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Persimmon leaf (PL) has been commonly recognized
for its wide variety of health beneﬁts. A previous study
has reported that persimmon leaf extract (PLE) contained ﬂavonols with the 200 -galloly moiety (PLEg).
Galloylated homologues generically show stronger activity in their biological function, so enhanced functions
can be expected for PLEg. We investigated in this
present study the eﬀect of PLEg on the cellular DNA
damage checkpoint signaling to sensitize cancer chemotherapy. Treatment with PLE and PLEg signiﬁcantly
increased the cytotoxicity of doxorubicin (DOX) in A549
adenocarcinoma cells. PLE and PLEg reduced the
phosphorylation of checkpoint proteins such as structural maintenance of chromosomes 1 (SMC1), checkpoint kinase 1 (Chk1), and p53 in DOX-treated cells.
Moreover, PLE decreased the phosphorylation of ATM
(ataxia telangiectasia mutated) in a dose-dependent
manner. PLE, and especially PLEg, abrogated the
G2/M checkpoint during DOX-induced DNA damage.
These results suggest that PLEg speciﬁcally inhibited
ATM-dependent checkpoint activation by DOX, and
that PLEg might be a useful sensitizer in cancer
chemotherapy.
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ATM (ataxia telangiectasia mutated) and ATR (ataxia
telangiectasia and Rad-3-related) protein kinases play
important roles in cellular DNA damage response.1–3)
Once the DNA damage has occurred, checkpoint
eﬀector proteins such as structural maintenance of
chromosomes 1 (SMC1), checkpoint kinase 1 (Chk1),
and p53 are phosphorylated and activated by ATM
and/or ATR which lead to cell cycle arrest in G1, S, G2,
and M phase. Since radio- or chemo-therapy activates
the checkpoints, it can be expected that abrogating the
DNA damage checkpoints, especially G2/M, by certain
agents would sensitize DNA damage leading to the
death of cancer cells. Moreover, the G2/M checkpoint,
which is usually preserved even in p53-defective or
y

mutated cancer cells, plays quite an important role in
the DNA damage checkpoint system.4) Schisandrin B
has been found to speciﬁcally inhibit ATR,5) so many
attentions have been paid to ﬁnding compounds from
natural sources that modulate DNA damage checkpoint
activity and provide alternative method to manipulate
cancer treatment.
Persimmon (Diospyros kaki) leaf is commonly brewed
into a beverage because of its wide variety of health
beneﬁts. It is recognized that persimmon leaf have an
anti-oxidant activity,6,7) anti-tumor eﬀects,8,9) inhibition
of angiotensin-converting enzyme,10,11) attenuation of
allergic responses12,13) and -amylase inhibition.14)
Kameda et al. have previously reported that persimmon
leaf extract (PLE) contained four ﬂavonols: kaempferol3-O-glucoside, quercetin-3-O-glucoside and their corresponding 200 -gallates.11) We have recently found that
PLE also contained two additional 200 -gallates of kaempferol and quercetin 3-O-galactosides,15) and that 200 galloylation played a critical role in developing the
strong anti-oxidative activity of ﬂavonol glycoside in the
persimmon leaf.16) It is well known with tea catechins
that the galloylated homologues showed stronger activity
in their biological functions such as anti-oxidative and
anti-tumor eﬀects than other homologues without galloyl
conjugation.17–19) Therefore, it is important to elucidate
the inﬂuence of galloylation in the ﬂavonols of PLE.
Several reports have revealed that galloylated ﬂavonols
had various biological activities with its speciﬁcity
toward targets, such as inhibitory activities against
xanthine oxidase20) and HIV-1 integrase21) and inducible
nitric oxide synthase (iNOS) expression.22) Further
studies are required to assess their biological activities
and how these activities depend on the presence or
absence of a galloyl moiety.
In the present study, we investigated whether PLE
has the potential to sensitize cancer chemotherapy by
inhibiting ATM activity and the subsequent checkpoint
signal cascade during the DNA damage response, with
special attention to the ability of galloylated and nongalloylated ﬂavonols isolated from PLE to aﬀect the
checkpoint signals.
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Materials and Methods

A

Materials. -Glucosidase from almond and -galactosidase from
Aspergillus oryzae were obtained from Sigma-Aldrich (St. Louis, MO,
USA), and tannase (galloyl esterase) from A. oryzae was purchased
from Kikkoman Co. (Tokyo, Japan). All other reagents were of the
highest grade available. The specimen number of dry persimmon
leaves (KHM080601) for this study has been recorded and stored for
10 years at Niigata University of Pharmacy and Applied Life Sciences.
Preparation of persimmon leaf extract. Persimmon leaf extract
(PLE) was prepared as described previously.15) Persimmon leaves were
collected from the Niitsu area of Niigata City in Japan. The dried
persimmon leaves were treated with boiling water for 30 min, and the
soluble extract was subsequently partitioned into the ethyl acetate layer
which was used as PLE. Eight ﬂavonol components of PLE consisted
of four non-galloylated ﬂavonols (PLEng: kaempferol 3-O-glucoside,
kaempferol 3-O-galactoside, quercetin 3-O-glucoside, and quercetin
3-O-galactoside) and four galloylated ﬂavonols (PLEg: their 200 galloylated ﬂavonol glycosides). PLEng and PLEg were successfully
separated after treating PLE with tannase, -glucosidase and galactosidase.
HPLC analysis. The eight ﬂavonols in PLE were identiﬁed and
quantiﬁed as described previously.15) The extract was injected into
a DAD-HPLC instrument (SPD-M20A, Shimadzu, Tokyo, Japan)
equipped with an ODS column (Inertsil ODS-3, 4:6  250 mm; 4 mm,
GL Science, Tokyo, Japan), and analyzed by using a mobile phase
consisting of (A) water containing 0.5% phosphoric acid and (B)
acetonitrile containing 0.5% phosphoric acid under the following
gradient conditions: 0–20 min, 20% B; 20–40 min, 20–80% B; at a ﬂow
rate of 1.0 mL/min and a column temperature of 40  C. Elution was
monitored at 350 nm. Four non-galloylated ﬂavonols (PLEng: a, b, e,
and f) and four galloylated ﬂavonols (PLEg: c, d, g, and h) were
detected in PLE (Fig. 1). The respective percentages (% w/w) of
PLEg and PLEng in PLE were 60% and 40%. PLEg contained 48%
kaempferol 3-O-200 -galloylglucoside, 27% kaempferol 3-O-200 -galloylgalactoside, 17% quercetin 3-O-200 -galloylglucoside, and 7% quercetin
3-O-200 -galloylgalactoside. PLEng contained 45% kaempferol 3-Oglucoside, 28% kaempferol 3-O-galactoside, 18% quercetin 3-Oglucoside, and 9% quercetin 3-O-galactoside.
Cell culture. A549 human lung adenocarcinoma cells were obtained
from American Type Culture Collection (ATCC; Manassas, VA,
USA) and cultured in Dulbecco’s modiﬁed Eagle’s medium (DMEM;
Sigma-Aldrich) supplemented with 10% fetal bovine serum,
100 U/mL penicillin, and 100 mg/mL streptomycin.
Determination of cell viability. Cell viability was determined by an
MTT (3-[4,5-dimethylthiazol-2-yl] 2,5-diphenyltetrazolium bromide)
assay. A549 cells were pre-incubated with or without PLE, PLEng or
PLEg (0.3, 1, and 30 mg/mL) for 1 h, and the cells were respectively
treated with doxorubicin (DOX, 0.01, 0.03, and 0.1 mM) and 5ﬂuorouracil (5FU, 2.5, 5, and 10 mM). After incubating, the cells were
treated with a 0.5% MTT solution (Wako Pure Chemical Industries,
Tokyo, Japan) for 4 h at 37  C. Following incubating, the cells were
solubilized in lysis buﬀer (50% N,N-dimethyl-formamide and 20%
SDS), and the absorbance was measured at 595 nm with a microplate
reader (Bio-Rad Laboratories, Hercules, CA, USA).
Immunoblotting analysis. The phosphorylation level of each
checkpoint protein (SMC1, Chk1, p53, and ATM) was determined by
western blotting, respectively using phospho-speciﬁc antibodies of
Ser966, Ser317, Ser15, and Ser 1981. A549 cells were cultured for 24 h
before treating with PLE, PLEng or PLEg for 1 h and subsequently
exposed to DOX (0.1 mM) for 16 h. After this treatment, the cells
were lysed in UTB-buﬀer (8 mM urea, 150 mM 2-mercaptoethanol,
and 50 mM Tris–HCl at pH 7.5), and the protein concentrations
were determined by using a Bradford protein assay kit (Bio-Rad
Laboratories). The prepared proteins were separated by SDS polyacrylamide gel electrophoresis (SDS–PAGE) for the immunoblotting analysis and electrophoretically transferred to a PVDF membrane. The
membrane was blocked by 2% skim milk in Tris-buﬀered saline
containing 0.1% Tween 20 for 1 h at room temperature. Immunoblot-
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Fig. 1. HPLC-UV (350 nm) Proﬁle (A) and Chemical Structure (B)
of Eight Flavonols in Persimmon Leaf Extract.
Four non-galloylated ﬂavonols (PLEng: a, quercetin 3-O-galactoside; b, quercetin 3-O-glucoside; e, kaempferol 3-O-galactoside; and
f, kaempferol 3-O-glucoside) respectively correspond to the four
200 -galloylated ﬂavonols (PLEg: c, d, g, and h).
ting was performed by using primary antibodies for phosphor-SMC1
and phospho-Chk1 (Bethyl, Montgomery, TX, USA), phospho-p53,
phospho-ATM, and GAPDH (Cell Signaling Technology, Beverly,
MA, USA) for 4 h at room temperature. The bound antibodies were
detected with secondary peroxidase-conjugated anti-rabbit or antimouse IgG (Cell Signaling Technology). The target proteins were
visualized by using an ECL reaction solution (Millipore Co., Bedford,
MA, USA) and a chemiluminescence ﬁlm (Fujiﬁlm Co., Tokyo, Japan).
Cell cycle analysis. The cells were treated with PLE, PLEng or
PLEg for 24 h and then the DNA content evaluated by ﬂow cytometer
(Beckman-Coulter, Fullerton, CA, USA) after propidium iodide
(Dojindo, Kumamoto, Japan) staining.
G2/M checkpoint analysis. Phosphorylation of histone H3 at Ser10
was used for monitoring mitosis. A549 cells were cultured for 24 h
before treating with PLE, PLEng or PLEg (30 mg/mL) for 1 h and
subsequently exposed to DOX (0.1 mM) for 1 h. The A549 cells were
suspended in ice-cold 70% ethanol buﬀered with PBS, and the
membrane was rendered permeable with 0.25% Triton X-100 in PBS
on ice for 15 min. The cells were then incubated with the polyclonal
rabbit phospho-histone H3 (Ser10) antibody (Upstate Biotechnology,
Lake Placid, NY, USA) for 4 h and the Alexa Fluor 488-conjugated goat
anti-rabbit IgG antibody (Invtrogen, Carlsbad, CA, USA) for 1 h at
room temperature. Cellular DNA was stained by 50 mg/mL of
propidium iodide (Dojindo) for 30 min at room temperature, the stained
cells then being analyzed by ﬂow cytometer (Beckman-Coulter).
Statistics. Data are expressed as mean  SD. A statistical analysis
of the data was performed by ANOVA and a subsequent Tukey test
to identify diﬀerences among groups. Diﬀerences are considered
signiﬁcant at p < 0:05.

Results
Eﬀect of persimmon leaf extract on the viability of A549
cells after their treatment by chemotherapeutic agents
We investigated the eﬀect of persimmon leaf extract
(PLE) on cellular DNA damage response induced by
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Fig. 2. Dose-Dependent Eﬀects of 5FU (A) and DOX (B) on Cell Viability.
After pre-incubating for 1 h with or without various concentrations of PLE, PLEng or PLEg, cells were treated with diﬀerent concentrations of
5FU or DOX and incubated for 72 h. Each value is presented as mean  SD. obtained from triplicate determinations ( p < 0:05 vs. untreated
control).

Eﬀect of persimmon leaf extract on the phosphorylation of checkpoint proteins
We further examined whether PLE aﬀected the signal
transduction of DNA damage checkpoint pathways. The
DOX treatment increased the phosphorylation levels of
checkpoint proteins such as SMC1, Chk1, and p53 at
Ser966, Ser345, and Ser15, respectively (Fig. 4, lane 2).
On the other hand, PLE pre-treatment dose-dependently
prevented the DOX-induced phosphorylation of SMC1
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two anti-tumor agents, 5FU and DOX. The viability of
A549 cells after 5FU or DOX treatment was determined
by the MTT assay. Both chemotherapeutic agents
induced cell death in A549 cells in a dose-dependent
manner (Fig. 2). PLE, PLEng or PLEg did not sensitize
the cytotoxicity induced by 5FU when the cells had been
pretreated (Fig. 2A). In contrast, the toxicity induced by
DOX was signiﬁcantly sensitized by PLE and the
isolated PLEng and PLEg compounds (Fig. 2B). PLE,
PLEng, and PLEg themselves did not induce signiﬁcant
cell death or inhibit cell cycle progression (data not
shown). The cells treated with 30 mg/mL PLE and
0.1 mM DOX resulted in the cell viability declining to
approximately 11% compared to DOX control (Fig. 3).
The sensitizing eﬀect of PLEg on DOX-induced cell
death was greater than that of PLEng.
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Fig. 3. Eﬀect of Persimmon Leaf Extract on Viability of A549 Cells.
After pre-incubating for 1 h with PLE, PLEng or PLEg
(30 mg/mL), cells were treated with DOX (0.1 mM) for 72 h. Each
value is presented as mean  SD obtained from triplicate determinations ( p < 0:05 vs. DOX).

and Chk1 (Fig. 4A). PLE at 30 mg/mL decreased the
level of p53 phosphorylation though 1 and 10 mg/mL
slightly increased the phosphorylation of p53. Although
PLEng decreased the phosphorylation of Chk1, it
increased the phosphorylation of SMC1 (Fig. 4B). The
phosphorylation of checkpoint proteins in the DOX-
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Fig. 4. Eﬀect of Persimmon Leaf Extract (PLE, A), the NonGalloylated Flavonols (PLEng, B), and the Galloylated Flavonols
(PLEg, C) on the Phosphorylation Level of Checkpoint Kinase.
After preincubating for 1 h with the indicated concentrations of
PLE, PLEng, or PLEg, A549 cells were treated with or without
0.1 mM DOX for 16 h. The total cellular protein was then subjected to
western blotting, using anti-phospho-antibody. The intracellular
levels of phosphorylation in each checkpoint kinase (SMC1, Chk1,
p53, and ATM) were determined by western blotting, respectively
using phospho-speciﬁc antibodies of Ser966, Ser345, Ser15, and
Ser1981.

treated cells was clearly decreased by PLEg (Fig. 4C).
PLE- and PLEg-induced inhibition of the phosphorylation of checkpoint proteins was only apparent in the
DOX-treated cells, and not in the 5FU- or hydroxyurea
(HU)-treated cells (data not shown).
We further tested the eﬀect of PLE and the isolated
components, PLEg and PLEng, on the phosphorylation
of ATM (Ser1981), a key molecule in DNA damage
checkpoint signaling. Both PLE (Fig. 4A, fourth line)
and PLEg (Fig. 4C, fourth line) dose-dependently
decreased the phosphorylation of ATM at Ser1981.
PLEng also decreased the phosphorylation of ATM after
the DOX treatment though it was not dose-dependent
(Fig. 4B, fourth line). It seemed that the dose-dependent
reduction of phosphorylation in checkpoint eﬀector
proteins SMC1, Chk1, and p53 was due to the inhibitory
potential of PLE and PLEg toward ATM.

Control
PLE
PLEng
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+
DOX (0.1 µM)

Fig. 5. Eﬀect of Persimmon Leaf Extract on G2/M Checkpoint
Activity.
A, A dot plot analysis was performed by FACS. The percentage of
mitotic cells was estimated by the phosphorylated histone H3
(Ser10) positive cells. B, Data are expressed as the percentage of
mitotic cells with respect to the total number of cells. Each value is
presented as mean  SD (n ¼ 4).  p < 0:01 vs. control.

Eﬀect of persimmon leaf extract on the G2/M
checkpoint
We further examined the mitotic transition by a ﬂowcytometric analysis to check the speciﬁcity of the
inhibiting eﬀect of PLE on cellular DNA damage
response (Fig. 5A). The percentage of mitotic cells
was estimated by the level of histone H3 phosphorylation at Ser10. The cells treated for 24 h with PLE,
PLEng or PLEg did not change the mitotic percentage
in the untreated cells, keeping cell cycle distribution
unchanged by the treatment (data not shown). The
percentage of phospho-histone H3-positive cells had
clearly decreased after DOX treatment (Fig. 5A). However, treatment of cells with PLE plus DOX signiﬁcantly
increased the percentage of mitotic cells in comparison
with only DOX treatment (Fig. 5B). We noted that the
percentage of mitotic cells in the PLEg-pretreated cells
was larger than that by PLEng pretreatment. These data
indicate that PLE, especially PLEg, abrogated the G2/M
checkpoint in DOX-induced DNA damage.

Discussion
Persimmon leaves have a long history of being used
as a folk medicine or medicinal herb in traditional
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oriental medicine because of its variety health beneﬁts
such as anti-oxidant activity,6,7) prevention of cancer,8,9)
hypertension,10,11) and inﬂammation.12,13) It has also
been reported that the leaves of Diospyros kaki are used
as health food (persimmon leaf tea) in Japan and Korea.
The radio- and/or chemo-therapy for cancer are
methods to induce severe DNA damage in tumor cells,
leading to cell death or tumor growth inhibition.23)
However, the eﬃcacy of anti-tumor therapy is occasionally attenuated by DNA damage checkpoint activation and the subsequent repair system. ATM plays a key
role in checkpoint signaling and critically modulates
a whole series of events in the cell cycle through the
phosphorylation of eﬀector proteins.1,2) It is thus
recognized that regulating ATM activity is vital for
sensitizing cancer therapy.
We have demonstrated that DOX-induced cytotoxicity was signiﬁcantly ampliﬁed by PLE treatment
(Fig. 2B), but it was not apparent with 5FU- induced
cell damage (Fig. 2A). Since PLE itself did not have any
eﬀect on cell cycle distribution, including apoptosis
induction (data not shown), these results suggest
that PLE had the potential to enhance DOX-induced
DNA damage. In another word, PLE, PLEng, and
PLEg could have the potential to sensitize tumor cell
death by regulating the DNA damage checkpoint
activity, although the cytotoxic eﬀect was more obvious
in PLE-treated cells than in those treated by PLEng
or PLEg. We therefore examined how PLE, PLEng,
and PLEg regulated cellular DNA damage checkpoint
signaling. PLEg dose-dependently inhibited phosphorylation of checkpoint eﬀector proteins such as Chk1,
SMC1, and p53 (Fig. 4). In contrast, PLEng sensitized
the cytotoxicity induced by DOX, although PLEng
pretreatment increased the phosphorylation level of
SMC1. As shown in Fig. 1, PLE contains eight ﬂavonols
consisting of two groups of ﬂavonol glycosides, PLEg
and PLEng. PLEg is the 200 -galloylated homologue of
ﬂavonol glycoside (PLEng).15) It has also been reported
that catechins with a galloyl moiety, epigallocatechin
gallate (EGCg), had stronger anti-tumor activity than
non-galloyl catechins.17–19) PLEng might inhibit not
only the DNA damage checkpoint activity but also other
types of intracellular signaling such as phosphoinositide
3-kinases (PI3Ks), leading to cell viability; for example,
caﬀeine as a global inhibitor of PI3Ks.24) The cytotoxicity observed in PLE was possibly combined with the
eﬀects of PLEng and PLEg. It is also thought that the
inhibition of DNA damage checkpoint signaling by
PLEg was more speciﬁc than by PLEng due to the
galloyl moiety.
On the other hand, PLE, PLEng, and PLEg did not
inhibit the phosphorylation of checkpoint eﬀector
proteins when activated by HU or 5FU (data not shown).
DOX mainly activates ATM through the induction of
double-strand break in cellular DNA,1,25,26) whereas HU
or 5FU preferentially activates ATR that is sensitive to
single-strand break.27–30) Therefore we further examined
whether PLE could inhibit the phosphorylation of ATM.
As expected, ATM phosphorylation was dose-dependently inhibited in the cells pre-incubated with PLE
(Fig. 4A).
It has also been reported that DOX induced the
generation of intracellular reactive oxygen species

(ROS) followed by ATM activation.25) PLEg might
have some scavenging activity toward DOX-treated
cells in terms of ROS elimination.15) However, the
concentration of PLEg required for ROS elimination
was comparatively higher (mg/mL order) than that for
ATM inhibition (mg/mL order). Our results suggest that
mg/mL of PLEg did not contribute to ROS scavenging
in this case.
It is well recognized that the mutation or deletion of
p53 and lack of G1/S checkpoint frequently occur in the
most cancer cells.31) The G2/M checkpoint is therefore
an important target for cancer therapy.32–35) Thus we
further studied whether PLE inﬂuenced the G2/M
checkpoint. PLE, and particularly PLEg, abolished
the G2/M checkpoint after DOX treatment (Fig. 5B).
It was conﬁrmed that PLE inhibited the checkpoint
activity not only of G1/S and S phase but also of G2/M
in the cell cycle. These observations indicate that
PLEg abrogated the cellular DNA damage checkpoint
activated by DOX through the inhibition of the ATM
kinase activity.
In conclusion, PLE inhibited ATM-dependent checkpoint activity in DNA damage response, and it seemed
that this inhibitory activity was mainly due to the
function of galloylated ﬂavonol glycosides (PLEg).
Further study will be required for the clinical application
of PLEg as a sensitizing agent in anti-cancer therapy,
because in the eﬀect of combining PLE and chemotherapy on normal cells demonstrating regular DNA
damage responses such as G1 and S-phase checkpoints
may not be ignorable. A carefully considered protocol
should be constructed before any clinical use.
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