
Lung cancer is one of the most common cancers in many
countries and the leading cause of cancer deaths in the world
accounting for 28% of all cancer death.1,2) The high mortality
of this disease is due to the difficulty of early diagnosis and
its high potential to invade locally and metastasize to distant
organs. Therefore, there is need for novel diagnosis, treat-
ment, and prevention, against lung cancer.

As the functional compounds of the plants can serve as a
starting point for the development of optimal derivatives, 
scientists are always searching for new medical herbs.
Flavonoids are plant pigments which have been detected in
all parts of plants and major functional components of many
herbal preparations used in traditional medical protocols.3—6)

Fruits and vegetables, as well as popular beverages such 
as wine, tea, and coffee, are the main dietary sources of
flavonoids. It has been reported that flavonoids show pharma-
cological effects such as antiviral,7) antitumor,8) antioxi-
dant,9,10) and anti-inflammatory activities.11) They are low
molecular weight polyphenolic compounds, which possess 
a basic 2-phenyl-benzo-gamma-pyrone structure harboring
one or more hydroxyl groups. As the result of this basic
chemical structure, one of the most obvious features of
flavonoids is their ability to quench free radicals via the 
formation of resonance-stabilized phenoxyl radicals.12) Re-
cently, They have attracted much attention because of their
broad pharmacological activities, in particular antioxidant 
activities, and anti-tumorigenic activities.13,14)

Flavonoids exert protective effects, which appear to be 
related to specific structural characteristics.15) Recently, sev-
eral studies have reported that the differential effects of
flavonoids are attributable to substituted functional groups.16,17)

We also suggested that the OH group of the -5 or carbon-7 
of the C6C3C6 skeleton is the key determinant of the 
anti-oxidant and anti-apoptotic activities associated with
flavonoids.18,19) Therefore, investigations into the structurally

related activities of flavonoids are important in terms of our
understanding of their differential activities. The association
between flavonoid intake and reduced disease risk was origi-
nally believed to be the consequence of the anti-oxidant ef-
fects of these compounds and recent evidence appears to in-
dicate that flavonoids and their metabolites exert other intra-
cellular effects, including the direct modulation of cell sig-
naling pathways, including the MAPK( Mitogen activated
protein kinase) cascade.20—23)

In this study, we describe the apoptotic cell death of
human lung epithelial carcinoma A549 cells as the result of
treatment with synthetic naringenin derivates, including 7-O-
benzyl naringenin (KUF-1), 7-O-(m-metoxybenzyl) narin-
genin (KUF-2), 7-O-(2-naphtylmethyl) naringenin (KUF-5),
7-O-benzoxycarbonylmethyl naringenin (KUF-6), 7-O-(MeO-
L-Leu-D-Pro-carbonylmethyl) naringenin (KUF-7), and 7-O-
(MeO-Gly-D-Pro-carbonylmethyl) naringenin (KUF-8) (Fig.
1). The synthetic naringenin derivates were originally gener-
ated via the substitution of the carbon-7 of the C3C6C3
skeleton of naringenin by specific benzyl or amino acid moi-
eties. We analyzed the intracellular levels of reactive oxygen
species (ROS), and caspase-3 activation in A549 cells treated
with the synthetic naringenin derivates. Our results provide
scientific evidence to demonstrate that hydroxylation or sub-
stitution at Carbon-7 is critical to the apoptosis-inducing ac-
tivity of flavonoids, supporting the structurally related activi-
ties of flavonoids in apoptosis.

MATERIALS AND METHODS

Cell Culture Human A549 lung cancer cell line was
cultured at 37 °C in RPMI 1640 medium supplemented with
10% fetal bovine serum (Hyclone) and 100 units/ml of peni-
cillin/streptomycin.

Materials and Antibodies The 2�,7�-dichloro-fluorescin
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diacetate (DCFH-DA) was purchased from Molecular Probes
and the electrophoresis reagents and protein assay kit were
acquired from Bio-Rad (Hercules). Antibodies against
poly(ADP-ribose) polymerase (PARP), caspase-3 were ob-
tained from Santa Cruz. A natural flavonoid, 5,7,4�-trihy-
droxy flavanon (naringenin) was obtained from the INDO-
FINE Chemical Company (NJ, U.S.A.).

Cell Viability Analysis A549 cells were plated at a den-
sity of 5�104 cells in 96-well plates, and cell viability was
evaluated via a conventional 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) reduction assay.
The cells were treated with MTT solution (final concentra-
tion, 0.25 mg/ml) for 2 h at 37 °C. Dark blue formazan crys-
tals forming in the intact cells were then dissolved with
DMSO, and the absorbance was measured at 570 nm using
an ELISA reader. The results were then expressed as percent-
ages of MTT reduction, with the absorbance exhibited by the
control cells being arbitrarily set as 100%.

Preparation of Synthetic Naringenin Derivatives For
the preparation of 7-O-alkyl naringenin derivatives (KUF-1, 
-2, -5, and -6), K2CO3 (1.0 eq) was added to a solution of
racemic naringenin (1.0 eq) and alkyl bromide (1.0 eq) in
DMF at room temperature. After the resulting mixture was
stirred at room temperature for 12 h, the mixture was dis-
solved in AcOEt and washed with 1 N HCl and brine. The 
organic phase was dried over anhydrous MgSO4, filtered, and
concentrated. The crude material was purified by column
chromatography (hexane–AcOEt 3 : 1) on silica gel to 
provide 7-O-alkyl naringenin in 65—50% yields. For the 
7-O-(MeO-L-Leu-L-Pro-carbonylmethyl) naringenin deriva-
tive (KUF-7 and -8), K2CO3 (1.0 eq) was added to a solution
of naringenin (1.0 eq), tetrabutylammonium iodide (1.0 eq), 
and methyl N-(a-bromoacetyl)-prolinyl-leucinate (1.0 eq) in
methylene chloride at room temperature. After the resultant
mixture was stirred for 24 h at room temperature, the reac-
tion mixture was dissolved into AcOEt and washed with 1 N

HCl and brine. The organic phase was dried over anhydrous
MgSO4, filtered, and concentrated. The crude material was
purified via column chromatography (hexane–AcOEt 2 : 1)
on silica gel to give 41% yield. The purities (>95%) of prod-
ucts were estimated by NMR. 1H-NMR spectra were ac-
quired on Bruker 400 (400 MHz 1H) spectrometer using
chloroform-d or DMSO-d6 as the internal standard.

KUF-1: 1H-NMR (DMSO-d6, 400 MHz) 7.45—7.31 (m,
7H), 6.79 (d, J�8.4 Hz, 2H), 6.17 (m, 2H), 5.48 (dd, J�12.8,
2.8 Hz, 1H), 5.17 (s, 2H), 3.32 (dd, J�13.1, 17.1 Hz, 1H),
2.72 (dd, J�2.9, 17.1 Hz, 1H).

KUF-2: 1H-NMR (CDCl3, 400 MHz) 7.34—6.86 (m, 8H),
6.14 (m, 2H), 5.35 (dd, J�13.0, 2.9 Hz, 1H), 5.04 (s, 2H),
3.82 (s, 3H), 3.08 (dd, J�13.0, 17.2 Hz, 1H), 2.78 (dd,
J�2.9, 17.2 Hz, 1H).

KUF-5: 1H-NMR (CDCl3, 400 MHz) 7.73—6.70 (m,
11H), 6.14 (m, 2H), 5.32 (d, J�13.0 Hz, 1H), 5.04 (s, 2H),
3.09 (dd, J�13.0, 17.2 Hz, 1H), 2.79 (dd, J�2.9, 17.2 Hz,
1H).

KUF-6: 1H-NMR (CDCl3, 400 MHz) 7.90—6.85 (m, 9H),
6.16 (m, 2H), 5.31 (m, 5H), 3.07 (dd, J�13.0, 17.1 Hz, 1H),
2.76 (dd, J�3.0, 17.1 Hz, 1H).

KUF-7: 1H-NMR (CDCl3, 400 MHz) 7.21 (d, J�8.2 Hz,
2H), 6.83 (d, J�8.2 Hz, 2H), 5.98 (m, 2H), 5.21 (m, 1H),
4.59 (m, 4H), 3.71 (s, 3H), 3.70—3.40 (m, 2H), 3.01 (m,

1H), 2.65 (m, 1H), 2.05 (m, 4H), 1.63 (m, 3H), 0.87 (m, 6H).
KUF-8: 1H-NMR (CDCl3, 400 MHz) 7.24 (d, J�7.9 Hz,

2H), 6.85 (d, J�7.9 Hz, 2H), 6.04 (m, 2H), 5.29 (m, 1H),
4.67 (m, 2H), 4.15 (m, 1H), 3.97 (m, 2H), 3.70 (s, 3H),
3.70—3.40 (m, 2H), 3.07 (m, 1H), 2.79 (m, 1H), 2.30—1.60
(m, 4H).

Analysis of Apoptotic Nuclei by DAPI Staining We
conducted DAPI staining for the identification of apoptotic
nuclei. A549 cells were collected at 2000 rpm for 5 min,
washed once in cold PBS, fixed in ice-cold methanol/acetic
acid (1 : 1, v/v) for 5 min, then stained with 0.8 mg/ml of
4�,6-diamidino-2-phenolindole (DAPI) in darkness.24) Mor-
phological changes of nuclei in the apoptotic cells were visu-
ally assessed under a Zeiss Axiovert 200 microscope, at the
fluorescence of the DAPI region (excitation, 351 nm; emis-
sion, 380 nm).25,26)

Western Blot Analysis Cells in 100 mm dishes were
washed three times in ice-cold phospho-buffered saline
(PBS), scraped from the dishes, and then collected in extrac-
tion buffer (1% Triton X-100, 100 mM Tris–HCl, pH 7.5,
10 mM NaCl, 10% glycerol, 1 mM sodium orthovanadate,
50 mM sodium fluoride, 1 mM p-nitrophenyl phosphate, 1 mM

PMSF). After the cells had been incubated on ice for 30 min,
the lysates were centrifuged and the amount of proteins in the
cleared lysates was quantified. An equal amount of proteins
was then separated on 10—12% SDS PAGE gel, and then
transferred to nitrocellulose membranes (0.2 mm, Schleicher
and Schuell). These membranes were blocked with 3—5%
non-fat dry milk and 0.1% Tween 20 in Tris-buffered saline
(TBS), and subsequently probed with primary antibody in
TBS containing 3% non-fat dry milk and 0.1% Tween 20.
The antibody–antigen complexes were then detected using
goat anti-mouse IgG or goat anti-rabbit IgG peroxidase con-
jugates, followed by the use of an enhanced chemilumines-
cence (ECL) detection kit (Amersham Bioscience).

Measurement of Intracellular ROS Levels Intracellu-
lar ROS levels were assessed using the oxidant-sensitive fluo-
rescent probe, DCFHDA, under inverted fluorescence mi-
croscopy. Cells grown at 1�106 cells per 35 mm culture dish
were maintained for 24 h in growth medium, then exposed to
5 mM DCFHDA for 30 min. The cells were washed in PBS,
and a cover glass was placed atop the dish. DCF fluorescence
(excitation, 488 nm; emission, 520 nm) was then imaged on
an inverted fluorescence microscope. Intracellular peroxide
production was also measured, using DCFHDA coupled with
spectrofluorometry. Fluorescence was quantified with a Shi-
madzu RF5301 PC spectrofluorophotometer, set at an excita-
tion of 504 nm and an emission of 524 nm.27) The cells were
then exposed to RB/light, and a 5 mM stock solution of
DCFHDA dissolved in 20 m l of DMSO was added to each
culture dish 30 min prior to the assay. After incubation at
37 °C, the cells were washed twice in ice-cold PBS, resus-
pended in 200 m l of PBS, and disrupted by three 10-s cycles
of low-output sonication. The supernatants were then ac-
quired after 10 m of centrifugation in a microcentrifuge and
the crude extracts (500 mg of protein) were suspended in
PBS, after which the fluorescence was recorded.

Statistical Analysis All in-vitro experiments were car-
ried out at least three times with three independent samples.
Data were expressed as the mean�S.E. A significant differ-
ence from the respective controls was assayed using Stu-
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dent’s t-test for each paired experiment. A p-value of �0.05
or �0.01 was regarded as significant difference.

RESULTS AND DISCUSSION

Dietary flavonoids, present in edible plants, are known to
inhibit tumor cell growth and induce apoptosis in cancer cell
lines. Therefore, dietary flavonoids have attracted attention 
as chemopreventive agents.28) Thousands of flavonoids are
known to occur in nature, and they are both qualitatively and
quantitatively one of the largest groups of natural products.29)

Flavonoids are polyphenolic compounds harboring 15 carbon
atoms and two benzene rings joined by a linear three-carbon
chain (Fig. 1). Lots of biological functions of flavonoids have
been identified, but there currently exists a lack of evidence
for any relationship between the structure–activity relation-
ship (SAR) and apoptosis-inducing activity. As previously
reported, we suggested that OH substitutions on the carbon-7
in the diphenylpropane (C6C3C6) skeleton of the flavonoids
might significantly influence the apoptosis-regulating proper-
ties of these compounds.18) However, the related structure–
activity relationship of the antitumor activity of flavonoids 
is still unclear.

Naringin, one of the most abundant flavonoids in citrus
fruits, has been reported to suppress cytotoxicity and apopto-
sis in mouse leukemia P388 cells exposed to a typical 
pro-oxidant, H2O2,

30) or an anticancer drug, cytosine arabi-
noside (1-L-d-arabinofuranosylcytosine; Ara-C) due to its 
antioxidative properties.31) Orally administered naringin was
hydrolyzed by enterobacteria to aglycones such as naringenin
before being absorbed.32,33) It has been reported that
flavonoid glycosides are metabolized to aglycones, resulting
in alteration of their redox potentials, attenuation of hy-
drophilic properties, and increase in cellular mobility.20) Re-

cently, naringenin has been reported to show anti-prolifera-
tive effects and cause apoptotic cell death in various cancer
cell lines.34—37) These results indicate that the deglycosyla-
tion from naringin to naringenin is change in the activity
from suppressor of apoptosis to inducers. In order to charac-
terize the effects of specific substitutions of the carbon-7 of
naringenin on apoptosis-regulatory activities, and in an at-
tempt to develop anti-proliferative flavonoid derivatives that
would be more effective against lung cancer, we originally
synthesized several synthetic naringenin derivatives includ-
ing 7-O-benzyl naringenin (KUF-1), 7-O-(m-metoxybenzyl)
naringenin (KUF-2), 7-O-(2-naphtylmethyl) naringenin (KUF-
5), 7-O-benzoxycarbonylmethyl naringenin (KUF-6), 7-O-
(MeO-L-Leu-D-Pro-carbonylmethyl) naringenin (KUF-7), and
7-O-(MeO-Gly-D-Pro-carbonylmethyl) naringenin (KUF-8)
(Fig. 1). Initially, KUF-1 was synthesized to harbor an aro-
matic group in the Carbon-7 position of naringenin rather
than the OH group. This naringenin derivative, KUF-1, ap-
pears to manifest a hydrogen bonding capacity differing from
that of the original flavonoid, naringenin. Other synthetic
naringenin derivatives, including KUF-2, KUF-5, KUF-6,
KUF-7, and KUF-8, were also synthesized in an effort to de-
termine the importance of hydrogen bonding capacity on the
effects of the naringenin derivatives. Naringenin derivatives
were added to the human A549 lung cancer cell cultures, and
their effects on the cell viability of A549 cells were assessed
via MTT assays. KUF-1 and KUF-7 most effectively de-
creased cell viability of A549 cells (Fig. 2A). Different quan-
tities of KUF-1 and KUF-7 were added to the A549 cell cul-
tures, their effects on the cell viability of A549 cells were as-
sessed at several time points via MTT assays. The addition of
KUF-1 and KUF-7 appeared to cause the cells to lose cell vi-
ability in a dose- and time-dependent manner, and this effect
was more profound than was seen with naringenin (Figs. 2B,
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Fig. 1. Structures of Synthetic Naringenin Derivatives

We originally synthesized several synthetic naringenin derivatives including 7-O-benzyl naringenin (KUF-1), 7-O-(m-metoxybenzyl) naringenin (KUF-2), 7-O-(2-naphtyl-
methyl) naringenin (KUF-5), 7-O-benzoxycarbonylmethyl naringenin (KUF-6), 7-O-(MeO-L-Leu-D-Pro-carbonylmethyl) naringenin (KUF-7), and 7-O-(MeO-Gly-D-Pro-carbonyl-
methyl) naringenin (KUF-8).



C). In particular, KUF-1 and KUF-7 evidenced the most 
dramatic effects on the cell viability of A549 cells, and their
effects were more efficient than that of etoposide, a well-
known apoptosis-inducing anti-cancer drug.

In an attempt to determine whether the addition of KUF-1
or KUF-7 induces apoptotic cell death, DAPI staining of nu-
clear DNA was conducted in KUF-1 or KUF-7-treated A549
cells. Nuclear condensation and fragmentation became ap-
parent upon exposure to 10 mM of KUF-1 or KUF-7 (Fig.
3A). KUF-1 or KUF-7 induced significant increases in apop-
totic cell death in the A549 cell cultures. Apoptosis is a type
of cell death, and agents with the ability to induce apoptosis
in tumors have the potential to be used for antitumor therapy.
The apoptotic mechanism has been extensively studied, and
activation of caspase 3 and cleaved PARP have been shown
to occur in apoptosis. The addition of KUF-1 or KUF-7 in-
duced the cleavage of PARP and the activation of caspase-3
(Fig. 3B). Flavonoids have been shown to induce several 
biological effects including the apoptosis-inducing activi-
ties.38,39) However, the role specific substitutions of the car-
bon-7 in the apoptosis inducing activity of flavonoid has still
not been clearly delineated. Here, we found that treatment of

KUF-1 or KUF-7 caused activation of caspase-3 and cleav-
age of PARP concomitant with appearance of apoptotic nu-
clear morphology (Fig. 3).

Several reports have indicated that a host of phenolic phy-
tochemicals, including etoposide and flavonoids, can alter in-
tracellular ROS levels. In order to further elucidate the mo-
lecular basis of the apoptotic effect of the synthetic narin-
genin derivatives, we attempted to determine whether the ad-
dition of MNDs induces intracellular ROS production. We
measured the levels of intracellular ROS production using
the oxidant-sensitive fluorescent dye, DCFH-DA. Apparent
intracellular ROS generation was detected after KUF-1 or
KUF-7 treatments (Figs. 4A, B). This result strongly indi-
cates that the induction of intracellular ROS generation is in-
volved in the KUF-1 or KUF-7-induced apoptosis of A549
cells. Recently, oxidative damage to the mitochondrial mem-
brane due to increased generation of ROS was reported to
play a role in apoptosis.38) Therefore, our findings indicated
that the activation of both caspase-3 activities and intracellu-
lar ROS production are a downstream event in the KUF-1 or
KUF-7-induced apoptosis of A549 cells. The anti-cancer ef-
fects of KUF-1 or KUF-7 were shown to be superior to that
of etoposide, a well-known apoptosis-inducing anti-cancer
drug. Our results indicate that hydroxylation or substitution
at Carbon-7 is crucial with regard to the apoptosis-inducing
activity of flavonoids, a finding which supports the notion of
the structurally related activities (SAR) of flavonoids in
apoptosis.
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Fig. 2. Loss of Cell Viability by the Synthetic Naringenin Derivatives in
Human A549 Lung Cancer Cells

(A) Human lung cancer A549 cells were treated with synthetic naringenin derivatives
(10 mM) for 48 h as indicated. Cells treated with a solution devoid of the synthetic
flavonoids were used as controls. (B) The A549 cells were treated with the indicated
amounts of naringenin derivatives, and cell viability was assessed via MTT assay. Cells
were exposed to different concentrations (10—100 mM) of KUF-1 or KUF-7 for 48 h.
As a control, the cells were treated with an equal amount of DMSO in the absence of
flavonoids. (C) Cells were incubated with the indicated phytochemical (10 M) for the in-
dicated time periods. The data are expressed as the means�S.E. of values from three
independent experiments (* p�0.05; ** p�0.01).

Fig. 3. Apoptotic Cell Death Induced by Treatment of KUF-1 or KUF-7
in A549 Cells

(A) Cells (1�106 cells per ml) were cultured in the absence (control) or presence of
10 mM KUF-1 or KUF-7. The cells were harvested, fixed with methanol/acetic acid
(1 : 1, v/v) then loaded with 0.8 mg/ml DAPI for 5 min. Fluorescence images were ac-
quired via fluorescence microscopy and the cells evidencing apoptotic nuclear mor-
phology were counted. Data are expressed as the means�S.E. of values from three in-
dependent experiments (* p�0.05). (B) Cells were incubated with KUF-1 or KUF-7
(10 mM). The proteins were separated on 10% SDS-polyacrylamide gel, and then trans-
ferred to nitrocellulose membranes. The cleavage of PARP and pro-caspase-3 were as-
sessed via Western blotting. The blots were then re-probed with anti-actin antibody in
order to confirm an equal amount of protein loading.
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Fig. 4. Increase of Intracellular ROS Production in KUF-1- or KUF-7-In-
duced Apoptosis of A549 Cells

(A) Cells were incubated with specific phytochemical (10mM) for 12 h, and then in-
tracellular ROS levels were evaluated via fluorescence microscopy with an oxidant-sen-
sitive probe, DCFH-DA. (B) DCF fluorescence in the cells was quantified using a spec-
trofluorometer (excitation, 504 nm; emission, 524 nm). The results were expressed as
the means�S.E. of values obtained from three separate experiments (* p�0.05).


