seeded in 10-cm petri
dishes, and after 24 h, cells
were treated with 10 and
25 lM, respectively, of nobi-
letin, HMF, 5HPMF, or
5HHMF. After 48 h of treat-
ments, photos of cells were
taken under phase contrast
invert microscope. Repre-
sentative photos are shown
(n = 3).
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ments with 5HPMF and 5HHMF. We also investigated the
treatment effect of 5HPMF and 5HHMF on iNOS and
COX-2, two well-established inflammation markers associ-
ated with carcinogenesis. It was found that 5HPMF and
5HHMF significantly decreased iNOS levels in a dose-
dependent manner, while only moderate decrease was
observed in COX-2 levels after treatments with 5HPMF and
5HHMF (Fig. 5).

4 Discussion

Nobiletin and HMF are two abundant PMFs found in sweet
orange peel, and their monodemethylated compounds are
5HPMF and 5HHMF, respectively. In this study, we investi-
gated effects of these four PMFs on H1299 human lung car-
cinoma cells. Our results demonstrated that hydroxylated
PMFs, i. e., 5HPMF and 5HHMF, have much stronger inhib-
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Figure 4. Cell cycle distribution of H1299 cells after treatments with PMFs. H1299 cells were seeded in 6-well plates, and after 24 h,
cells were treated with 10 lM of nobiletin, HMF, 5HPMF, or 5HHMF. After 24 h (A) or 48 h (B) of treatments, cells were harvested
and subject to cell cycle analyses as described in Section 2. All data represent mean l SD, and different notations in the bar charts
indicate statistical significance (p a 0.01, n = 3).
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itory effect on H1299 cell growth than their permethoxy-
lated counterparts, i. e., nobiletin and HMF, respectively.
Our results are in agreement with previous reports that
showed potent anticancer effects of 5-hydroxylated PMFs
in leukemia and breast cancer cell lines [6, 7, 11, 12]. The
only chemical structural difference between 5HPMF and
nobiletin, or between 5HHMF and HMF, is the substitution
of the methoxy group with hydroxyl in 5-position. This sug-
gested the pivotal role of hydroxylation at 5-position in ren-
dering 5HPMF and 5HHMF potent anticancer activity in
H1299 cells. How does exactly the hydroxylation influent
biological activity of PMFs in cancer cells is unknown, and
it is an intriguing topic that warrants further investigation.

Apoptosis, a programmed cell death, is a naturally occur-
ring process that eliminates damaged or unwanted cells
such as those with harmful mutations. Deregulation of
apoptosis can disrupt the balance between cell proliferation
and cell death, and can lead to cancer. As a matter of fact,
the evasion of apoptosis is one of the essential alterations in
cell physiology that dictate malignant growth and is a hall-

mark of most types of cancer [13]. Restoration of apoptosis
in cancer cells is an effective strategy for cancer prevention
and treatment, and is under intensive investigation. In our
efforts to elucidate the mechanisms by which monodeme-
thylated PMFs, namely 5HPMF and 5HHMF, inhibit cancer
cell growth, it was found that both compounds caused sig-
nificant accumulation of cell population in sub G0/G1
phase. Increased sub G0/G1 cell population indicated DNA
fragmentation caused by 5HPMF and 5HHMF. DNA frag-
mentation is an important characteristic of apoptosis [14,
15]. We further demonstrated that caspase-3 was activated
by treatments with 5HPMF and 5HHMF, and this activation
was companied by the cleavage of PARP, a substrate of acti-
vated caspase-3. PARP is involved in DNA repair and
important to maintain cell viability [16–18]. The cleavage
of PARP facilitates cellular disassembly and ultimately
apoptosis [19]. Mcl-1 (myeloid cell leukemia-1), a member
of Bcl-2 anti-apoptotic family, is expressed in approxi-
mately 60% of human nonsmall-cell lung cancer (NSCLC)
[20]. Multiple NSCLC cell lines, including H1299, express
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Figure 5. Effects of 5HPMF and 5HHMF on cell
proliferation, apoptosis, and inflammation related
proteins in H1299 human lung carcinoma cells.
H1299 cells were seeded in 10-cm petri dishes.
After 24 h, cells were treated with serial concentra-
tions of 5HPMF or 5HHMF. After another 24 h of
incubation, cells were harvested for Western immu-
noblotting as described in Section 2. The numbers
underneath of the blots represent mean band inten-
sity (normalized to b-actin) measured by densitom-
eter (n = 3), and the range of the SD of the band
intensity was within 10% of the mean value. b-Actin
was served as an equal loading control. The experi-
ments were repeated at least once.
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abundant Mcl-1 proteins. Depletion of Mcl-1 induces apop-
tosis, and reduction of this protein can sensitize lung cancer
cells to apoptosis induced by cytotoxic agents as well as
ionizing radiation. Overexpression of Mcl-1 renders H1299
cells resistance to apoptosis induced by chemotherapeutic
agents [21]. Treatments with 5HPMF and 5HHMF
decreased expression levels of Mcl-1 in H1299 cells, which
may be important to their proapoptotic effects.

Our results showed that monodemethylated PMFs inhib-
ited cancer cell growth possibly through modulation on sev-
eral important proteins associated with lung carcinogenesis.
Ras oncogenes play important role in regulating cell
growth, differentiation and survival, and dysregulation of
ras proteins, especially, K-ras, is common in human can-
cers, including lung cancer [22]. Both 5HPMF and 5HHMF
dose-dependently decreased the level of K-ras in H1299
cells. Loss of cell cycle control and cell proliferation is a
hallmark of cancer. Cyclin dependent kinase (CDK) inhibi-
tors, such as p21Cip1/Waf1, are negative regulators of cell
cycle progression. They inhibit CDK activities, which
causes hypo-phosphorylation of Rb, and in turn, the inhibi-
tion leads to decreased cell proliferation [23]. After treat-
ments with 5HPMF and 5HHMF, p21Cip1/Waf1 protein
level was significantly elevated, which was companied by
the decrease in the level of hyper-phosphorylated Rb pro-
tein. Inflammation has been associated with lung carcino-
genesis. As a proinflammatory factor, COX-2 has a critical
involvement in carcinogenesis due to its role in apoptosis
resistance, cell proliferation, and angiogenesis [24]. Several
studies have shown the high-level constitutive expression of
COX-2 in human NSCLC [25–27]. Our results demon-
strated that treatments with 5HPMF and 5HHMF moder-
ately decreased the expression level of COX-2. Due to the
potential importance of COX-2 in lung carcinogenesis,
future efforts should be made to explore the effects of these
compounds on the in vivo expression level and activity of
COX-2. iNOS is a enzyme responsible to produce nitric
oxide (NO), and elevated levels of iNOS and NO have been
reported in lung cancer [28–30]. Chen et al. [31] showed
that the level of iNOS and NO was significantly higher in
lung cancer tissues of smokers than that of nonsmokers.
Their results also demonstrated that the increased level of
iNOS/NO was concomitant with decreased level of apopto-
sis, which may be caused by cigarette smoking and lead to
the proliferation and growth of lung cancer cells [31]. Our
results, that monodemethylated PMFs dose-dependently
decreased iNOS protein levels in H1299 cells, support the
rationale to study the in vivo efficacy of monodemethylated
PMFs in the inhibition of lung carcinogenesis in A/J mice
treated with 4-(methylnitrosamino)-1-(3-pyridyl)-1-buta-
none (NNK), a tobacco smoke derived carcinogen.

Bioavailability is one of important factors dictating can-
cer preventive efficacy of dietary components in humans.
Poor absorption and extensive conjugative metabolisms in
the intestine and liver greatly limit bioavailability of dietary

flavonoids and other polyphenols. However, methoxylation
of PMFs dramatically increases their metabolic stability
and membrane transport in the intestine/liver, which can
improve their oral bioavailability [32]. There are only a few
studies on the oral bioavailability of PMFs. Murakami et al.
[33] demonstrated that nobiletin at 27 mg/kg oral dose
resulted in liver and kidney levels of 2–6 lM between 1
and 4 h after oral administration in rats [33]. There is no
report on in vivo bioavailability of monodemethylated
PMFs, but based on the aforementioned nobiletin data, our
results that 5HPMF and 5HHMF inhibited cancer cell
growth and caused molecular changes at the concentration
of 5 lM provided a strong rationale to further explore can-
cer preventive efficacy of monodemethylated PMFs in ani-
mal models.

Taken together, we demonstrated that monodemethylated
PMFs have much stronger inhibitory effect on the growth of
lung carcinoma H1299 cells than their permethoxylated
counterparts. Monodemethylated PMFs such as 5HPMF
and 5HHMF can be formed from their permethoxylated
counterparts in orange peel extract by hydrolysis. This
process could be accelerated by addition of acids as a cata-
lyst. If indeed hydroxylated PMFs are proved to be effective
cancer preventive agents in humans, the orange peel extract
enriched with hydroxylated PMFs would be a promising
and novel ingredient for cancer preventive functional foods.

The authors have declared no conflict of interest.

5 References

[1] Yang, C. S., Landau, J. M., Huang, M. T., Newmark, H. L.,
Inhibition of carcinogenesis by dietary polyphenolic com-
pounds, Annu. Rev. Nutr. 2001, 21, 381 –406.

[2] Li, S., Lo, C. Y., Ho, C. T., Hydroxylated polymethoxyfla-
vones and methylated flavonoids in sweet orange (Citrus
sinensis) peel, J. Agric. Food Chem. 2006, 54, 4176 –4185.

[3] Middleton, E., Jr., Kandaswami, C., Theoharides, T. C., The
effects of plant flavonoids on mammalian cells: Implications
for inflammation, heart disease, and cancer, Pharmacol. Rev.
2000, 52, 673–751.

[4] Manthey, J. A., Grohmann, K., Guthrie, N., Biological prop-
erties of citrus flavonoids pertaining to cancer and inflamma-
tion, Curr. Med. Chem. 2001, 8, 135–153.

[5] Li, S., Sang, S., Pan, M. H., Lai, C. S., et al., Anti-inflamma-
tory property of the urinary metabolites of nobiletin in mouse,
Bioorg. Med. Chem. Lett. 2007, 17, 5177–5181.

[6] Pan, M. H., Lai, Y. S., Lai, C. S., Wang, Y. J., et al., 5-
Hydroxy-3,6,7,8,39,49-hexamethoxyflavone induces apopto-
sis through reactive oxygen species production, growth arrest
and DNA damage-inducible gene 153 expression, and cas-
pase activation in human leukemia cells, J. Agric. Food
Chem. 2007, 55, 5081–5091.

[7] Sergeev, I. N., Li, S., Colby, J., Ho, C. T., Dushenkov, S., Poly-
methoxylated flavones induce Ca(2+)-mediated apoptosis in
breast cancer cells, Life Sci. 2006, 80, 245–253.

405

i 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com



H. Xiao et al. Mol. Nutr. Food Res. 2009, 53, 398 –406

[8] Jemal, A., Tiwari, R. C., Murray, T., Ghafoor, A., et al., Can-
cer statistics, 2004, CA Cancer J. Clin. 2004, 54, 8–29.

[9] Wattenberg, L. W., Chemoprevention of cancer, Cancer Res.
1985, 45, 1–8.

[10] Wang, Z., Li, S., Jonca, M., Lambros, T., et al., Comparison
of supercritical fluid chromatography and liquid chromatog-
raphy for the separation of urinary metabolites of nobiletin
with chiral and non-chiral stationary phases, Biomed. Chro-
matogr. 2006, 20, 1206–1215.

[11] Li, S., Pan, M. H., Lai, C. S., Lo, C. Y., et al., Isolation and
syntheses of polymethoxyflavones and hydroxylated polyme-
thoxyflavones as inhibitors of HL-60 cell lines, Bioorg. Med.
Chem. 2007, 15, 3381–3389.

[12] Sergeev, I. N., Ho, C. T., Li, S., Colby, J., Dushenkov, S.,
Apoptosis-inducing activity of hydroxylated polymethoxy-
flavones and polymethoxyflavones from orange peel in
human breast cancer cells, Mol. Nutr. Food Res. 2007, 51,
1478–1484.

[13] Fesik, S. W., Promoting apoptosis as a strategy for cancer
drug discovery, Nat. Rev. Cancer 2005, 5, 876–885.

[14] Nagata, S., Apoptotic DNA fragmentation, Exp. Cell Res.
2000, 256, 12–18.

[15] Nagata, S., Nagase, H., Kawane, K., Mukae, N., Fukuyama,
H., Degradation of chromosomal DNA during apoptosis, Cell
Death Differ. 2003, 10, 108–116.

[16] Satoh, M. S., Lindahl, T., Role of poly(ADP-ribose) forma-
tion in DNA repair, Nature 1992, 356, 356 –358.

[17] Nicholson, D. W., Ali, A., Thornberry, N. A., Vaillancourt, J.
P., et al., Identification and inhibition of the ICE/CED-3 pro-
tease necessary for mammalian apoptosis, Nature 1995, 376,
37–43.

[18] Tewari, M., Quan, L. T., O'Rourke, K., Desnoyers, S., et al.,
Yama/CPP32 beta, a mammalian homolog of CED-3, is a
CrmA-inhibitable protease that cleaves the death substrate
poly(ADP-ribose) polymerase, Cell 1995, 81, 801–809.

[19] Oliver, F. J., de la Rubia, G., Rolli, V., Ruiz-Ruiz, M. C., et al.,
Importance of poly(ADP-ribose) polymerase and its cleavage
in apoptosis. Lesson from an uncleavable mutant, J. Biol.
Chem. 1998, 273, 33533–33539.

[20] Borner, M. M., Brousset, P., Pfanner-Meyer, B., Bacchi, M.,
et al., Expression of apoptosis regulatory proteins of the Bcl-
2 family and p53 in primary resected non-small-cell lung can-
cer, Br. J. Cancer 1999, 79, 952–958.

[21] Song, L., Coppola, D., Livingston, S., Cress, D., Haura, E. B.,
Mcl-1 regulates survival and sensitivity to diverse apoptotic
stimuli in human non-small cell lung cancer cells, Cancer
Biol. Ther. 2005, 4, 267 –276.

[22] Downward, J., Targeting RAS signalling pathways in cancer
therapy, Nat. Rev. Cancer 2003, 3, 11–22.

[23] Sherr, C. J., Cancer cell cycles, Science 1996, 274, 1672–
1677.

[24] Lee, J. M., Yanagawa, J., Peebles, K. A., Sharma, S., et al.,
Inflammation in lung carcinogenesis: New targets for lung
cancer chemoprevention and treatment, Crit. Rev. Oncol.
Hematol. 2008, 66, 208 –217.

[25] Huang, M., Stolina, M., Sharma, S., Mao, J. T., et al., Non-
small cell lung cancer cyclooxygenase-2-dependent regula-
tion of cytokine balance in lymphocytes and macrophages:
Up-regulation of interleukin 10 and down-regulation of inter-
leukin 12 production, Cancer Res. 1998, 58, 1208–1216.

[26] Hida, T., Yatabe, Y., Achiwa, H., Muramatsu, H., et al.,
Increased expression of cyclooxygenase 2 occurs frequently
in human lung cancers, specifically in adenocarcinomas,
Cancer Res. 1998, 58, 3761–3764.

[27] Hasturk, S., Kemp, B., Kalapurakal, S. K., Kurie, J. M., et al.,
Expression of cyclooxygenase-1 and cyclooxygenase-2 in
bronchial epithelium and nonsmall cell lung carcinoma, Can-
cer 2002, 94, 1023–1031.

[28] Masri, F. A., Comhair, S. A., Koeck, T., Xu, W., et al., Abnor-
malities in nitric oxide and its derivatives in lung cancer, Am.
J. Respir. Crit. Care Med. 2005, 172, 597–605.

[29] Liu, C. Y., Wang, C. H., Chen, T. C., Lin, H. C., et al.,
Increased level of exhaled nitric oxide and up-regulation of
inducible nitric oxide synthase in patients with primary lung
cancer, Br. J. Cancer 1998, 78, 534–541.

[30] Marrogi, A. J., Travis, W. D., Welsh, J. A., Khan, M. A., et al.,
Nitric oxide synthase, cyclooxygenase 2, and vascular endo-
thelial growth factor in the angiogenesis of nonsmall cell
lung carcinoma, Clin. Cancer Res. 2000, 6, 4739–4744.

[31] Chen, G. G., Lee, T. W., Xu, H., Yip, J. H., et al., Increased
inducible nitric oxide synthase in lung carcinoma of smokers,
Cancer 2008, 112, 372–381.

[32] Walle, T., Methoxylated flavones, a superior cancer chemo-
preventive flavonoid subclass? Semin. Cancer Biol. 2007, 17,
354–362.

[33] Murakami, A., Koshimizu, K., Ohigashi, H., Kuwahara, S., et
al., Characteristic rat tissue accumulation of nobiletin, a che-
mopreventive polymethoxyflavonoid, in comparison with
luteolin, Biofactors 2002, 16, 73–82.

406

i 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com


