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FIGURE 1.GppNHp-induced dense granule secretion from permeabilized
platelets. Permeabilized platelets were stimulated with buffer alone (open
circles), 1 mm GTP (closed squares), or 100 1sm GppNHp (closed circles) for the
indicated periods at 30 °C (A) or with various concentrations of GppNHp for 15
min at 30 °C (B). Released [*H]serotonin was measured as described under
“Experimental Procedures.” Values are means - S.E. from three independent
experiments.

Involvement of the Exocyst Complex in the GppNHp-induced
Dense Granule Secretion from Permeabilized Platelets—Among
the effector molecules of Ral, exocyst complex could be a can-
didate for mediating the GppNHp-induced secretion {from per-
meabilized platelets. To examine this possibility, we first con-
firmed the existence of the exocyst complex in platelet extracts
by affinity chromatography. As shown in Fig. 44, seven protein
bands ranging in molecular mass from 70 to 110 kDa were spe-
cifically detected in the GTPyS-RalA lane ({ane 3). MALDI-
TOF MS analysis of these proteins identified all the eight com-
ponents of the human exocyst complex and another Ral
effector, Ral-binding protein 1 (RalBP1). Human Sec15 protein
is composed of two isoforms that share 66% identity and 75%
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FIGURE 2. The time-dependent activation of Ral upon stimulation with
GppNHp in permeabilized platelets. A, GDP-bound (fanes 1 and 3) or
GppNHp-bound His,-RalA and -RalB (/anes 2 and 4) were incubated with glu-
tathione-Sepharose beads coated with wild-type GST-Sec5-RBD (middle
panel) and GST-Sec5-RBD T11A (lower panel) at 4 °C for 1 h. After washing the
beads, bead-associated His -RalA and -RalB were detected by immunoblot-
ting with anti-His, antibody as described under “Experimental Procedures”.
Band C, permeabilized platelets were stimulated with buffer alone, 1 mmGTP,
or 100 j:m GppNHp for indicated periods at 30 °C. GTP (GppNHp)-bound RalA
and RalB were measured by the GTP-Ral pulldown assay using the GST-Sec5-
RBD as described under “Experimental Procedures.” The data shown are rep-
resentative (8) and means  SE.(C) of three independent experiments.

similarity (24); we detected both Sec15-like 1 and -like 2 iso-
forms in human platelets.

Subcellular distribution analysis revealed that RalA was
exclusively membrane-bound, whereas the exocyst complex
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FIGURE 3. Sec5-RBD inhibited the GppNHp-induced dense granule
secretion from permeabilized platelets. A, permeabilized platelets
were firstincubated with buffer alone (open squares), 8 1M GST-Sec5-RBD
(closed circles), or 8 1M GST-Sec5-RBD T11A (open circles) at 4 °C for 15 min
and stimulated with 100 uM GppNHp for indicated periods at 30 °C.
Released [*H]serotonin was measured as described under “Experimental
Procedures.” B, permeabilized platelets were firstincubated with various
concentrations of GST (open squares), GST-Sec5-RBD (closed circles), or
GST-Sec5-RBD T11A (open circles) at 4 °C for 15 min and stimulated with
100 1M GppNHp at 30 °C for 15 min. Released [*H]serotonin was measured
as described under “Experimental Procedures.” The secretion without the
GppNHp stimulationis also shown ( ). Valuesaremeans = S.E. from three
independent experiments.

was equally distributed in both cytosoland membrane fractions
of intact platelets (left panel in Fig. 4B). In SLO-permeabilized
platelets, most of the exocyst complex was retained in the cells,

possibly because of its large size, in the condition where most ol

PKC, a cytosolic protein, leaked out from the cells by diffusion
(right panel in Fig. 4B). These results might explain why exog-
enous addition of platelet cytosol was dispensable for the
GppNHp-induced secretion from permeabilized platelets but
not {or the Ca? " -induced secretion (38).

To examine the involvement of the exocyst complex in the
secretion, an anti-Sec5-RBD antiserum was raised in rabbits by
injecting GST-Sec5-RBD (amino acids 1-120) as an antigen.

We first affinity-purified the antibody against the GST part of
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FIGURE 4. Identification and subcellular distribution of the exocyst com-
plex in platelets. A, glutathione-Sepharose beads coated with GST alone
{fane 1), GDP-bound (lane 2), or GTPyS-bound GST-RalA {/ane 3) were incu-
bated with platelet cytosol at 4 °C for 1 h. After washing the beads, bead-
associated proteins were analyzed by electrophoresis on an SDS-polyacryl-
amide gel (4-20%) and stained with Coomassie Blue as described under
“Experimental Procedures.” Seven protein bands ranging in molecular mass
from 70 to 110 kDa were specifically detected in lane 3. These proteins were
analyzed by MALDI-TOF MS, and the results are shown on the right of the gel.
B, isolated platelets were sonicated (left panel). After centrifugation, the
supernatant was regarded as cytosolic fraction and the pellet as membrane-
bound fraction. SLO-permeabilized platelets were incubated at 4 °C for 15
min (right panel). After centrifugation, the supernatant was regarded as frac-
tion leaked out from the cells and the pellet as fraction retained in the cells.
Comparable amounts of the supernatants and the pellets were analyzed by
immunoblotting with anti-RalA, anti-Sec5-N terminus, anti-Sec8, and anti-
PKCu antibodies as described under “Experimental Procedures.”

the fusion protein from the antiserum and then used the anti-
GST antibody as a control in the following experiments. Subse-
quently, anti-Sec5-RBD antibody was affinity-purified from
serum depleted of anti-GST antibodies. In Western blot analy-
sis, Lhe anti-Sec5-RBD antibody recognized a single band at 100
kDa in the platelet lysate, which was the expected molecular
mass of Sec5 (Fig. 54). This antibody immunoprecipitated not
only Sec5 but also Sec8 from human platelet cytosol (Fig. 58),
implying that the anti-Sec5-RBD antibody was capable of
immunoprecipitating the entire exocyst complex. Further-
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more, this antibody, but not the anti-GST antibody, concentra-
tion-dependently inhibited the interaction of Sec5 and Sec8
with GppNHp-RalA in vitro (Fig. 5C), indicating that the anti-
Sec5-RBD antibody abrogated the interaction between Ral and
the exocyst complex. Importantly, the addition of the anti-
Sec5-RBD antibody inhibited the GppNHp-induced dense
granule secretion in a concentration-dependent manner (Fig.
5D). In contrasl, the anti-GST antibody or control rabbit 1gG
had no elfect (Fig. 5D). These results indicated that the exocyst
complex played an essential role for the GppNHp-induced
dense granule secretion through interaction with active Ral.
GppNHp-bound Ral Increased the Ca®" Sensitivity of Dense
Granule Secretion in Permeabilized Platelets—An increase in
intracellular Ca® " concentration is considered to be the trigger
for the platelet secretion (6). To determine whether Ral was
involved in the regulation of the Ca®” -induced dense granule
secretion, we analyzed the effects of GppNHp and Sec5-RBD on

dense granule secretion induced by various concentrations of

(a?” in permeabilized platelets. In the absence of GppNHp, the
threshold for activation of [°H|serotonin release by Ca?” was
~600 nM, with maximal release occurring at 2 um (closed
squares in Fig. 6). The addition of 100 puat GppNIHp shifted the
Ca?™ concentration-response curve for [*H]serotonin release
to the left (closed circles in Fig. 6) as shown previously (7) and
resulted in a decrease in the Ca?™ concentration required for
half-maximal secretion from 1.2 pm to 90 na. These data indi-
cated that 100 ps GppNHp increased the Ca? ~ sensitivity of
dense granule secretion by ~13-fold. Importantly, this increase
in the Ca®”" sensitivity of the secretion was inhibited by the
addition of Sec5-RBD (open circles in Fig. 6), indicating the
involvement of GTP-Ral in increasing the Ca®" sensitivity of
dense granule secretion from permeabilized platelets. The

effect of Sec5-RBD was specific because the addition of Sec5--

RBD alone had no effect on Ca? “-induced dense granule secre-
tion (open squares in Fig. 6).

Thrombin Induced the Association of Ral with the Exocyst
Complex in Intact Platelets—In the last set of experiments, we
examined whether the Ral and the exocyst complex could func-
tion in intact platelets. Thrombin is a potent agonist for plate-
lets. Thrombin rapidly induced the release of serotonin stored
in dense granules in intact platelets (Fig. 74). Moreover, throm-
bin immediately activated both RalA and RalB in a similar time
course to that of the secretion (Fig. 7, B and C). Both RalA and
RalB were maximally activated at 30 s after thrombin stimula-
tion, and the ratio of activated RalA or RalB to total was - 6%
(Fig. 7C). To examine the possible involvement of the Ral-exo-
cyst pathway in intact platelets, we analyzed the association
between Ral and the exocyst complex upon thrombin stimula-
tion. As shown in Fig. 70, anti-Sec8 antibody precipitated little
RalA before thrombin stimulation, whereas RalA was clearly
detected in the immunoprecipitates with anti-Sec8 antibody
after 60 s of stimulation. Thus, thrombin induced the associa-
tion of Ral with the exocyst complex in a similar time course to
that of the secretion (Fig. 74) and Ral activation (Fig. 7, 8 and
(), suggesting that the Ral-exocyst pathway could function in
intact platelets.
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FIGURE 5. Anti-Sec5-RBD antibody blocked binding of Ral to the exocyst
complex and inhibited the GppNHp-induced dense granule secretion.
A, human platelet lysates (30 1g of proteins) were immunoblotted with pre-
immune serum and anti-Sec5-RBD antibody. B, human platelet cytosol was
immunoprecipitated (IP) with preimmune serum and anti-Sec5-RBD anti-
body. Immunoprecipitated proteins were detected with anti-Sec5-RBD anti-
body and anti-Sec8 monoclonal antibody. C, glutathione-Sepharose beads
coated with GST alone (lane 1), GDP-bound (lane 2), or GppNHp-bound GST-
RalA (lanes 3-9) were incubated with the platelet cytosols in the presence of
anti-GST antibody (Ab) (lane 4 - 6) or anti-Sec5-RBD antibody (lane 7-9) at 4 °C
for 1 h. After washing the beads, bead-associated proteins were analyzed by
immunoblotting with anti-Sec5-N-teminus polyclonal antibody and anti-
Sec8 monoclonal antibody. The data shown are representative of three inde-
pendent experiments with similar results. D, permeabilized platelets were
first incubated with various concentrations of rabbit IgG (open squares), anti-
GST antibody (open circles) and anti-Sec5-RBD antibody (closed circles) at 4 °C
for 30 min and stimulated with 100 .m GppNHp at 30 °C for 15 min. Released
[*H]serotonin was measured as described under “Experimental Procedures.”
The secretion without the GppNHp stimulation is also shown ( ¢ ). Values are
means = S.E. from three independent experiments.

DISCUSSION

It has long been known that non-hydrolyzable GTP ana--

logues induce granule secretion from permeabilized platelets
(7-11). Here we demonstrated that Ral GTPase and the exocyst
complex mediated this GppNHp-induced dense granule secre-
tion. We also showed that GTP-Ral enhanced the Ca® ™ sensi-
tivity ol dense granule secretion from permeabilized platelets,
and the Ral-exocyst pathway could play a role in intact platelets.

In this study, we demonstrated the involvement of Ral by
showing that Sec5-RBD, which is a specific inhibitor of Ral,
affected the secretion. The eftect is specific because the Sec5-
RBD T11A mutant that lacks the GI'P-Ral binding activity (35)
did not inhibit the secretion (Fig. 3, A and B). The time course of
171
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FIGURE 6. The effects of GppNHp on dense granule secretion induced
by various concentrations of Ca2™* in permeabilized platelets. Perme-
abilized platelets were incubated with various concentrations of Ca?”
(closed squares) with addition of 8 ;M GST-Sec5-RBD (open squares), 100
1#M GppNHp (closed circles), or 100 1M GppNHp and 8 M GST-Sec5-RBD
{open circles) at4 °Cfor 15 min in the presence of human platelet cytosols
(1.0 mg of protein/ml). Samples were then stimulated at 30 °C for 10 min,
andreleased [*Hlserotonin was measured as described under “Experimen-
tal Procedures.” Values are means S.E. from three independent

experiments.
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FIGURE 7. Thrombin induced the rapid activation of Ral and the inter-
action of Ral with the exocyst complex in intact platelets. A-C, isolated
platelets were stimulated with 0.5 unit/ml thrombin for indicated periods
at 30 °C.Released [*H]serotonin (A) and GTP-bound RalA and RalB (Band ()
were measured as described under “Experimental Procedures.” The data
shown are expressed as means . S.E. (A and () and are representative of
three independent experiments (B). D, isolated platelets were stimulated
with 0.5 unit/ml thrombin for indicated periods at 30 °C. The lysates of the
platelets were incubated with anti-Sec8 polyclonal antibody-loaded pro-
tein A-agarose beads at 4 °C for 1 h. Immunoprecipitated proteins were
detected with anti-RalA antibody as described under “Experimental Pro-
cedures.” The data shown are representative of three independent exper-
iments with similar results.
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the GppNHp-induced secretion from permeabilized platelets is
more than 10 times slower than that of the thrombin-induced
secretion from intact platelets (compare Figs. 14 and 7A4). This
could be because of slow conversion of GDP to GppNHp on Ral
in permeabilized platelets (Fig. 2, B and C). Furthermore, incu-
bation of permeabilized platelets with GTP did not activate Ral
(Fig. 28) and did not induce appreciable secretion (Fig. 14).
This could be because of the strong GTPase-activating protein
activity for Ralin permeabilized platelets. We consider that the
decrease of GTP-Ral after the transient activation in thrombin-
stimulated intact platelets is due to GTPase-activating protein
activity in the cells, where GTP bound to Ral would be rapidly
hydrolyzed to GDP (Fig. 7, B and C). On the other hand, in
permeabilized platelets incubated with GppNHp, GppNHp
would not be hydrolyzed once bound to Ral (Fig. 2). Therefore,
we could observe the apparent difference in the time courses of
the ratio of GTP-Ral between thrombin-stimulated intact
platelets and GppNHp-incubated permeabilized platelets.
GTPase-activating protein activity for Ral could also explain
the reason why the maximal ratio of activated Ral to total in
intact platelets (~6%) was lower than that in permeabilized
platelets (~17%) (compare Figs. 7C and 2C).

To distinguish the role of RalA from that of RalB, we must,
for example, knock down RalA or RalB in platelets or use plate-
lets of either RalA or RalB knock-out mice. However, they are
not technically available at the moment. Therefore, we could
not distinguish their effects because Sec5-RBD, used as a Ral
inhibitor, interacted with both RalA and RalB to a similar extent
in vitro (Fig. 24). Both RalA and RalB are present in platelets,
highly similar (sharing 85% identity) (18, 19), and equally acti-
vated by agonist stimulation in intact platelets (Fig. 7, B and C).
Hence, both RalA and RalB might play roles in the secretion in
platelets.

Ral has several effectors (18, 19). Among them, the exocyst
complex has been implicated in exocytosis. Wang et al. (46)
showed that Sec5-RBD inhibits the GppNHp-induced gran-
ule secretion from permeabilized neuroendocrine PC12
cells, indicating that this secretion is Ral-dependent. They
further showed that unprenylated wild-type RalA inhibits
the GppNHp-induced secretion, but RalA E38R mutant
lacking the Sec5 binding activity has no effect. They con-
cluded that the exocyst complex is involved in the secretion
(46). Strictly, however, if we assume a putative Ral eftector
that does not bind to RalA E38R, it is difficult to exclude the
possibility that Ral mediates the secretion through such an
effector but not the exocyst complex. Therefore, to demon-
strate the involvement of the exocyst complex, we need, for
example, to examine the effect of knockdown of an exocyst
component or an inhibitory antibody against an exocyst
component on the secretion. Here, we demonstrated the
involvement of the exocyst complex by showing that an anti-
body against Sec5-RBD inhibited the GppNlHp-induced
secretion from permeabilized platelets (Fig. 5D).

In addition to Sec5, Exo84, another component of the exo-
cyst complex, also binds to active Ral (27, 28). However, the
anti-Sec5-RBD antibody used here completely abolished the
interaction between Ral and the exocyst complex in vitro (Fig.
5C), suggesting that the Ral-Sec5 interaction is dominant com-
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pared with the Ral-Exo84 interaction, although we cannot
exclude the possibility that the steric hindrance by the anti-
Sec5-RBD antibody abolished the interaction between Ral and
Exo84.

An increase in intracellular Ca®” concentration is the trigger
for regulated exocytosis in many cell types, including platelets
(1, 5, 6). Therefore, we examined the role of Ral on the Ca? -

induced secretion from permeabilized platelets. The amount of

secretion increased with increasing Ca®~ concentration (closed
squares in Fig. 6), and the addition of Sec5-RBD alone did not
inhibit the secretion (open squares in Fig. 6). However, this
result did not imply that Ral was not involved in platelet dense
granule secretion under physiological conditions because
increased Ca® ™ concentration alone did not induce Ral activa-
tion without the addition of non-hydrolyzable GTP analogues
in permeabilized platelets (data not shown). GppNHp shifted
the Ca®” concentration-response curve for dense granule
secretion to the left (closed circles in Fig. 6), indicating that
GppNHp increased the Ca’” sensitivily of the sccretion as
shown previously (7). The addition of Sec5-RBD inhibited this
enhancement by GppNHp (open circles in Fig. 6). Thus, we
conclude that Ral could regulate the Ca®* sensitivity of platelet
dense granule secretion. In other words, Ral could increase the
efficiency of exocytosis in response to low levels of intracellular
Ca® "~ signals. :

The intracellular Ca® " concentration measured by fluores-
cence indicators is typically in the range of 40 to 80 nmin resting
platelets (5). Real-time monitoring of intracellular Ca®>~ con-
centrations of platelets by contfocal imaging technique under
{flow condition revealed that intracellular Ca*” concentrations
vary considerably, ranging from 0.2 to 2 um during thrombus
formation, and the concentration is below 1 usm in many plate-
lets (3). Thus, it is conceivable that the Ral-exocyst pathway
could contribute to the regulation of dense granule secretion in
such submaximally activated platelets. Ral is abundant in plate-
lets (20, 21) and is rapidly activated by agonist stimulation in
intact platelets (17). Furthermore, thrombin stimulation
induced the association of Ral and the exocyst complex in intact
platelets (Fig. 7D). These observations also support the idea
that the Ral-exocyst pathway plays an important role in regu-
lated exocytosis in platelets in certain physiological conditions.

The exocyst complex has been demonstrated to be involved
in constitutive exocytosis, such as polarized delivery of mem-
brane proteins to the basolateral surface in epithelial cells (31)
and delivery of glutamate receptors to the postsynaptic mem-
brane in neurons (47, 48). On the other hand, there have been
only a few reports showing the involvement of the exocyst com-
plex in regulated exocytosis. Inoue et al. (33, 34) have reported
that Exo70, a component of the exocyst complex, binds the Rho
family GTPase TC10 and plays a role in the targeting of glucose
transporter 4 to the plasma membrane in insulin-stimulated
adipocytes. Tsuboi et al. (49) have shown that the exocyst com-
plex serves to regulate the docking of insulin-containing vesi-
cles at sites of release in response to glucose stimulation in
pancreatic f§ cells, although the involvement of a small GT Pase
regulating the exocyst complex remains to be determined. In
this study, we provided the evidence that the exocyst complex
and Ral G1Pase could control regulated exocytosis of platelet
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dense granules by increasing the Ca”~ sensitivity of exocytosis.
It will be important to elucidate the mechanism of how the
Ral-exocyst pathway functions in regulated exocytosis, espe-
cially in the regulation of the Ca®~ sensitivity of secretion.
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Abstract

Objective: Remnant-like lipoprotein particles (RLPs) have been implicated in atherogenesis especially by diabetic dyslipidemia: however.
their receptor(s) and effects on vascular smooth muscle cells (VSMCs) remain unclear. In this study, we examined if lectin-like oxidized LDL
receptor-1 (LOX-1) acts as a receptor for RLPs and its biological effects in VSMCs.

Methods and results: RLPs were isolated from human plasma by immunoaffinity gel containing anti-apolipoprotein A-I and anti-
apolipoprotein B-100 monoclonal antibodies. Dil-labeled RLPs were taken up by CHO-K1 cells stably expressing LOX-1 but not by wild-type
CHO-K1 cells. RLPs induced LOX-1 expression and cell migration in bovine VSMCs (BVSMCs). which were significantly suppressed by
transfection with LOX-1 specific siRNAs. Inhibitors of metalloproteinases. epidermal growth factor (EGF) receptor tyrosine Kinase. heparin-
binding EGF-like growth factor (HB-EGF). p38 mitogen-activated protein kinase (p38 MAPK), MAPK kinase (MEK 1) and phosphoinositide
3-kinase (PI3K) significantly blocked RLP-induced LOX-1 expression and cell migration of BVSMCs.

Conclusions: The present study provides direct evidence that LOX-1 is a novel receptor for RLPs in VSMCs. LOX-1-mediated uptake of RLPs
may thus play important roles in atherogenesis by inducing LOX-1 expression and VSMC migration especially in the settings of postprandial
hyperlipidemia. diabetes and metabolic syndrome.

© 2008 Elsevier Ireland Ltd. All rights reserved.

Keywords: LOX-1; Atherosclerosis; Remnant lipoproteins; Vascular smooth muscle; Diabetes mellitus

1. Introduction lipoprotein levels. Plasma remnant lipoprotein levels have

been assessed as levels of remnant-like lipoprotein particles

Coronary heart disease (CHD) is prevalent in diabetes
mellitus and metabolic syndrome [1.2}, in which plasma
lipoprotein profiles are characterized by elevated remnant
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(RLPs) by isolating fractions unbound to two monocolonal
antibodies directed to apolipoprotein B-100 and apolipopro-
tein A-I [3]. By this method, plasma RLP levels have been
shown to predict the CHD risk {4-7], and also to have bio-
logical effects on macrophages and vascular cells related to
atherogenesis [8-11].

Vascular smooth muscle cells (VSMCs) migration from
media to intima and subsequent proliteration play key roles
in atherogenesis [12]. A previous report has demonstrated
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that RLPs induce VSMC proliferation [9]; however, their
effects on VSMC migration have not been clarified. In addi-
tion, receptors for RLPs in VSMCs have not yet been well
characterized, although LRP in the liver [13], apoB-48-R in
macrophages [10,14], and VLDL receptor in heart, skeletal
muscle, adipose tissue, brain and macrophages [15] have
been shown to act as a receptor tor RLPs.

Lectin-like oxidized LDL receptor-1 (LOX-1) is a recep-
tor for Ox-LDL expressed in vascular endothelial cells,
macrophages and VSMCs [16-21]. LOX-1 expression is
dynamically inducible by various proatherogenic stim-
uli, including tumor necrosis factor-a (TNF-a) [18.21],
heparin-binding epidermal growth factor-like growth factor
(HB-EGF), [22] and Ox-LDL [23]. Furthermore, LOX-1 is
highly expressed by macrophages and VSMCs accumulated
in the intima of advanced atherosclerotic lesions, as well as
endothelial cells covering early atherosclerotic lesions in vivo
[24], indicating that LOX-1 appears to play important roles
at various stages of atherogenesis.

In previous reports, LOX-1 has been indicated to act as a
receptor for RLPs in vascular endothelial cells using an anti-
LOX-1 antibody and an antisense oligonucleotide directed
to LOX-1 [25,26]. In the present study, we provide direct
evidence, by ¢cDNA and short interference RNAs (siRNAs)
transfection, that LOX-1 acts as a receptor for RLP and
whereby induce VSMC migration, depending upon HB-EGF
shedding and the downstream signal transduction cascades.

2. Materials and methods
2.1. Reagents

AG1478,PD98059, SB203580 and wortmannin were pur-
chased from Calbiochem (San Diego, CA). CRM197 was
trom Sigma Chemical CO (St. Louis, MO). GM6001 and its
negative control compound were from Chemicon (Temec-
ula, CA). PDGF-BB and TNF-a were purchased from Roche
(Mannheim, Germany).

2.2, Cell culture

Chinese hamster ovary-K1 (CHO-K1) cells stably
expressing human LOX-1 (hLOX-1-CHO) or bovine LOX-1
(bLOX-1-CHQ), as well as wild-type CHO-K1 cells (wt-
CHO), were established and cultured as previously reported
[16,17]. Bovine VSMCs (BVSMCs) were purchased from
Cell Applications, Inc. (San Diego. CA) and cultured as pre-
viously reported [19,22].

2.3. Antibodies

Mouse anti-bovine LOX-1 and anti-human L.OX-1 mon-
oclonal antibodies were prepared by immunization with
recombinant bovine and human LOX-1 extracelluler domains
as previously described [16]. Polyclonal antibodies tor phos-

Y. Aramaki et al. / Atherosclerosis xxx (2008) xxx-xxx

phorylated and total SAPK/INK and p38 MAPK were
purchased from Cell Signaling Technology (New England
Biolabs, London, UK). Polyclonal antibodies for phosphory-
lated and total ERK, Akt and EGFR were from Santa Cruz
Biotechnology (Santa Cruz, CA).

2.4. Lipoprotein preparation

RLPs and nascent VLDL were separated using an
immunoatfinity mixed gel (JIMRO, Gunma, Japan) from
triglyceride-rich lipoprotein fraction (d < 1.006 g/ml) isolated
from human plasma using ultracentrifugation as described
previously [3]. LDL fraction (d=1.019-1.063 g/ml) was also
isolated and modified oxidatively as previously described
[16,17.19]. Lipoproteins were dialyzed overnight against
PBS containing 1 mM EDTA (pH 7.4) and sterilized with
a 0.22-pm filter unit (Millipore, Billerica, MA). Labeling of
lipoproteins with 1,1’-dioctadecyl-3,3,3’,3'- tetramethylindo-
carbocyanine perchlorate (Dil; Molecular Probes, Eugene,
OR) and quantification of Dil-labeled lipoprotein uptake
were performed as previously described [16)].

2.5, Immunoblot analysis

Total cell lysates were separated on 12% SDS-PAGE,
transterred onto nitrocellulose membranes (Schleicher &
Schuell, Dassel, Germany) and proved with each primary
antibody, horseradish peroxidase-linked secondary antibod-
ies (Amersham, Hilleroed, Denmark) and the ECL. Western
blotting detection reagents (Amersham). Representative
results from three independent experiments are shown in
figures. ’

2.6. Northern blot analvsis

Total cellular RNA was isolated by RNeasy Plus Mini
Kit (Qiagen, Valencia, CA). Total RNA (15pg) was sub-
jected to electrophoresis through 1% agarose gels containing
formaldehyde, and transferred onto nitrocellulose mem-
branes (OPTITRAN, Schleicher & Schuell). Membranes
were hybridized with Xhol fragment of bovine LOX-1 cDNA
which had been labeled with [a-*?P] dCTP (Amersham)
using random oligonucleotide primers (Megaprime DNA
labelling systems, Amersham).

2.7. Transwell migration assay

Transwell migration assay was performed as previously
described {27.28]. BVSMCs were applied to the upper
chamber of transwell (Costar, Corning Inc. Corning, NY)
containing serum-tree medium and allowed to migrate to
lower chamber containing test stimuli through a fibronectin-
coated polycarbonate filter (8 wmpore). Migrated cells on the
bottom side of filter were fixed with 100% methanol, stained
with Harris hematoxylin solution, and counted manually
in randomly chosen five high power fields in each tran-
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Fig. 1. Human and bovine LOX-1 mediates uptake of RLPs. (A) hLOX-1-
CHO were incubated with 5 p.g/ml of Dil-RLPs (a) or Dil-labeled Ox-LDL
(b) for 2h. bLOX-1-CHO (c) as well as wt-CHO (d) were incubated with
5 p.g/ml of Dil-RLPs. (B) Total cell lysates of bLOX- 1-CHO transfected with
or without 100 nM of LOX-1 siRNA #1. #2 or control non-silencing siRNA

swell, using a light microscope (Axioskop? plus, Zeiss, Jena,
Germany). Relative average numbers of migrated BVSMCs
compared with the control were calculated.

2.8 LOX-1 specific short interference RNAs (siRNAs)

To block bovine LOX-1 expression, we designed two dif-
ferent siRNAs directed to the coding sequence of bovine
LOX-1; siRNA #1: ACCCAAUUACUCGUGGCUU (650-
668) and siRNA #2: GGCGAAUCUAUUGAGAGCA (821-
839). None of these siRNAs shares homology with exons
of other known bovine genes. Control non-silencing siRNA
(control siRNA) was obtained from Qiagen. For siRNA
transfection, bLOX-1-CHO and BVSMCs were transfected
with siRNAs vsing siFECTOR (B-Bridge International, Inc.
Mountain View, CA) according to the manufacturer’s instruc-
tions.

2.9. Statistical analvsis

Data in the bar graphs indicate the mean £ S.D. calcu-
lated from three independent experiments. One-way ANOVA
was used to compare differences among groups. Statistical
significance was defined as p <0.05.

3. Results

3.1. Uptake of Dil-labeled RLPs in CHO-K1 cells stubly
expressing LOX-1

To examine whether LOX-1 acts as a receptor for RLPs,
hL.OX-1-CHO, bLLOX-1-CHO and wt-CHO were incubated
with Dil-labeled RLPs (Dil-RLPs) or Dil-Ox-LDL. As
shown in Fig. 1A, hLOX-1-CHO, but not wt-CHO, showed
prominent uptake of Dil-RLPs as well as Dil-Ox-LDL.
Uptake of Dil-RLP in hLOX-1-CHO was competitively
inhibited by the 100-fold excess amount of unlabeled RLPs
or Ox-LDL (data not shown), suggesting that uptake of RLPs
is specific and that binding sites for RLPs and Ox-LDL on
the LOX-1 molecule are identical or overlapped. Dil-RLPs,
as well as Dil-Ox-LDL, were also taken up by bLOX-1-CHO.
These results thus demonstrate that both human and bovine
LLOX-1 act as receptors for RLPs.

3.2. Uptake of RLPs by BVSMCs is significanily
suppressed by transfection with LOX-1 specific SiRNAs

We confirmed that both of LOX-1 siRNA #1 and #2, but
not control siRNA, dramatically reduce LOX-1 expression in

(control siRNA) were subjected to Western blotting for LOX-1.(C) BVSMCs
transfected with or without (a) 100nM of LOX-1 siRNA#1 (b), #2 (¢) or
control siRNA (d) were incubated with 5 pg/ml of Dil-RLPs. Representative
pictures under fluorescence microscopy are shown. (D) Uptake of Dil-RLPs
was quantified by measuring fluorescence counts after extraction of Dil. (*)
p<0.0001 vs. control, () p <0.0001 vs. control siRNA.
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bLOX-1-CHO or BVSMCs by more than 90% (Fig. 1B). To
determine whether RLPs are mainly taken up by BVSMCs
via LOX-1, BVSMCs were incubated with Dil-RLPs after

transfection with LOX-1 siRNAs or control siRNA. Uptake of

RLPs was significantly reduced in BVSMCs transfected with
LOX-1 siRNAs when compared to those transfected with
control siRNA or without siRNA (Fig. 1C and D), indicating
that LOX-1 is one of major receptors for RLPs in BVSMCs.

3.3. RLPs induce LOX-1 expression in BVSMCs

“To explore biological effects of RLPs on BVSMCs,
LOX-1 expression was evaluated by Western blotting. As
shown in Fig. 2A, treatment of BVSMCs with RLPs, as
well as TNF-«, significantly increased LOX-1 expression
in a concentration-dependent fashion; maximal effects were

(A) RLPs TNF-a
(ng/mb (ng/ml)
0 10 25 50 100 5

LOX-1 --.—“

3 ; *

Q
(B) RLPs 25 png/mi

4 8 12 16 20 24 28(h)

o HRBEEENY

[}

4

)
© RL.Ps 25 pg/ml

6 8(h)

LOX-1 ﬂm“

185

6
3
2

Fig. 2. RLPs, but not nascent VLDL (n-VLDL), induce LOX-1 expression
in BVSMCs. (A and B) After BVSMCs were treated with the indicated con-
centrations of RLPs for 16 h (A) or 25 pg/ml of RLPs for the indicated time
periods (B), total cell lysates were subjected to immunoblotting for LOX-
1. TNF-«x served as a positive control. (C) After treatment with 25 pg/ml
of RLPs for the indicated time periods. total cellular RNA was subjected to
Northern blot analyses. Bands for 28S and 18S ribosomal RNAs were visual-
ized by ethidium bromide staining to control the amount of RNA loaded. (*)
p<0.001 vs. 0 pg/ml of RLPs, (1) p <0.005 vs. 0 h-incubation, (#) p<0.05
vs. 0 h-incubation.

observed at 25-50 pg/mi of RLPs. Time-course experiments
showed that expression of LOX-1 peaked at 16-20h after
RLP treatment and declined after 24h (Fig. 2B). Further-
more, Northern blot analyses show RLPs induced LOX-1
expression at the level of gene transcription (Fig. 2C). In
contrast with RLPs, nascent VLDL (n-VLDL) had negligi-
ble effects on LOX-1 expression in BVSMCs (supplemental
Fig. S-A).

3.4. RLPs induce migration of BVSMCs via LOX-1

Effects of RLPs on BVSMC migration were examined by a
transwell migration assay. As shownin Fig. 3A and B, RLPs,
as well as PDGF-BB, significantly enhanced BVSMC migra-
tion compared with control in serum-free media. N-VLDL
showed modest and statistically insignificant increases in
BVSMC migration. Statistically significant increases in cell
migration were observed at 25 and 50 pg/ml of RLPs after
the stimulation for more than 8h (supplemental Fig. S-
B). BVSMC migration was not enhanced when RLPs were
present both in the upper and lower chambers, as compared
with that without RLPs (supplemental Fig. S-C). Therefore,
the increases in the cell numbers on the bottom sides of
the filters were due to chemotaxis or cell migration rather
than chemokinesis or cell proliferation. Fig. 3C shows that
RLP-induced BVSMC migration, but not PDGF-BB-induced
BVSMC migration, was significantly inhibited by LOX-1
siRNA transfection. These results indicate LOX-1 mediates
RLP-induced BVSMC migration.

3.5. RLP-induced expression of LOX-1 depends upon
HB-EGF shedding and EGFR phosphorylation

A previous study has shown that RLPs induce pro-
liferation of rat VSMCs via shedding of HB-EGF and
subsequent EGFR transactivation [9], we sought to deter-
mine if RLP-induced LOX-1 expression depends upon
HB-EGF shedding and EGFR transactivation. As shown
in Fig. 4A, RLPs, but not n-VLDL, activate EGFR. In
addition, CRM 197, which functionally neutralizes HB-EGF,
suppressed the activation of EGFR. Furthermore, a metal-
loproteinase inhibitor GM6001 (GM), but not its negative
control compound (GMNC), significantly suppressed RLP-
induced LOX-1 expression (Fig. 4B). In addition, AG1478,
an EGFR tyrosine kinase inhibitor and CRM 197 significantly
inhibited LOX-1 expression induced by RLPs, respectively
(Fig. 4C and D), indicating involvement of certain metallo-
proteinases, HB-EGF shedding and transactivation of EGFR
in RLP-induced LOX-1 expression in BVSMCs.

3.6. RLP-induced expression of LOX-1 depends upon
ERK, p38 MAPK and PI3K activation

To determine which signal transduction cascades are
involved in RLP-induced LOX-1 expression in BVSMCs,
phosphorylation of ERK, p38 MAPK, c-Jun N-terminal
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Fig. 3. LOX-1 mediates RLP-induced, but not PDGF-induced, BVSMC
migration. (A and B) BVSMCs were applied to the upper chamber of tran-
swells whose lower chamber contained serum-free medium with or without
(a), RLPs (25 pg/mk; b), n-VLDL (25 pg/ml; ¢), or PDGF-BB (3 ng/ml; d).
Representative photomicrographs (A) and migrated cell numbers (B) from
three independent experiments are shown (A). (C) After transfection with or
without 100 nM of LOX-1 siRNA #1, LOX-1 siRNA #2, or control siRNA,
BVSMCs were subjected to the transwell cell migration assay with RLPs
(25 pg/ml) or PDGF-BB (3ng/ml) for 8 h. (#) p<0.0001 vs. control, (##)
p<0.005 vs. RLPs, (*) p<0.05 vs. RLPs without siRNAs. (}) p<0.05 vs.
RLPs with control siRNA.

kinase (JNK) and Akt elicited by RLPs were measured
by immunoblotting. RLPs induced significant phosphory-
lation of ERK, p38 MAPK and Akt (Fig. SA), but not
JNK (data not shown). Furthermore, CRM197 significantly
suppressed RLP-induced phosphorylation of these signals
(data not shown). Dependency of RLP-induced LOX-I
expression upon ERK, p38 MAPK and PI3K was exam-

(A\)
p-EGFR
EGFR v
RLPs - - + o+ -
n-VLDL - + . . .
CRM197 - - - + -
EGF - - - - +
{B) RLPs 25 ng/ml TNF-a 5 ng/ml
O e
GM - -+ - -+ -
GMNC- - - + - -+
NS
f N
NS NS NS§
4 e i
i * #
1]
¢y RLPs O 25 (ng/ml)
AG1478 0.1 0.5 (uM)
1.OX-1 A e -
4 ¥
| B o
by RLPs 0 25 (ng/ml)
CRMI197 0.3 S(pg/ml)
LOX-1 s p i

Fig. 4. Phosphorylation of EGFR induced by RLPs, and involvement of
metalloproteinase activation, HB-EGF shedding and EGFR transactivation
in RLP-induced LOX-1 expression. (A) BVSMCs were incubated with
25 pg/ml RLPs with or without 1 h-pretreatment with CRM197 (5 pg/mb),
25 pg/ml of n-VLDL. or 10ng/ml of EGF for S min. Then, total cell lysates
were subjected to immunoblotting for phosphorylated or total EGFR. (B-D)
After pretreated with 50 .M of GM or GMNC for 12 h (B), or with the indi-
cated concentrations of AG1478 (C) or CRM 197 (D) for 1 h, BVSMCs were
incubated with RLPs or TNF-« for 16 h. Total cell lysates were subjected to
immunoblot analyses for LOX-1. (*) p<0.05 vs. RLPs without inhibitors,
(#) p<0.05 vs. RLPs with GMNC, (**) p <0.01 and (##) p<0.001 vs. RLPs
without AG1478, (}) p <0.05 vs. RLPs without CRM197.

ined by specific inhibitors. As shown in Fig. 5B, PD98059,
SB203580 and wortmannin, an inhibitor of MEKI1, p38
MAPK and phosphoinositide 3-kinase (PI3K), respectively,
significantly suppressed RLP-induced LOX-1 expression in
BVSMC. These results indicate RLP-induced LOX- 1 expres-
sion depends upon MEK1-ERK, p38 MAPK and PI3K-Akt
cascades located downstream to the EGFR transactivation,
respectively.
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Fig. 5. Involvement of ERK, p38 MAPK and Akt phosphorylation in RLP-
induced LOX-1 expression in BVSMCs. (A) After BVSMCs were incubated
with 25 pg/ml of RLPs for the indicated periods, total cell lysates were
subjected to immunoblot analyses for phosphorylated or total ERK, p38
MAPK and Akt. (B) After pretreated with the indicated concentrations of
PD98059, SB203580 or wortmannin for 1 h, BVSMCs were incubated with
RLPs (25 pg/ml) for 16 h and then subjected to immunoblotting for LOX-1.

3.7. Shedding of HB-EGF, EGFR transactivation and
phosphorviation of ERK, p38 MAPK and Aki are
involved in RLP-induced cell migration of BVSMC's

Pretreatment with GM, AG1478 and CRM197, but
not GMNC, significantly suppressed RLP-induced VSMC
migration (Fig. 6A and B). Furthermore, PD98059,
SB203580 and wortmannin significantly suppressed migra-
tion of BVSMCs induced by RLPs (Fig. 6C). These results
indicate RLP-induced BVSMC migration depends upon
HB-EGF shedding, EGFR transactivation, and subsequent
activation of MEK1-ERK, p38 MAPK and PI3K-Akt.

4. Discussion

In this study, we have provided the direct evidences that
LOX-1 serves as a receptor for RLPs in VSMCs by use of
two cell lines which stably express human or bovine LOX-1
and siRNA directed to LOX-1. In addition, we have shown

(A) NS
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2 24
53
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(B) 3
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wortmannin . - - - +

Fig. 6. Involvement of metalloproteinase activation, HB-EGF shedding,
EGFR transactivation, and activation of ERK, p38 MAPK and PI3K in RLP-
induced migration of BVSMCs. (A-C) After pretreatment with 50 pM of
GM or GMNC for 12h(A), AG1478 (0.5 pM) or CRM197 (5 pg/ml) for 1 h
(B), or with PD98059 (50 pM), SB203580 (20 p.M), or wortmannin ( 1 pM)
for 1h (C), BVSMCs were subjected to cell migration assay with RLPs
(25 pg/ml) for 8 h. (#) p <0.005 vs. RLPs without inhibitors, (1) p< 0.005
vs. GMNC, (**) p <0.0001, (***} p < 0.001. (##) p < 0.005 vs. RLPs without
inhibitors.

that RLPs induce cell migration and LOX-1 expression by
RLP-LOX-1 interactions, thus making a positive-feed back
loop to further enhance the RLP-induced vascular dysfunc-
tion, as we already showed in oxidized LDL-induced vascular
dysfunction [19].

In accordance with a previous report [9], we have
demonstrated that RLP-induced LOX-1 expression and
cell migration depend upon HB-EGF shedding and subse-
quent EGFR transactivation. Furthermore, we have shown
the involvement of ERK, p38 MAPK and Akt as signal
transducrion cascades located downstream to the EGFR
transactivation. Furthermore, JNK was not activated by RLPs
or not involved in RLP-induced LOX-1 expression or cell

doi:10.1016/j.atherosclerosis.2007.12.017 -
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migration (data not shown), indicating the specificity of the
RLP-induced signals.

Competition studies in cells stably expressing LOX-1 indi-
cated binding site(s) on the LOX-1 molecule for RLPs and
oxidized LDL appear to be identical or overlapped, suggest-
ing the C-terminal cysteine-rich C-type lectin-like domain
may also be the responsible binding site(s) for RLPs [29],
although the direct evidence should be provided in the future.
Furthermore, previous studies have indicated that ADAMs
are proteases responsible for HB-EGF shedding {30]; there-
fore, ADAMs may be involved in RLP-induced HB-EGF
shedding. However, it remains to be tully elucidated which
molecular mechanisms are involved after RLP-LLOX-1 inter-
actions to activate ADAMs which shed HB-EGF.

In summary, RLP-induced LOX-1 expression and VSMC
migration appear to be important in atherogenesis elicited by
postprandial hyperlipidemia, diabetes mellitus and metabolic
syndrome. The present study has suggested the importance of
LOX-1 in RLP-induced atherogenesis, as well as thatinduced
by oxidized LDL. Further studies in suitable animal models,
as well as clinical studies, would further elucidate the roles
of LOX-1 in this process.
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Action of Aspirin on Whole Blood-Aggregation Evaluated
by the Screen Filtration Pressure Method

Arata Tabuchi, MD: Ryoji Taniguchi, MD*: Kanako Takahashi. M'T*; Hirokazu Kondo. MD*:
Mitsunori Kawato. MD*; Takeshi Morimoto. MD, MPH**: Takeshi Kimura. MD*:
Toru Kita, MD*; Hisanori Horiuchi, MD*

Background There are few monitoring systems widely used in clinical practice for evaluating the effective-
ness of aspirin therapy, so in the present study aspirin’s antiplatelet effects we investigated with a whole blood
aggregometer using a screen tiltration pressure (§FP) method.

Methods and Results  Thirty-five healthy male volunteers took 100 mg/day aspirin for 14 days. Whole-blood
aggregation was analyzed at baseline and on days 7 and 14, using collagen and adenosine diphosphate as the
stimuli. and compared with the platelet-rich plasma (PRP) aggregation mcaaurgd by optical aggregometer. The
platelet-aggregation threshold index (PATD for both methods, which was detined as the putative agonist-concen-
tration giving half-maximal aggregation, and the PRP-maximal aggregation rate were analyzed. The maximal
aggregation rate induced by 1.6 mg/L collagen decreased from 85. V/( (8() 8-92.8) [median (interquartile range)}
at baxglme to S1.5% (39-63.8) on day 14 (p<0.0001). The PRP-PATI and whole-blood PATI tor collagen in-
creased from 0.32 (0.28-0.70) to 1.82 mg/L. (1.25-2.89) (p<0.0001) and from 0.28 (0.22-0.3) to 1.06mg/L (1.01-
1.29) (p<0.0001) respectively.

Conclusions  The whole-blood PATI and PRP-PATI for collagen, as well as the maximal PRP aggregation
rate, clearly distinguish platelet agaregability before and after aspirin intake. However, whole-blood analysis by
the SI'P-method is easier to perform, and is a promising method of monitoring aspirin’s effects.  (Cire J 2008,
72: 420-426)

Key Words: Aggregation; Aspirin: Platelet-aggregation threshold index (PATD:. Screen filtration pressure

method: Whole b]m‘)d-uggregznmn

spirin is an irreversible inhibitor of cyclooxygenase-

1. which is the rate-limiting enzyme for producing

thromboxane A: in platelets! Aspirin is the anti-

platelet drug used most widely and its effect on prevention

of cardiovascular events has been established for high-risk

patients? = However, the efficacy of aspirin is rarely moni-

tored in clinical practice because valid and comprehensive
monitoring systems have not yet been established.

Platelet aggregation has conventionally been examined
by the optical aggregometer method, in which a change in
the light transmission of platelet-rich plasma (PRP) is moni-
tored under agonist stimulation at certain concentrations?
Requirement of centrifugation for the preparation of PRP
is one of the hindrances to its routine use. In addition, the
PRP method measures the aggregability of platelets alone,
whereas in vivo other blood cells also regulate thrombus
formation by modulating plulclel ageregation: for example,

lank e vtog yidiea mlatalat Jvating Pactoard and arvebe
AL\.II\\/\,J\& ‘ lu\/uu\.\, l/ltll\yl\yl !I\ll'(llll‘c tun v g \,l)ll‘l\/

cytes bind prostacyclin to inhibit its activity? Therefore. if

whole-blood aggregation is properly measured. it might
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reflect a more physiological phenomenon. Several systems
for measuring whole-blood aggregation, such as the PFA-
100® (Dade-Behring, Deertield, II., USA), Verify-Now®
(Accumetrics, SanDiego, CA, USA) and ROTEM analyzer®
(Pentapharm, Munich, Germany), have been developed and
are under investigation for establishment as a clinical test.

The screen filtration pressure (SIFP) method was estab-
lished in the 1960s to analyze whole-blood aggregation by
measuring the absorbing pressure of agonist-stimulated
whole blood through a microsieve3? Although the principle
of this method is simple and understandable, it has not been
widely used, until recently, when a semi-automatic aggre-
gometer hat uses this method was developed and has come
into use in the clinical and research tields!™1? Using this
aggregometer. we have been able to measure whole-blood
aggregability quickly and reproducibly.

ln the current ﬂudv. 35 healthy male volunteers muk

SIS 14_M ol thy Aasloa kil d e A DD oy
uwluun 1O 19—21 uu]w Ao e Widie-oiiood and ' ag

gations were monitored by whole-blood aggregometer and
optical aggregomeler, respectively.

Methods

Study Population und Procedures

This study was approved by the Ethics Commitiee.
Faculty of Medicine. Kyoto University. Thirty-five healthy
male physicians aged 26-48 years (35£5.5 years old) vol-
untarily participated after giving informed consent. Each
subject took 100mg enteric-absorbed aspirin® (Bayer.
Leverkusen, (Jumdnv) after breakfast for 14 days. Iasting

2, March 2008
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Fig 1. Definition of platelet-aggregation threshold index (PATI).
Definitions and methods of calculation of platelet-rich plasma (PRP)
(A)y and whole-blood (BY PATI are shown schematically. (A. Left)
Light ransmission curves obtained with 0 (a). 0.1 (b). 0.4 (¢). 1.6 (d).
6.4 {e) and 25.6mg/l. () of collagen. (B) 0% and 100% absorbing
pressure rates represent ~6mmkHg and -130mmHg. respectively.

blood samples were collected in the morning before aspirin
intake. Measurements were made at baseline and on days 7
and 14. Nine of the subjects ook 300 mg/day aspirin for
7 days following the 14-day period of 100mg/day aspirin
intake and their fasting blood samples were analyzed on
day 21.

Measurement of PRP- and Whole-Blood Aggregation

After placement of a tourniguet. blood was collected
from an arm vein using a 21G needle and placed in a glass
tube containing a final concentration of 0.313% sodium
citrate. The effect of the tourniguet on both forms of aggre-
gation was negligible when blood collection was performed
smoothly (data not shown), as described betore!” PRP was
prepared by centrifugation ol blood at 200G at 25°C for
10min and platelet-poor plasma was prepared by centrifu-
gation at 2.000G ar 25°C for 10min. Aggregability imme-
diately after blood collection was weaker. but stabilized at
a later time!*13 Because the aggregability of the PRP and
whole blood was stable during the 60-120 min after blood
collection (data not shown), we analyzed aggregability
during that period.

Horse tendon collagen (Horm®) was purchased from
Nycomed (Munich. Germany) and adenosine diphosphate
(ADP) from Sigma (St Louis, MO, USA). PRP aggregation
was measured by the addition of 20ul of collagen (tinal
concentrations: 0. 0.1. 0.4, 1.6, 6.4, and 25.6mg/1.) and
ADP (0. 1.3.9.27. and 100pmol/L) to 180 ul of PRP while
constantly stirring at 37°C using a light transmission ag-
eregometer. MCM HEMA TRACER 212% (MC Medical.
Tokyo. Japan). The degree of light transmission of the PRP
was defined as showing an aggregation rate of 0% and that
of the platelet-poor plasma as 100%. The platelet-aggre-

Circdation Joiwrnal 105172, March 2008

Table 1 Clinical and Biochemical Characteristics

Baseline Day 7 Dav 14

Age. vears 3545.5

Body mass index, kg/m? 23.742.5 NT NT
RBC. x1012/1. 4.98+0.35 4.94%0.36  4.9320.37
Hemoglobin, x10° g/L 1.5420.87  1.53x0.11  1.5240.1]

WBC. x10°/L 5.90£1.00 589107 586%1.27

Plaielets. x 10" /L. 2324048 2354039 2412043
Fibrinogen. g/L 2.29+0.47 NT NT
PT (INR) 1.05+0.07 NT 0.95+0.30*
aPTT s 35.8+5.0 NT 33.28115
Fasting glucose, g/L 1.00+0.11 NT NT
AST, 1U/L 23+8 NT NT
ALT UL 30£25 NT NT
Total cholesterol, g/L 2.01%£0.26 NT 1.98+0.29
HDL-cholesterol. g/L 0.58+0.13 NT 0.57+0.15
LDL-cholesterol. g/l 1.19+0.21 NT 1.06%0.42
Triglvceride, g/L 1.19£0.53 NT 1.2620.92
BUN. mg/L 134£28 NT . NT
Creatinine, mg/L 8.7+0.9 NT NT
Na. mmol/L 14119 NT NT

K. mmol/L 4.5+0.6 NT NT

hs-CRP pg/L 7191420 721%1,690 7001330

Data are meanstSD; males=35. *p<0.05 compared with baseline by
Wilcoxon's ranked test.

NT. not tested; RBC, ervthrocyte; WBC, leukocyte; PT (INR). prothrombin
time (international normalized ratio); aPTT, activated partial thromboplas-
tin time; AST. aspartate transaminase; ALT, alanine transaminase; HDL.
high-density lipoprotein; LDL, low-density lipoprotein; BUN. blood urea
nitrogen; hs-CRP, high-sensitivity C-reactive protein.

aation threshold index (PATI) was defined as the putative
agonist-concentration giving 50% aggregation based on the
light transmission rate at Smin after stimulation (Fig A).
The light ransmission rate at Smin during stimulation by
an excessively high concentration of 25.6 mg/L of collagen
or 100pmol/1. of ADP was detined as 100% of PRP aggre-
gation and the rate without agonist stimulation as 0%. In
most cases, the aggregation rates at Smin obtained with
25.6 mg/L. of collagen and 100 gmol/L of ADP were similar
to those obtained with 6.4 mg/l. of collagen and 27 gymol/L.
of ADP, respectively (data not shown), indicating that PRP
aggregation was saturated at 6.4mg/L of collagen and
27 pmol/IL of ADP.

Whole-blood aggregation was measured with a whole-
blood aggregometer using the SFP method (WBA-Neo®:
ISK. Tokyo, Japan). The reaction was started by the addi-
tion of 20l of agonist solution to 180 p1 of whole blood
while constantly stirring at 37°C. The final concentrations
of collagen were 0.1, 0.4, 1.6, and 6.4mg/L.. and those of
ADP were 1, 3, 9. and 27pmol/L. At Smin after stimula-
tion. the absorbing pressure of aggregated whole blood was
measured through a microsieve with 30x30pm windows,
and a negative pressure of -130mmHg was defined as
100% of aggregation and ~6mimHg as 0%, the latter devia-
tion from O mmHg being designated because of the viscosity
of unstimulated whole blood! As shown in Fig 1B, the
putative agonist-concentration giving S0% aggregation was
calculated and defined as the PATI!

Whole-hlood aggregation was measured in triplicate and
PRP-aggregation in duplicate, and the average value of these
measurements was analyzed.

Laborarory Tesiing
General serum values were measured by the SRL Fabo-
ratory (Tokyo. Japan).
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Fig2. Effects of aspirin intake on maximal aggregation rates of
platelet-rich plasma. Maximal aggregation rates induced with 0.4 and
L6 mg/L. of collagen (A and 9pmol/L of adenosine diphosphate
(ADP) (B) were measured at baseline. and on days 7 and 14 of
100 mg/day aspirin intake as described in the text (n=35). The box—
whisker plots show the median. 25% and 75% percentiles (boxes). and
the 10t and 90t percentiles (whiskers).

Statistical Analvsis

Statistical analysis was performed using Excel®
(Microsoft, Redmond, WA. USA) and Statview® (SAS
Institute, Cary, NC, USA). Aggregation rates and PATI
values are presented as medmn (mtmqumuk range) and
other data as means £SD. Wilcoxon's signed-rank test was
used for statistical analysis. Correlations between valuables
were anlyzed using Spearman’s correfation: p<0.05 was

/un.ni‘n,\:l sionificant Raocoivor anor e S
CONBICOTCE SIZMNCHNL "eCeives ulr\,uu\u caaraciensues

(ROCY analysis for the detection of aspirin intake was per-
formed using the values obtained trom both PRP- and
whole-blood aggregation measurements. In some figures.
data are shown using box and whisker plots in which the
boxes show median and interquartile ranges, and bars repre-
sent the 10 and Y0™ percentiles, with the median represent-
ing the 18" value among 35 subjects. The lower boundary
of the box represents the 10 value and the upper one shows
the 26 value. The lower bar represents the 4 value and
the upper bar shows the 32 value. Upper and lower open
circles represent the 18 to 39 and the 33 1o 3510 values
respectively.
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cnrves of maximal apgree; ation rates with 1 f\nw/I of coll; agen stinn-
fation (A). PRP-PATI for collagen (B) and whole-blood PATI for
collagen (C) in detecting the intake of aspirin. AUC. area under the
curve, See Fig | for other abbreviations.

Results

Buseline Churucteristics

None of the 35 volunteers took drugs lhal would affect
platelet aggregation for 7 days betore lh(, study began or at
any time during the study. Laboratory tests tor the group as
a whole were normal (Table 1), and none of the individual
subjects had values that lay outside the normal range. None
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Fig4. Effects of aspirin intake on the PRP-PATI and whole-blood
PATI for collagen (A) and ADP (B). All values were analyzed at
baseline and on days 7 and day of 100 mg/day aspirin intake as de-
scribed in the text (n=35). The box—whisker plots show the median.
the 25® and 750 percentiles (boxes). and the 10™ and 90" percentiles
(whiskers). See Figs 1 and 2 for abbreviations.

of the factors shown in Table 1. including platelet and other
blood-cell counts, correlated with either collagen- or ADP-
induced PRP- aggregability or whole-blood aggregability
at baseline or on day 14 (data not shown). None of the labo-
ratory tests subjected to serial testing showed a signiticant
change before and afier aspirin intake, except prothrombin
time (PT), but the PT values at both baseline and on day 14
were within the normal range (Table 1).

Effect of Aspirin on the Muximal Rate of PRP Aggreguiion

The maximal aggregation rates for collagen were de-
creased by aspirin in all 35 subjects. The rates induced by
0.4 mg/L of collagen were 62.0% (38.3-76.6) [median (in-
terquartile range)] at baseline. 13.0% (7.6-17.5) on day 7
and 11.0% (6.5-19.6) on day 14 (Fig 2A), the latter 2 values
significantly ditferent from baseline (p<0.0001). The rates
induced by 1.6mg/l. collagen also decreased signiticantly
from 85.5% (80.8-92.8) at baseline 10 41.5% (31.9-56.4
on day 7 (p<0.0001) and 50.5% (39.0-63.8) on day 14 (p<
0.00017 {Fig 2A). The rates induced by 1.6mg/I. of collagen
were distributed evenly and the rates in 29 subjects (10—
90 percentile) were in the range of 76.5-108.5% at base-
line and 33-69.5% on day 14 (FFig2A). The arca under the
ROC curves analyzing the rates at baseline and on day 14 tor
those induced by collagen at 0.4 mg/l. (data not shown) and
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Fig5. Correlation of the PRP-PAT for collagen and the maximal
aggregation rate induced with 0.4mg/L of collagen. The PRP-PATI
and the maximal aggregation rate at baseline (A) and on day 14 (B)
tor individuals are plotted. Rs. Spearman rank correlation coefficient.
See Fig | for abbreviations.

1.6my/L (Fig3A) was 0.947 and 0.961, respectively. The
maximal aggregation rates with 0.4-1.6mg/L. of collagen
appearcd useful for evaluating aspirin’s effect on inhibition
of platelet aggregation, although the ranges of these rates
was distributed rather widely (Fig2A).

We also analyzed the maximal aggregation rate induced
by ADP. As shown in Fig 2B, aspirin significantly decreased
the rate induced by 9pmol/L. of ADP from 76.5% (67.3-
84.3) at baseline 1o 65.0% (58.1-69.0) on day 7 (p<0.0001)
and 10 65.0% (58.9-70.8) on day 14 (p=0.0003) (Fig2B).
However, the decreases were small and the rates were wide-
ly distributed and extensively overlapped.

Effect of Aspirin on PRP-PATI for Collugen and ADP

The PRP-PATI for collagen was increased by aspirin in
all 35 subjects: 0.32 mg/L. (0.28-0.70) at baseline, 1.74mg/L.
(1.27-2.84) on day 7, and 1.82mg/1. (1.25-2.89) on day 14
(FigdA). Aspirin intake significantly increased the PRP-
PATI for collagen on both day 7 (p<0.0001) and day 14 (p<
0.000 1. compared with baseline. PRP-PATI values for col-
lagen were distributed evenly and the values in 29 subjects
(10900 percentile) were in the range of 0.23-0.97 mg/L at
baseline and 1.00-3.80mg/L. on day 14 (Fig4A). The PRP-
PATT for collagen negatively well-correlated with the maxi-
mal aggregation rate induced by 0.4 mg/l. collagen at base-
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line (Rs=-0.93; p<0.0001) (Fig5A) and on day 14 (Rs=
—0.82; p<0.0001) (Fig5B). Similar negative correlations
were observed with 1.6mg/L collagen at both baseline (Rs=
—0.39: p=0.02) and on day 14 (Rs=-0.72: p<0.0001) (data
not shown). The area under the ROC curve analyzing the
PRP-PATI for collugen at baseline and on day 14 was 0.986
(Fig3B). Thus, the PRP-PATI for collagen clearly distin-
guished aggregability under aspirin intake from that at base-
line.

As shown in Fig 4B, aspirin-intake signiticantly increased
the PRP-PATI tor ADP from 4.21umol/L (2.20-5.53) at
baseline to 5.64 ymol/L (3.95-6.79) on day 7 (p=0.0007)
and 4.78 ymol/L (3.80-7.13) on day 14 (p=0.002) (Fig4B).
However, the increases were small, and the PATI values
were widely distributed and extensively overlapped (Fig4B).

Effect of Aspirin on PATI of Whole-Blood Aggregution
Whole-blood aggregation was analyzed by semi-auto-
matic aggregometer using the SFP method and the whole-
blood PATT for collagen was increpsed by aspirin in all 35
subjects: 0.28 mg/L. (0.22-0.30) at baseline, 1.10mg/L
(1.05-1.22) on day 7, and 1.06 mg/1. (1.01-1.29) on day 14
(Fig4A). Thus, aspirin intake signiticantly increased the
whole-blood PATI for collagen on both day 7 (p<0.0001)
and day 14 (p<0.0001), compared with baseline. The whole-
blood PATI for collagen in 29 subjects (10-90™ percentile)
at baseline was in the range of 0.15-0.31 mg/L. and 0.93~
2.43mg/L. on day 14 (Fig4A). Importantly these values were
distributed in a quite narrower range, as compared with the
maximal aggregation rate and the PRP-PATI (Figs 2A.4A),
and clearly demonstrated differences in aggregability before
and after aspirin intake. The ROC curve analysis revealed

that the area under the curve analyzing the whole-blood
PATI for collagen at baseline and on day 14 was 0.958
(Fig 3C).

As shown in Fig4B, aspirin-intake slightly increased the
whole-blood PATI for ADP from 2.75 pmol/L (2.35-4.56)
at bascline to 4.97 ymol/I. (3.03-7.26) on day 7 (p<0.0001),
and to 4.4S5pmol/L (2.75-6.26) on day 14 (p=0.005)
(Fig4B). However the distribution was wide with extensive
overlapping.

Compuarison of Whole-Blood PATI und PRP-PATI

As shown in Figs 6A,B, there was a moderate correlation
between the PRP-PATI and whole-blood PATI for collagen
at both baseline (Rs=0.54; p=0.002) and on day 14 (Rs=
0.50; p=0.004), whereas the PRP-PATI and whole-blood
PATI tor ADP were well correlated at both baseline (Rs=
0.65: p=0.000D) (Fig 6C) and on day 14 (Rs=0.72: p<0.0001)
(Fig6D).

Fftecr of High-Dose Aspirvin on Whole-Blood and PRP
Aggregations Induced by Collugen

Among the participating 35 subjects. 9 took 300 mg/day
aspirin for 7 days following the administration of 100 mg/day
of aspirin for 14 days. As shown in Figs 7A.B. the higher
dose of aspirin did not increase either the PRP-PATI or
whole-blood PATI (p=0.44 and 0.41, respectively). On day
21. the PRP-PATI was 1.96mg/L (1.36-3.22) and the
whole-blood PATI was 1.07 mg/l. (1.03-1.08), which did
not differ signiticantly from the values on day 14 [PRP-
PATIL: 1.82mg/1. (1.35-2.78), whole-blood PATT. 1.05mg/l.
(0.99-1.07]. However, the whole-blood PATI for collagen
appeared to be more constant during day 7-21, compared

Clircirdation Journai  10{.72, March 2008

— 433 —



Lifects of Aspirin on Whole Blood Aggregation
with the PRP-PATI values for collagen (Figs 7A.13).

Discussion

A semi-automatic whole-blood aggregometer that uses
the SFP method has been recenily developed, and is con-
sidered to be usetul in clinical practise. Tt is a simple and
rapid whole-blood assay that requires a small amount of
blood (1-2ml). It has been reported that this whole blood
aggregometer can detect the reduction of platelet-aggrega-
bility in vitro caused by antiplatelet drugs such as aspirin,
cilostazol, dipyridamole and tirofiban!” To evaluate the
utility of this whole-blood aggregometer in clinical practise,
we analyzed whole-blood aggregation by the SIFP method
during daily aspirin intake for 2—-3 weeks. and compared the
results with those for PRP aggregation, which is the current
standard method. As reported previously, the maximal
ageregation rate as determined by PRP aggregation showed
an excellent ability to distinguish platelet uggregability be-
fore and after aspirin intake. In the present study the PRP-
PATI for collagen was well correlated with the maximal
ageregation rate, and also clearly distinguished platelet
aggregability betore and after aspirin intake. We also found
that the whole-blood PATI for collagen accurately distin-
quished platelet aggregability betore and after aspirin intake.
Moreover, the whole-blood-PATI values were distributed in
a much narrower range than the PRP-PATTI values. There-
fore, together with its feasibility, whole-blood aggregation
measured with the SFP method is an excellent index for
monitoring the efticacy of aspirin therapy.

Al present, the maximal aggregation rate measured by
optical aggregometer is the standard index for platelet ag-
aregability. However, in the present study the distribution
of the individual maximal aggregation rates appeared rather
wide (Figs2A.B). so to try and improve this measurement,
we analyzed the PRP-PATIL detined as the putative agonist-
concentration giving halt-maximal aggregation. In that
case, the values for collagen clearly distinguished platelet
aggregability before and after aspirin intake (Fig4A). Also,
the area under the ROC curve obtained with the maximal
ageregation rate was 0.961 (Fig 3A) and that using the
PRP-PATI was (0.986 (Fig 3B). The PRP-PATI for collagen
in 90% of cases was below 0.96mg/l. at baseline and in
90% of cases was over 1 mg/L. on day 14. Therefore, a PRP-
PATI for collagen of approximately 11mg/L seems a reason-
able cut-off value for distinguishing the effects of aspirin
intake. A cut-off value between 0.966 and 0.973 mg/l. gave
91% sensitivity and 100% specificity, whereas a value
between 69.5% and 76.5% of maximal aggregation rate
stimulated with 1.6mg/l. of collagen gave 97% sensitivity
and 91¢% specificity. In general, the PATI is a more com-
prehensible index that has its own significant meaning,
whereas the maximal aggregation rate must be interpreted
according to the concentration of agonist. The present
results sugeest that the PRP-PATI may be preferred tor
monitoring aspirin’s eftects.

Analysis of whole-blood aggregation has the obvious
advantage of easy and rapid sample preparation without the
need for centrifugation. Recent improvements in the whole
blood aggregometer using the SIFP method emabled us to
consistently examine many samples. As noted. the whole
blood-PATT is defined as the putative agonist-concentration
that induces half-maximal absorbing pressure!” and in the
present study gave values for collagen that clearly showed
an increase during administration of aspirin. compared with
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Fig7. Effects of high-dose aspirin on PRP-PATI (A) and whole-
blood PATI (B). Nine subjects took 100mg/day aspirin for 14 days.
followed by 300 mg/day aspirin intake for 7 days. Values were ana-
lyzed at baseline and on days 7. 14 and 21. See Fig1 for abbrevia-
tions.

baseline (Fig4A). Interestingly, the whole-blood PATI
values for the 10-90™ percentile, especially the 25-75M
percentile, were distributed in a narrower range both betore
and after aspirin intake, and these ranges were also more
clearly separated from one another compared with the
PRP-PATTI values (Fig4A). The area under the ROC curve
obtained with the whole-blood PATI values was 0.958
(Fig 3C). Judging from the distribution (Fig4A), it scems
that approximately 0.7mg/L is a reasonable cut-off point
for the whole-blood PATI for collagen to distinguish the
eftects of aspirin intake. A cut-oft value between 0.61 and
0.74mg/L. gave 94% sensitivity and 97% specificity. These
findings suggest that the whole-blood PATI for collagen is
an excellent indicator of aspirin’s effects as compared with
values obtained using the optical aggregometer.

Both the PRP-PATI and whole-blood PATI for ADP
also showed signiticant elevation after aspirin intake. bul
the increase was relatively small and the distribution of the
PATI values was wide and they extensively overlapped be-
fore and after aspirin intake (Fig 4B). findings that are con-
sistent with previous investigations!*+13 Therefore. neither
of the PATI values for ADP seem particularly usetul for
evaluating aspirin’s effects.

The PRP-PATI is determined from light transmission
rates. whereas the whole-blood PATI is based on the ab-
sorhing pressures through a microsieve. Therefore, the 2
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