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Abstract: Alnus japonica Steud is a tree that grows in damp areas of mountain valleys and
has been used as a traditional medicine in Asia. We investigated the antiproliferative activity
of hirsutanone (Hir) and oregonin (Ore) in human cancer cell lines and elucidated their
mechanisms of action. A cytotoxicity study using a panel of 12 human cancer and 4 normal
cell lines indicated that Hir exhibited potent antiproliferative activity against 4 leukemia
(Jurkat, U937, THP-1, and HL-60) and 2 colon cancer cell lines (HCT-15 and Colo205).
Although Ore suppressed the cell growth of Jurkat and THP-1, its inhibitory potency was
weaker than that of Hir. The IC50 values of Hir and Ore in Jurkat were 11.37�M and
22.16�M, respectively. Further analysis on Jurkat cells demonstrated that Hir caused a
sequence of events involved in apoptosis, including nuclear morphological changes and
accumulation of cells with sub-G1 DNA content. Hir led to the cleavage of poly(ADP-ribose)
polymerase (PARP) and activation of caspase-3, -8, and -9. In addition, Hir-induced PARP
cleavage was completely abolished by specific inhibitors to these caspases. Our data sug-
gested that Hir is a potent antiproliferative compound against the 4 leukemia cell lines and
the 2 colon cancer cell lines tested. Furthermore, Hir exerts antiproliferative actions via
caspase-dependent apoptotic cell death.
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Keywords: Alnus japonica; Hirsutanone; Oregonin; Diarylheptanoid; Antiproliferation;
Apoptosis; Leukemia Cells.

Introduction

Alnus japonica Steud (Betulaceae) is a tree found in the damp areas of mountain valleys,
and has been used as a traditional medicine in Asia as a remedy for fever, hemorrhage,
diarrhea, alcoholism, various skin infections, and inflammation. Phytochemical investi-
gations of A. japonica led to the isolation of diarylheptanoids, triterpenoids, and flavonoids
(Nomura et al., 1981; Lee et al., 1992; Wada et al., 1998; Kuroyanagi et al., 2005). Among
them, diarylheptanoids, which are classified into linear and cyclic types, were reported to
possess potent biological activities in vitro and in vivo. Kuroyanagi et al. (2005) also
showed that diarylheptanoids from A. japonica have anti-oxidative activity. Furthermore,
diarylheptanoids from A. japonica are reported to have significant low-density-lipoprotein
anti-oxidizing and radical scavenging activities (Lee et al., 1992). Kim et al. (2004)
examined the anti-inflammatory effect of 9 diarylheptanoids and suggested that the pres-
ence of a keto-enol group in the heptane moiety or a caffeoyl group in the aromatic
ring were important for the efficacy on the inhibitory activities of nitric oxide (NO)
and prostaglandin E2 (PGE2Þ production. Our previous study demonstrated that several
diarylheptanoids from A. japonica exhibit anti-oxidative and anti-influenza properties
(Tung et al., 2010a,b). Recently, we found that 2 diarylheptanoids, hirsutanone (Hir) and
oregonin (Ore) (Fig. 1), exhibited potent in vitro inhibitory activity against Trypanosoma
brucei growth in the bloodstream (Tung et al., 2014a). Furthermore, we reported that
Ore restrained ischemia-reperfusion-induced mesentery oxidative stress by inhibiting nic-
otinamide adenine dinucleotide phosphate (NADPH) oxidase activation (Tung et al.,
2014b). Several recent papers have examined the anticancer effects of Hir or Ore in cancer
cell lines. Hir exhibited cytotoxic activity against HT-29 human colon carcinoma
cells, and reactive oxygen species (ROS) participated in Hir-induced cancer cell death

Figure 1. Chemical structures of Hir and Ore.
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(León-Gonzalez et al., 2014). Kang et al. (2014) indicated that Hir suppressed anchorage-
dependent and independent cell growth of human prostate cancer cells via the direct
inhibition of Akt1/2. In addition, Lee et al. (2012) reported that Hir enhanced the apoptotic
effect of tumor necrosis factor (TNF)-related apoptosis inducing ligand (TRAIL) on
ovarian carcinoma cell lines by increasing the activation of the caspase-8- and Bid-de-
pendent pathways and the mitochondria-mediated apoptotic pathway. However, the anti-
proliferative properties of Hir and Ore in cancer and normal cell lines and their molecular
mechanisms are not fully understood.

In the present study, we investigated the antiproliferative activities of Hir and Ore using
a cell panel of human cancer and normal cell lines. Furthermore, we examined apoptosis
induction and its molecular mechanisms in the human leukemia Jurkat cell line.

Materials and Methods

Reagents

Antibodies against caspase-3, -8, -9, and PARP were obtained from Cell Signaling
Technology (Beverly, MA). Antibody against β-actin was obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). Fetal bovine serum (FBS) was supplied by GIBCO
(Gaithersburg, MD). Caspase inhibitors were purchased from Calbiochem (San Diego,
CA). All other chemicals were obtained from Wako Pure Chemical Industries.

Plant Material and Purification of Hir and Ore

The bark of A. japonica was collected in the Kyushu University Forest in January 2011 by
Prof. Takao Setsu. The voucher specimen was deposited at the Herbarium of the Faculty
of Pharmaceutical Science, Nagasaki International University. The air-dried bark of
A. japonica (1.0 kg) was extracted with 50% aqueous EtOH (2.0 L� 3 times) at 40�C
under sonication. After the removal of the solvent, the resulting residue (115 g) was
resuspended in 1.0 L of water and successively partitioned with CH2Cl2 and EtOAc (each
1:0L� 3 times) to obtain soluble fractions of CH2Cl2 (35.0 g) and EtOAc (53.5 g). A part
of the EtOAc fraction (40.0 g) was fractionated over a silica gel column using a gradient of
CHCl3–MeOH (15:1–0:1, v/v) to give 6 fractions (fractions 1.1–1.6). Fraction 1.2 (2.6 g)
was further chromatographed using a silica gel column with CHCl3–MeOH (10:1), fol-
lowed by reversed-phase chromatography on a C18 (RP) column with MeOH–H2O (1:1) to
produce Hir (60mg). Fraction 1.4 (4.5 g) was studied with an RP column with MeOH–H2O
(6:5) to obtain 7 subfractions (fractions 2.1–2.7). Then, fraction 2.1 (1.8 g) was rechro-
matographed using a silica gel column with CHCl3–MeOH (6:1, v/v) to yield Ore
(1600mg). The structures of Hir and Ore have been previously confirmed (Tung et al.,
2014a).

Oregonin (Ore): pale syrup; ESI-MS m/z 479 [Mþ H]þ; and 13C NMR (CD3OD,
100MHz): �C 29.9 (C-1), 46.3 (C-2), 212.0 (C-3), 48.6 (C-4), 76.3 (C-5), 38.4 (C-6), 31.6
(C-7), 134.0/135.1 (C-1 0/1 00), 116.3/116.5 (C-2 0/2 00), 145.8/145.9 (C-3 0/3 00), 144.0/144.2
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(C-4 0/4 00), 116.3/116.5 (C-5 0/5 00), 120.6/120.7 (C-6 0/6 00), 104.1 (xylose-1), 75.0 (xylose-2),
77.7 (xylose-3), 71.1 (xylose-4), and 66.8 (xylose-5).

Hirsutanone (Hir): pale solid; ESI-MS m/z 329 [Mþ H]þ; and 13C NMR (CD3OD,
100MHz): �C 30.9 (C-1), 42.6 (C-2), 203.2 (C-3), 131.5 (C-4), 149.5 (C-5), 35.6 (C-6),
34.7 (C-7), 134.0/134.1 (C-1 0 /1 00), 116.4/116.6 (C-2 0 /2 00), 146.0/146.1 (C-3 0 /3 00), 144.4
(C-4 0/4 00), 116.4/116.5 (C-5 0/5 00), 120.7/120.8 (C-6 0/6 00).

Cell Culture and Treatment

All cancer cell lines and NB1RGB were obtained from RIKEN BioResource Center Cell
Bank. PNT2, Chang Liver, and Hs 888Lu were obtained from ECACC. HepG2, MCF-7,
and Hs 888Lu were maintained in Dulbecco’s modified Eagle’s medium (DMEM). Chang
Liver and NHSF46 were grown in Eagle’s minimum essential medium (EMEM) and
Minimum essential medium-� (MEM-�), respectively. The other cell lines were main-
tained in RPMI1640 medium. All these media were supplemented with 10% FBS and 1%
penicillin–streptomycin and were then incubated at 37�C under 5% CO2 in fully humid-
ified conditions. For the cell treatment, Hir, Ore, and caspase inhibitors were dissolved in
dimethyl sulfoxide (DMSO) and were stored at �20�C before use. DMSO concentrations
in the cell culture medium did not exceed 0.2% (v/v), and the controls were always treated
with the same amount of DMSO as the actives used in the corresponding experiments.

Cell Viability Assay

Cell viability was determined by a MTT assay. In brief, the cells were seeded in 96-well
plates at a density of 1� 104 cells/well for suspension cells or 0:5� 104 cells/well for
attached cells. After incubation for 24 h, the cells were treated with Hir or Ore at various
concentrations for 48 h. At the end of treatment, MTT solution was added to each well, and
the cells were incubated for another 4 h. The precipitated MTT-formazan was dissolved
with 0.04 N HCl-isopropanol, and the amount of formazan was measured at 595 nm using a
microplate reader (Immuno Mini NJ-2300, Nihon InterMed, Tokyo, Japan) (Liu et al.,
2013). Cell viability was expressed as a percentage of the control culture.

Nuclear Staining by Hoechst 33258

After treatment with the isolated compounds for 48 h, the cells were harvested, washed with
PBS, and fixed with 1% glutaraldehyde for 30min. After washing with PBS, the cells were
stained with Hoechst 33258 for 10min. The cells were washed with PBS, and nuclear
morphologywas observed byfluorescencemicroscopy (Eclipse E600,Nikon, Tokyo, Japan).

Flow Cytometric Detection of Apoptotic Cells by Propidium Iodide Staining

Cell cycle analysis to detect sub-G1 phase cells was performed using a cell cycle phase
determination kit (Cayman Chemical, Ann Arbor, MI), according to the manufacturer’s
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instructions. In brief, the cells were treated with Hir for 48 h, then washed and fixed with a
fixative, and suspended with a staining solution containing propidium iodide (PI) and
RNase A (Lin et al., 2014). The sub-G1 peak was measured and analyzed in the FL2
channel of a FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA) with a
488 nm excitation laser. A total of 10,000 cells were analyzed per sample.

Western Blotting

After treatment with Hir for various periods, the harvested cells were lysed, and the
supernatants were boiled for 5min. Protein concentration was determined using a dye-
binding protein assay kit according to the manufacturer’s manual (Bio-Rad, Richmond,
CA) (Hu et al., 2013). Equal amounts of lysate protein were subjected to SDS-PAGE.
Proteins were electrotransferred to PVDF membranes and were detected as described
previously (Uto et al., 2013).

Results

Effect of Hir and Ore on Cell Proliferation in Human Cancer and Normal Cell Lines

Hir and Ore were isolated from A. japonica as previously reported (Tung et al., 2014a) and
spectroscopically determined (See Section “Materials and Methods”). The antiproliferative
activities of Hir and Ore were evaluated by a MTT assay against a panel of human cancer
cell lines including leukemia, colon cancer, prostate cancer, stomach cancer, liver cancer,
and breast cancer, and against normal cell lines including prostate, liver, lung, and fibro-
blast cells. The cells were treated with Hir or Ore at concentrations below 50�M for 48 h.
Table 1 shows the IC50 values of Hir and Ore. Hir strongly suppressed cell growth in all
leukemia cell lines (Jurkat, IC50 ¼ 11:37�M; U937, IC50 ¼ 19:87�M; THP-1,
IC50 ¼ 27:03�M; and HL-60, IC50 ¼ 33:59�M) and 2 colon cancer cell lines, including
HCT-15 (IC50 ¼ 39:34�M) and Colo205 (IC50 ¼ 43:91�M). In contrast, Hir had no effect
on the proliferation of other cancer and all normal cell lines. Moreover, Ore showed
antiproliferative activities in 2 leukemia cell lines (Jurkat, IC50 ¼ 22:16�M; THP-1,
IC50 ¼ 46:87�M), but these antiproliferative potencies were weaker than those of Hir. Ore
had no influence on cell viabilities except in Jurkat and THP-1. Figure 2 indicates the
effects of Hir and Ore on Jurkat cells, suggesting that both Hir and Ore suppressed cell
growth in a dose- and time-dependent manner. Taken together, the results indicated that
Hir is a potent antiproliferative compound against all of the leukemia cell lines and the two
colon cancer cell lines tested, whereas it had low cytotoxicity in other cancer cell lines and
normal cell lines. Among four leukemia cell lines, Jurkat was most sensitive to Hir;
therefore, we further investigated the detailed mechanisms underlying the antiproliferative
activity of Hir in the Jurkat cell line.
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Table 1. Anti-Proliferative Effects (IC50) of Hir
and Ore Measured by MTT Assay Using Human
Cancer and Normal Cell Lines

IC50 ð¹MÞa

Cell Type Cell Line Hir Ore

Cancer Cell Line
Leukemia Jurkat 11.37 22.16

U937 19.87 >50

THP-1 27.03 46.87
HL-60 33.59 >50

Colon Cancer HCT-15 39.34 >50

Colo205 43.91 >50
DLD1 >50 >50

Prostate Cancer LNCap FGC >50 >50

PC-3 >50 >50
Stomach Cancer KATO III >50 >50
Liver Cancer HepG2 >50 >50

Breast Cancer MCF-7 >50 >50

Normal Cell Line
Prostate PNT2 >50 >50

Liver Chang Liver >50 >50
Lung Hs 888Lu >50 >50
Fibroblast NB1RGB >50 >50

Note: a IC50 value of each compound was defined as
concentration (�M) causing 50% inhibition of cell

viability of the control culture.

(A) (B)

Figure 2. Effects of Hir (A) and Ore (B) on cell proliferation in Jurkat cells. Cells were treated with Hir or Ore at
various concentrations for 24 h or 48 h, and the cell viability was determined using the MTT assay. Data represent

the mean� SD for three individual experiments. *p < 0:05, **p < 0:01 compared with the control group.
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Effect of Hir on Apoptosis Induction

To explore whether the antiproliferative activity of Hir is related to apoptosis induction,
we conducted nuclear morphological observation and examined the number of cells with
sub-G1 DNA content (characteristic of apoptosis) in Jurkat cells. Cells were treated with
Hir at 10 or 20�M for 48 h, and the nuclear morphology of the cells was observed using
Hoechst 33258 staining. The control cells exhibited normal nuclear morphology, whereas
the cells treated with Hir displayed chromatin condensation (Fig. 3A). Furthermore, we
also analyzed the sub-G1 phase by flow cytometry after the cellular DNA had been stained
with PI. Hir increased the accumulation of cells in the sub-G1 phase in a dose-dependent
manner, and the proportion of cells in the sub-G1 phase increased from 2.2% to 14.3% and
34.2% at concentrations of 10�M and 20�M, respectively (Fig. 3B). Thus, these results
clearly indicate that Hir exerted its antiproliferative effect via the induction of apoptotic cell
death.

(A)

(B)

Figure 3. Effect of Hir on apoptosis induction. (A) Induction of chromatin condensation by Hir. Jurkat cells were
treated with the indicated concentration of Hir for 48 h and were stained with Hoechst 33258. (B) Increase in the

sub-G1 phase cells by Hir. Jurkat cells were treated with the indicated concentration of Hir for 48 h and were then
analyzed by flow cytometry after staining with PI. Data shown are representative of three independent experiments
that had similar results.
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Involvement of the Caspase Cascade on Hir-Induced Apoptosis

In order to confirm the role of caspases in apoptosis induction by Hir, we used western
blotting to examine the levels of PARP and, caspase-3, -8, and -9. PARP is the endogenous
substrate protein of caspase-3, and caspase-3 activation induces specific proteolytic
cleavage of PARP, a hallmark of apoptosis (D’Amours et al., 1998). Hir caused the
cleavage of PARP and activated caspase-3 in a time-dependent manner (Fig. 4A). Caspase-
8 has been identified as the initiator caspase induced by death receptors, and caspase-9 has
been proposed as another initiator caspase in the mitochondria-dependent apoptotic path-
way (Degterev et al., 2003). The activation of caspase-3 requires the activation of initiator
caspases, such as caspase-8 and -9. Our data demonstrated that Hir activated both caspase-
8 and -9. To further determine the involvement of caspases in Hir-induced apoptosis, the

(A)

(B)

Figure 4. Involvement of the caspase cascade in Hir-induced apoptosis. (A) The effect of Hir on PARP cleavage
and the activation of caspase-3, -8, -9. Jurkat cells were treated with 10�M Hir for the times indicated. The cells

were lysed, and PARP, caspase-3, -8, -9, and β-actin protein levels were determined by Western blotting. (B) The
effect of caspase inhibitors on Hir-induced PARP cleavage. After pretreatment with 50�M caspase inhibitors for
1 h, Jurkat cells were treated with 10�M Hir for 12 h, and then Western blotting was performed. Data shown are

representative of three independent experiments with similar results.
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cells were treated with Hir in the absence or presence of caspase inhibitors, and then the
PARP cleavage was analyzed. PARP cleavage induced by Hir was completely abolished
by Z-VAD-FMK (broad caspase inhibitor), Z-DEVF-FMK (caspase-3 inhibitor), Z-IETD-
FMK (caspase-8 inhibitor), and Z-LEHD-FMK (caspase-9 inhibitor) (Fig. 4B). These
results indicate that Hir-induced apoptosis via a caspase-dependent pathway is involved in
caspase-3 and initiator caspases of both caspases-8 and -9.

Discussion

Apoptosis is a highly regulated programmed cell death process in which cells undergo
inducible nonnecrotic cellular suicide, and thus plays an important role in antic-
arcinogenesis (Chen et al., 2013; Ma et al., 2013). Apoptosis is characterized by distinct
morphological changes such as cell shrinkage, chromatin condensation, plasma membrane
blebbing, and oligonucleosomal DNA fragmentation (Elmore, 2007). Apoptosis induction
involves the activation of caspases, which can be divided into 2 groups: initiator caspases
and their downstream effector caspases (Degterev et al., 2003). Initiator caspases, such as
caspase-8 and -9, are self-activated in response to apoptotic stimulations, whereas the
activation of effector caspases, such as caspase-3, requires the activation of initiator cas-
pases (Ulukaya et al., 2011). The induction of apoptosis is the most frequently observed
mechanism of anticancer agents (Okun et al., 2008; Hensley et al., 2013). The strategy to
selectively induce apoptosis in cancer cells is important for cancer chemoprevention and
chemotherapy (Wang et al., 2014; Zhang et al., 2015).

In this study, we demonstrated that Hir exerts antiproliferative activity against 4
human leukemia cell lines (Jurkat, U937, THP-1, and HL-60) and two human colon
cancer cell lines (HCT-15 and Colo205). Ore also suppressed cell proliferation of Jurkat
and THP-1, but its inhibitory potency was weaker than that of Hir. Moreover, the results
indicate that the antiproliferative activity of Hir in Jurkat cells is mainly due to apoptosis
induction via a caspase-dependent pathway. This result could be explained based on the
structures of Hir and Ore. Hir possesses an �, β-unsaturated ketone function resembling
that of the chalcone skeleton, which has the possibility of forming of cyclic hydrogen
bonds with high affinity to drug targets, and has been featured for the anticancer activity
of chalcone analogs (Sahu et al., 2012; Karthikeyan et al., 2015). On the other hand, Ore
cannot interact like Hir because it possesses a xylose moiety in a molecule. However,
Ore will be able to be hydrolyzed to give hydrated Hir which is a precursor of Hir, and
hydrated Hir can easily be transformed to Hir during metabolism, suggesting that Ore
has a possibility as a prodrug of Hir. In fact, it is evident that the difference of cell
viability between 24 h and 48 h in Ore is bigger than that of Hir (Fig. 2). This phe-
nomenon might occur via the metabolism of Ore in cells during 48 h incubation. Al-
though we have previously isolated other diarylheptanoid glycosides (Tung et al.,
2014a), they are supposed to have low antiproliferative activities depending on the
positive relation between anti-parasite and anticancer activity (Huijsduijnen et al., 2013)
because their IC50 of anti-trypanosome activities are around 20–50 �M. In addition, it is
well-known that several natural products can exhibit their effects in a prodrug-like
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manner, such as sennosides, which are metabolized by intestinal bacteria to release
active anthrone which acts as a laxative (Hattori et al., 1982, 1988). From these argu-
ments, we assumed that Ore might function as a prodrug of Hir. Thus, the results of this
study indicate that Hir and Ore isolated from the bark of A. japonica may be a potential
candidate for the development of anticancer drugs.
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