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Abstract

During platelet activation, fibrinogen binds to its specific platelet receptor, integrin oy pBs, thus completing the final common pathway for platelet
aggregation. Norcantharidin (NCTD) is a promising anticancer agent in China from medicinal insect blister beetle. In this study, we provided the
evidence to demonstrate NCTD (0.1-1.0 pM) possesses very powerful antiplatelet activity in human platelets; nevertheless, it had no effects on
surface P-selectin expression and only slight inhibition on ATP-release reaction in activated platelets. Moreover, NCTD markedly hindered inte-
grin oy B3 activation by interfering with the binding of FITC-labelled PAC-1. It also markedly reduced the number of adherent platelets and the
single platelet spreading area on immobilized fibrinogen as well as clot retraction. Additionally, NCTD attenuated phosphorylation of proteins
such as integrin B3, Src and FAK in platelets spreading on immobilized fibrinogen. These results indicate that NCTD restricts integrin oy;,f33-
mediated outside-in signalling in human platelets. Besides, NCTD substantially prolonged the closure time in human whole blood and increased
the occlusion time of thrombotic platelet plug formation and prolonged the bleeding time in mice. In conclusion, NCTD has dual activities, it can
be a chemotherapeutic agent for cancer treatment, and the other side it possesses powerful antiplatelet activity for treating thromboembolic
disorders.
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Introduction

Platelets are anucleate blood cells with crucial roles in thrombosis
under both physiological and pathological conditions. They are critical
for maintaining the integrity of the vascular system and are the first
line of defence against haemorrhage. On encountering a subendothe-
lial matrix exposed by injury to a vessel, platelets adhere, are acti-
vated and become adhesive to other platelets, leading to further
aggregation [1]. During platelet activation, fibrinogen binds to its
specific platelet receptor, glycoprotein (GP) Ilb/Illa complex (also
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known as integrin oyBs3), thus completing the final common pathway
for platelet aggregation.

Integrin oypP3 is formed through calcium-dependent association
of oyp and PBs, an essential step in normal platelet aggregation and
endothelial adherence. In resting platelets, integrin oypB3 is normally
in a low activation state, unable to interact with fibrinogen. Platelet
stimulation with various agonists can induce a conformational change
in integrin oy,3, enabling it to bind to its ligands (i.e. fibrinogen and
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von Willebrand factor), resulting in platelet aggregation onset; this
process is known as inside-out signal transduction [2]. Meanwhile,
the binding of fibrinogen to active high-affinity integrin oy pPs
becomes progressively irreversible, initiating a series of intracellular
signalling events, including intracellular calcium mobilization, tyrosine
phosphorylation of numerous proteins, activation of phosphoinositide
metabolism and cytoskeleton reorganization; this process is often
referred to as outside-in signalling [2]. These outside-in reactions,
originating in the integrin oy;,3 bound to fibrinogen, are required for
maximal secretion, procoagulation and clot retraction [2].

In addition to the regulation of thrombosis and haemostasis, pla-
telets also have a role in tumour cell growth and metastasis. An inter-
play between platelets and tumour cells contributes to tumour cell
growth and subsequently to malignancy progression and survival [3].
Platelet o-granules are sources of a wide range of growth factors and
cytokines contributing to tumour metastasis. Following platelet acti-
vation, a myriad of angiogenic proteins (i.e. vascular endothelial
growth factor) and growth factors are released from the platelets into
the tumour microenvironment to enhance tumour cell growth. In
addition, platelets facilitate tumour cell adhesion to the vascular
endothelium and the formation of a protected tumour cell microenvi-
ronment [4]. Platelets adhere to tumour cells through adhesion
receptors, such as integrin oypBs, GP Ib-IX-V and P-selectin [3, 5].
Notably, the abundant platelet integrin opB3 plays a major role in the
platelet-tumour cell interaction process [3, 5, 6]. Moreover, tumour
cells can induce platelet activation through various mechanisms, and
their metastatic potential relies on their ability to activate platelets [3].
Tumour cells secrete thrombin and ADP, which further amplify plate-
let activation and recruit platelets to participate in tumour cell-induced
platelet aggregation (TCIPA) and promote tumour cell survival within
the circulation [3, 6, 7]. TCIPA also up-regulates the expression of
platelet integrin oy ,B3 and P-selectin, which bind to mucin-type GPs
on the surface of tumour cells, thereby potentiating platelet-tumour
cell interactions [8].

Norcantharidin (NCTD; exo-7-oxabicylo-[2.2.1] heptane-2,3-dicar-
boxylic anhydride) is a demethylated analogue of cantharidin (7-oxa-
bicyclo-[2.2.1] heptane-2,3-dicarboxylic acid) derived from the dried
body of a medicinal insect, the blister beetle (Mylabris phalerata Pal-
las; Fig. 1A) [9]. In China, NCTD has been used to treat patients with
cancers, such as hepatocellular carcinoma, breast cancer, colon can-
cer and leukaemia, for many years [10]. The antitumour activities of
NCTD are multifarious: it can cause apoptosis, inhibit angiogenesis
and metastasis in many cell lines and affect multiple pathways con-
trolling cell proliferation [11]. In addition, NCTD can repress breast
cancer cell adhesion to platelets through down-regulation of integrin
ap, an adhesion molecule present on the cancer cell surface [12]. Our
preliminary findings revealed that NCTD exhibits extremely strong
inhibitory activity against the activation of human platelets, thus
encouraging us to further examine the characteristics and functional
activity of NCTD in platelet activation. This study provides novel evi-
dence that in addition to antitumour activity, NCTD has potent antipla-
telet activity through the blockade of fibrinogen—integrin oy pf3
binding, which may elicit its antithrombotic and antitumour activities.
Therefore, NCTD can be developed into a new class of antiplatelet
agents.

© 2018 The Authors.

J. Cell. Mol. Med. Vol 22, No 4, 2018

Materials and methods

Chemicals and reagents

NCTD (99.5%), collagen, luciferin-luciferase, U46619, heparin, prosta-
glandin Ey (PGE4), bovine serum albumin (BSA), arachidonic acid (AA),
fibrinogen, FITC-phalloidin and thrombin were purchased from Sigma-
Aldrich (St. Louis, MO, USA). An anti-integrin B3 monoclonal antibody
(mAb) and anti-phospho-integrin Bs (Tyr’>®) polyclonal antibody (pAb)
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Anti-phospho-Src family (Tyr*®) and anti-phospho-FAK (Tyr®®”) mAbs,
as well as an anti-Src family pAb, were purchased from Cell Signaling
(Beverly, MA, USA). An anti-Focal adhesion FAK pAb was obtained from
Millipore (Billerica, MA, USA). FITC-anti-human CD42P (P-selectin) and
FITC-anti-human CD41/CD61 (PAC-1) mAbs were obtained from BioLe-
gend (San Diego, CA, USA). Protein G Mag Sepharose Xtra Beads were
purchased from GE Healthcare (Uppsala, Sweden). A Hybond-P PVDF
membrane, an enhanced chemiluminescence Western blotting detection
reagent, horseradish peroxidase (HRP)-linked donkey antirabbit
immunoglobulin G (IgG) and sheep antimouse 1gG were purchased from
Amersham (Buckinghamshire, UK). The Dade Behring PFA-100 colla-
gen/ADP (CADP) test cartridge was obtained from Siemens Healthcare
(Erlangen, Germany).

Platelet aggregation

This study was approved by the Institutional Review Board of Taipei Medi-
cal University and conformed to the directives of the Declaration of Helsinki.
All human volunteers involved in this study provided informed consent.
Human platelet suspensions were prepared as described previously [13].
Human blood samples were obtained from adult volunteers who had
refrained from the use of drugs or other substances that could interfere
with the experiment for at least 14 days before collection; the collected
blood samples were mixed with an acid—citrate—dextrose solution. After
centrifugation, the platelet-rich plasma was supplemented with 0.5 uM
PGE; and 6.4 1U/ml heparin. Tyrode’s solution containing 3.5 mg/ml BSA
was used to prepare the final suspension of washed human platelets; the
final Ca®* concentration in Tyrode’s solution was 1 mM. The platelet aggre-
gation test was performed with a lumi-aggregometer (Payton Associates,
Scarborough, ON, Canada) as described previously [13]. Various concen-
trations of NCTD or solvent control (0.1% DMSQ) were preincubated with
platelet suspensions (3.6 x 102 cells/ml) for 3 min. before adding the
agonist (i.e. thrombin). The extent of platelet aggregation was calculated
as the percentage of light transmission units of the control (without
NCTD) after the reaction proceeded for 6 min. For ATP release assay
tests, 20 pl of luciferin-luciferase was added 1 min. before adding the
agonist; the amount of ATP released was compared with that released by
the control.

Detection of lactate dehydrogenase

Washed platelets (3.6 x 102 cells/ml) were preincubated with 10, 20
and 50 uM NCTD or the solvent control (0.1% DMSQ) for 20 min. at
37°C. An aliquot of the supernatant (10 pl) was deposited on a Fuiji Dri-
Chem slide LDH-PIIl (Fuji, Tokyo, Japan), and the absorbance wave-
length was read at 540 nm on an ultraviolet-visible spectrophotometer
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Fig. 1 Inhibitory activity of norcantharidin (NCTD) in platelet aggregation stimulated by various agonists in washed human platelets. (A) Chemical
structure of NCTD. (B) Washed human platelets (3.6 x 10% cells/ml) were preincubated with the solvent control (0.1% DMSO0) or NCTD (0.1—
1.0 uM) and subsequently treated with 1 pg/ml collagen (O), 0.01 U/ml thrombin (V), 1 pM U46619 (O) and 60 pM arachidonic acid (AA; ¢) to
stimulate platelet aggregation. (C) Concentration-response curves of NCTD in inhibition of platelet aggregation (%). All data are presented as

means + standard errors of the means (n = 4).

(UV-160; Shimadzu, Japan). The maximal level of lactate dehydrogenase
(LDH) from Triton-lysed platelets was noted.

Flow cytometric analysis of surface P-selectin
expression and integrin oypp3 activation in
human platelets

Platelet P-selectin expression and integrin oy,3 activation were detected
through flow cytometry. In brief, washed platelets (3.6 x 108 cells/ml)
were preincubated with NCTD (0.15 and 0.3 uM) and the FITC-conjugated
anti-P-selectin mAb (2 pg/ml) or FITC-conjugated PAC-1 mAb (2 pg/ml)
for 3 min. and then stimulated by thrombin (0.01 U/ml) for another
5 min. The suspensions were then assayed for fluorescein-labelled plate-
lets on a flow cytometer (FACScan system; Becton Dickinson, San Jose,
CA, USA). Data were collected from 50,000 platelets per experimental
group, and the platelets were identified on the basis of their characteristic
forward and orthogonal light-scattering profiles. All experiments were
repeated at least four times to ensure reproducibility.

Confocal microscopic analysis of platelet
adhesion and spreading

Here, eight-chamber glass tissue culture slides were coated with either
BSA (100 pg/ml) or fibrinogen (100 pg/ml) at 4°C overnight. After being
washed with phosphate-buffered saline (PBS) two times, the slides were
blocked with 1% BSA in PBS for 1 hr and then again washed with PBS
two times. Washed platelets (3.0 x 10% cells/ml) preincubated with
NCTD (0.15 and 0.3 pM; 5 min. at 37°C) or the solvent control (0.1%
DMSO0) was allowed to spread on the protein-coated surfaces at 37°C for
45 min. After the removal of unbound platelets and two washes with
PBS, the bound cells were fixed (4% paraformaldehyde), permeabilized
(0.1% Triton) and stained with FITC-labelled phalloidin (10 pM) for 1 hr.
All confocal studies were performed with a Leica TCS SP5 microscope
equipped with a 63x, 1.40 NA oil immersion objective (Leica, Wetzlar,
Germany). Platelet adhesion (cell number) and the platelet surface area
(spreading) were determined using NIH ImageJ software (NIH, Bethesda,
MD, USA; http://rsbweb.nih.gov/ij/).

Platelet-mediated clot retraction

Washed platelets (3.6 x 108 cells/ml) were resuspended in Tyrode’s
solution containing 2 mg/ml fibrinogen and 1 mM CaCl, and then dis-
pensed in 500-pl aliquots in glass tubes designed for aggregation [14].
NCTD (0.15 and 0.3 uM) or the solvent control (0.1% DMSOQ) was
included in the platelet suspension buffer (3 min., 37°C) prior to clot
retraction induction by thrombin (0.01 U/ml) without stirring. The

© 2018 The Authors.

reaction was developed at 37°C in an aggregometer tube and pho-
tographed at the indicated times of 15 and 30 min., respectively.

Immunoblotting

Dishes (6-cm diameter) were precoated with fibrinogen (100 pg/ml) over-
night at room temperature and then blocked with 1% BSA. Washed
human platelets (3.6 x 10% cells/ml) were preincubated with NCTD (0.15
and 0.3 uM) or the solvent control (0.1% DMSO0) for 3 min. and then
added to immobilized fibrinogen dishes for 60 min. at 37°C. The reaction
was then stopped, and the platelets were immediately resuspended in
200 pl of lysis buffer. Samples containing 80 pg of protein were sepa-
rated through 12% SDS gel electrophoresis, and the proteins were elec-
trotransferred to PVDF membranes using a Bio-Rad semi-dry transfer
unit (Bio-Rad, Hercules, CA, USA). The blots were then blocked with Tris-
buffered saline in Tween 20 (TBST; 10 mM Tris base, 100 mM NaCl and
0.01% Tween 20) containing 5% BSA for 1 hr and probed with various
primary antibodies. The membranes were incubated with HRP-linked anti-
mouse 1gG or antirabbit 1gG (diluted 1:3000 in TBST) for 1 hr. An
enhanced chemiluminescence system was used to detect immunoreactive
bands, and their optical density was quantified using Bio-profil Biolight
(version V2000.01; Vilber Lourmat, Marne-la-Vallée, France).

Immunoprecipitation

In this experiment, dishes (6-cm diameter) were precoated with fibrino-
gen (100 pg/ml) overnight at room temperature and then blocked with
1% BSA. Washed human platelets (3.6 x 10% cells/ml) were preincu-
bated with 0.3 uM NCTD or the solvent control (0.1% DMSO) for
3 min. and then allowed to spread on immobilized fibrinogen dishes for
60 min. at 37°C. The platelets were lysed and centrifuged; subse-
quently, TBS containing Protein G Mag Sepharose Xtra beads (10 ul)
was added, and the platelets were incubated with the anti-integrin B3
mAb (1 pg/ml) overnight with rotation. The resulting complexes were
then washed three times with TBST before they were analysed through
immunoblotting as described previously.

Platelet function analysis for whole blood

A Dade Behring PFA-100 system (Dade Behring, Marburg, Germany)
was used to analyse platelet function [15]. Cartridges containing CADP-
coated membranes were preincubated with NCTD (0.15 and 0.3 uM) or
the solvent control (0.1% DMSO) for 2 min. Whole blood aliquots of
0.8 ml were applied per cartridge, and then, the contents were exposed
to high shear flow conditions (5000-6000/sec.). Closure time (CT) was
defined as the time required for a platelet plug to occlude the aperture
in the collagen membrane [15].
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Measurement of sodium fluorescein-induced
thrombus formation in mouse mesenteric
microvessels

Male ICR mice (6 weeks) were anaesthetized using a mixture con-
taining 75% air and 3% isoflurane maintained in 25% oxygen; their
external jugular veins were then cannulated with a PE-10 tube for
administering the dye and drugs intravenously [16]. Venules (30—
40 pm) were irradiated at wavelengths of <520 nm to produce a
microthrombus. Two NCTD doses (0.1 and 0.2 mg/kg) were admin-
istered 1 min. following sodium fluorescein (15 pg/kg) administra-
tion, and the time required for the thrombus to occlude the
microvessel (occlusion time) was recorded. In this experiment, the
method applied to the thrombogenic animal model conformed to the
Guide for the Care and Use of Laboratory Animals (8th edition,
2011) and we received an affidavit of approval for the animal use
protocol from Taipei Medical University (LAC-2016-0395).

Measurement of hleeding time in mouse tail
vein

The bleeding time was measured through transection of the tail of the
mice. In brief, after 30 min. of administering either 0.2 mg/kg NCTD or
150 mg/kg aspirin intraperitoneally, we sharply cut the tail of the mice
at 3 mm from the tip. The tails were immediately placed into a tube
filled with saline at 37°C for measuring the bleeding time, which was
recorded until the bleeding completely stopped.

Statistical analysis

The experimental results are expressed as means =+ standard errors of
the means, along with the number of observations (n). Values of n refer
to the number of experiments; each experiment was performed with dif-
ferent blood donors. The unpaired Student’s t-test was used to determine
significant differences in the occlusion times of mice. The differences
between the groups in other experiments were assessed uSing ANOVA.
When anova results indicated significant differences among group means,
the groups were compared using the Student-Newman—Keuls method. A
P value of <0.05 indicated statistical significance. Statistical analyses were
performed with SAS (version 9.2; SAS Inc., Cary, NC, USA).

Results

Effects of NCTD on human platelet aggregation

As shown in Figure 1B, NCTD (0.1-0.5 uM) strongly and con-
centration-dependently inhibited washed human platelet aggrega-
tion stimulated by either 1 pg/ml collagen or 0.01 [U/ml
thrombin. At higher concentrations of 0.5-1.0 uM, NCTD exhib-
ited similar inhibitory activity against platelet aggregation stimu-
lated by 1 uM U46619, a prostaglandin endoperoxide or 60 uM
AA. The 50% inhibitory concentrations (ICso) of NCTD for plate-
let aggregation induced by collagen, thrombin, U46619 and AA
were approximately 0.25, 0.15, 0.9 and 0.8 uM, respectively;
NCTD exhibited more potent inhibitory activity against thrombin
stimulation than it did against other agonists (Fig. 1C). More-
over, aspirin (20, 50 and 100 uM) concentration-dependently
inhibited platelet aggregation stimulated by 1 pg/ml collagen,
with an 1Cso of approximately 50 pM (data not shown). There-
fore, NCTD is approximately 200 times more potent than aspirin
in inhibiting collagen-stimulated platelet aggregation. The solvent
control (0.1% DMSO) did not affect platelet aggregation signifi-
cantly (Fig. 1B). In subsequent experiments, 0.01 IU/ml thrombin
was used as the agonist for exploring the inhibitory mechanisms
of platelet activation.

Effects of NCTD on LDH release, ATP-release
reaction, surface P-selectin expression and
integrin oypp3 activation

The aggregation curves of platelets preincubated with 5 uM NCTD
for 10 min. and subsequently washed two times with Tyrode’s solu-
tion exhibited no significant differences from those of platelets
preincubated with the solvent control (0.1% DMSQ) under equiva-
lent conditions (Fig. 2A), preliminarily indicating that the effects of
NCTD on platelet aggregation are reversible and noncytotoxic. Fur-
thermore, the LDH study revealed that NCTD (10, 20 and 50 pM)
incubated with platelets for 20 min. did not significantly increase
LDH activity or exert cytotoxic effects on platelets (Fig. 2B),

Fig. 2 Effects of NCTD on cytotoxicity, lactate dehydrogenase (LDH) release, ATP-release reaction, surface P-selectin expression and integrin o33
activation in human platelets. (A) Washed platelets were preincubated with the solvent control (0.1% DMSQ) or NCTD (5 uM) for 10 min. and sub-
sequently washed two times with Tyrode solution; thrombin (0.01 U/ml) was then added to trigger platelet aggregation. (B) Washed human platelets
(3.6 x 108 cells/ml) were preincubated with NCTD (10, 20 and 50 M) for 20 min., and a 10-pl aliquot of the supernatant was deposited on a Fuiji
Dri-Chem slide LDH-PIII as described in ‘Methods’. (C) Moreover, washed platelets (3.6 x 108 cells/ml) were preincubated with NCTD (0.15 and
0.3 uM) or the solvent control (0.1% DMSO0), and 0.01 U/ml thrombin was then added to stimulate the ATP-release reaction (AU; arbitrary unit).
For other experiments (D-E), resting platelets (a) or platelets (3.6 x 102 cells/ml) were preincubated with the solvent control (b, 0.1% DMSOQ) or
NCTD (c, 0.15; d, 0.3 uM) and the FITC-conjugated anti-P-selectin mAb (2 pg/ml) or the PAC-1 mAb (2 pg/ml) for 3 min. and then stimulated by
thrombin (0.01 U/ml) for another 5 min. The suspensions were then assayed for fluorescein-labelled platelets on a flow cytometer (FACScan sys-
tem, Becton Dickinson). Profiles in (A) are representative of four independent experiments. Data in (B-E) are presented as means + standard errors
of the means (n = 4). ***P < 0.001, compared with the resting group; #P < 0.05 and *P < 0.01, compared with the 0.1% DMSO-treated group.

© 2018 The Authors.
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demonstrating that NCTD does not affect platelet permeability or
induce platelet cytolysis.

Platelet activation is associated with ATP release from dense
granules and surface P-selectin expression from o-granules, thus
causing ample platelet aggregation. In quiescent (resting) platelets,
P-selectin is located on the inner wall of a-granules. Platelet acti-
vation results in ‘membrane flipping’, where the platelet releases
a-granules, exposing the inner walls of the granules on the outside
of the cell [17]. In this study, 0.15 and 0.3 uM NCTD only slightly
reduced ATP release by approximately 8% and 21%, respectively;
nevertheless, it had no effect on P-selectin expression after
0.01 U/ml thrombin stimulation (Fig. 2C and D). Platelet aggrega-
tion is dependent on fibrinogen-integrin oy B3 binding; however,
integrin oy,B3 inactivation can lead to disaggregation of aggregated
platelets [18]. To further determine whether NCTD affects integrin
oypPs activation, the binding of the FITC-conjugated PAC-1 mAb
specific for neoepitopes exposed on the activated form of integrin
apP3 was analysed through flow cytometry (Fig. 2E). NCTD
(0.3 uM) considerably hindered integrin oy,B3 activation stimulated
by thrombin. This result indicates that the action mechanism of
NCTD may be associated with its interference in fibrinogen-integrin
OL||ng blndlng

NCTD restricts integrin oy ,p3-mediated outside-
in signalling of cell adhesion and spreading as
well as clot retraction

As shown in the Figure 3A, platelets staining with FITC-conjugated
phalloidin demonstrated that platelets adhered to immobilized fibrino-
gen were significantly more than immobilized BSA. In addition, NCTD-
treated platelets had lower adhesion to and spreading on immobilized
fibrinogen than did 0.1% DMSO-treated platelets (Fig. 3A). As shown
in Figure 3B, control platelets were fixed to immobilized fibrinogen nor-
mally (241.7 + 24.7 platelets/0.01 mm? n = 4), whereas NCTD-trea-
ted platelets exhibited poorer adhesion to the fibrinogen-coated surface
(0.15 uM, 165.3 + 9.1 platelets/0.01 mm? n =4, P < 0.01; 0.3 pM,
121.3 + 12.2 platelets/0.01 mm% n=4, P< 0.001). Compared with
0.1% DMSO-treated platelets (8.0 + 1.5 um? n = 4), the surface cov-
erage of a single platelet treated with NCTD was reduced significantly
(0.15 uM, 4.6 + 0.2 ym? n=4, P<0.01; 0.3 uM, 39 + 0.2 pm?
n=4; P<0.01;Fig. 3C).

Clot retraction of fibrin polymers, the final step in thrombus for-
mation, is essential in aggregate stabilization [19] and a paradigm of
integrin oy P35 outside-in signalling. A clot retraction assay was per-
formed by adding thrombin into a solution containing fibrinogen in
the presence of NCTD-treated or 0.1% DMSO-treated human plate-
lets. As illustrated in Figure 3D, compared with that after 15-min.
incubation, clot retraction after 30-min. incubation was more appar-
ent for the 0.1% DMSO-treated platelets, but it was substantially
reduced for the 0.15 and 0.3 pM NCTD-treated platelets. This result
demonstrates that NCTD induces a deficit in the ability of platelets to
mediate stable interactions with a fibrin matrix, reducing fibrin clot
retraction.

2148

NCTD diminishes integrin oy ,p3-mediated protein
kinase activation

For further elucidating the mechanisms by which NCTD impairs inte-
grin oypP3-mediated outside-in signalling, integrin B3 phosphoryla-
tion, a vital indicator of outside-in signalling, was studied. First, we
examined integrin B3 phosphorylation in platelets exposed to immobi-
lized fibrinogen through an immunoblotting assay and observed that
integrin Bs phosphorylation was significantly attenuated by NCTD
(0.15and 0.3 pM; Fig. 4A). Next, the proteins in the cellular extracts of
the platelets were immunoprecipitated with the anti-integrin Bs mAb,
and the immunoprecipitates were analysed through immunoblotting
with the anti-phospho-integrin B3 Ab; the results revealed that integrin
s phosphorylation was significantly attenuated in the presence of
0.3 uM NCTD (Fig. 4B). In addition, biochemical studies on the lysates
of platelets spreading on immobilized fibrinogen revealed that the pre-
treatment of platelets with NCTD inhibited immobilized fibrinogen-
induced phosphorylation of Src and FAK (Fig. 4C and D). Taken
together, these data suggest that NCTD markedly impairs integrin
oy pPs-mediated outside-in protein phosphorylation.

Inhibition of ex vivo and in vivo thrombus
formation by NCTD

Shear-induced platelet plug formation in whole blood was analysed
ex vivo. The PFA-100 system was used to mimic the in vivo conditions
of blood vessel injury. Platelets were exposed to a high shear rate, and
the time required for platelet aggregation to occlude an aperture in a
collagen-coated membrane was recorded. The CT of the CADP-coated
membrane in whole blood treated with the solvent control (0.1%
DMSO0) was 95.0 + 3.3 sec. (n = 8; Fig. 5A). Treatment with 0.15
and 0.3 uM NCTD significantly increased this CT to 119.1 & 9.1 sec.
(n=8, P<0.05; Fig. 5A) and 138.6 4 10.0 sec. (n =8, P < 0.01;
Fig. 5A), indicating that the adherence of platelets to collagen was pro-
longed under the flow conditions after NCTD treatment. Furthermore,
we directly evaluated the antithrombotic activity of NCTD in vivo. The
occlusion time in the mesenteric microvessels of mice pretreated with
15 ug/kg fluorescein sodium was approximately 120 sec. We admin-
istered NCTD at 0.1 or 0.2 mg/kg after pretreatment with fluorescein
sodium; the resulting occlusion times were significantly prolonged
after 0.1 and 0.2 mg/kg NCTD treatment compared with those after
DMSO treatment (control, 141.8 + 7.7 sec. versus 0.1 mg/kg NCTD,
168.5 + 9.5 sec., n =8, P < 0.05; control, 123.2 + 9.3 sec. versus
0.2 mg/kg NCTD, 210.2 + 8.7 sec., n = 8, P < 0.001; Fig. 5B). After
irradiation, a thrombotic platelet plug was observed in the mesenteric
microvessels at 150 sec., but not at 5 sec., in the DMSO-treated
group (Fig. 5Ca and b). On administration of 0.2 mg/kg NCTD, platelet
plug formation was not observed at 5 or 150 sec. after irradiation
(Fig. 5Cc and d). The observed blood flow rate in the control venules
was lower than that in the NCTD-treated venules because the platelet
plug appeared only in the control venules at 150 sec. (Fig. 5Cb).

In our tail transection mouse model, after 30 min. of administering
150 mg/kg aspirin intraperitoneally, the bleeding time considerably
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Fig. 3 Controlling effects of NCTD on
human platelet adhesion and spreading on
immobilized fibrinogen as well as clot
retraction. (A) Washed human platelets
(3.0 x 108 cells/ml) were allowed to
spread on the (a) bovine serum albumin
(BSA)- or (b-d) fibrinogen-coated surfaces
at 37°C for 45 min. in the presence of the
(b) solvent control (0.1% DMSQ) or NCTD
(c, 0.15; d, 0.3 uM; 5 min. at 37°C) and
were then fixed with paraformaldehyde to
stop spreading. Platelets were subse-

quently labelled with FITC-conjugated B NE
phalloidin and photographed under a con- E 300 s iw e
focal microscope. (B) The number of 58 150 _I_ S g ]
adherent platelets per 0.01 mm? and (C) S E = l
the average spreading surface area of s= 200 e ‘3 p
individual platelets in six sight views are o= 150 . = ##
plotted. (D) Washed platelets (3.6 x 108 5§37 § 7 iig
cells/ml) were suspended in Tyrode’s 'E % 100 =
solution containing 2 mg/ml fibrinogen g = - gn 2 T
and 1 mM CaCl, with the solvent control = B |—1—| =
(0.1% DMSO) or NCTD (0.15 and 6 0 E 0
0.3 uM). Clot retraction was initiated with Fibrinogen BSA + + + Fibrinogen BSA . + +
thrombin (0.01 U/ml) at 37°C. Images NCTD - DMSO 015 03 NCTD - DMSO 015 03
were photographed at 15- and 30-min.
intervals using a digital camera. Profiles in D
(A) and (D) are representative of four sim-
ilar experiments. Data in (B) and (C) are
presented as means =+ standard errors of
the means (n=4). **P<0.01 and
#*%P < 0,001, compared with the immo-
bilized BSA group; P <0.01 and
##p < 0.001, compared with the 0.1%
DMSO-treated group.
Thrombin = + + + = + + +
Fibrinogen + + . + + + + +
NCTD - DMSO 0.15 03 - DMSO 015 03

increased from 2485 + 37.3 sec. (PBS-treated control group;  exhibits highly potent antiplatelet activity (ICsq, 0.15 pM) ex vivo and
n=10)to 516.9 &+ 77.5 sec. (n=10; P < 0.01). The bleeding time  successfully inhibits arterial thrombogenesis (0.1 mg/kg) in vivo. Pla-
of the 0.2 mg/kg NCTD-treated mice was slightly longer than that of  telets are activated by various physiological stimuli (e.g. collagen,
the solvent control (0.1% DMSO0)-treated mice (266.8 4 40.0 sec.  thrombin and AA); these stimuli are considered to exert their effects
versus 388.7 + 28.9 sec., P < 0.01; n = 10) (Fig. 5D). by interacting with specific receptors on the platelet membrane.
Aspirin has been clinically used for treating and preventing cardiovas-
. . cular diseases (GVDs). Our current results demonstrate that, under
Discussion identical conditions, NCTD has antiplatelet activity that is over 200
times more potent than that of aspirin, indicating that NCTD has

NCTD is a potent drug capable of chemoprevention and tumour inhi-  potential for clinical application in CVD treatment.
bition; therefore, it is suitable for clinical anticancer applications. The NCTD inhibited platelet aggregation stimulation by agonists (i.e.
beneficial effects of NCTD include overcoming multidrug resistance  collagen, thrombin, U46619 and AA) within a limited concentration
and radiation sensitization; thus, NCTD is considered one of the most  range (0.1-1 pM), indicating that NCTD was ineffective against indi-
promising anticancer agents in China [11]. Notably, our results, for  vidual receptors of these agonists. Thus, NCTD probably acts through
the first time, reveal that, in addition to its antitumour activity, NCTD  a common signal cascade against stimulated platelets. A major

© 2018 The Authors. 2149
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B IP Fig. 4 Effects of NCTD on phosphorylation
of integrin B3, Src and FAK on a fibrino-
WB: integrin Bs gen-coated surface. Washed human plate-
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extracts were analysed to determine the
NCTD - DMSO 0.3 levels of (A) integrin s, (C) Src and (D)
FAK phosphorylation. (B) For immunopre-
cipitation study, washed platelets were
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NCTD - DMSO 015 03 8> 1 and the platelets were incubated overnight
. 0 with rotation for immunoblotting. The pro-
Fibrinogen BSA  + * * files in (A) and (B) represent four inde-
NCTD - DMSO 015 03 pendent experiments; all data are
presented as means + standard errors of
= 51 the means (n = 4). **P < 0.01, compared
D 2 1 with the immobilized bovine serum albu-
k- ~ 11 min (BSA)-treated group; *P < 0.05 and
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component of the platelet aggregation response is fibrinogen—integrin
aypP3 binding on activated platelets. Integrin oy,B3 undergoes con-
formational changes upon activation by agonists, such as collagen
and thrombin, developing a specific ligand-binding site for fibrinogen,
von Willebrand factor, fibronectin and vitronectin [2]. This conforma-
tional change is crucial for platelet—platelet adhesion because the
ligand-bound integrin oy,33 promotes platelet aggregation. Triflavin,
an Arg-Gly-Aso-containing disintegrin, acts as a specific antagonist
for integrin oypP3 and directly interferes with the fibrinogen—integrin
oypP3 interaction [20]. Triflavin inhibited platelet aggregation stimu-
lated by various agonists (i.e. collagen, thrombin and U46619), with-
out affecting the ATP-release reaction and the initial shape change in
platelet aggregation [21]. Our results are consistent with studies of
triflavin, in that NCTD inhibited platelet aggregation stimulated by all
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studied agonists without affecting initial shape change and P-selectin
expression in addition to only slightly reducing ATP-release reaction.
In addition, PAC-1 reacts with the activation-induced conformational
epitope of integrin oy ,B3 [22]. In this study, NCTD noticeably reduced
the binding of PAC-1 to integrin oy pB3 in thrombin-activated platelets.
Furthermore, integrin B3 phosphorylation stimulated by immobilized
fibrinogen was alleviated by NCTD; therefore, the antiplatelet activity
of NCTD possibly involves its direct interference with fibrinogen—inte-
grin oypPs binding to subsequently block integrin oypBs-mediated
outside-in signalling.

Moreover, platelet-mediated clot retraction is mediated by integrin
oyipfs. In turn, different pathways of protein phosphorylation regulate
integrin oy P activation through inside-out mechanisms and poste-
rior outside-in signalling [23]. Integrin oypBs-mediated signalling
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Fig. 5 Protective effects of NCTD on closure time according to the analysis performed with the PFA-100 system and thrombotic platelet plug forma-
tion in the mesenteric venules of mice as well as the bleeding time in mice tail vein. (A) Shear-induced platelet plug formation in human whole blood
was determined by recording the closure time of CADP-coated membranes, as described in the ‘Materials and methods’. (B) For another study, mice
were administered an intravenous bolus of the solvent control (ctl; 0.1% DMSO0) or NCTD (0.1 and 0.2 mg/kg), and the mesenteric venules were irra-
diated to induce microthrombus formation (occlusion time). (C) Microscopic images (400 x magnification) of 0.1% DMSO-treated controls (a and
b) and the 0.2 mg/kg NCTD-treated groups (c and d) were recorded at 5 sec. (a and ¢) and 150 sec. (b and d) after irradiation. The photographs are
representative of six similar experiments. The arrow indicates platelet plug formation. (D) The bleeding time was measured through transection of the
tail in mice after 30 min. of administering either 150 mg/kg aspirin or 0.2 mg/kg NCTD intraperitoneally. Data are presented as means =+ standard

errors of the means (A-B, n= 8; D, n = 10). *P < 0.05, **P < 0.01 and ***P < 0.001, compared with the 0.1% DMSO-treated group.

actually begins immediately after a fibrinogen molecule binds to the
integrin; this outside-in signalling results in tyrosine phosphorylation
of numerous proteins, such as the Src family kinases (SFK; e.g. Src,
Lyn and Fyn), FAK and the cytoplasmic tail of integrin Bs at Tyr’®®, a
process dependent on outside-in signalling and cytoskeleton reorga-
nization [2]. The critical role of integrin Bs at Tyr">® in platelet physiol-
ogy was demonstrated in vivo, and its mutation leads to bleeding
disorder and strongly affects clot retraction responses in vitro [24].
FAK, a cytoplasmic tyrosine kinase located at focal adhesion points,
plays a vital role in cytoskeleton regulation and integrin o3 activity
[25]. Platelet adhesion to immobilized fibrinogen requires FAK activa-
tion through integrin oypBs, and in turn, activation of FAK requires
autophosphorylation [26]. In this study, NCTD noticeably abolished
platelet adhesion and spreading and clot retraction as well as phos-
phorylation of integrin B, Src and FAK on immobilized fibrinogen in
the absence of platelet agonists. Thus, NCTD potentially acts on inte-
grin oypB3 and blocks integrin oy, P3-mediated outside-in signalling.
After vascular endothelial cell injury, exposure to subendothelial
collagen is the major trigger that initiates platelet adhesion and aggre-
gation at the injury site, followed by arterial thrombus formation. The
PFA-100 system records the time required for platelet aggregation to

© 2018 The Authors.

occlude an aperture in a collagen-coated membrane. Platelet adhesion
to collagen depends on the flow conditions. In this study, platelets
prolonged adhesion to collagen under the flow conditions. In a throm-
bosis study [13], mesenteric venules were continuously irradiated by
fluorescein sodium throughout the experimental period, leading to
strong damage to the endothelial cells. Here, NCTD significantly pro-
longed both CTs and occlusion times; these effects may be mediated,
at least partly, by the inhibition of platelet activation. In addition, we
used the tail transection mouse model to examine the effects of NCTD
on bleeding time in vivo. Although aspirin is the most effective anti-
platelet drug prescribed for preventing or treating cardiovascular and
cerebrovascular diseases, it causes unwanted prolongation of bleed-
ing time. In tail transection mouse, the bleeding time of the NCTD-
treated mice was slightly longer than that of the solvent control, indi-
cating that the slight prolongation of bleeding time may be caused by
the antiplatelet activity of NCTD, at least partly. Furthermore, Wei
et al. [27] have reported that healthy human volunteers were orally
administered 10 mg NCTD tablets, and it was found to absorb quickly
with an absorption half-life of 0.81 hr, time to peak concentration of
2.00 hr, maximum serum concentration of 33.24 ng/ml, elimination
half-life of 0.81 hr and mean retention time of 6.64 hrs. In
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conclusion, the findings of this study reveal that NCTD has a novel
and alternative role in inhibiting platelet activation through directly
interfering with fibrinogen—integrin oy ,Bs binding and subsequently
blocking integrin oy,33-mediated outside-in signalling. However, the
involvement of other mechanisms, which are yet to be identified, in
NCTD-mediated inhibition of platelet activation requires investigation.
Nevertheless, NCTD can be a chemotherapeutic agent for cancer
treatment and exhibits potent antiplatelet activity for treating throm-
boembolic disorders.
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