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Eupalinin A isolated from Eupatorium chinense L. induces
autophagocytosis in human leukemia HL60 cells
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Abstract—Eupalinin A, a natural phytoalexin included in Eupatorium chinense L., exhibited a marked inhibitory effect on cell
growth in HL60 cells. The morphological aspects of eupalinin A-treated cells evaluated by Hoechst 33342 nuclear staining indicated
cell death, only a small part of which showed a typical apoptosis with nuclear fragmentation and condensation. To determine what
type of cell death is caused by eupalinin A, we examined the contribution of caspases, Bcl-2 family proteins, MAP kinase, and PI3K/
Akt, and mitochondrial membrane potential to this cell death. As a result, most part of the cell death was not associated with apop-
tosis because of caspase independence and no death factor released from mitochondria. Electron microscopic study indicated a char-
acteristic finding of autophagy such as the formation of autophagosomes. Furthermore, the level of microctubule-associated-protein
light chain 3 (LC3) II protein and monodancylcanaverin (MDC) incorporation were gradually increased with reduction of mito-
chondrial membrane potential by the accumulation of intracellular ROS after eupalinin A treatment. From these results, we can
conclude that eupalinin A-induced cell death was mainly due to autophagy, which was initiated by increased ROS, resulting in
the perturbation of mitochondrial membrane potential. Since the class III PI3K inhibitor such as 3-MA or LY294002 did not inhibit
the eupalinin A-induced type II programmed cell death (PCD II), it was suggested that the PCD II was executed by Beclin-1 inde-
pendent pathway of damage-induced mitochondrial autophagy (mitophagy).

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Eupatorium (syn. Ayapana Spach) is a genus of flowering
plants containing from 36 to 60 species, most of which
are herbaceous perennial plants growing to 0.5-3 m tall,
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but a few are shrubs. The genus is native to temperate
regions of the Northern Hemisphere. Species of Eupato-
rium have been used in folk medicine, for instance to ex-
crete uric acid which causes gout, but they also contain
toxic compounds that can cause liver damage. Recently,
it has been reported that species of Eupatorium has anti-
bacterial,! anti-inflammatory,? anti-oxidant,? and anti-
tumor activity.>* Previously, we have obtained several
sesquiterpene lactones which were isolated from Eupato-
rium chinense L. and determined the structures of the
compounds contained in the fraction. Parthenolide, a
major sesquiterpene lactone, has been known to inhibit
growth of tumor cells. Especially, bioactive effect of par-
thenolide is mediated by preventing NF-xB signaling.>-°
Thus, sesquiterpene lactones may be candidates of can-
cer preventive agents.

Cell death comprises several types, as evaluated by mor-
phology. Autophagic cell death is an evolutionarily con-
served membrane trafficking pathway for the
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Figure 1. Chemical structure of eupalinin A.

degradation of long-lived proteins and cytoplasmic
organelles. Autophagy is characterized by the appear-
ance of double-membrane cytoplasmic vesicles engulfing
bulk cytoplasm and/or cytoplasmic organelles such as
mitochondria and endoplasmic reticulum (autophago-
some). Autophagosome fuses to lysosome to become
autolysosome, where sequestered cellular components
are digested. In mammalian cells, the formation of the
autophagosome is considered to be mediated by phos-
phoinositide-3-kinase (class III PI3K); its potent inhibi-
tor, 3-methyladenine (3-MA), blocks the formation of
autophagosomes. The mammalian autophagy protein,
Beclin-1, an orthologue of yeast Atg6, forms a complex
with class III PI3K that is responsible for autophago-
some formation.

In the present study, we investigated the mechanism of
cell death induced by eupalinin A (Fig. 1), one of the ses-
quiterpene lactones extracted from Eupatorium chinense
L., in human leukemia HL60 cells and concluded that
the cell death was mainly due to type Il programmed cell
death (PCD II), which was associated with the mito-
chondrial dysfunction by accumulation of intracellular
ROS. Furthermore, it was suggested that eupalinin A-
induced PCD II was executed by Beclin-1 independent
pathway of damage-induced mitochondrial autophagy
(mitophagy).

2. Results

2.1. Eupalinin A-induced growth inhibition and cell death
in HL60 cells

We examined eupalinin A for its cytotoxic effect on
HL60 cells. Treatment of HL60 cells with eupalinin A
inhibited cell growth in a time- and dose-dependent
manner (Fig. 2A). The growth of the HL60 cells was
markedly suppressed at more than 4 pM, as compared
with the control without eupalinin A. We estimated an
ICs5p as 2.4 uM. In the treatment with 4 uM eupalinin
A for 24 h, we observed an apparent morphological
change, such as nuclear condensation and fragmentation
in the cells (Fig. 2B). The nonnucleosomal DNA frag-
mentation was observed at 1 h after the treatment and
the DNA fragmentation was in a time-dependent man-
ner, however, dose-dependency was not observed at
6 h (Fig. 2C). The nucleosomal DNA ladder formation
was observed at 2h but marginal, and neither time-
(Fig. 2: left film) nor dose-dependent. Thus, it was sug-
gested that eupalinin A-induced cell death was not nec-
essarily due to apoptosis.
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Figure 2. Eupalinin A-induced cell death in HL60 cells. (A) Growth of
HL60 cells and its inhibition by eupalinin A. Cells were grown in the
absence or presence of 1-8 M of eupalinin A. @, control; A, eupalinin
A (1 uM); B, eupalinin A (2 uM); O, eupalinin A (4 uM); A, eupalinin
A (8 uM). Data are expressed as means t SE of three different
experiments. (B) Morphological changes in HL60 cells treated with
eupalinin A. Cells were stained by Hoechst 33342 and PI (magnifica-
tion x 400). White arrows indicate apoptotic cells. (C) DNA fragmen-
tation in HL60 cells treated with eupalinin A. Time-course: cells were
cultured in the absence of eupalinin A (lane 1) or in the presence of
eupalinin A (4 uM) for 1 h (lane 2), 2 h (lane 3), 3 h (lane 4), and 6 h
(lane 5). Dose-dependency: cells were cultured for 6 h in the absence of
eupalinin A (lane 1) or in the presence of eupalinin A at 1 uM (lane 2),
2 uM (lane 3), 4 uM (lane 4), and 8 uM (lane 5). M indicates DNA size
marker.

2.2. Characterization of eupalinin A-induced cell death in
HL60 cells

To further investigate the mechanism of eupalinin A-in-
duced cell death, we first examined the caspase activity.
Apoptosis is well known to be executed by the cascade
activation of initiator caspases such as caspase-8 and
executioners such as caspase-3.” The caspase-3 activity
measured with Caspase Colorimetric Protease Assay
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Kit was not increased by the eupalinin A treatment
(Fig. 3A). Furthermore, the active forms of caspases-2,
-3, -8, and -9 were not detected by Western blotting
(Fig. 3B). The cell death evaluated by Trypan-blue dye
exclusion test (Fig. 3C) and Hoechst 33342-PI staining
(Fig. 3D) was not prevented by the pre-treatment with
pan-caspase inhibitor (100 uM of Z-VAD-FMK). These
results indicated that the main cause for eupalinin A-in-
duced cell death was not apoptosis.

2.3. Electron microscopic observations of eupalinin
A-treated cells

In order to determine the type of cell death caused by
eupalinin A, we conducted a transmission electron
microscopic study (TEM). As shown in Figure 4C, after
the treatment with 4 uM eupalinin A for 6 h, most of
cells have AV. The TEM aspects were obviously differ-
ent from that of apoptosis (Fig. 4B): formation of AV.
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These findings suggested that eupalinin A-induced cell
death is related to autophagy.

2.4. Biochemical evidence for autophagocytosis

In autophagy, starvation signal makes mTOR signaling
inactive and then forms isolation membrane in cytosol.®
These membranes are extended to surround cytosome
including organelle and finally forms lipid bilayer auto-
phagosome. In this autophagosome/autolysosome for-
mation stage, microtubule-associated-protein light
chain 3 (LC3), the human homologue of S. cerevisiae
Atg8, is cleaved by the cystein protease Atgd to leave
a conserved glysine residue. Cleaved LC3 is then tran-
siently linked to the Atg7 protein, then to Atg3, and fi-
nally to phosphatidylethanolamine.® The lipidated LC3
(LC3 II) form is a potential marker of activation of
the autophagic pathway. We examined LC3 I (nonlipi-
dated) and LC3 II (lipidated) by Western blotting. In
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Figure 3. Activities of various caspases and effect of pan-caspase inhibitor (Z-VAD-FMK) on eupalinin A-induced cell death in HL60 cells. (A) Cells
were collected at indicated time intervals after 4 uM of eupalinin A treatment and subjected to the caspase-3 activity assay using Caspase
Colorimetric Protease Assay Kit. As a positive control, Jurkat cells were treated with or without anti-Fas antibody (CH-11). Data are expressed as
means * SE of three different experiments. (B) Activation of caspase-2, -3, -8, and -9 after the treatment with 4 uM eupalinin A was examined by
Western blot analysis. (C) Growth of HL60 cells and its inhibition by eupalinin A or eupalinin A plus pan-caspase inhibitor. Cells were incubated in
the presence of 100 uM of the inhibitor. Viable cell number was measured by Trypan-blue dye exclusion test. Data are expressed as means + SE of
three different experiments. @, control; A, eupalinin A (4 uM); A, eupalinin A (4 uM) + Z-VAD-FMK (100 pM). White arrows indicate the
apoptotic cells. (D) Morphological changes in HL60 cells treated with DMSO (a), eupalinin A (b), and eupalinin A plus pan-caspase inhibitor for

24 h (c¢). Cells were stained by Hoechst 33342 and PI (magnification x 400).
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Figure 4. Electron microscopic observations of eupalinin A-treated cells. Cells were examined using TEM. HL60 cells were treated with vehicle
control (A) or 4 uM eupalinin A (C) for 6 h. Black arrows indicate autophagosome/autolysosome. White arrows indicate fragmented nuclei (C-a, b).
As a morphological feature of apoptotic cell, HL60 cells were treated with actinomycin D (1 pg/ml, 6 h) (B).

addition, to evaluate the formation of autophagosome,
we examined MDC staining and measurement of incor-
porated MDC. As shown in Figure 5A, the level of LC3
II was gradually increased during 3-6 h following the
eupalinin A-treatment. When fluorescence microscopic
aspects of autophagosomes labeled using MDC in
HL60 cells treated with 4 uM eupalinin A were com-
pared with the control cells without eupalinin A treat-
ment, autophagosome formation was significantly
elevated at 12 h after the treatment (Fig. 5B,a). MDC
incorporation rate was remarkably high at 12 h after
treatment (Fig. 5B,b). From these results, eupalinin A-
induced cell death was related to PCD II (autophagic
cell death). Formation of AV was considered to emerge
at 3-6 h after the treatment and terminate by 12 h.

2.5. The relationship between intracellular ROS level and
mitochondrial membrane potential, and the expression
profile of Bcl-2 family protein, MAPK, and PI3K/AKkt
signaling in eupalinin A-induced cell death

Recent study reported that mitochondria are a target for
the autophagic signal pathway and mitochondrial dys-
function is closely associated with intracellular ROS le-
vel.!® To disclose the relationship between oxidative
stress and mitochondrial membrane potential in eupali-
nin A-induced cell death, we examined intracellular
ROS levels using CM-H,DCF-DA fluorescent probe.
As shown in Figure 6A, the intracellular ROS levels
were gradually increased during 12 h after the treatment
with eupalinin A. On the other hand, the mitochondrial

membrane potential was considerably perturbed
(Fig. 6B). These results suggested that the increment of
intracellular ROS level by eupalinin A links to the
reduction of mitochondrial membrane potential. Thus,
eupalinin A-induced cell death could be associated with
mitochondrial dysfunction. Next, we examined the
expression of bcl-2 family protein in eupalinin A-in-
duced cell death. Bcl-2 family proteins have been known
to regulate membrane potential and apoptogenic factor
(such as, cytochrome ¢, apoptosis inducing factor (AIF),
and endonuclease G (Endo G)) release from mitochon-
dria.!' As shown in Figure 7A, phospho-Bcl 2, Bel-xl,
and phospho-Bad (Ser112, 136) were slightly increased
up to 12 h after the treatment, but Bax was slightly de-
creased. Loss of mitochondrial membrane potential in-
duces release of apoptogenic factors into cytoplasm
and decrease of ATP generation, and finally leads to
the cell death.'>!3 We examined apoptogenic factors re-
leased from mitochondria by Western blot analysis, they
were not detected in eupalinin A-treated cells. These re-
sults strongly suggested the causal relationship between
eupalinin A-induced cell death and mitochondrial
dysfunction.

To gain insight into eupalinin A-induced cell death, we
investigated the activation of MAP kinase signaling.
The MAP kinase signaling pathway plays critical roles
in the regulation of cell growth and differentiation.'41°
There are three well-characterized subfamilies ERK1/2,
JNK1/2, and p38 MAP kinase. ERK is activated by
phosphorylation by MEK and the MEK/ERK pathway
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is involved in apoptosis and survival signaling. In this
context, we examined the effect of eupalinin A on
MEK and ERK phosphorylation. As shown in Figure
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7B, the levels of phospho-MEK and phospho-ERK
showed a similar pattern. Phosphorylation of ERK
showed a dual pase; increase at 1 h, decrease at 3 h, in-
crease at 6 h after treatment. JNK and p38 MAP kinase
are known to be involved in pro-apoptotic signaling.
The JNK is preferentially activated by a variety of envi-
ronmental stresses, including UV and inflammatory
cytokines. Eupalinin A appears to elevate the level of
JNK and p38 MAP kinase (Fig. 7B).

The phosphoinositide 3-kinase (PI3K) pathway has
been known to transduce anti-apoptotic signals from a
variety of growth and survival factors. The serine/threo-
nine protein kinase Akt is recognized as one of the main
downstream effectors of PI3K that promotes cell prolif-
eration and survival.!”'® When we examined the effect
of eupalinin A on Akt phosphorylation, it was shown
that Akt activation was increased at lh after the treat-
ment, which was sustained up to 48 h (Fig. 7C).

2.6. Effect of class III PI3K inhibitors on eupalinin
A-induced cell death

To investigate the mechanism whether PI3K is involved
in eupalinin A-induced autophagy, cells were treated
with eupalinin A in the presence of 3-MA or
LY294002. Neither 3-MA nor LY294002 inhibited
eupalinin A-induced autophagy (Fig. 8), suggesting that
PI3K pathway is not involved in eupalinin A-induced
cell death.

3. Discussion

We demonstrated that eupalinin A-induced cell death
resulted mainly from type II programmed cell death
(PCD 1I). Evidence for apoptosis was not observed; no
involvement of caspase and no death factor released
from mitochondria. The DNA fragmentation, which
was not nucleosomal, was observed at 1 h in early phase
after treatment, thereafter faint DNA ladders appeared.
Additionally, only nonnucleosomal DNA fragmentation
was increased in a time-dependent manner. From these
data, we concluded that eupalinin A-induced cell death
was mainly due to PCD II, which was confirmed by
transmission electron microscopic observations, MDC
staining, and detection of LC3 II protein by Western
blot analysis.

In order to disclose the mechanism of autophagy, we
first investigated the role of mitochondria in the eupali-
nin A-induced cell death. In recent study, mitochondria

<

Figure 5. Eupalinin A-induced autophagy examined by the lipidated
LC3 (LCII) form and MDC staining. (A) Immunoblot analysis of LC3
LC3-I (nonlipidated) processing into LC3II (lipidated) in HL60 cells
treated with eupalinin A for indicated times. PC; Lyophilized cell
lysate from serum starved Neuro 2A cells. (B-a) Mature autophagic
vacuoles by eupalinin A treatment (4 pM) were stained by MDC. (B-b)
Cells were incubated with 50 uM Monodancylcanaverin (MDC) for
60 min at 37 °C. Intracellular MDC was measured by fluorescence
photometry as indicated under Materials and methods. The data
represent means = SE of three different experiments.




726 T. Itoh et al. | Bioorg. Med. Chem. 16 (2008) 721-731

A-a @ 8

<
g
s
:_ S g
ag
< B
o
5k a

B 4T
8
ol
g A
g 2T
E
@
~

0 6 12
A-b Treatment time (h)

CM-H,DCF-DA staining

Oh 6h 12 h

B Hoechst 33342-MitoTracker Red staining
(a) Control (b) Eupalinin A (4 2 M, 12h)

Hoechst 33342

Mito Tracker Red

Figure 6. Determination of intracellular ROS levels and perturbation of mitochondrial membrane potential in eupalinin A-induced cells. (A-a) Cells
were collected at indicated time intervals after 4 uM of eupalinin A treatment and the intracellular ROS levels measured by incubation with CM-
H,DCF-DA. Data are expressed as means * SE of three different experiments. (b) The intracellular ROS levels after eupalinin A treatment for 0 h,
6 h, and 12 h were examined by fluorescence microscopy. (B) Mitochondrial membrane potential in HL60 cells treated with eupalinin A. Cells were
stained by Mito Tracker Red (magnification x 400).

are a target not only for apoptosis but also for the auto- tial was markedly reduced at 12 h. Thus, it was strongly
phagic pathway.!® In eupalinin A-induced PCD II, suggested that increased oxidative stress may trigger
intracellular ROS levels were increased up to 12 h after mitochondrial dysfunction in eupalinin A-induced

the treatment, whereas mitochondrial membrane poten- PCD II. Many reports suggested that, for example,
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Figure 7. Expression of Bcl-2 family protein, expression profiles of PI3K/Akt and MAPKs in eupalinin A-induced cells. Expression and
phosphorylation of Bcl-2 family proteins (A), MAP kinases (B), and PI3K/Akt (C) in eupalinin A (4 pM)-treated HL60 cells were examined by

Western blot analysis.
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Figure 8. Eupalinin A-induced apoptosis/autophagy was not suppressed by 3-methyladenine (3-MA) or LY294002. HL60 cell proliferation after
treatment with vehicle control (@, DMSO), 4 uM eupalinin A (O), 4 uM eupalinin A with 2 mM 3-MA (A, A) or 2 pM LY294002 (M, B). Dotted line

indicates 3-MA (A, 2mM) or LY294002 (OJ, 2 uM) alone treatment.

ROS regulates autophagy through redox-sensitive pro-
teases, Atg4.!22 Especially, H,O, regulates Atg4 acti-
vation. Moreover, the increase of intracellular ROS
was caused by the selective autophagic degradation of
the major enzymatic ROS scavenger, such as a cata-

lase.?®> Anti-cancer drugs, such as doxorubicin, have
been observed to generate intracellular ROS by their
metabolites.>* Eupalinin A also is assumed to generate
the intracellular ROS probably by its metabolites.
Mitochondria are also implicated in the integration of
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apoptotic and autophagic cell death. Lemasters et al.
reported that autophagy may block apoptosis by
preventing the release of pro-apoptotic mitochondrial
factors to the cytoplasm due to the elimination of
damaged mitochondria.?®> And mitochondrial damage-
induced autophagic cell death may occur especially
under conditions where mitochondrial-based apoptosis
is not dominant or it is blocked by caspase inhibitors.?¢
These findings indicated that mitochondrial function is
closely related to cell death (apoptosis and/or auto-
phagy). Thus, it was suggested that mitochondrial
dysfunction by accumulation of intracellular ROS was
associated with the eupalinin A-induced PCD II.

Phospho-Bcl-2 and Bcl-x1 anti-apoptotic proteins were
slightly increased by eupalinin A-treatment, which is
consistent with the observations reported previously.
Recently, Cui et al. reported that increase of phospho-
Bcl-2 acts as a suppressive factor of autophagy in orido-
nin-treated HeLa cells.?” However, in our study, the in-
crease of phospho-Bcl-2 by eupalinin A treatment
promoted the autophagy. Phospho-Bcl-2 suppressed
the release of pro-apoptotic factors from mitochondria.
This result indicates that the increase of phospho-Bcl-2
level by eupalinin A treatment acts as anti-apoptotic
event (survival). On the other hand, apoptosis is induced
when Bcl-x1 binds to Bad.?® 32 The expression level of
Bad, which is pro-apoptotic Bcl-2 family protein, is reg-
ulated by the signaling pathways such as ERK 1/2, Akt,
PKC, and PKA.?337 In apoptosis, the phospho-Bad
(Ser112, 136) interacts with 14-3-3 protein, resulting in
the suppression of binding of Bcl-xl and Bcl-2 at mito-
chondria. In the current study, the levels of phospho-
Bad (Ser112, 136) were increased at 1 h and Bcl-x1 was
increased from 1h up to 12 h. Importantly, phospho-
ERK1/2 level was increased at 1h after the treatment.
These results suggested that the activation of ERK 1/2
links to the activation of Bad. Apoptosis signal-regulat-
ing kinase 1 (ASK1), which regulates the action of JNK,
is phosphorylated by Akt.*®3° However, our data
showed no significant changes in the levels of phos-
pho-Akt and phospho-ASKI1 protein. Lenardo et al.
had reported that autophagic cell death of 1.929 cells
is dependent on JNK.* And the receptor-interacting
protein (RIP), a protein associated with the cytoplasmic
domain of death receptor, and the activation of JNK
and its upstream kinase, MKK?7, are involved in the
accumulation of autophagic vacuoles.*' Another report
has also shown that the autophagic cell death was impli-
cated in c-Jun that is a target factor of JNK.*! In our
study, since the activated JNK level was very low, the
participation of JNK may be marginal in eupalinin A-
induced autophagy. Further study to clarify the rela-
tionship of JNK and p38 MAP kinase with autophagy
is needed. Moreover, Bax, pro-apoptotic protein, was
slightly decreased while Bcl-xI was increased by the
treatment. Many reports have suggested that apoptosis
execution is associated with the balance between Bcl-2/
Bcl-xl and Bax/Bak.*> Mizushima et al. reported that
Bcl-2 anti-apoptotic proteins inhibit Beclin 1-dependent
autophagy.** In our experiment, since the level of Bcl-2
was not changed by eupalinin A. It was assumed that
eupalinin A-induced PCD II was not associated with

Beclin 1-dependent autophagy pathway. In fact, when
we have treated with eupalinin A and 3-MA or
LY294002, which were autophagy inhibitors, eupalinin
A-induced cell death was not prevented (Fig. 8). Fur-
thermore, the increased level of Bcl-x1 and concurrent
decrease of Bax suggested that eupalinin A stimulates
the signaling of survival rather than apoptosis.

Recent study indicated that NF-kB activation repressed
TNF-a-induced autophagy.** A sesquiterpene lactone,
parthenolide, has been shown to inhibit NF-kB signal-
ing.>° Since phosphorylated IxB, which is a key regula-
tor of NF-kB, was unchanged (data not shown),
eupalinin A-induced PCD II was not mediated via
NF-«B signaling.

In summary, eupalinin A-induced cell death was mainly
due to PCD II, which was associated with mitochondria
dysfunction induced by the increase of intracellular
ROS, and anti-apoptotic signals. However, further
study is required to clarify the relationship between oxi-
dative stress and the signaling responsible for autophagy
induced by eupalinin A. With respect to the relationship
between apoptosis and autophagy, we could observe
weak oligonucleosomal DNA fragmentation in the early
phase, but it did not change with time. Therefore, it was
suggested that apoptosis and autophagy were executed
independently and thereafter, autophagy was performed
because anti-apoptosis signal becomes predominant.
Several reports indicated that apoptosis and autophagy
may be interconnected.**434546 It was reported that
proteins like death-associated protein kinase (DAPk)
and DAPk related protein kinase-1 (DRP-1) promote
death in a way that depends on their kinase activities.*’
DAPk predominantly activates apoptosis through a cas-
pase-dependent pathway.*® But, in mouse embryonic
fibroblasts in which apoptosis cannot be activated,
DAPk and DPR-1 instead induce autophagy.*® There-
fore, it is assumed that DAPk and DRP-1 are playing
a role of switching of apoptosis/autophagy signal. How-
ever, the mechanism of this switching between apoptosis
and autophagy is currently obscure. It remains, there-
fore, what determines the type of cell death induced by
eupalinin A.

Recently, natural products, such as resveratrol,*® orido-
nin,>' and soy bean B-group triterpenoid saponins,>? in-
duced autophagic cell death. These substances mediated
Beclin-1 dependent autophagy. But in our study, eupal-
inin A-induced autophagy was executed by Beclin-1
independent pathway of damage-induced mitochondrial
autophagy (mitophagy). Eupalinin A and the extracts
which contain it will be expected as anti-neoplastic
agents through the autophagic machinery that is differ-
ent from soy bean saponin and oridonin.

4. Materials and methods
4.1. Materials

Eupalinin A used in this study was separated by column
chromatography, and identified by 'H, '*C NMR and
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Mass spectra. The 25x Complete®, a mixture of protease
inhibitors, was obtained from Roche (Penzberg, Ger-
many). The phosphatase Inhibitor Cocktail® 1 and 2
was from Sigma (St. Louis, MO, USA). The antibodies
to anti-human MEK1/2, anti-human phospho-MEK1/2
(Ser217/221), anti-human p44/42 MAP Kinase (ERK),
anti-human phospho-p44/42 MAPK (Thr202/Tyr204)
(p-ERK), anti-human SAPK/JINK (JNK), anti-human
phospho-SAPK/INK (Thr183/Tyr185) (p-JNK), anti-
human p38 MAP kinase (p38), anti-human phospho-
p38 MAP Kinase (Thr180/Tyr182) (p-p38), anti-human
Bad, anti-human phospho-Bad (Serl112, Ser 136) (p-
Bad), anti-human Bid, and anti-human phospho-IxB-o
(Ser32/36) (p-IxB) were from Cell Signaling Technology
(MA, USA). The antibodies to anti-human caspase-3
and anti-human Bcl-xL (H-5) were from Santa Cruz
Biotechnology (CA, USA). The antibodies to anti-hu-
man caspase-2, anti-human caspase-8, and anti-human
caspase-9 were from MBL (Nagoya, Japan). The anti-
bodies to anti-human endonuclease G and anti-human
B-actin were from Sigma. The antibody to anti-human
AIF was from ProSci Inc (CA, USA). The antibody to
anti-human cytochrome ¢ was from Upstate Biotechnol-
ogy (NY, USA). The antibody to LC-3 was from Nano
Tools antikoerpertechnik (Teningen, Freiburg, Ger-
many). Anti-rabbit and anti-mouse antibodies conju-
gated with horseradish  peroxidase and the
chemiluminescence (ECL) kit were obtained from GE
Healthcare Sci. (Amersham Place, Little Chalfont,
Buckinghamshire, HP7 9NA, England). The other re-
agents were of the highest quality available.

4.2. Cell culture and treatment

Human M2-type leukemia cell line HL60 was provided
by RIKEN Cell Bank (Tsukuba, Ibaraki, Japan).
HL60 cells were cultured in RPMI-1640 medium (Invit-
rogen, Carlsbad, CA, USA) supplemented with 10%
heat-inactivated fetal bovine serum (FBS). Eupalinin A
dissolved in DMSO was added to the cell culture with
final concentration of DMSO (<0.3%) that showed no
significant effect on the growth and differentiation of
HL60 cells (data not shown). Viable cell number was
measured by Trypan-blue dye exclusion test using a Bur-
ker-Turk type cell count chamber.

4.3. Morphological change in HL60 cells

For the morphological examination of cell death, the
cells were double-stained with Hoechst 33342 (Calbio-
chem, Sandiego, CA, USA) and Propidium iodide (PI)
(Molecular Probes). Hoechst 33342 and PI were added
to the cultured medium at a concentration of 5 pg/ml.
After incubation for 30 min, the cells were collected
and washed with phosphate-buffered saline (PBS) and
then observed under a fluorescence microscope, Olym-
pus BX-50 (Olympus, Tokyo, Japan).

4.4. DNA extraction and agarose gel electrophoresis
The cultured cells were treated with eupalinin A and the

control cells were treated with DMSO alone. The cells
were collected and washed with PBS. Lysis buffer

(100 mM Tris—HCI (pH 7.4), 5SmM EDTA, 200 mM
NaCl, 0.2% SDS, and 200 pg/ml Proteinase K (Takara,
Onhtsu, Shiga, Japan)) was added to the cell pellet and
incubated at 55°C for 3 h. After incubation, DNA
was extracted with phenol/chloroform from the cell ly-
sate. DNA was precipitated with ethanol and dissolved
with Tris-EDTA buffer. RNase A (Sigma) was added
to the DNA solution at a final concentration of 20 pg/
ml. DNA (3 ug) was analyzed by electrophoresis on
2% agarose gel.

4.5. Electron microscopic observation

The cells treated or untreated with eupalinin A (4 uM)
were harvested and rinsed with PBS. Cells were fixed
for 30 min in 4% paraformaldehyde and 1% glutaralde-
hyde in 0.1 M phosphate buffer (pH 7.4) (PB), rinsed in
PB, and postfixed in 1% osmium tetraoxide for 30 min.
After washing with PB, cells were progressively dehy-
drated in a 10% graded series of 50-100% ethanol and
then cleared in QY-1 (Nissin EM, Tokyo, Japan). Cells
were embedded in Epon 812 resin (TAAB Laboratories
Equipment, Reading, UK), and thin sections (70 nm
thickness) were stained with uranyl acetate and lead cit-
rate, and then examined by transmission electron
microscopy, Hitachi-7650 (Hitachi, Tokyo, Japan),
operating at 80 kV.

4.6. Measurement of autophagy

Autolysosome and/or autophagosome (AV) were identi-
fied by Munafo et al.’s method.>>>* For visualization of
AV, cells were incubated with 50 pM Monodancylca-
daverin (MDC) (Sigma) for 60 min, at 37 °C. After incu-
bation cells were washed twice with PBS and
immediately observed under fluorescence microscope
(356 nm excitation filter and 545 nm barrier filter).
Moreover, MDC treated cells were washed twice with
PBS and lysed with RIPA buffer. Intracellular MDC
was measured by fluorocount microplate reader (excita-
tion wavelength 360 nm, emission wavelength 530 nm).
To normalize the measurements to the number of cells
present in each well, protein content of lysate was mea-
sured with a DC Protein assay kit.

4.7. Measurement of intracellular ROS level by CM-
H,DCF-DA fluorescent probe

Amount of intracellular ROS was measured by using
5-(and-6-)-carboxy-2’,7’-dichlorodihydrofluorescein
diacetate (CM-H,DCF-DA). CM-H,DCF-DA is a fluo-
rogenic freely permeable tracer specific for ROS assess-
ment. It is diacetylated by intracellular esterases to the
nonfluorescent 2’,7’-dichlorohydrofluorescein (DCFH),
which is oxidized to the fluorescent compound 2’,7'-
dichlorofluorescein (DCF) by ROS. HL60 cells were
incubated with 10 uM CM-H,DCF-DA for 30 min at
37 °C after eupalinin A treatment. Cells were washed
twice with PBS to remove the excess of CM-H,DCF-
DA and were placed on slide glasses and mounted. Pho-
tomicrographs of the mounted cells were taken with a
fluorescent microscope equipped with UV supply system
(Olympus BX-50). Cells stained with CM-H,DCF-DA
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were incubated with 100 pl of lysis buffer for 5 min on
ice and then measured with excitation at 490 nm and
emission at 530 nm with a fluorometer (MTP-600F,
CORONA ELECTRIC Co. Ltd. Hitachinaka, Japan).
The level of ROS was expressed as an arbitrary unit of
relative value.

4.8. Measurement of mitochondrial membrane potential
by Mito-Tracker probe

Mitochondrial membrane potential was measured by
use of fluorescent dye, Mito-Tracker Red (Molecular
Probes), which accumulates selectively in active mito-
chondria and becomes fluorescent when oxidized.
Mito-Tracker Red was added to cultured medium at a
concentration of 10 nM. After the cells were treated with
Mito-Tracker Red and washed twice with PBS, the cells
were resuspended with PBS and observed under fluores-
cence microscope.

4.9. Antibodies and Western blotting

For preparation of cell lysate, HL60 cells were washed
twice with PBS and harvested. The cell pellet was resus-
pended in lysis buffer A (2 x PBS, 0.1% SDS, 1% Non-
idet P-40, 0.5% sodium deoxycholate, and 25x
Complete®) was used to analyze caspase-2, -3, -8, -9,
and BID. Lysis buffer B (250 mM sucrose, 20 mM
Hepes—KOH (pH 7.5), 10 mM KCI, 1.5 mM MgCl,,
1mM EDTA, 1mM EGTA, 1mM DTT, and 25x
Complete®) was used to analyze AIF, cytochrome c,
Smac/Diablo, and endonuclease G. Lysis buffer C
(250 mM  sucrose, 20 mM Hepes—-KOH (pH 7.5),
10mM KCI, 1.5mM MgCl,, IlmM EDTA, 1 mM
EGTA, 1 mM DTT, 1% Nonidet P-40, 25x Complete®,
and Phosphatase Inhibitor Cocktail® 1 and 2) was used
to analyze MAP kinases, p-IxkB, Bad, p-Bad (Ser112,
136), and Bcl-xL. The mitochondrial and cytosolic frac-
tions were prepared as reported previously.’> Protein
content was measured with a DC Protein assay kit
(Bio-Rad, Hercules, CA). Five micrograms of protein
of each cell lysate was separated by SDS-PAGE by
using an adequate percent of polyacrylamide in the gel
and electroblotted onto a PVDF membrane (Du Pont,
Boston, MA). After blockage of nonspecific binding
sites for 1 h by 5% nonfat milk in TPBS (PBS and
0.1% Tween 20), the membrane was incubated overnight
at 4 °C with various antibodies. The membrane was then
washed three times with TPBS, incubated further with
alkaline phosphatase-conjugated goat anti-mouse anti-
body or anti-rabbit antibody at room temperature,
and then washed three times with TPBS. Proteins were
detected with enhanced ECL kit and chemiluminescence
detector (LAS-1000, Fuji, Japan).

4.10. Effect of class III PI3K inhibitors on eupalinin
A-induced type II programmed cell death

HL 60 cells (1x10° cells/ml) were pre-treated with
4 mM of 3-MA or 2 uM of LY294002 for 1 h. After pre-
treatment, eupalinin A was added to cultured medium at
a concentration of 4 uM and then incubated for 48 h.
The treated cells were subjected to measurement of via-

ble cell number, Hoechst 33342-PI and MDC staining,
and MDC incorporation by the above-mentioned
method.

5. Conclusion

The data presented here strongly suggested that eupali-
nin A-induced cell death is mainly due to type II pro-
grammed cell death (PCD II). It is to be noted that
anti-apoptosis signal and oxidative stress are implicated
in the autophagic cell death. Furthermore, eupalinin A-
induced PCD II was accompanied with various changes
of signaling in the early phase. Switching of autophagy/
apoptosis is determined by autophagy/apoptosis singal
balance. Therefore, it is necessary to identify the factors
which regulate the balance of apoptosis signal and auto-
phagic signaling in an early phase. Further studies are
needed to examine the precise interaction of eupalinin
A with the autophagy-related signaling.
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