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AICAR reduces the collagen-stimulated secretion of PDGF-AB
and release of soluble CD40 ligand from human platelets:
Suppression of HSP27 phosphorylation via p44/p42 MAP kinase
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Abstract. We have previously reported that collagen-induced
phosphorylation of heat shock protein (HSP) 27 via p44/p42
mitogen-activated protein (MAP) kinase in human plate-
lets is sufficient to induce the secretion of platelet-derived
growth factor (PDGF)-AB and the release of soluble
cluster of differentiation 40 ligand (sCD40L). Adenosine
monophosphate-activated protein kinase (AMPK), which
is known to regulate energy homeostasis, has a crucial role
as an energy sensor in various eukaryotic cells. The present
study investigated the effects of 5-aminoimidazole-4-carbox
amide-1-f-d-ribofuranosyl 5'-monophosphate (AICAR),
which is an activator of AMPK, on the collagen-induced acti-
vation of human platelets. It was demonstrated that AICAR
dose-dependently reduced collagen-stimulated platelet aggre-
gation up to 1.0 xM. Analysis of the size of platelet aggregates
demonstrated that AICAR decreased the ratio of large
aggregates (50-70 ym), whereas the ratio of small aggregates
(9-25 ym) was increased by AICAR administration. AICAR
markedly attenuated the phosphorylation levels of p44/p42
MAP kinase and HSP27, which are induced by collagen.
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Furthermore, AICAR significantly decreased the secretion
of PDGF-AB and the collagen-induced release of sCD40L.
These results indicated that AICAR-activated AMPK may
reduce the secretion of PDGF-AB and the collagen-induced
release of sCD40L by inhibiting HSP27 phosphorylation via
p44/p42 MAP kinase in human platelets.

Introduction

Platelets have an important role in primary hemostasis,
thrombus formation and the repair of vascular injury (1).
Platelets are activated by a diverse range of stimulators,
leading to alterations in shape, adhesion, aggregation, and
subsequent thrombus formation. Collagen is well-documented
as a primary stimulator of human platelets (2,3). Platelets
interact with collagen in subendothelium at the damaged
site of the vessel wall. Therefore, once subendothelium is
exposed, platelets rapidly adhere to the exposed subendo-
thelial collagen, which is characterized by the interaction of
glycoprotein (GP) Ib/IX/V and von Willebrand factor (1),
resulting in aggregation and hemostasis. GPVI and inte-
grin a2p1 are the predominant collagen receptors located on
the plasma membrane of platelets (2,3). GPVI forms a complex
with the Fc receptor y-chain (4,5). Activated GPVI induces
the activation of various intracellular molecules, including
phospholipase Cy2 and tyrosine kinase Syk (6,7), resulting
in the upregulation of integrin activity (8) and the enhance-
ment of granule secretion (2). Platelet-derived growth factor
(PDGF)-AB, which is stored in a-granules of human platelets
and is known to exert potent proliferative effects on a variety
of cells, is released from activated platelets and has a pivotal
role in atherosclerosis via the proliferation of connective
tissue, including vascular smooth muscle cells (1).
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Expression of heat shock proteins (HSPs) is induced
in response to various biological stresses, including heat,
endotoxins and reactive oxygen species (9). HSPs have been
classified into seven subtypes, including HSPA (HSP70),
HSPB (low-molecular-weight HSPs) and HSPC (HSP90) (10).
It is generally recognized that HSPBs, such as HSP27 and
aB-crystallin, possess chaperoning functions as well as HSPA
(HSP70) and HSPC (HSP90) (10). Furthermore, it has been
demonstrated that the functions of HSP27 are modulated
by post-translational modifications, such as phosphoryla-
tion (11,12). Human HSP27 is phosphorylated at three serine
residues: Ser-15, Ser-78 and Ser-82. Although HSP27 is
presented in an aggregated form under unstimulated condi-
tions, it is rapidly dissociated following stimulation-responsive
phosphorylation, and it has been demonstrated that this
dissociation is necessary for substrate binding and chaperone
function (13). HSP27 reportedly increases cell viability under
various unfavorable conditions, including heat and oxidative
stress (14,15). The phosphorylation of HSP27 in platelets is
known to be catalyzed by members of the mitogen-activated
protein (MAP) kinase superfamily (16). Furthermore,
regarding HSP27 phosphorylation in human platelets, we have
previously demonstrated that the collagen-induced phosphory-
lation of HSP27 via p44/p42 MAP kinase is sufficient for
the secretion of PDGF-AB and the release of soluble soluble
cluster of differentiation 40 ligand (sCD40L) (17).

Adenosine monophosphate (AMP)-activated protein
kinase (AMPK) has a critical role as a regulator of energy
homeostasis (18). AMPK is activated under low energy states,
including physical exercise, hypoxia and ischemia, which lead
to adecrease in the cellular ATP/AMP ratio. It has been demon-
strated that AMPK isinvolved in various physiological signaling
pathways associated with the metabolism of glucose, fat and
protein, and various processes, such as cell proliferation, apop-
tosis and aging (19). Previous studies have reported that AMPK
is activated by the inhibition of fatty acid synthase, resulting
in the cytotoxicity observed in ovarian cancer cells (20,21).
Therefore, AMPK is considered as a potential therapeutic
target for the treatment of diabetes mellitus (DM), cancer and
obesity. Regarding the antiplatelet effect of AMPK (22), it has
previously been reported that platelet aggregation is suppressed
by 5-aminoimidazole-4-carboxamide-1-f3-d-ribofuranosyl
5'-monophosphate (AICAR), which is an activator of
AMPK (23). However, the exact mechanism underlying the
effects of AMPK on human platelet functions are yet to be
clarified.

In the present study, the effects of AICAR on
collagen-induced platelet activation were examined in human
platelets.

Materials and methods

Reagents and materials. Collagen was purchased from Takeda
Austria GmbH (Linz, Austria). AICAR was purchased from
Sigma-Aldrich (St. Louis, MO, USA). PDGF-AB ELISA kitand
sCD40L ELISA kit were purchased from R&D Systems, Inc.,
(Minneapolis, MN, USA). Phosphorylated (p)-p44/p42 MAP
kinase rabbit anti-human polyclonal antibody (cat. no. 9101),
p44/p42 MAP kinase rabbit anti-human polyclonal antibody
(cat. no. 9102), p-HSP27 (Ser-15) rabbit anti-human polyclonal
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antibody (cat. no. 2404), p-HSP27 (Ser-78) rabbit anti-human
polyclonal antibody (cat. no. 2405) and p-HSP27 (Ser-82)
rabbit anti-human polyclonal antibody (cat. no. 2401) were
purchased from Cell Signaling Technology, Inc., (Beverly, MA,
USA). HSP27 goat polyclonal antibodies (cat. no. sc-1049) and
GAPDH rabbit polyclonal antibodies (cat. no. sc-25778) were
purchased from Santa Cruz Biotechnology, Inc., (Santa Cruz,
CA, USA). Enhanced chemiluminescence (ECL) reagent was
purchased from GE Healthcare (Chalfont, UK).

Preparation of platelets. Human blood (10 ml) was donated by
healthy volunteers (mean age, 39.2+9.0 years; mean+standard
deviation) and supplemented with 3.8% sodium citrate (1:10).
Platelet-rich plasma (PRP) was obtained from the blood
samples by centrifugation at 155 x g for 12 min at room
temperature. Platelet-poor plasma (PPP) was prepared from
residual blood by centrifugation at 1,400 x g for 5 min at room
temperature. Written informed consent was obtained from all
participants signed an informed consent following a detailed
explanation of the study. The protocol of the present study
was approved by the Committee of Ethics at Gifu University
Graduate School of Medicine (Gifu, Japan).

Measurement of platelet aggregation induced by collagen.
Platelet aggregation analysis of citrated PRP was performed
using an aggregometer (PA-200; Kowa Co. Ltd., Tokyo,
Japan), which determines the size of platelet aggregates
based on a particle counting laser light scattering system at
37°C with a stirring speed of 800 rpm. Aggregate sizes were
determined as follows: Small, 9-25 ym; medium, 25-50 um:;
and large, 50-70 ym. Platelets were preincubated for 1 min
prior to platelet aggregation monitoring for 4 min. Percentage
transmittance of the isolated platelets was recorded as 0%,
and the appropriate PPP blank was recorded as 100%. When
indicated, PRP was pretreated with AICAR for 15 min.

Measurement of PDGF-AB and sCD40L levels. Following
stimulation by collagen, platelet aggregation was terminated
by the addition of 10 mM ice-cold EDTA solution and the
mixture was subsequently centrifuged at 10,000 x g for 2 min
at 4°C. In order to measure PDGF-AB and sCD40L levels, the
supernatant was isolated and stored at -20°C. PDGF-AB and
sCDA40L levels were determined using respective ELISA kits,
according to the manufacturer's protocol.

Western blot analysis. As described, following stimulation by
collagen, platelet aggregation was terminated and the mixture
was subsequently centrifuged at 10,000 x g for 2 min at 4°C.
For western blot analysis, the pellet was washed twice with
phosphate-buffered saline, lysed and immediately boiled
in a lysis buffer containing 62.5 mM Tris/Cl (pH 6.8), 2%
sodium dodecyl sulfate (SDS), 50 mM dithiothreitol and
10% glycerol. Western blot analysis was performed as previ-
ously described (24). Briefly, proteins were separated by
SDS-polyacrylamide gel electrophoresis PAGE according to
the Laemmli method (25) with 10% or 12% polyacrylamide
gel, and were subsequently transferred onto a polyvinylidine
fluoride (PVDF) membranes. Following blocking with 5%
fat-free dry milk in Tris-buffered saline with Tween 20 [TBS-T;
20 mM Tris (pH 7.6), 137 mM NaCl, 0.1% Tween 20] for 2 h
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Figure 1. Effect of AICAR on collagen-induced platelet aggregation. (A) Following treatment with various doses of AICAR for 15 min and stimulation by
1.0 ug/ml collagen or vehicle for 5 min, platelet aggregation was detected by an aggregometer with laser light scattering. Black line, percentage transmit-
tance of each sample (isolated platelets were recorded as 0% and platelet-free plasma as 100%); blue line, small aggregates (9-25 ym); green line, medium
aggregates (25-50 ym); and red line, large aggregates (50-70 ym). (B) Distributions (%) of aggregated particle size were estimated by the area under the curve
of each particle size. Representative results obtained from four healthy donors are presented. AICAR, 5-aminoimidazole-4-carboxamide-1-$3-d-ribofuranosyl

5'-monophosphate.

at room temperature, the membranes were incubated with the
primary antibodies p-p44/p42 MAP kinase, p44/p42 MAP
kinase, p-HSP27 (Ser-15, Ser-78 and Ser-82) and GAPDH at
a dilution of 1:1,000 in 5% milk in TBS-T overnight at 4°C.
Following washing, the membranes were incubated with
anti-rabbit (cat. no. 7074S; Cell Signaling Technology, Inc.)
or anti-goat (cat. no. sc-2020; Santa Cruz Biotechnology, Inc.)
IgG secondary antibodies at a dilution of 1:1,000 in 5% milk in
TBS-T for 1 h at room temperature. Using an enhanced chemi-
luminescence western blotting detection system, peroxidase
activity on PVDF membranes was visualized on X-ray film,
according to the manufacturer's protocol. The densitometry
of bands were analyzed by Image J software program. The
quantitative data of each bands were measured as the counts
of pixels.

Statistical analysis. Data were analyzed using a paired t-test.
P<0.05 was considered to indicate a statistically significant
difference. All data are presented as the mean + standard error
of the mean. All statistical analyses were performed using
PASW Statistics software, version 18 (SPSS Japan, Tokyo,
Japan).

Results

Effects of AICAR on collagen induced platelet aggregation.
The effect of AICAR on collagen-stimulated platelet aggrega-
tion was determined in human platelets. AICAR administration
markedly reduced the platelet aggregation induced by
collagen in a dose-dependent manner up to 1.0 uM (Fig. 1A).
Furthermore, analysis of the size of platelet aggregates demon-
strated that treatment with 1 yum AICAR decreased the ratio
of large aggregates (50-70 ym) from 48 to 28%; whereas the
ratio of small aggregates (9-25 ym) increased from 29 to 47%
(Fig. 1B), as compared with the control. These results suggest

that AICAR inhibits collagen-stimulated human platelet
aggregation.

Effects of AICAR on the phosphorylation of p44/p42 MAP
kinase and HSP27 induced by collagen in human platelets.
We have previously reported that the collagen-induced
phosphorylation of HSP27 is positively regulated by the
activation of p44/p42 MAP kinase in human platelets (17).
In order to clarify whether AICAR administration affects
the collagen-induced activation of p44/p42 MAPK in human
platelets, the effect of AICAR on the collagen-induced phos-
phorylation of p44/p42 MAP kinase was examined using
western blot analysis. AICAR administration significantly
suppressed collagen-stimulated p44/p42 MAP kinase phos-
phorylation in a dose-dependent manner up to 1.0 M, as
compared with the control (P<0.05; Fig. 2).

Subsequently, the effect of AICAR on the collagen-induced
phosphorylation of HSP27 was assessed in human platelets.
AICAR markedly reduced the collagen-induced phosphoryla-
tion of HSP27 at ser-15, ser-78 and ser-82 in a dose-dependent
manner up to 1.0 yM, and significant suppression of phos-
phorylation was induced by AICAR on Ser-78 and Ser-82
(both P<0.05; Fig. 3). The maximum suppressive effects of
AICAR (1.0 uM) on the collagen-stimulated phosphorylation
of HSP27 at ser-78 and ser-82 induced a ~40% and 90% reduc-
tion in the collagen-effect, respectively. These findings suggest
that AMPK activating AICAR limits the phosphorylation of
HSP27 via the suppression of p44/p42 MAP kinase activity in
collagen stimulated human platelets.

Effects of AICAR on the collagen-induced PDGF-AB secre-
tion or sCD40L release from human platelets. We have
previously demonstrated that the collagen-induced phosphory-
lation of HSP27 via p44/p42 MAP kinase in human platelets
is sufficient for PDGF-AB secretion and sCD40L release (17).
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Figure 2. Effect of AICAR on the collagen-induced phosphorylation of
p44/p42 MAPK in human platelets. (A) Following treatment with various
doses of AICAR for 15 min and stimulation by 1.0 yg/ml collagen or vehicle
for 5 min, the lysates of platelets were subjected to western blot analysis
using antibodies against p-p44/p42 MAPK, p44/p42 MAPK or GAPDH.
(B) Quantitative analysis of the levels of collagen-induced phosphorylation
of p44/p42 MAPK, obtained from laser densitometric analysis of quadrupli-
cate independent determinations. Data are presented as the mean + standard
error of the mean of quadruplicate determinations. “P<0.05, vs. the control;
“P<0.05, vs. the collagen alone. AICAR, 5-aminoimidazole-4-carboxamide
-1-B-d-ribofuranosyl 5'-monophosphate; MAPK, mitogen-associated protein
kinase; p-, phosphorylated.

Therefore, in the present study the effects of AICAR on the
secretion of PDGF-AB and the release of sCD40L induced by
collagen were examined. AICAR administration significantly
suppressed PDGF-AB secretion in a dose-dependent manner
up to 1.0 uM, as compared with the control (P<0.05; Fig. 4).
The maximum inhibitory effect induced by 1.0 yM AICAR
on the collagen-induced PDGF-AB secretion was ~60% a
reduction in the collagen-effect. Furthermore, treatment with
1.0 uM AICAR significantly reduced the collagen-stimulated
release of sSCD40L from human platelets, as compared with the
control (P<0.05); however treatment with 1.0 uM AICAR did
not induce a significant reduction. The maximum suppressive
effect induced by 1.0 uM AICAR was a ~40% reduction in the
collagen-effect (Fig. 5). These findings indicate that AMPK
activates AICAR, simultaneously inhibiting PDGF-AB secre-
tion and sCD40L release from human platelets, stimulated by
collagen.

Discussion

The present study investigated the effect of AICAR, which is
an AMPK activator (23), on the collagen-induced activation
of human platelets. Using an aggregometer with a laser light
scattering system, which can simultaneously detect both the
light-transmittance and the size of platelet aggregates, the
effect of AICAR on the aggregation of human platelets was
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assessed. The results demonstrated that AICAR administra-
tion inhibited collagen-induced platelet aggregation and
decreased the collagen-induced formation of large aggregates
(50-70 um) and increased the formation of small aggregates
(9-25 pm). Alterations in aggregate size are recognized to be
more sensitive than the change of transmittance in platelet
reactivity (26). Therefore, these findings suggested that
AMPK-activating AICAR may inhibit collagen-stimulated
human platelet aggregation.

We have previously reported that the collagen-induced
phosphorylation of HSP27 via p44/p42 MAP kinase is
directly proportional to the secretion of PDGF-AB and the
release of sCD40L from human platelets (17). On the basis
of these findings, the present study examined the effects of
AICAR on the phosphorylation of HSP27 and p44/p42 MAP
kinase induced by collagen in human platelets. The results
of the present study demonstrated that AICAR markedly
suppressed the expression levels of phosphorylated p44/p42
MAP kinase, suggesting that AMPK-activating AICAR nega-
tively regulates the collagen-stimulated activation of p44/p42
MAP kinase in human platelets. Furthermore, the present
study demonstrated that AICAR administration attenuated
the phosphorylation of HSP27. These findings suggested that
AMPK-activating AICAR may limit the phosphorylation of
HSP27 via the suppression of p44/p42 MAP kinase activity in
collagen-stimulated human platelets. The results of the present
study also showed that the collagen-induced granule secretion
of PDGF-AB was significantly reduced by pretreatment with
AICAR. In addition, the collagen-stimulated sCD40L release
was also suppressed by AICAR. Therefore, these findings
indicated that AMPK-activating AICAR may simultaneously
inhibit PDGF-AB secretion and sCD40L release from human
platelets stimulated by collagen. It is most likely that AICAR
negatively regulates the collagen-stimulated secretion of
PDGF-AB and the release of sCD40L from human platelets
through the inhibition of HSP27 phosphorylation via p44/p42
MAP kinase and platelet aggregation.

It is well recognized that PDGF-AB, which is released
from oa-granules in activated-platelets, is a potent growth
factor that promotes atherosclerosis (27). Furthermore, it
has been demonstrated that sSCD40L, which is released from
activated platelets (28,29), induces inflammatory responses
in vascular endothelial cells and neutrophils via CD40 (30),
resulting in the progression of atherosclerosis (27). It has been
reported that the elevation of plasma sCD40L is a risk factor
for cardiovascular events in patients with unstable coronary
artery disease (31). Therefore, a simultaneous reduction in
PDGF-AB secretion, sCD40L release and platelet aggregation
may be beneficial to the prohibition of atherosclerosis-related
diseases, including acute coronary syndrome and stroke.
The results of the present study may provide a novel thera-
peutic strategy for the treatment of these diseases. Notably,
it has previously been demonstrated metformin, which is an
AMPK-activating substance that is widely used to treat DM,
is capable of inducing a reduction in cardiovascular events
and ischemic stroke characterized by atherosclerosis (32). It
is well known that DM is a risk factor of cardiovascular and
cerebrovascular ischemic diseases (33). Regarding the func-
tion of platelets in DM, we have previously reported that the
phosphorylation levels of collagen-induced p38 MAP kinase
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Figure 3. Effect of AICAR on the collagen-induced phosphorylation of HSP27 in human platelets. (A) Following treatment with various doses of AICAR for
15 min and stimulation by 1.0 xg/ml collagen or vehicle for 5 min, the lysates of platelets were subjected to western blot analysis using antibodies against
p-HSP27 (Ser-15, Ser-78 and Ser-82), HSP27 or GAPDH. (B) Quantitative analysis of the levels of collagen-induced phosphorylation of HSP27 (Ser-78 and
Ser-82), obtained from laser densitometric analysis of quadruplicate independent determinations. Data are presented as the mean + standard error of the mean
of quadruplicate determinations. "P<0.05, vs. the control; “P<0.05, vs. the collagen alone. AICAR, 5-aminoimidazole-4-carboxamide-1-f3-d-ribofuranosyl

5'-monophosphate; p-, phosphorylated; HSP, heat shock protein.
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Figure 4. Effect of AICAR on collagen-induced PDGF-AB secretion from
human platelets. Following treatment with various doses of AICAR at for
15 min and stimulation by 1.0 xg/ml collagen or vehicle for 5 min, the mix-
ture was centrifuged at 10,000 x g for 2 min at 4°C, and the supernatants were
subjected to ELISA for PDGF-AB. Net increased levels of collagen alone
were presented as 100%. Data are presented as the mean + standard error of
the mean of quadruplicate independent experiments. ‘P<0.05, vs. collagen
alone. AICAR, 5-aminoimidazole-4-carboxamide-1-f3-d-ribofuranosyl
5'-monophosphate; PDGAF, platelet-derived growth factor.

and p44/p42 MAP kinase are correlated with the hyperaggre-
gability of platelets derived from patients (34). Therefore, the
ameliorating effect of an AMPK-activating agent on vascular
events in DM may be due to the suppression of p44/p42 MAP
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Figure 5. Effect of AICAR on collagen-induced sCD40L release from human
platelets. Following treatment with various doses of AICAR for 15 min and
stimulation by 1.0 yg/ml collagen or vehicle for 5 min, the mixture was
centrifuged at 10,000 x g at 4°C for 2 min, and the supernatants were sub-
jected to ELISA for sCD40L. Net increased levels of collagen alone were
presented as 100%. Data are presented as the mean + standard error of the
mean of quadruplicate independent experiments. "P<0.05, vs. collagen alone.
AICAR, 5-aminoimidazole-4-carboxamide-1-f3-d-ribofuranosyl 5'-mono-
phosphate; sSCD40L, soluble cluster of differentiation 40 ligand.

kinase in human platelets; this suppression would result in the
reduction of HSP27 phosphorylation associated with aggre-
gation and the release of pro-inflammatory substances from
platelets. Further investigation is required in order to clarify
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the molecular mechanisms underlying the effects of AMPK
on human platelets.

In conclusion, the results of the present study suggested that

AICAR-activated AMPK may reduce the collagen-induced
secretion of PDGF-AB and release of sCD40L by inhibiting
HSP27 phosphorylation via p44/p42 MAP kinase in human
platelets.
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