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Abstract

This study was designed to investigate the effect of davallialactone, which was isolated from the mushroom Inonotus xeranticus, on platelet
aggregation induced by collagen, thrombin and ADP. We found that davallialactone dose-dependently inhibited platelet aggregation that was
stimulated either by collagen (2.5 µg/ml), a potent ligand of integrin α2β1 and glycoprotein VI, or by thrombin (0.1U/ml), a potent agonist of the
protease-activated receptors (PARs) PAR1 and PAR3. In addition, davallialactone inhibited platelet aggregation induced by ADP, an agonist of
P2Y receptor. To understand the mechanism of anti-platelet activity, we determined whether davallialactone affected the downstream signaling in
collagen-activated platelets. Using the fura-2/AM fluorometric assay, we found that davallialactone dose-dependently inhibited intracellular
calcium concentration levels ([Ca2+]i). Moreover, davallialactone inhibited the phosphorylation of extracellular signal-regulated protein kinase
(ERK)-2 and p38 mitogen-activated protein kinase (MAPK), in a dose-dependent manner. The tyrosine phosphorylation of 60 and 85kDa proteins,
which were activated by collagen, were differentially inhibited by davallialactone. Taken together, these data suggest that davallialactone may
have potential anti-platelet aggregation activity via suppression of intracellular downstream signaling pathways.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

It is well known that platelet aggregation plays an essential role
in the physiology of primary haemostasis and is related to the
pathogenesis of cardiovascular diseases such as thrombosis
(Shattil et al., 1998; Stouffer and Smyth, 2003). Aberrant intra-
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vascular thrombosis is the main cause of a wide variety of car-
diovascular diseases (Grenache et al., 2003; Huo and Ley, 2004).
Upon the activation of a platelet receptor towards a plasma
membrane, the bioactive substances (e.g., calcium, growth factor,
and aggregation-related materials) in the granules are released in
an energy-dependent process that requires ionized calcium
(Leclerc, 2002; Savage et al., 2001). In particular, intracellular
calcium ([Ca2+]i) is the main integrator of platelet aggregation,
which is induced by the activation of a G protein-coupled receptor
(e.g., the protease-activated receptors [PARs] PAR1 and PAR3)
and an integrin-type receptor (e.g., α2β1). The signaling of these
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endogenous and exogenous molecules is the main stimulus for
platelet aggregation, which is involved in serious cardiovascular
diseases, including atherosclerosis, stroke, and diabetes (Huo and
Ley, 2004). Therefore, searching for natural products or com-
pounds that have anti-platelet activity is of great importance in the
prevention of such cardiovascular diseases.

Mushrooms are a nutritionally functional food and a source of
physiologically beneficial medicines, including antimicrobial,
antitumor, and antiviral activities (Lull et al., 2005; Seo et al.,
2003; Sullivan et al., 2006). Although it has been reported that the
Inonotus species has therapeutic effects, such as anti-inflammatory
and hepatoprotective (Wasser and Weis, 1999), anti-nociceptive
(Park et al., 2005), anti-cancer (Burczyk et al., 1996; Jarosz et al.,
1990; Kim et al., 2006b), and antimicrobial activities (Al-Fatimi
et al., 2005; Awadh Ali et al., 2003), the biological activities of
Inonotus xeranticus (I. xeranticus) have been studied only by us
(Lee et al., 2006; Lee and Yun, 2006). We found that hispidin
analogs (i.e., davallialactone and inoscavin) were isolated from I.
xeranticus and that they showed potent free radical scavenging
activity; however, the biological activities of the principal ingre-
dients of I. xeranticus, such as davallialactone and inoscavin A,
remain to be studied. Therefore, we were curious to determine
whether davallialactonemodulates platelet aggregation. In order to
investigate the anti-platelet properties of davallialactone, platelet
aggregation assays that were induced by collagen, thrombin and
ADP, were carried out. In addition, we sought to determine the
mechanism of davallialactone-induced anti-platelet activity by
using a downstream signaling assay. In conclusion, we found that
davallialactone showed potent anti-platelet activity, which could
have a beneficial therapeutic effect on aberrant platelet aggrega-
tion-mediated cardiovascular diseases.

2. Materials and methods

2.1. Materials

Davallialactone was isolated from the medicinal fungus I.
xeranticus (Lee et al., 2006). The purity of this compound was
more than 95% by HPLC analysis. Thrombin and fura-2/AM
were obtained from Sigma (St. Louis, MO). Collagen and ADP
were obtained from Chrono-log Corp. (Havertown, PA). Anti-
bodies to ERK and phospho-ERK were obtained from Promega.
The antibodies to p38 MAPK and phospho-p38 MAPK were
from Cell Signaling. The antibody to phosphotyrosine was from
Upstate. All other chemicals were of reagent grade.

2.2. Platelet preparation

The preparation of the platelets has been described previously
with minor modifications (Kim et al., 2006a). Rat blood (8 ml)
was obtained via a venipuncture using a 23G needle which was
inserted into the abdominal aorta. The blood was transferred to a
15 ml test tube containing 1 ml of a citrate phosphate dextrose
solution (90 mM Na3C6H5O7·2H2O, 14 mM C6H8O7·H2O,
128.7 mM NaH2PO4·H2O, 2.55 g/100 ml dextrose). The blood
was centrifuged at 120 g for 7 min in order to achieve platelet-rich
plasma. In order to remove residual erythrocytes, the platelet-rich
plasma samples were again centrifuged at 40 g for 7 min. In order
to isolate the platelets and remove the citrate phosphate dextrose
solution, the platelet-rich plasma was centrifuged twice at 300 g
for 10 min. The platelets in the precipitate were adjusted to the
proper number [108/ml for an aggregation assay with a Tyrode
buffer (137 mMNaCl, 12 mMNaHCO3, 5.5 mM glucose, 2 mM
KCl, 1 mM MgCl2, 0.3 mM NaHPO4, pH 7.4)]. All of the steps
for platelet preparation were conducted at room temperature, and
all experimental procedures and protocols were reviewed and
approved by the Ethics Committee of the College of Veterinary
Medicine, Kyungpook National University.

2.3. Platelet aggregation assay

Platelet aggregation was performed as previously described
(Kim et al., 2006a). Aggregation was monitored by measuring
light transmission via an aggregometer (Chrono-log Corp.,
Havertown, PA). The washed platelets were preincubated at
37 °C for 2 min with either davallialactone or vehicle. The
reaction mixture was further incubated for 5 min, with stirring,
at 1200 rpm. The concentration of the vehicle was kept at less
than 0.1% so as to exclude an artificial effect.

2.4. Determining the [Ca2+]i

[Ca2+]i was determined with fura-2/AM as described pre-
viously (Cho et al., 2006). Briefly, the platelet-rich plasma was
incubated with 5 µM of fura-2/AM for 60 min at 37 °C. The fura-
2-loaded washed platelets (108/ml) were preincubated with da-
vallialactone for 2 min at 37 °C in the presence of 1 mM CaCl2.
Next, the platelets were stimulatedwith collagen for 5min. Fura-2
fluorescence was measured in a spectrofluorometer (F-2500,
Hitachi, Japan) with an excitation wavelength that ranged from
340 nm and 380 nm, changing every 0.5 s; the emission
wavelength was 510 nm. The [Ca2+]i was calculated by the
method of Schaeffer (Schaeffer and Blaustein, 1989): [Ca2+]i in
cytosol=224 nM×(F−Fmin)/(Fmax−F), where 224 nM is the
dissociation constant of the fura-2-Ca2+ complex, and Fmin and
Fmax represent the fluorescence intensity levels at very low and
very high Ca2+ concentrations, respectively. In our experiment,
Fmax is the fluorescence intensity of the fura-2-Ca2+ complex at
510 nm after the platelet suspension containing 1 mM of CaCl2
had been solubilized by Triton X-100 (0.1%). Fmin is the
fluorescence intensity of the fura-2-Ca2+ complex at 510 nm, after
the platelet suspension containing 20 mM Tris/3 mM of EGTA
had been solubilized by Triton X-100 (0.1%). F represents the
fluorescence intensity of the fura-2-complex at 510 nm after the
platelet suspension was stimulated by collagen, with and without
davallialactone, in the presence of 1 mM CaCl2.

2.5. Western blot analysis

Platelet extracts were prepared by the standard Laemmli
method (Laemmli, 1970). After the platelet aggregation as-
say, the sample buffer (0.125 M Tris–HCl, 2% SDS, 2% β-
mercaptoethanol, 20% glycerol, 0.02% bromophenol blue, pH
6.8, 2×) was added and the protein concentration level was



Fig. 1. The inhibitory effect of davallialactone on collagen (2.5 μg/ml)-,
thrombin (0.1 U/ml)-, and ADP (10 μM)-induced platelet aggregation. Platelets
(108/ml) were preincubated with or without davallialactone in the presence of
1 mM CaCl2 for 2 min at 37 °C. The platelets were stimulated with (A) collagen
(2.5 μg/ml), (B) thrombin (0.1 U/ml) or (C) ADP (10 μM). Platelet reaction was
terminated at 5 min and the percentage of aggregation rate was determined. Data
are given as means±S.E.M. (n=3 experiments).

Fig. 2. The effect of davallialactone on collagen (2.5 μg/ml)-induced intra-
cellular Ca2+ concentration [Ca2+]i either in the absence of 1 mM EGTA (A) or
in the absence of 1 mM EGTA (B). Platelets were loaded with fura-2/AM as
described in Materials and methods. The platelets (108/ml) were preincubated
with or without davallialactone in the presence of 1 mM CaCl2 for 2 min at
37 °C. The platelets were stimulated with collagen (2.5 μg/ml) for 3 min at
37 °C. [Ca2+]i levels were determined as described in Materials and methods.
Data are given as means±S.E.M. (n=4 experiments). *Pb0.05 versus collagen-
activated platelets, **Pb0.01 versus collagen-activated platelets.
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determined with PRO-MEASURE (iNtRON Biotechnology,
Korea). Following centrifugation at 15,000×g for 5 min, 50 μg
of aliquot proteins were resolved by 10% SDS-PAGE. The
resolved proteins were electrotransferred to nitrocellulose mem-
branes in 25mMTris (pH 8.5), 0.2M glycerin, and 20%methanol
at 100 V for 2 h. Blots were blocked for at least 2h with PBS-
tween-20 (PBST) containing 5% nonfat dry milk, and then in-
cubated with an appropriate antibody (~ 1:1000 dilution ratio in a
blocking solution). After washing in PBST three times, the blot
was incubated with a secondary antibody (1:5000 dilution ratio in
a blocking solution) for 1h and the antibody-specific proteins
were visualized by an ECL detection system (Supex Co. Pohang,
Korea) according to the manufacturer's instructions.

2.6. Statistical analysis

Data were analyzed by a one-way analysis of variance fol-
lowed by Dunnett's test post-hoc in order to determine the sta-
tistical significance of the differences. All data are presented as
means±S.E.M. P values of 0.05 or less were considered to be
statistically significant.

3. Results

3.1. The inhibitory effect of davallialactone on rat
platelet aggregation

To examine the inhibitory effect of davallialactone on rat
platelet aggregation, washed rat platelets were preincubated with
various concentrations of davallialactone and exposed to collagen
(2.5 μg/ml). Using 2.5 μg/ml of collagen treatment, we obtained
an appropriate amount of platelet aggregation (up to 98.0±4.5%).
As shown in Fig. 1A, davallialactone inhibited the aggregation in a
concentration-dependent manner with an IC50 value of 11.4±
1.9 μM. Since collagen is known to be a potent ligand against
integrin-type receptors such as α2β1 and glycoprotein VI, we
were interested to determine whether davallialactone still had
inhibitory activity towards other types of plasma membrane re-
ceptors, such as PAR and ADP receptors. Similar to collagen-
induced platelet aggregation, Fig. 1B shows the inhibitory activity
of davallialactone in thrombin-induced platelet aggregation, with
an IC50 value of 13.0±2.6 μM. In addition, davallialactone dose-



Fig. 4. The effect of davallialactone on tyrosine phosphorylation in collagen-
activated rat platelets. The preincubationwith davallialactone and the stimulation by
collagen in platelets are described in Fig. 1. After platelet aggregation was
conducted for 5min, the reactionwas terminated and sample buffer (2×) was added.
The protein extraction and the protein concentration of platelets are described in
Materials and methods. The platelet protein (50 μg) was separated with 10% SDS-
PAGEandwas electrotransferred onto a nitrocellulosemembrane. Primary antibody
and secondary antibody treatment of the membrane is described in Materials and
methods. Specific bands were visualized by an ECL kit (Supex Co).
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dependently inhibited ADP (10 μM)-induced platelet aggregation
with an IC50 value of 41.7±11.7 μM (Fig. 1C).

3.2. The effect of davallialactone on calcium mobilization

Next, we determined whether davallialactone affected the
[Ca2+]i in collagen-induced platelet aggregation. The basal level
of ([Ca2+]i was 52.7±5.3 nM in resting platelets, which was
increased by 2.5 μg/ml collagen to 227.8±11.0 nM in the pre-
sence of 1 mM CaCl2. As shown in Fig. 2A, davallialactone
reduced the intracellular level of Ca2+ that was stimulated by
collagen (2.5 μg/ml) in a dose-dependent manner. In order to
show the inhibitory effect of davallialactone on calcium mobi-
lization from internal stores, measurement of the intracellular
level of Ca2+ was performed in the presence of 1 mM EGTA.
Fig. 2B shows that davallialactone dose-dependently inhibited the
calcium mobilization in collagen (2.5 μg/ml)-activated platelets.

3.3. The effect of davallialactone on the phosphorylation of
extracellular signal-regulated protein kinase 2 (ERK2) and p38
mitogen-activated protein kinase (MAPK)

Since [Ca2+]i is known to be the most important integrator in
the signaling pathways of various aggregating agents, we ana-
lyzed downstream signaling using an immunoblotting technique
with specific antibodies. In order to determine whether davallia-
lactone affected the phosphorylation of ERK2 and p38 MAPK,
Fig. 3. The effect of davallialactone on the phosphorylation of extracellular
signal-regulated kinase 2 (ERK2) and p38 mitogen-activated protein kinase
(MAPK) in collagen-activated rat platelets. The preincubation with davallia-
lactone and the stimulation by collagen in platelets are described in Fig. 1. After
platelet aggregation was conducted for 5 min, the reaction was terminated and
the sample buffer (2×) was added. The protein extraction and the protein
concentration of platelets are described in Materials and methods. The platelet
protein (50 μg) was separated with 10% SDS-PAGE and was electrotransferred
onto a nitrocellulose membrane. Primary antibody and secondary antibody
treatment of the membrane is described in Materials and methods. Specific
bands were visualized by an ECL kit (Supex Co).
representative positive signals in platelet aggregation using
collagen-activated rat platelets were determined. Platelet MAPKs
include ERK, p38 MAPK and c-Jun NH2-terminal kinase (JNK)
(Borsch-Haubold et al., 1995; Bugaud et al., 1999; Kau et al., 2005;
Nadal et al., 1997). It is well documented that collagen induces
ERK and p38 MAPK activation (Borsch-Haubold et al., 1995;
Mazharian et al., 2005; Roger et al., 2004). As shown in Fig. 3A,
davallialactone inhibited the phosphorylation of ERK2 and p38
MAPK in collagen-stimulated platelets, without altering their total
levels, assessed by total ERK2 and p38 MAPK antibodies. In
addition, we carried out immunoblotting to determine the phos-
phorylation of ERK2 and p38 MAPKs in thrombin-activated
platelets (Fig. 3B). As expected, davallialactone dose-dependently
abrogated the phosphorylation of ERK2 and p38 MAPK proteins
that was stimulated by 0.1U/ml thrombin (Fig. 3B).

3.4. The effect of davallialactone on tyrosine phosphorylation

In order to elucidate the involvement of upstream signaling
components of MAPKs, we set out to find the activation of
phosphotyrosine (with immunoblotting) by using a polyclonal
antibody specific for tyrosine phosphorylation. Fig. 4 displays the
phosphorylation of 60 and 85 kDa proteins that was induced by
collagen (2.5 μg/ml). The phosphorylation of the 60 and 85 kDa
proteins was differentially inhibited by davallialactone (54 and
108 μM). The exact target protein for which davallialactone
effectively suppressed collagen-induced tyrosine phosphoryla-
tion has not been elucidated yet.

4. Discussion

The present study provides evidence regarding the novel
inhibitory effect of davallialactone isolated from the mushroom I.
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xeranticus on platelet function. Davallialactone displayed a
broad-spectrum inhibitory activity on platelet aggregation,
independent of ligands such as collagen, thrombin, and ADP
that act on different types of platelet receptors. These results
suggest that davallialactone did not block ligand binding on the
plasma membrane, but that it did cause the modification of
signaling downstream of the membrane receptor. In other words,
its effects were explained by the inhibition of cytoplasmic calcium
mobilization and by the inhibition of MAPK protein phosphor-
ylation, such as that of ERK2 or p38 MAPK.

[Ca2+]i is an important factor that is involved in platelet
aggregation and is induced by the exogenous or endogenous acti-
vation of a membrane receptor with thrombin, collagen, or ADP
(Holmsen, 1994; Rink and Sage, 1990). An increase of [Ca2+]i
comes from two sources: internal stores (i.e., dense granules) and
Ca2+ entry through plasma membrane channels (Holmsen, 1994).
The activation of Gq protein-coupled receptors, such as thrombin
receptors PAR1 and PAR3 or a P2Y ADP receptor, leads to the
activation of phospholipase (PLC)-β. In addition, collagen binds to
glycoprotein VI on the platelet surface and increases PLC activity
through the phosphorylation of PLCγ-2 on a tyrosine residue. Both
types of receptors, therefore, stimulate inositol trisphosphate (IP3)
release fromphosphatidylinositol bisphosphate (PIP2). IP3 binds to
type 2 IP3 receptors in the secretory granules of human platelets,
resulting in calcium mobilization (Daniel et al., 1986; Rosado and
Sage, 2002; Smith et al., 1992). This up-regulation of intracellular
calcium ions stimulates downstream target proteins, including
calcium/calmodulin kinase, myosin light chain kinase and protein
kinase C. At this point, we suggest that davallialactone's anti-
platelet activity is due to the inhibition of calcium mobilization in
the collagen-activated platelet.

MAPKs, including ERK, p38 MAPK and JNK, can be acti-
vated in platelets by a number of agonists such as collagen and
thrombin (Bugaud et al., 1999; Garcia et al., 2007; Mazharian
et al., 2005; Roger et al., 2004). Although the roles ofERKand p38
MAPK in platelet activation are controversial (Kuliopulos et al.,
2004; Li et al., 2006; McNicol and Jackson, 2003; Nadal et al.,
1997; Shankar et al., 2006; Thisoda et al., 2006), evidence re-
garding the critical role of these MAPKs in platelet aggregation is
accumulating. Although the specific roles of p38 MAPK in the
activation of platelets and shape changes are unclear, agonists
(e.g., collagen and thrombin) phosphorylated this kinase, and
SB203580, a specific inhibitor of p38 MAPK, was shown to
inhibit platelet activation that was induced by collagen and
thrombin (Kramer et al., 1995; Mazharian et al., 2005; Saklatvala
et al., 1996). It has been demonstrated that ERKs are activated after
stimulation by collagen and thrombin (Borsch-Haubold et al.,
1995; Mazharian et al., 2005), and ERK2 activation is involved in
collagen-induced platelet aggregation and secretion (Roger et al.,
2004). In human platelets, an ERK cascade is required in the
activation of store-mediated Ca2+ entry (Rosado and Sage, 2001,
2002). Although agonists, including collagen and thrombin,
induced calcium mobilization, it has been shown that the
additional entry of Ca2+ is necessary in order to reach sufficiently
high Ca2+ levels to allow platelet activation. Therefore, the in-
hibition of ERK2 and p38 MAPK phosphorylation by davallia-
lactone seems to contribute, in part, to the anti-platelet activity of
this compound in collagen-induced aggregation. Both ERK1 and
ERK2 are present in platelets, and we found that ERK2 was
activated upon stimulation by collagen and thrombin.

Collagen induced tyrosine phosphorylation in platelets via the
integrin receptorα2β1 and glycoprotein VI, with different modes
of action (Hers et al., 2000). In addition, the dramatic increase of
tyrosine phosphorylation plays an important role in platelet
activation that is induced by collagen, which seems to be the
regulated step upstream of MAPKs. In this study, we found that
davallialactone inhibited the tyrosine phosphorylation of the 60
and 85 kDa proteins that were activated by collagen. In platelets,
a wide variety of phosphotyrosines are phosphorylated by ago-
nists: receptor tyrosine phosphorylation and non-receptor tyrosine
phosphorylation (Hers et al., 2000; Jackson et al., 2004; Rosado
and Sage, 2002; Stojanovic et al., 2006). We assume that Akt,
pp60src and p85 phosphatidylinositol-3-kinase are candidates for
being the 60 and 85 kDa proteins. This is due to previous reports
regarding their specific roles in collagen-induced platelet aggre-
gation (Chen et al., 2004; Jackson et al., 2004; Stojanovic et al.,
2006). Therefore, the identity of the davallialactone target will be
further explored in the next experiments.

In addition, the mechanism of davallialactone's anti-platelet
action could not rule out the following. Davallialactone's inhi-
bitory activity, toward platelet aggregation, could be due to its
anti-oxidative activitiy. It has been reported that platelet ago-
nists (e.g., collagen, ADP, thrombin) activate NAD(P)H oxi-
dase, which results in the intracellular production of reactive
oxygen species (ROS), αIIbβ3 activation, and platelet activation
(Begonja et al., 2005; Begonja et al., 2006; Raghavan et al.,
2003). In addition, it has been demonstrated that hydrogen
peroxide and peroxynitrite enhances Ca2+ mobilization and
platelet aggregation (Loiko et al., 2003; Redondo et al., 2005).
Considering that davallialactone has been reported as a potent
anti-oxidatant, and that strong antioxidants (flavonoids and
vitamin E) decreased platelet aggregation by inhibiting the
intracellular production of hydrogen peroxide or peroxynitrite
(Olas et al., 2004; Pignatelli et al., 2000; Pignatelli et al., 1999),
therefore, modulation of cellular redox system by davallialac-
tone may be regarded as one of potential anti-platelet aggre-
gation mechanisms. However, in our system, potent antioxidant
ascorbate did not inhibit agonist-induced platelet aggregation
even at 300 μM (data not shown). In addition, davallialactone
showed significant inhibitory effects on LPS-induced phos-
phorylation and kinase activity of Src kinase, implying that Src
may be a potential pharmacological target of davallialactone in
macrophage cell line (Cho & Rhee, submitted). PP2, a specific
Src kinase inhibitor, potently inhibited agonist-induced platelet
aggregation (data not shown). This possibly suggested that
davallilactone's anti-platelet activity is mediated via modulating
intracellular signaling pathway rather than via its simple sca-
venging effect.

In summary, we first report in this study that davallialac-
tone potently suppressed rat platelet aggregation induced by
collagen, thrombin and ADP. The inhibitory mechanism of
davallialactone toward platelet aggregation seems to be the
inhibition of [Ca2+]i, tyrosine phosphorylation, and the ERK2
and p38 MAPK pathways. Therefore, our data suggest that this
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compound may be considered a potent therapeutic agent against
platelet aggregation-mediated diseases such as thrombosis and
arteriosclerosis.
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