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Induction of central signalling pathways and select functional
effects in human platelets by f-boswellic acid
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1 We have recently shown that in polymorphonuclear leukocytes, 11-keto boswellic acids (KBAs)
induce Ca®>" mobilisation and activation of mitogen-activated protein kinases (MAPK). Here we
addressed the effects of BAs on central signalling pathways in human platelets and on various platelet
functions.

2 We found that f-BA (10 uM), the 1l1-methylene analogue of KBA, caused a pronounced
mobilisation of Ca?* from internal stores and induced the phosphorylation of p38 MAPK,
extracellular signal-regulated kinase (ERK)2, and Akt. These effects of f-BA were concentration
dependent, and the magnitude of the responses was comparable to those obtained after platelet
stimulation with thrombin or collagen.

3 Based on inhibitor studies, f-BA triggers Ca®>™ mobilisation via the phospholipase (PL)C/inositol-
1,4,5-trisphosphate pathway, and involves Src family kinase signalling.

4 Investigation of platelet functions revealed that f-BA (=10 uM) strongly stimulates the platelet-
induced generation of thrombin in an ex-vivo in-vitro model, the liberation of arachidonic acid (AA),
and induces platelet aggregation in a Ca>*-dependent manner.

5 In contrast to 8-BA, the 11-keto-BAs (KBA or AKBA) evoke only moderate Ca>" mobilisation
and activate p38 MAPK, but fail to induce phosphorylation of ERK2 or Akt, and do not cause
aggregation or significant generation of thrombin.

6 In summary, 8-BA potently induces Ca>" mobilisation as well as the activation of pivotal protein
kinases, and elicits functional platelet responses such as thrombin generation, liberation of AA, and

aggregation.
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AA, arachidonic acid; Af-BA, 3-O-acetyl-boswellic acid; ADP, adenosine diphosphate; AKBA, 3-O-acetyl-11-
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1,4,5-trisphosphate; KBA, 11-keto-boswellic acid; LO, lipoxygenase; MAPK, mitogen-activated protein kinase;
MFI, mean fluorescence intensity; PAF, platelet-activating factor; PG buffer, PBS plus 1 mgml~' glucose; PGC
buffer, PBS containing 1 mgml~' glucose and 1mM CaCl,; PI 3-K, phosphatidylinositol 3-kinase; PLC,
phospholipase C; PMNL, polymorphonuclear leukocytes; PRP, platelet rich plasma; RFU, relative fluorescence
units; SDS-b, 2 x sodium dodecyl sulfate-polyacrylamide gel electrophoresis sample loading buffer; TG,
thapsigargin; TRAP, thrombin receptor-activating peptide; TXA,, thromboxane A,

Introduction

Platelets play critical roles in vascular thrombosis and
inflammation. Activation of platelets may lead to secretion
of granular contents and release of arachidonic acid (AA),
shape change, adhesion, and aggregation (Holmsen, 1994).
Agonists of platelets can be subdivided into strong activators,
such as thrombin or collagen, and weak agonists including
platelet-activating factor (PAF), adenosine diphosphate
(ADP), serotonin, or thromboxane (TX)A, that require

*Author for correspondence;
E-mail: o.werz@pharmchem.uni-frankfurt.de

autocrine stimulation for the entire platelet response
(Holmsen, 1994). Furthermore, platelets are partially activated
when brought in close contact with surfaces, for example by
adhesion to leukocytes or by aggregation.

Soluble platelet agonists, such as thrombin, ADP, PAF, or
TXA,, typically bind to specific G protein-coupled receptors
(GPCRs), leading to the activation of phospholipase (PL)C
(Ruggeri, 2002). PLC isoenzymes in turn, produce diacylgly-
cerols (DAGs) and inositol-1,4,5-trisphosphate (IP;), the latter
releases Ca®* via IP; receptors from the endoplasmatic
reticulum (ER) (Rhee, 2001). GPCR stimulation may also
lead to activation of phosphatidylinositol 3-kinase (PI 3-K)
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isoforms, resulting in Akt phosphorylation. Moreover, mito-
gen-activated protein kinase (MAPK) cascades, signalling
pathways distal of G proteins, are activated upon platelet
stimulation (Papkoff er al, 1994; Kramer et al., 1995).
Altogether, Ca’*, MAPKs, and PI 3-K/Akt regulate impor-
tant platelet functions, for example, activation of cytosolic
phospholipase (cPL)A, that liberates AA from phospholipids.
In fact, agonist-stimulated platelets generate abundant AA
(Kroll & Schafer, 1989), that is mainly metabolised to
biologically active prostanoids, including TXA,, and to
12(S)-hydro(pero)xyeicosatetraenoic acid (Yoshimoto &
Takahashi, 2002).

The pentacyclic triterpenes boswellic acids (BAs, Figure 1)
are thought to be responsible for the pharmacological actions
of Boswellia serrata (BS) extracts, observed in several models
of inflammation (Safayhi & Sailer, 1997). 5-lipoxygenase
(5-LO) (Safayhi et al., 1992), leukocyte elastase (Safayhi
et al., 1997), IxkB kinases (Syrovets et al., 2005), and
topoisomerases (Syrovets et al., 2000) are molecular targets
of BAs. The anti-inflammatory properties of BAs have
been attributed to inhibition of 5-LO (Safayhi & Sailer,
1997) but also to suppressed lipopolysaccharide-mediated
TNF-o induction in monocytes (Syrovets et al., 2005). More-
over, BAs induce apoptosis of tumor cells (Glaser et al., 1999;
Liu et al., 2002), accompanied by decreased ERK phosphor-
ylation (Park et al., 2002) and enhanced caspase activity
(Liu et al., 2002).

The functional properties and the potencies of the BAs
depend on their structure, in particular on the absence or
presence of the 11-keto group (Safayhi et al., 1992; Altmann
et al., 2002; Liu et al., 2002). Thus, 11-keto-BA (KBA)
and 3-O-acetyl-11-keto-BA (AKBA, Figure 1), but not the
11-methylene (11-me) analogues -BA and Af-BA, potently
inhibit 5-LO (Safayhi ez al., 1992), induce caspase activation
(Liu et al., 2002), Ca*" mobilisation, and MAPK activation
in polymorphonuclear leukocytes (PMNL) (Altmann et al.,
2002), whereas 11-me-BAs were more efficient in inhibition of
topoisomerases (Syrovets et al., 2000) and induction of
apoptosis (Glaser et al., 1999).

Recently, we demonstrated that 11-keto-BAs can activate
PMNL by mobilisation of Ca?" and stimulation of MAPKs
(Altmann et al., 2002), coupled to functional PMNL responses
(Altmann et al., 2004). In the present study we identified -BA
as an agonist for platelets inducing essential signal transduc-
tion pathways as well as functional platelet responses, for
example release of endogenous AA, thrombin generation, and
Ca’"-dependent aggregation.

Methods
Materials

BAs were kindly provided by Dr J. Jauch (Saarbruecken,
Germany). Argatroban was a gift from Mitsubishi Pharma
(Tokio, Japan) and WEB 2086 was a gift from Boehringer
Ingelheim (Ingelheim, Germany). Collagen was from
Nykomed Pharma (UnterschleiBheim, Germany). U-73122,
Calbiochem (Bad Soden, Germany); BAPTA/AM, Fura-2/
AM, and forskolin, Alexis (Griinberg, Germany); NF-449 and
wortmannin, Biotrend (Ko6ln, Germany); thrombin receptor-
activating peptide (TRAP), Bachem (Weil am Rhein,

8-BA
(11-me-BA)

3-O-Acetyl-11-keto-B-BA
(AKBA) o

""" " NCcooH " NcooH

Figure 1 Chemical structures of -BA and AKBA. AKBA lacking
the Il-acetyl group yields KBA; 3-O-acetylation of S-BA yields
Ap-BA.

Germany); MRS-2179 and all other chemicals were obtained
from Sigma (Deisenhofen, Germany).

Cells

Platelets were freshly isolated from human venous blood
of healthy adult donors (St Markus Hospital, Frankfurt,
Germany) as described (Albert et al., 2002). Washed platelets
were finally resuspended in PBS pH 7.4 and 1 mgml~' glucose
(PG buffer) or in PBS pH 7.4 and 1mgml™" glucose plus
1mM CaCl, (PGC buffer). For incubations with solubilised
compounds, ethanol or DMSO was used as vehicle, never
exceeding 1% (vol by vol). For functional platelet test (AA
release, thrombin generation, aggregation, flow-cytometry of
platelet activation markers) platelet-rich plasma (PRP) was
prepared from freshly drawn blood (in 3.13% citrate,
designated ‘citrate-chelated PRP’) from healthy adult donors
by centrifugation for 7min at 750 x g. Depending on the
experimental setup, PRP was recalcified to obtain a final
[Ca*>*] of 1.5mM, or diluted (14%, vol by vol) in a buffer
containing 20mM HEPES, 140mM NaCl, 10mM glucose,
SmM KCI, 1mM MgCl,, I mM CaCl,. Alternatively, platelets
were isolated from PRP to yield washed platelets. Some flow-
cytometry experiments were also carried out using whole blood
(in 3.13% citrate).

Viability assessment

Washed platelets (~3 x 103mI~! PG buffer) were prewarmed
for 15min at 37°C. Then, CaCl, (ImM) and any agent
(DMSO, p-BA, AKBA, thrombin, or Ca’* ionophore
A23187) were added, and samples were incubated for another
15min at 37°C. The particle distribution pattern in each
sample was then determined using a Sysmex Cell Counter
(Norderstedt, Germany) and compared to the DMSO sample
(negative control, viable cells) and the A23187 sample (cell
fragmentation and lysis due to ionophore action).

Measurement of intracellular Ca®™ levels

Platelets (6 x 108ml~! PG buffer) were incubated with 2 uM
Fura-2/AM for 30min at 37°C. After washing, 10®cellsml™
PG buffer were incubated in a thermally controlled (37°C)
fluorimeter cuvette in a spectrofluorometer (Aminco-Bowman
series 2, Thermo Spectronic, Rochester, NY, U.S.A.) with
continuous stirring. At 2 min prior stimulation, 1 mM CaCl, or
1mM EDTA was added. The fluorescence was measured and
[Ca?™]; was calculated according to Grynkiewicz et al. (1985).
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Sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS—-PAGE) and Western blotting

Platelets (10°ml~' PG buffer containing 1 mM CaCl, or 1 mM
EDTA plus 30 uM BAPTA/AM, respectively) were incubated
with the indicated stimuli at 37°C. The reaction was stopped
by addition of the same volume of ice-cold 2 x SDS-PAGE
sample loading buffer (SDS-b). Samples for SDS-PAGE
(aliquots corresponding to 10° cells in 20 ul volume) were
prepared, and proteins were separated as described (Werz
et al., 2002). Correct loading of the gel and transfer of proteins
to the nitrocellulose membrane was confirmed by Ponceau
staining. Western blotting using phospho-specific antibodies
(New England Biolabs (Beverly, MA, U.S.A.), 1:1000
dilution, each) against pERKI1/2 (Thr202/Tyr204), pp38
MAPK (Thr180/Tyr182), or pAkt (Ser473), was performed
as described (Werz et al., 2002).

Determination of release of [°H ]-labelled AA from intact
platelets

PRP was labelled with 19.2nM. PHJAA (1 uCiml~', specific
activity 200 Cimmol™") for 2h at 37°C in the presence of
100 uM aspirin. Then, cells were washed twice with PBS pH
5.9 plus ImM MgCl,, 11.5mM NaHCO;, 1gl~! glucose,
and 1 mgml™' fatty acid-free BSA, and finally resuspended in
PG buffer (10*ml™"). Preparation of cells at pH 5.9 is thought
to minimise temperature-induced activation (Maurer-Spurej
et al., 2001). After 15min at RT, 1mM CaCl, was added
2.5min prior stimulation with the indicated agents at 37°C.
After 5min, incubations were put on ice for 10 min, followed
by centrifugation (5000 x g, 15min). Aliquots (300 ul) of the
supernatants were measured (Micro Beta Trilux, Perkin
Elmer) to detect the amounts of [*H]-labelled AA released
into the medium.

Measurement of thrombin generation

Thrombin generation was assessed by using a fluorometric
assay, based on the cleavage of a thrombin-specific fluorogenic
substrate resulting from stimulation of recalcified or citrate-
chelated PRP, yielding the so-called endogenous thrombin
potential (ETP) (Hemker et al., 2000). In all, 80 ul of PRP
and 20 ul of buffer containing the thrombin generation trigger
were added to each well of a 96-well microtitre plate. The
Fluoroskan Ascent Type 374 plate fluorometer (Labsystems;
Finland) was used with excitation wavelength 390 nm, emis-
sion wavelength 460 nm, and a measurement integration time
per well of 20 ms. The first derivative of the fluorescence—time
curve reflects the course of thrombin activity in the sample.
The parameter of interest in the samples using recalcified PRP
was the maximal generation rate which is the peak of the first
derivative (ETP peak velocity, relative fluorescence units
(RFU) min") of the thrombin generation curve, or, due to
low peak values in Ca>"-free samples, the ETP-area under the
curve (AUCQC).

Measurement of platelet activation markers CD62
and PAC-1 by flow cytometry

Whole blood samples (containing 3.13% sodium citrate),
recalcified PRP, or washed platelets resuspended in PGC were

incubated with f-BA, AKBA, TRAP, or vehicle (DMSO,
control) for 2 or 15min at RT. To measure CD62 and PAC-1,
samples were diluted 1:1 in 20mM HEPES, 137mM NaCl,
2.7mM KCl, 1mM MgCl,, 5.6mM glucose, 1gl~' BSA, pH
7.4, and aliquots of 5ul were incubated with saturating
concentrations of CD41-PC7, CD62-PE, and PACI-FITC
at RT for 15min in the dark. Samples were fixed with
formaldehyde 1% (in PBS), washed twice (CellWash,
Becton-Dickinson, Heidelberg, Germany), and resuspended
in 300 ul PBS. Isotype-matched IgG and IgM antibodies were
used to correct for the nonspecific binding of the specific
antibodies. P-selectin (represented by CD62) and PAC-1
antigen expression were quantified using Cellquest software
(Becton-Dickinson). Three-color flow cytometric analysis was
used with logarithmic modes set for all channels. A gate was
set around the platelet population (CD41), and 5000 events
were acquired from each probe. The percentage of CD62-
positive cells (%) as well as their mean channel fluorescence
intensity (MFI) was determined at a level which yields a value
of 1% for mouse IgG1-PE labelled sample. A histogram
of PACI-FITC against cell events was generated and MFI
of the total platelet population was recorded.

Acquisition of data was carried out using a FACSCalibur
flow cytometer with CELLQuest™ (Becton-Dickinson). The
instrument calibration and compensation was assured daily
with calibration beads (CaliBRITE™ Beads, Becton-Dickin-
son) and FACSComp™. Fluorescence-conjugated antibodies
CD41-PC7, CD62-PE, and PE-labelled isotype IgG1 control
were obtained from Beckman Coulter (Krefeld, Germany),
PACI-FITC and FITC-isotype IgM were from Becton-
Dickinson.

Ex vivo platelet aggregation (turbidimetric)

Aggregation of platelets in pure or diluted PRP was
determined using a turbidimetric light-transmittance device.
For aggregation, the response to 30 uM f-BA, 30 um AKBA,
or (as positive controls) 2Uml™' thrombin, or 1ugml™
collagen is given as per cent of the maximal light transmission
Apmax. In Ca’"-containing samples, CaCl, was added right
before the start of the measurement. Aggregation was recorded
for 15 min.

Statistics

Statistical evaluation of the data was performed by one-way
ANOVAs for independent or correlated samples followed by
Tukey HSD post hoc tests. Where appropriate, Student’s ¢-test
for paired observations was applied. A P-value of <0.05 (*) or
<0.01 (**) was considered significant.

Results
BAs evoke Ca’™ mobilisation in washed human platelets

In the presence of extracellular Ca®>* (1 mMm), BAs lacking the
11-keto moiety (AfS-BA and p-BA, 10uM each, chemical
structure see Figure 1) induced a transient but robust elevation
of [Ca®*]; in washed platelets that peaked 18-30s following
exposure, whereas KBA was ineffective and AKBA caused
only a weak and rather slow Ca’" mobilisation (Figure 2a

British Journal of Pharmacology vol 146 (4)
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Figure 2 BAs induce intracellular Ca>* mobilisation. To Fura-2-loaded platelets (10 ml~' PG buffer), I mm CaCl, (a—c and e) or
I1mM EDTA (d and e) was added 2min prior stimulation, and [Ca®>*]; was determined. (a) Ca®>* mobilisation in the presence of
extracellular Ca®*. BAs (10 uM, each) were added 30's after the measurement was started. (b) Concentration—response curves of BAs
in the presence of extracellular Ca>*. The maximal increase in [Ca®"]; obtained within 100s of measurement is given. (c) Ca*"
mobilisation induced by various agonists. The following agonists were used: f-BA (10 uM), thrombin (0.5Uml™"), collagen
(8 ugml™"), and PAF (100nM). (d) Ca?>" mobilisation in the absence of extracellular Ca?*. BAs (10 uM, each) or thrombin
(0.5Uml™") were added 30s after the measurement was started. (¢) Comparison of Ca®>* mobilisation in the presence (black bars)
or absence (white bars) of 1 mM of extracellular Ca>*. The maximal increase in [Ca>*]; after stimulation with thrombin (0.5 U ml™")
or BAs (10 uM, each) was determined within 100 s of measurement. Values are given as mean + s.e., n=5; curves are representative
for at least five experiments. One-way ANOVAs followed by Tukey HSD tests were applied to data related to unstimulated

controls in (b) and (e) *P<0.05 or **P<0.01.

and b). f-BA was effective already at 3 uM, though not yet
significant (Figure 2b). At 10 uM, the maximum increase in
[Ca2*]; (381 +28 nM) elicited was comparable to that obtained
by thrombin (0.5 U ml~"; 3644 34 nM), and exceeded the signal
obtained by PAF (100nM; 62+ 5nM, Figure 2c). However,
thrombin- and PAF-induced Ca®* mobilisation was more
rapid, peaking 5-10s after exposure and (for thrombin) was
more sustained. Collagen (8 ugml~") caused a slow and only
moderate elevation of [Ca>*]; (78 +7nM, after 90s). 11-Keto
BAs caused significant Ca®* mobilisation at higher concentra-
tions (=20-30 uM) (Figure 2b), which again was rather slow.
Thus, the potencies and the kinetics differ between 11-keto-
BAs and their 11-me analogues.

[Ca?*]; was also measured in the absence of extracellular
Ca’>". B-BA, AB-BA (not shown), and AKBA as well as
thrombin evoked an internal Ca®* release with similar kinetics
observed for the total Ca®* response in the presence of
extracellular Ca’?*, respectively (Figure 2D, compare
Figure 2a). Nevertheless, in the absence of extracellular
Ca?™*, elevation of [Ca®*]; was reduced to about 37+14%
for thrombin and 28 +17% for $-BA, as compared to the total

Ca*™ response (Figure 2e¢).

B-BA-, but not AKBA-induced Ca’ ™ mobilisation is PLC
dependent

U-73122 (3uM) and 2-aminoethoxydiphenylborate (2-APB,
50 uM) were used to examine the participation of PLC in BA-
induced Ca?* mobilisation. Cells were stimulated with f-BA
or AKBA (10 uM each), with thrombin (positive control), or
thapsigargin (TG, negative control). Thrombin evokes Ca**
elevations via a GPCR/PLC-dependent pathway (Coughlin,
2000), whereas TG induces Ca?™ mobilisation by inhibition of
the ER Ca’*-ATPase, thus circumventing PLC and GPCR
signalling (Gouy et al., 1990). Thrombin- and S-BA-induced
Ca’" elevation was strongly suppressed by U-73122
(Figure 3a), both, in the presence and in the absence of
extracellular Ca®>* (Table 1). In contrast, Ca>* mobilisation
induced by TG was not suppressed by U-73122, and the
response to AKBA was even potentiated (Figure 3a, Table 1).
Generally, U-73122 preincubation already caused a slight
elevation of the resting Ca’*t levels (Figure 3a). U-73343,
the inactive analogue of U-73122, had no effect (not shown).
2-APB (50 uM) (Maruyama et al., 1997), an inhibitor of IPs-
mediated elevations in cytosolic [Ca®T], also suppressed Ca® ™"

British Journal of Pharmacology vol 146 (4)



518 D. Poeckel et al B-Boswellic acids and platelets

a thrombin thapsigargin B-BA AKBA
500 A
=
£ 400 {
&
© +U
O
o 300 -
o
Y
& 200 A +U
S
E
© 1001 | R | I
0- 20s
b 140 1
120
&N E 100 -
5
g3 e
§ % 60 4
o <
g 8
£ g 40 4
20 -
O B
¢ 3501 4 yen +PP2 +PP3 + SUBB56
300 -
s
=
= 250
N
3
© 200 A
0
5 150 1
=
8 100 1
= B-B B-BA B-BA p-BA
50 1\ M \ L_//
0 D —_
20s

Figure 3 Modulation of f-BA-induced Ca®* mobilisation by pharmacological inhibitors. (a) Effects of U-73122. Fura-2-loaded
platelets (10°ml~' PG buffer) were preincubated with U-73122 (3 uM, trace labelled  + U’) or vehicle (DMSO) for 15min. CaCl,
(1 mM) was added 2 min prior stimulation with thrombin (0.5 U ml™"), thapsigargin (0.1 uM), or BAs (10 uM, each), and [Ca’*]; was
determined. Curves are representative for at least five experiments. (b) Effects of argatroban (100ng ml~"), WEB 2086 (30 uM), NF
449 (1 um), or MRS-2179 (10 uM). Fura-2-loaded platelets (108 ml~' PG buffer) were preincubated with the indicated compounds or
vehicle (DMSO) for 15min. CaCl, (1 mM) was added 2min prior stimulation with 10 uM B-BA. The maximal increase in [Ca**];
determined within 100 s of measurement is expressed as percentage of control (10 uM -BA). Values are given as mean +s.e., n=>5.
(c) Effects of Src family kinase inhibitors. Fura-2-loaded platelets (10 ml~' PG buffer) were preincubated with PP2 (3 um), PP3
(3 um), SU6656 (10 uM), or vehicle (DMSO) for 15 min. CaCl, (I mM) and f-BA (10 uM) were added, and [Ca®"]; was determined.
Curves are representative for at least four experiments.

mobilisation induced by p-BA in the presence (73+7% that Ca®>* mobilisation induced by B-BA is mediated by the
inhibition, n=3) and in the absence of Ca’" (54+11% PLC/IP; signalling pathway.

inhibition, n=3). An equal reduction was found for the Since f[-BA could first induce the generation of an
thrombin response (not shown). Collectively, our data indicate endogenous platelet agonist that in turn causes PLC/IP;-coupled

British Journal of Pharmacology vol 146 (4)
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Table 1 Effects of U-73122 on Ca?" mobilisation in
the absence and presence of Ca?*

—Ca’t (+EDTA)
residual signal
(percentage of control)

+Ca’* residual signal
(percentage of control)

Thrombin 1044 (n=5)** 1243 (n="5)**
TG 90+12 (n=5) 116419 (n=4)
B-BA 542 (n=6)** 2348 (n=6)**
AKBA 170+ 68 (n=>5) 202441 (n=5)

Fura-2-loaded platelets (105ml~" PG buffer) were preincu-
bated with U-73122 (3uMm) for 15min. CaCl, (1 mM) or
EDTA (I mM) were added, and after 2min, platelets were
stimulated with thrombin (0.5 Uml™"), TG (0.1 um), or BAs
(10 uM, each). Maximum amplitudes were compared to
control measurements in the absence of U-73122. Data are
expressed as meants.e., n=4-6 (see table). Statistical
analysis (#-tests for correlated samples, inhibitor versus
control samples for each stimulus) was performed prior to
data normalisation, **P<0.01.

elevation of [Ca®™};, antagonists of typical platelet stimuli were
utilised to unravel such an autocrine mode of action. The
thrombin antagonist argatroban (100ngml~") failed to sig-
nificantly suppress the effects of f-BA (Figure 3b), whereas it
completely blocked thrombin-induced Ca>* mobilisation (not
shown). Similarly, the PAF receptor antagonist WEB 2086
(30 uM) as well as the purinergic receptor antagonists NF-449
(1 uMm, targeting P2X,) and MRS-2179 (10 uM, targeting P2Y,,
and P2Y,) did not markedly affect f-BA-induced elevation of
[Ca*™]; (Figure 3b), although these compounds abolished the
responses induced by their respective agonists (not shown).

Src family kinases are involved in B-BA-induced Ca’™*
mobilisation

The role of Src family kinases in B-BA-induced Ca’"
mobilisation was assessed using the selective Src family kinase
inhibitors PP2 (and its inactive analogue PP3) (Hanke et al.,
1996) and SU6656 (Blake et al., 2000). PP2 (3 uM) blunted the
Ca’* response initiated by 8-BA (92+2% inhibition, n =7, see
Figure 3c) whereas the inactive analogue PP3 (3 uM) was
hardly effective (89+8% residual activity, n=4, see
Figure 3c). Also, the structurally unrelated Src kinase inhibitor
SU6656 (10 uM) likewise abolished the -BA signal (9341%
inhibition, n=4, Figure 3c). In sharp contrast, no such
inhibitory effects of PP2 on Ca>* signals induced by thrombin,
PAF, or AKBA were apparent (not shown).

B-BA induces MAPK activation and Akt/PKB
phosphorylation

All BAs tested led to a concentration-dependent activation of
p38 MAPK in platelets (Figure 4a). Moreover, f-BA (and Af-
BA, not shown) also concentration-dependently (10-100 M)
activated ERK?2 (Figure 4b), which was maximal 30-60s upon
stimulation, slightly preceding thrombin-induced ERK2
activation (maximum after 2min) (Figure 4c). The ECs, for
thrombin to activate p38 MAPK and ERK?2 was determined at
~1Uml™" (not shown). AKBA (and KBA, not shown) were
virtually ineffective to activate ERK2. U-73122 (not shown) as
well as the Ca®* chelators EDTA and BAPTA/AM, moderately
reduced f-BA-induced ERK2 activation (Figure 4d and e),
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Figure 4 BAs induce the activation of MAPKs. Activation of p38
MAPK (a) and ERK2 (b). Platelets (10°ml~' PGC buffer) were
stimulated with the indicated concentrations of the BAs at 37°C.
Reactions were terminated after 1 min to assess ERK2 phosphor-
ylation, and after 1.5min to assess p38 MAPK phosphorylation.
Samples were subjected to SDS-PAGE and Western blotting using
phospho-specific antibodies against the dually phosphorylated form
of the MAPKSs. (c) Time course of ERK?2 activation in the presence
of Ca”*. Platelets (10°ml~! PGC buffer) were stimulated with f-BA
(30 uM) or thrombin (1 Uml™") at 37°C for the indicated times and
phosphorylation of ERK2 was determined. (d) ERK?2 activation by
B-BA in the absence of Ca®". Platelets (10°ml™" PG buffer
containing 1 mM EDTA and 30 umM BAPTA/AM) were preincubated
for 15min at RT, stimulated with the indicated concentrations of /-
BA for I min and phosphorylation of ERK2 was determined. (e)
Time course of ERK2 activation by f-BA in the absence of Ca*™.
Platelets (10°ml~" PG buffer containing 1 mM EDTA and 30 um
BAPTA/AM) were preincubated for 15min at RT, stimulated with
30uM B-BA, and phosphorylation of ERK2 was determined after
the times indicated. The relative intensities (rel. int.) of blot bands
were determined by densitometry using the BioRad Quantitate One
software. The results shown are representative of at least three
independent experiments.

indicating that PLC and Ca®* may contribute, but are not
absolutely required.

p-BA concentration-dependently increased the phosphor-
ylation of Akt at Ser473, whereas AKBA had no significant
effect (Figure 5a). Again, the effects of f-BA were comparable
to thrombin. Thus, Akt phosphorylation induced by -BA was
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Figure 5 f-BA induces phosphorylation of Akt. (a) Concentra-
tion-response experiments. Platelets (10°ml~' PGC buffer) were
stimulated with the indicated concentrations of BAs for 4min at
37°C and Akt phosphorylated at Ser473 was assessed. (b) Time
course of Akt phosphorylation. Platelets (10°ml~' PGC buffer) were
incubated with B-BA (30 uM) or thrombin (1 Uml™") at 37°C for the
indicated times and Akt phosphorylation was assessed. (c) Effects of
U-73122 and wortmannin (wortm) on Akt phosphorylation.
Platelets (10°ml~' PGC buffer) were preincubated with 3 uM U-
73122 or 200 nM wortmannin as indicated and then stimulated with
B-BA (30 uM) or thrombin (1 Uml™"), respectively, for 4min at 37°C
and Akt phosphorylation was assessed. The relative intensities (rel.
int.) of blot bands were determined by densitometry using the
BioRad Quantitate One software. Results are representative of at
least three independent experiments.
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most pronounced after 2-5min (Figure 5b), and was
completely blocked by the PI 3-K inhibitor wortmannin
(wortm., 200nM) and strongly blunted by U-73122
(Figure 5c). Moreover, removal of total Ca®>* with EDTA
and BAPTA/AM abolished the effect of f-BA (not shown).
Similar inhibitory effects on Akt phosphorylation by wort-
mannin and U-73122 (Figure 5c) as well as by Ca®>* removal
(not shown) were seen when thrombin was used as stimulus.

Induction of cell viability assessment and AA release

The effects of BAs on platelet viability were determined by
analysis of the particle distribution pattern of washed platelet
samples treated with f-BA, AKBA (30 uM, each), DMSO,
or Ca’" ionophore A23187 (5 uM) for 15min at 37°C. Particle
size spreading (given by the particle volume, unit: fl, horizontal
axis) and numbers were similar for f-BA, AKBA, and DMSO,
whereas ionophore-induced platelet lysis caused a hetero-
geneous dispersion (Figure 6a). Thus, exposition of platelets
to B-BA for 15min does not seem to affect cell viability.

An elevation of [Ca®"]; and/or activation of members of
the MAPK family are considered important for the liberation
of AA by the cPLA, (Gijon & Leslie, 1999). Incubation of
[PH]AA-labelled platelets with f-BA caused a concentration-
dependent increase in the amounts of [PH]AA released into the
medium. At 30 uM, B-BA was equipotent to 2 U ml~! thrombin
(Figure 6b).

Effects of B-BA on aggregation

In recalcified (1.5mM CaCl,, free Ca®>* was calculated as
approx. 1 mM) PRP, -BA (10 or 30 uM) stimulated aggregation

*
*

3 10 30 100 tb
uM B-BA

Figure 6 f-BA induces the liberation of AA; effects on cell viability. (a) Analysis of cell viability. Washed platelets were
resuspended in PGC buffer and exposed to the indicated stimuli (vehicle (DMSO), 30 um p-BA, 30 um AKBA, 5 um A23187, from
top) for 15min at 37°C. The particle size distribution pattern and particle number in each sample was determined. DMSO (negative
control, viable cells) and A23187 samples (positive control, lysed cells) were used as reference. Curves are representative for at least
three independent determinations. Cell count values are given as mean + s.e., n=3-4. (b) f-BA induces the release of AA. Platelets
were labelled with [PH]AA for 2h. CaCl, (I mM) was added to the cells (10® in 1ml PG buffer), and after 2.5min, cells were
stimulated with the indicated concentrations of f-BA or 2Uml~! thrombin (tb). [PH]AA released into the medium was measured
after 5min at 37°C. Data are expressed as increase over unstimulated cells, values are given as mean +s.e., n = 5. Statistical analysis
(directed z-tests for correlated samples) was applied to original data prior to normalisation, * P <0.05.
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6-8min after addition (Figure 7a, middle left trace). In
contrast, aggregation induced by collagen (1pugml™") was
much more rapid (Figure 7a, middle right trace). Spontaneous
aggregation due to unspecific platelet activation (e.g. stirring)
occurred after > 12—-15min. Similarly, in samples that received
AKBA (30 um), aggregation was first evident after approx.
12 min (Figure 7a, lower trace). In contrast, in citrate-chelated
PRP (no Ca’?"), B-BA (30 uM) caused no aggregation, whereas
collagen remained a full agonist (Figure 7b). Also, no
unspecific aggregation was observed in the absence of
extracellular Ca*>*. The Ca>* dependency of the B-BA effect
was confirmed using PRP diluted in a Ca’*-containing
HEPES buffer (14% PRP, final concentration). Under these
conditions, aggregation induced by f-BA (30 uM) was more
rapid (after 4-6 min) than in pure PRP (Figure 7c). DMSO and
AKBA (30 uM) were inactive, and collagen again acted as an
immediate and full agonist (Figure 7c). It should be noted that
in diluted PRP without Ca>*, none of the stimuli induced
aggregation (not shown). Together, f-BA-stimulated aggrega-
tion strictly depended on the presence of extracellular Ca*.

Thrombin generation and expression of activation
markers

p-BA was tested for its ability to generate thrombin from PRP,
expressed as the ETP. -BA (10 uM) potently stimulated
thrombin generation, whereas AKBA (10 uM) was inactive
(Figure 8a, left panel). Although collagen was only moderately
superior to -BA in the peak thrombin generation velocity,
there was again a delayed onset of the f-BA effect, visualised
by the kinetic progression of the ETP (Figure 8b). In the
absence of Ca®*, neither stimulus induced a marked increase
in the ETP over time although analysis of the ETP-AUCs
revealed a slight stimulatory effect of S-BA (10 uM) as
compared to DMSO and collagen that both were inactive
(Figure 8a, right panel).

Finally, the expression of the activation markers PAC-1 (the
activated GPIIb/IIIa-receptor for fibrinogen) and CD62,
which indicates the release of platelet alpha-granules, were
assessed. Incubations were carried out in (I) whole blood
(containing 3.13% citrate), (II) recalcified PRP, and (III)
washed platelets in Ca’*-containing PGC buffer, for 2 or
15 min. Neither f-BA (30 or 100 uM) nor AKBA (30 uM) led to
a significant expression of CD62 and PAC-1 under all
experimental settings (I-111), whereas TRAP (used as positive
control) was a strong activator (Figure 8c).

Discussion

We identified 11-me-BAs (i.e. f-BA) as naturally occurring
compounds that induce central signalling pathways and that
elicit select functions in human platelets. Depending on the
structure of the BAs, the effectiveness and the routes, utilised
to activate downstream signalling pathways and functional
responses, are highly distinct. For -BA, Src family kinases
and the PLC/IP; pathway seem to be involved in Ca**
mobilisation, and f-BA causes activation of ERK2 and the
PI 3-K/Akt route. Moreover, fi-BA induces the release of AA,
a pronounced generation of thrombin, and Ca®*-dependent
platelet aggregation. In contrast, AKBA-induced Ca>* mobi-
lisation is not connected to Src family kinases and PLC/IP;
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Figure 7 Effects of f-BA on platelet aggregation. (a) Aggregation
in recalcified PRP (PRP ™). Samples were stimulated with vehicle
(DMSO, 0.3%), p-BA (30 um), collagen (1ugml™'), or AKBA
(30 um) as indicated and aggregation curves were recorded (max-
imum 15min). The aggregation response is given as per cent of the
maximal light transmission A,,,. Curves are representative for at
least five independent determinations. (b) Aggregation in citrate-
chelated PRP. The experimental conditions were the same as above,
n=4. (c) Aggregation in PRP diluted in Ca®*-containing HEPES
buffer, n=>5.
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signalling, and AKBA failed to induce phosphorylation of Akt
and ERK2, as well as functional platelet responses.

Among the BAs tested for Ca’>* mobilisation, -BA is
the most potent analogue. At 10uM, the effectiveness of
pB-BA exceeded that of PAF or collagen, and was comparable
with that of the potent platelet agonist thrombin. Such
p-BA concentrations are in the range of S-BA levels in
human plasma (10.1 uM), determined after oral applica-
tion of 4 x 786 mg BS extract/day within 10 days (Buchele &
Simmet, 2003). The 3-O-acetyl group slightly hampers
(receptor-)activation and the 11-keto moiety significantly
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decreases the potency and also alters the signalling routes in
platelets. In sharp contrast to platelets, only 11-keto BAs, but
not 11-me-BAs, caused stimulation of PMNL (Altmann et al.,
2002; 2004). Possibly, PMNL and platelets selectively express
closely related but not identical receptors specific for AKBA or
11-me-BAs, respectively. Important receptors for soluble
agonists known to regulate [Ca®*]; in platelets are the
purinergic P2X, and P2Y,;, receptors, the TXA, receptor,
the PAF receptor, the 5-HT,, receptor, and the PAR-1 and -4
(Jackson et al., 2003). Whether f-BA acts at one (or more) of
these receptors is unknown. However, antagonists of thrombin
(argatroban), PAF (WEB 2086), and ADP (NF449 and
MRS2179) did not affect f-BA-induced Ca>* mobilisation.
Thrombin is the most potent platelet agonist acting via
PAR-1 and -4. PARs are coupled to trimeric Gq/Gi/G2/13
proteins enabling the Go and Gf}y subunits to stimulate PLC-f
subtypes (Lee et al., 1996; Coughlin, 2000), resulting in IPs-
dependent Ca®™ mobilisation from intracellular storage sites
with concomitant store-operated Ca>" entry (Rosado & Sage,
2001). In analogy to thrombin, B-BA caused Ca’* mobilisa-
tion from internal stores, which was sensitive to U-73122 and
to 2-APB, confirming the involvement of PLC/IP;. However, it
should be noted that PLC/IP;-independent effects of U-73122
(Broad et al., 1999) and 2-APB on cellular Ca® ™ influx systems
have been reported (Dobrydneva & Blackmore, 2001). Of
interest, the proximal routes mediating PLC/IP;-dependent
Ca’* mobilisation appear to be different for S-BA and
thrombin (or PAF). Thus, Src family kinase inhibitors
abolished the f-BA-induced response, but not the responses
elicited by thrombin or PAF. PLC-y is the most abundant PLC
isoform in platelets (Lee ef al., 1996) and is an operative
element in Ca’" mobilisation mediated by adhesion receptors
(Rhee, 2001). Whereas, soluble ligands such as thrombin,
ADP, PAF, or TXA, act vie GPCRs to stimulate PLC-f
isoenzymes, the PLC-y isoforms are regulated through
phosphorylation by Src family kinases (Rhee, 2001). In
analogy to agonists that act via adhesion receptors but unlike
thrombin, f-BA may utilise the Src family kinases/PLC-y
pathway to induce Ca’" mobilisation. Another difference
between f-BA- and thrombin-mediated Ca>* mobilisation is

<

Figure 8 Thrombin generation and activation marker expression.
(a) Thrombin generation was assessed in recalcified PRP (given as
ETP peak velocity, left bar chart), or citrate-chelated PRP (given as
ETP-AUC, right bar chart). PRP and buffer containing the
indicated stimuli were added to each well of a 96-well microtitre
plate. B-BA (10 um), AKBA (10uM), collagen (2ugml~', final
concentrations each), and vehicle (DMSO) were tested for their
ability to induce thrombin generation. Data are expressed as
mean +s.e., n=4 (f-BA, AKBA, collagen) or n=2_8 (vehicle). One-
way ANOVA and Tukey HSD tests were performed, **P<0.01. (b)
Representative original traces of the ETP kinetic progression. Cells
in recalcified PRP were stimulated as described above. (c)
Expression of the platelet activation markers CD62 and PAC-I.
Flow cytometry in recalcified PRP was performed as described in
the Methods section. Expression of CD62 (left bar chart) and PAC-1
(right bar chart) after stimulation with vehicle (DMSO), f-BA
(30 um), AKBA (30 um), or TRAP (10 uM) is given. The percentage
of CDG62-positive cells (%) as well as their mean channel
fluorescence intensity (MFI) was determined (left diagram). Right,
a histogram of PACI-FITC against cell events was generated and
MFI of total platelet population was recorded., n=4. One-way
ANOVA and Tukey HSD tests were performed, *P<0.05 or
**P<0.01.
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the significant delay of the response to f/-BA as compared to
the rapid effect of thrombin. Possibly, aside of acting as a
direct ligand at a certain (adhesion) receptor, -BA may first
induce the generation of an endogenous agonist that in turn
causes PLC-y/IPs-coupled Ca?* mobilisation via (adhesion)
receptors. Attempts to unravel a putative autocrine mode of
action are in progress in our laboratory.

Typical platelet agonists such as thrombin, collagen, or
TXA, activate PI 3-K and its downstream effector Akt,
important mediators of agonist-induced platelet activation
(Kim et al., 2004), as well as p38 MAPK and ERKs (Papkoff
et al., 1994; Kramer et al., 1995; Saklatvala et al., 1996). The
MAPK are a point of convergence of complex signalling
networks, regulating cell proliferation and differentiation
(Papkoff et al., 1994). In platelets, the functions of MAPK
are mainly uncharacterised and the signal transduction steps
are poorly understood. All BAs tested activated p38 MAPK
with similar efficacy, but only -BA (and AfS-BA) rapidly and
significantly activated ERK2. Also, f-BA, but not AKBA,
evoked Akt phosphorylation, and in analogy to thrombin, the
PI 3-K and/or the PLC/Ca>* pathway is involved. Therefore,
the receptor for BAs mediating p38 MAPK activation might be
different from that transmitting signals to activate ERK2 and
Akt. The latter (11-me-BA specific) receptor may also mediate
increases in [Ca®> "], generation of thrombin, release of AA and
aggregation, since AKBA and KBA failed to elicit these events.

Investigation of the platelet functions elicited by S-BA
provided controversial results. As a rule, the distinct responses
of activated platelets depend on the strength (potency) of the
agonist, and these responses can be ordered in an activation
sequence: (1) aggregation, (2) granule secretion, (3) AA
liberation, and (4) acid hydrolase secretion (Steen & Holmsen,
1987). For the induction of these responses, the magnitude of
Ca®>* mobilisation is an important parameter. In fact, f-BA
(10-30 uM) substantially elevated [Ca®*]; and potently induced
thrombin generation, being equipotent in this respect with
collagen at 2 ugml~! in a model utilising native platelets. Also,
p-BA potently evoked the liberation of free AA from washed
platelets, although at concentrations slightly higher than those
required for Ca>* mobilisation, probably due to the presence
of fatty acid-free albumin that may bind BAs. In general,
liberation of free AA is a response distal of aggregation and
degranulation, and its induction normally requires a potent
agonist-activating platelets with high strength. Surprisingly,
however, the efficacy of f-BA was much reduced for the
induction of aggregation. In contrast to collagen, the response
of f-BA was strictly dependent on the presence of extracellular
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