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Abstract
Fucosylated glycosaminoglycan (FG) from sea cucumbers has been reported to have antic-
oagulant effects via targeting intrinsic tenase. However, FG from natural source also potentially 
poses risks due to its FXIIa activation and platelet aggregating effects. Here, we found that the 
effect of FG on human platelet aggregation depended on both the sulfation pattern and chain 
length. FGs with higher content of Fuc2S4S and larger molecular weight (≥14 kD) had stronger 
activity. Both platelet aggregation and P-selectin expression induced by TaFG (an FG from 
Thelenota ananas) were decreased as the molecular weight reduced. Ticagrelor, aspirin and 
wortmannin completely blocked the secretion (ADP) but only partially blocked the aggregation 
induced by TaFG. Tirofiban an αIIbβ3 antagonist however potently inhibited both the secretion 
and aggregation, with IC50 of 6.01 ± 1.1.97 nM. Furthermore, TaFG could bind to human αIIbβ3 

with high affinity, and the affinities of two FGs were paralleled with their activity in platelet 
aggregation or activation. These results indicated that αIIbβ3 played an important role in TaFG- 
induced platelet aggregation which was mediated by PI3K, and that platelet secretion was 
required for the amplification of aggregation.
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Introduction

Fucosylated glycosaminoglycan (FG) is found, so far, exclusively 
in body wall of sea cucumber (Echinodermata, Holothuroidea). 
FG is characterized in the sulfated fucose (FucS) branches that 
link to its chondroitin sulfate (CS)-like glycosaminoglycan back-
bone [1,2]. Multiple bioactivities of FGs have been reported, 
including anticoagulant, anti-inflammatory, anticancer, antiviral, 
and pro-angiogenic activities [3–5]. Particularly, FG is 
a promising lead compound for anticoagulation by inhibiting 
intrinsic tenase (iXase, composed by FIXa-FVIIIa-Ca2+- 
phospholipid) [6–8]. However, FG from natural source lacks 
pharmacological selectivity, in that, it has both serpin- 
independent and serpin-dependent anticoagulant mechanisms, 
and that the undesired effects of FXII activation and platelet 
aggregation which potentially poses risks [9,10].

The phenomenon of FG-induced platelet aggregation was 
firstly reported in the 1980s, an acidic mucopolysaccharide 
Stichopus japonicus Selenka (SJAMP) was found to be able to 
induce platelet aggregation and reduce platelet count in rabbits 
[11,12]. It was suggested that SJAMP-induced platelet aggrega-
tion required energy metabolism, extracellular Ca2+and fibrino-
gen [13–16]. However, the structure–activity relationship and 
exact mechanism of FG in inducing platelet aggregation remain 

unclear. The traditional anticoagulant heparin also has such unde-
sired effects on platelets, which partly limits its clinical applica-
tion [17,18]. Apart from heparin-induced thrombocytopenia 
(HIT), heparin may also reduce platelet count by nonimmune 
mechanism, which is mild and transient compared with HIT 
[19–21]. It is reported that heparin can activate platelet or 
enhance its responsiveness via αIIbβ3-mediated outside-in signal-
ing [20–22].

Similar to the effect of heparin, FG-induced platelet aggrega-
tion is an undesired effect that is contradictory to the anticoagu-
lant activity of FG, and may partly offset the in vivo 
antithrombotic activity [10,23]. The anti-iXase selectivity of FG 
can be improved by chemical depolymerization while the antic-
oagulant potency is remained [24–26]. It is reported that natural 
TaFG (an FG from Thelenota ananas) and its depolymerized 
product (dTaFG) showed comparable anti-iXase activity, and 
TaFG had stronger in vitro anticoagulant activity as evaluated 
by APTT (activated partial thromboplastin time). However, 
TaFG exhibited weaker antithrombotic activity than dTaFG in 
a stasis-induced venous thrombosis rat model[10]. The less potent 
in vivo activity of natural FG might be due to its FXII activation 
and platelet aggregation effects.

Although structural modification of FG by depolymerization 
has proven effective in improving its pharmacological selectivity, 
clarifying side-effects of FG can provide more information for 
safe application. Previously, we have reported the structure–activ-
ity relationship and mechanisms of FG in FXII activation [27,28]. 
In this work, the structural feature of FG required for platelet 
aggregation was investigated, and the action mechanism was 
preliminarily explored. First, the structure–activity relationship 
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was studied using FGs from various sea cucumber species, and 
a series of depolymerized and structural-modified FG derivatives. 
Then, platelet activation and secretion induced by FG were stu-
died. Next, platelet blockers of different targets were applied to 
analyze the signal pathways involved in the activity of FG. 
Finally, biolayer interferometry (BLI) was used to study FG- 
platelet receptor binding.

Materials and Methods

Materials

Six natural FGs (ShFG, HnFG, AjFG, HfFG, SvFG and TaFG) 
from different sea cucumber species (Stichopus herrmanni, 
Holothuria nobilis, Apostichopus japonicus, Holothuria fusco-
punctata, Stichopus variegatus, and T. ananas respectively), and 
their depolymerized products (dShFG, dHnFG, dAjFG, dHfFG, 
dSvFG and dTaFG, respectively) were prepared as described 
previously [26,29,30]. Polysaccharides dTaFG-1~9 were prepared 
from TaFG, and structure-modified products mTaFG-1~6 were 
derived from dTaFG-4[10]. Purity of these polysaccharides was 
higher than 99%, as detected by high-performance gel permeation 
chromatography and calculated by area normalization method 
[10]. Heparin (197 IU/mg) and over-sulfated chondroitin sulfate 
(OSCS) were purchased from National Institute for the Control of 
Pharmaceutical and Biological Products (China). ADP, ATP stan-
dard and luciferin/luciferase were from Chronolog (USA). Aspirin 
and ginkgolide B were from Sigma-Aldrich (USA). Tirofiban, 
sarpogrelate and phentolamine were from Aladdin (China). 
Ticagrelor was from Macklin (China). Human αIIbβ3 was from 
Boatman (China). Wortmannin was from Solarbio (China). PE- 
anti-human CD62P antibody was from eBioscience. FITC-anti- 
human CD41 antibody was from Biolegend. EZ-link amine-PEG3 
-biotin and Zeba Spin desalting columns (>7kD) were from 
Thermo scientific (USA). Streptavidin (SA) biosensors were 
from Fortebio (USA). All other chemicals were of reagent grade 
and obtained commercially.

Preparation of Human Platelets

Blood was collected from the median cubital vein of healthy 
volunteers (8 males and 6 females, 22-31 years old, 50~70 kg, 
not taking any drug within 2 weeks) into a vacutainer with one- 
ninth volume of sodium citrate (for washed platelet, ACD vacu-
tainer was used). Platelet-rich plasma (PRP) was prepared shortly 
after blood collection by centrifugation (150 g, 8 min). The 
remaining blood was centrifuged at 2400 g for 6 min to obtain 
platelet-poor plasma (PPP). For the preparation of platelet sus-
pension (PS), 0.5 μΜ PGI2 and 0.2 U/mL pyrase were added to 
PRP, which were pelleted by centrifugation (300 g, 6 min); then, 
platelets were washed by Ca2+ -free Tyrode buffer (with 0.5 μΜ 
PGI2 and 0.2 U/mL pyrase). Washed platelets (2~2.5×108 mL−1) 
were re-suspended in modified Tyrode buffer (137 mM NaCl, 2.7 
mM KCl, 1.8 mM CaCl2, 11.9 mM NaHCO3, 1.0 mM MgSO4, 
0.42 mM NaH2PO4, 5.0 mM glucose, 10 mM HEPES), and 
allowed to rest for 30 minutes at room temperature before experi-
mentation. The study was approved by the Research Ethics 
Committee of Kunming Institute of Botany, Chinese Academy 
of Sciences. Informed consent was provided for blood donation.

Platelet Aggregation Assays

Turbid metric measurements of platelet aggregation in the pre-
sence of the tested compounds were performed in a Chronolog 
Model 700 aggregometer (Chronolog, USA), according to Born’s 
method[31]. Assays were completed within 3 hr of the 

preparation of platelets. Briefly, 250 μL platelet-rich plasma or 
platelet suspension was transferred into a cuvette pre-warmed 
with a stir bar, and 500 μL platelet-poor plasma (Tyrode buffer 
for washed platelets) into the cuvette in control channel. After 
platelets were incubated at 37°C for 5 min, the tested compounds 
were added, and ADP was used as reference. For some assays, 
platelet inhibitor was preincubated with platelet at 37°C for 5 min 
before the addition of compound or ADP (as stimulus). Changes 
in light transmittance (percentage) as a result of platelet aggrega-
tion were recorded. In some experiments, ATP released from 
platelets was detected simultaneously in the aggregometer, by 
adding 25 μL luciferin/luciferase reagent (2 μM) to 225 μL 
platelets before the addition of stimulus. The maximum aggrega-
tion rate (MAR) was calculated by Aggrolink8 software, and ATP 
released from platelets was quantified using ATP standard.

Flow Cytometry of Platelet Activation

Washed platelets (2~2.5 ×108 mL−1) suspended in Tyrode buffer, 
treated with TaFG and/or platelet inhibitor, were labeled with PE 
anti-human CD62P antibody (0.25 μg/test) and FITC anti-human 
CD41 antibody (0.1 μg/test), final volume was 100 μL. After 
incubating at 37°C for 20 min in the dark, platelet solution was 
fixed by adding 900 μL 1% paraformaldehyde dissolved in phos-
phate-buffered saline. Samples were analyzed on a FACSCelesta 
flow cytometer (BD Biosciences). A total of 20,000 platelet 
events were acquired per sample. The percentage of positive- 
gated platelets (expressing P-selectin on the membrane) was 
analyzed.

TaFG-αIIbβ3 Interaction and Competitive Binding Assays

The TaFG-αIIbβ3 interactions were detected by biolayer interfero-
metry (BLI). After TaFG was biotinylated by amine-PEG3-biotin, 
the reaction mixture was desalted with the Zeba Spin desalting 
columns [8]. The biotinylated TaFG was immobilized to strepta-
vidin biosensors and interacted with increasing concentrations of 
αIIbβ3 (for competitive binding assays, tested compound at 
increasing concentrations was mixed with αIIbβ3 at 150 nM). 
The association (900 s) of immobilized TaFG and analyte in 
buffer was followed by a dissociation period (900 s). Assays 
were performed in black solid 96-well flat-bottom plates, con-
ducted at 30°C with agitation rate of 1000 rpm in HEPES buffer 
(20 mM HEPES, 0.15 M NaCl, 5 mM CaCl2, 0.1% BSA, 0.01% 
Tween 20, pH7.4), with total volume of 200 μL, using an Octet 
Red 96 instrument (Fortebio, USA). After each dissociation, the 
sensor surface was regenerated with 4 M NaCl in HEPES buffer. 
The systematic baseline drift was corrected by subtracting the 
reference (TaFG-loaded sensor incubated in HEPES buffer). Data 
were analyzed using the Octet software version 7.0 and the bind-
ing curves were globally fitted by a 1:1 model.

Data Analysis

The results were expressed as mean ± SEM, and analyzed by 
GraphPad Prism 7. The statistical significance of results was 
determined using one-way analysis of variance (ANOVA) fol-
lowed by Dunnett tests, or Kruskal-Wallis test. P values less 
than 0.05 were considered statistically significant.

Results

Effects of FGs on Human Platelet Aggregation

Six natural FGs (Mw >50 kD) from different sea cucumber 
species have the same CS backbone while differing in the 
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sulfation pattern of FucS branches[10]. All the FGs at 30 μg/mL 
significantly induced human platelet aggregation, with the max-
imal aggregation rates (MARs) of 32.6 - 60.9% (Figure 1(a-b), 
Table I). Compared with ADP (10 μM), platelet aggregation 
induced by FGs occurred more slowly with about one-minute 
delay, and the MARs appeared in about 8 min. Among the FGs, 
those with a higher content of Fuc2S4S (>50%, TaFG, SvFG, 
ShFG and AjFG) all showed stronger activities (MARs >50%), 
while those with a higher Mw and sulfate content but less 
Fuc2S4S (<10%, HfFG and HnFG) showed weaker activities 
(MARs, 32.6% and 42.1%, respectively).

In comparison, effects of other sulfated glycosaminoglycans 
and FG depolymerized products (dFGs) on platelet aggregation 
were also evaluated. Heparin, CS-B and OSCS were sulfated in 
various degrees and had no side-chain substitution. They showed 
weak activities (MARs ≤20%) as compared with FGs (Figure 1 
(b), Table I). The FG depolymerized products (dFGs, Mw 11-19 
kD) showed decreased activities, with MARs of 19.7 – 38.1% 
(Table I).

Taken together, FucS branches and high Mw were required for 
the potent activity of FG in platelet aggregation, and Fuc2S4S 
branches might be an important structural characteristic.

Effects of TaFG and Its Derivatives on Human Platelet 
Aggregation

Previously, we reported the effects of Mw on the target selectivity 
of FG as an iXase inhibitor for anticoagulation[10]. Herein, a series 
of TaFG depolymerized products (dTaFGs) and chemical-modified 
derivatives (mTaFGs) were tested to further evaluate the effects of 
chain length and functional groups on platelet aggregation.

TaFG and dTaFG-1~4 (≥ 14.0 kD) at 30 μg/mL significantly 
induced human platelet aggregation, with MARs above 40%, 
while the MARs of dTaFG-5 (12.7 kD) and dTaFG-6 (11.6 kD) 
were about 30%. Compound dTaFG-7~9 (<10.0 kD) however had 
no obvious effects, with MARs lower than 15% (Figure 2 and 
Table II). Compared with dTaFG-4, all its chemical-modified 
products mTaFG-1~6 showed weaker activities (Table II). 
Although these compounds were different in Mw due to the 
change in substituted groups, they were similar in the average 
chain length, for no degradation reaction was involved. It con-
firmed that the activity of TaFG in platelet aggregation was 
positively correlated with its chain length and that except FucS 
branches, N-acetyl and carboxyl groups might also contribute to 
the activity.

TaFG Induced Human Platelet Activation and Secretion

Among the tested compounds, TaFG showed the most potent 
activity in platelet aggregation, therefore, it was used for explor-
ing the mechanism of FG. First, the effects of TaFG on platelet 
activation and secretion were studied to distinguish the aggrega-
tion from activation-independent agglutination. TaFG induced 
potent platelet aggregation accompanied by ATP secretion (a 
surrogate measure of ADP release from dense granules)[32] 
(Figure 3(a)). Like ADP, the secretion lagged behind, and might 
depend on, aggregation. [33] TaFG also induced aggregation of 
washed platelets, indicating the independence of plasma compo-
nents, in which TaFG and SvFG showed stronger activity than 
HfFG, consistent with the result of platelet-rich plasma (Figure 3 
(b)). Moreover, TaFG significantly induced P-selectin expression 
(53.4 ± 1.4% vs 7.5 ± 1.6%, P < 0.01), indicating the activation 
of platelets, HfFG showed weaker activity, and dTaFG-9 with 
Mw of 5.0 kD had the slightest effect (Figure 3(c)).

The results showed that FG-induced platelet aggregation was 
associated with platelet activation and secretion, differing from 
the agglutination induced by ristocetin and polybrene [34,35]. 
Therefore, the mechanism was further investigated.

Effects of Inhibitors on Human Platelet Activation by TaFG

The effects of platelet inhibitors, including receptor antagonists 
and signaling pathway blockers, were tested. Phentolamine (epi-
nephrine receptor blocker), sarpogrelate (5-HT receptor antago-
nist), bivalirudin (thrombin inhibitor) and ginkgolide B (PAF 
receptor antagonist) had no obvious effects on the activity of 
TaFG. Tirofiban (αIIbβ3 receptor antagonist) at 0.2 μM could 
completely inhibit platelet aggregation induced by TaFG. 
Aspirin (cyclooxygenase inhibitor) at 1 mM and ticagrelor 
(P2Y12 antagonist) at 10 µM only partly inhibited the aggregation 
(Figure 4(a)). The IC50 values of tirofiban, ticagrelor and aspirin 
were determined to be 6.01 ± 1.1.97 nM, 0.78 ± 0.92 µM, and 
33.62 ± 10.97 µM, respectively (Figure 4(b)). These three inhi-
bitors also abolished ADP release from platelet induced by TaFG 
(Table III). It indicated that αIIbβ3 played an important role in 
platelet activation by TaFG, while platelet secretion (ADP and 
TXA2) was required for the “second-phase” amplified effect.

PI3K is an important mediator in αIIbβ3-mediated outside-in 
signaling and is essential for platelet secretion and irreversible 
aggregation [36–39]. Therefore, the effect of PI3K inhibitor wort-
mannin was evaluated. Wortmannin dose-dependently inhibited 
platelet aggregation induced by TaFG (Figure 4(c-d)). 
Interestingly, complete inhibition of aggregation required higher 

Figure 1. Human platelet aggregation induced by FGs. (a) The represented graphs of platelet aggregation and (b) the platelet maximum aggregation 
rate induced by FGs. Human platelet-rich plasma was stimulated with FGs (30 µg/mL) from different sea cucumbers at 37  under stirring condition, 
compared with ADP (10 μM). Mean ± SEM, n = 10, *P < 0.05, **P < 0.01, ***P < 0.001 vs control (One-way ANOVA, Dunnett test).
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concentrations of wortmannin than that of secretion did. 
Wortmannin at 5~50 µM completely inhibited ATP release, and 
partly inhibited TaFG-induced aggregation (Table III).

Additionally, both wortmannin (10 μM) and ticagrelor (10 
μM) significantly inhibited P-selectin expression stimulated by 
TaFG, aspirin (100 μM) partly reduced the activity, whereas, 
tirofiban (10 μM) showed no inhibitory effect (Figure 5). It 
indicated that the interactive sites of TaFG in αIIbβ3 should be 
different from that of tirofiban.

The Interaction between Human αIIbβ3 and TaFG

Previously, it was reported that heparin could bind to αIIbβ3, and 
induce platelet activation or promote the responsiveness [20,21]. 

Given the physicochemical similarity between heparin and FG 
and the effects of tirofiban, αIIbβ3-TaFG interaction was studied.

The TaFG-αIIbβ3 interaction was detected with BLI. Human αIIb 
β3 could bind to the immobilized TaFG with a high affinity (KD, 
1.27E-08) (Figure 6(a)). HfFG dose-dependently reduced the bind-
ing of αIIbβ3 to immobilized TaFG, i.e. HfFG competed with TaFG 
to bind to αIIbβ3 (Figure 6(b)). It indicated that these FGs bind to the 
same site of αIIbβ3, despite their differences in branch sulfation 
pattern. In contrast, tirofiban showed no inhibitory effect; instead, 
it dose-dependently increased αIIbβ3-TaFG binding response, again 
indicating that TaFG and tirofiban had different binding sites in αIIb 
β3, and the conformational change of αIIbβ3 induced by tirofiban 
might enhance αIIbβ3-TaFG binding [40]. (Figure 6(c))

Moreover, the IC50 values of TaFG and HfFG to compete with 
immobilized TaFG to bind to αIIbβ3 (150 nM) were about 24.24 

Table I. Effects of FGs on the aggregation of human platelets (Mean ± SEM, n = 10).

Compd Concentration Mw (kD) -SO3
−/-COOH a

2S4S:3S: 
4S:3S4S b MAR (%) c,e AUC (8 min) d,e

Control - - - - 2.9 ± 1.1 13.7 ± 5.9
ShFG 30 μg/mL 53.7 3.90 92:/: 4: 4 50.9 ± 7.4*** 224.0 ± 42.1***
dShFG 60 μg/mL 13.8 38.1 ± 11.2** 159.9 ± 45.7**
SvFG 30 μg/mL 63.7 3.90 85:/: 5: 10 58.7 ± 7.3*** 237.4 ± 41.7***
dSvFG 60 μg/mL 18.7 24.8 ± 10.1* 122.8 ± 42.1*
AjFG 30 μg/mL 56.8 3.95 59:/: 8: 33 50.5 ± 7.1*** 209.3 ± 41.6***
dAjFG 60 μg/mL 11.1 21.2 ± 8.6* 87.2 ± 21.6**
TaFG 30 μg/mL 65.8 3.24 58: 24: 18:/ 60.9 ± 6.6*** 283.5 ± 38.76***
dTaFG 60 μg/mL 11.9 27.9 ±11.2* 120.8 ± 39.3**
HfFG 30 μg/mL 61.1 3.75 5:/: 10: 85 32.6 ± 10.1 ** 128.7 ± 43.8*
dHfFG 60 μg/mL 13.8 19.7 ± 8.7* 99.4 ± 33.4*
HnFG 30 μg/mL 55.3 2.99 1: 35: 30: 34 42.1 ± 11.1** 184.2 ± 48.0**
dHnFG 60 μg/mL 12.6 30.3 ± 8.5** 117.8 ± 26.0***
Heparin 30 μg/mL ~18 - - 20.4 ± 10.3 96.0 ± 44.2
OSCS 30 μg/mL ~18 - - 17.4 ± 8.4 73.5 ± 28.7*
CS-B 30 μg/mL 41.4 - - 17.1 ± 10.3 64.7 ± 32.4
ADP 10 μM - - - 74.8 ± 3.1*** 500.5 ± 20.4***

amolar ratio of -SO3
− and -COOH groups; 

bmolar ratio of the different sulfate substituents in fucose branches (Fuc2S4S: Fuc3S: Fuc4S: Fuc3S4S) 
cthe maximum aggregation rate (MAR) within 8 min; 
dthe area under the curve (AUC) within 8 min; 
e*P < 0.05, **P < 0.01, ***P < 0.001 vs control (One-way ANOVA, Dunnett tests). 

Figure 2.  Human platelet aggregation induced by dTaFGs. (a) The represented graphs of platelet aggregation and (b) the platelet maximum 
aggregation rate induced by dTaFGs. Human platelet-rich plasma was stimulated with TaFGs (30 µg/mL) or dTaFGs (30 µg/mL) at 37  under 
stirring condition, ADP (10 μM) was used as positive control. Compounds dTaFG-1~9 were a series of depolymerized products from TaFGs with 
decreased Mw: dTaFG-1, 42.6 kD; dTaFG-2, 23.4; dTaFG-3, 17.2 kD; dTaFG-4, 14.0 kD; dTaFG-5, 12.7 kD; dTaFG-6, 11.6 kD; dTaFG-7, 8.5 kD; 
dTaFG-8, 6.1 kD; dTaFG-9, 5.0 kD. Mean ± SEM, n = 3, *P < 0.05, **P < 0.01, ***P < 0.001 vs control (Kruskal-Wallis test).
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nM and 67.02 nM, respectively (Figure 6(d)). The in vitro αIIbβ3- 
binding activities of TaFG and HfFG were positively correlated 
with their ex vivo activities in human platelet aggregation, 

indicating the important role of αIIbβ3 in FG-induced platelet 
aggregation. Whether αIIbβ3 directly or indirectly mediates the 
effects of FG requires further study.

Discussions

Compared with the common sulfated glycosaminoglycan such as 
heparin, natural FGs had more potent activity in human platelet 
aggregation. Structure–activity relationship study showed that 
natural FGs with higher content of Fuc2S4S (>50%) showed 
stronger activities than those that had less Fuc2S4S (<10%) 
(Figure 1 and Table I). The activity decreased as the chain length 
of TaFG decrease, when Mw ≤8.5 kD, the platelet aggregation 
rates were not above 15%. FucS branches were required for the 
potent activity of FG, and carboxyl and N-acetyl groups might 
also favor this activity (Figure 2 and Table II). Conclusively, as 
a macromolecular acidic polysaccharide with unique FucS 
branches, natural FGs were strong platelet stimulator.

TaFG could induce both platelet activation (P-selectin expres-
sion) and secretion (ADP), thus FG-induced platelet aggregation was 
not merely physical agglutination. Additionally, TaFG activated 
human platelets in both platelet-rich plasma and platelet suspension 
(Figure 3). These results indicated that FG might directly target 
platelet membrane proteins. Moreover, without exogenous Ca2+ 

TaFG also could induce platelet aggregation, though it was weaker 
(MAR, 45.0 ± 5.1%; data not shown). Negative result reported by Li 
J and colleagues when using washed platelet might have been as 
a result of ADP receptor desensitization during the preparation 

Table II. Effects of dTaFGs and mTaFGs on human platelet aggregation 
(Mean ± SEM, n = 3).

Compd a Mw (kD) Chemical modification MAR (%) b, c

CON - - 2.5 ± 0.9
TaFG 65.8 - 67.0 ± 1.2***
dTaFG-1 42.6 Depolymerization 62.0 ± 4.0**
dTaFG-2 23.4 Depolymerization 58.0 ± 1.5**
dTaFG-3 17.2 Depolymerization 53.3 ± 5.5*
dTaFG-4 14.0 Depolymerization 44.3 ± 11.8**
dTaFG-5 12.7 Depolymerization 32.3 ± 14.0
dTaFG-6 11.6 Depolymerization 30.7 ± 13.6
dTaFG-7 8.5 Depolymerization 15.0 ± 5.3
dTaFG-8 6.1 Depolymerization 6.0 ± 1.5
dTaFG-9 5.0 Depolymerization 6.8 ± 1.9
mTaFG-1 13.1 Defucosylation (64%) 30.3 ± 16.0
mTaFG-2 11.3 N-deacetylation (49%) 31.7 ± 15.8
mTaFG-3 11.6 Carboxyl reduction (100%) 22.3 ± 15.1
mTaFG-4 11.6 Ethyl ester (100%) 27.0 ± 18.1
mTaFG-5 16.0 Benzyl ester (60%) 30.0 ± 14.8
mTaFG-6 15.4 1-butenyl ester (40%) 33.3 ± 15.2
ADP - - 69.3 ± 3.7***

aAll the tested compounds were at 30 µg/mL, and ADP was at 10 μM; 
b*P < 0.05, **P < 0.01, ***P < 0.001 vs control (Kruskal-Wallis test); 
cthe maximum aggregation rate (MAR) within 16 min; 

Figure 3. Human platelet aggregation, secretion and activation induced by TaFG. (a) Platelet aggregation and ATP secretion induced by TaFG and (b) 
platelet aggregation induced by FGs. Washed human platelets were stimulated with FGs (30 µg/mL) or ADP (10 μM), experiments were performed in 
duplicate. (c) Platelet activation by FGs and dTaFGs. Washed human platelets were stimulated with FG or dTaFGs (30 µg/mL). Compounds dTaFGs 
were depolymerized TaFGs with decreased Mw: dTaFG-1, 42.6 kD; dTaFG-3, 17.2 kD; dTaFG-5, 12.7 kD; dTaFG-9, 5.0 kD. Mean ± SEM, n = 3, *P 
< 0.05, **P < 0.01, ***P < 0.001 vs control (Kruskal-Wallis test).

DOI: https://doi.org/10.1080/09537104.2020.1820976                                                                                                                                  5 



process, for P2Y12-mediated pathway was important for the activity 
of FG. In the case of desensitization, both ADP and TaFG could not 
induce aggregation (data not shown), which was partly reversed by 
fibrinogen which was considered a required component by Li J. and 
colleagues[13].

Figure 4.  Effects of inhibitors on the human platelet aggregation induced by TaFG. (a-b) Platelet aggregation induced by TaFG with or without 
inhibitor. Human platelet-rich plasma was stimulated by TaFG (30 µg/mL) pretreated with tirofiban (0.2 μM), aspirin (1 mM), ticagrelor (10 µM), 
phentolamine (20 µM), sarpogrelate (100 µM), bivalirudin (733.8 µM), ginkgolide B (117.8 µM) or vehicle, or increasing concentration of tirofiban, 
aspirin or ticagrelor. Mean ± SEM, n = 3. (c-d) Platelet aggregation induced by TaFG with or without wortmannin. Platelet-rich plasma was stimulated 
by TaFG (30 µg/mL) pretreated with increasing concentration of wortmannin or vehicle. Mean ± SEM, n = 2.

Table III. Effects of inhibitors on platelet aggregation and ADP secretion 
induced by TaFG a (Mean ± SEM, n = 2-4).

Stimulators Pretreatments MAR (%) ATP (nM)

vehicle - 2.6 ± 0.9 0.00 ± 0.00
ADP (10 μM) - 65.0 ± 2.3 0.38 ± 0.01
TaFG (30 μg/mL) - 64.4 ± 1.6 0.29 ± 0.03

Tirofiban (0.2 µM) 0.4 ± 0.2 0.00 ± 0.00
Ticagrelor (10 µM) 16.0 ± 1.1 0.00 ± 0.00
Aspirin (100 µM) 40.0 ± 4.0 0.00 ± 0.00
Wortmannin (0.2 µM) 62.0 ± 2.0 0.33 ± 0.06
Wortmannin (1 µM) 59.5 ± 3.5 0.28 ± 0.03
Wortmannin (5 µM) 61.5 ± 5.5 0.00 ± 0.00
Wortmannin (10 µM) 13.0 ± 5.0 0.00 ± 0.00
Wortmannin (20 µM) 4.5 ± 1.5 0.00 ± 0.00
Wortmannin (50 µM) 2.6 ± 0.9 0.00 ± 0.00

aHuman platelet aggregation and ADP secretion were induced by TaFG, 
with or without pretreatment of inhibitors. Platelet-rich plasma was 
used for the test. 

Figure 5. Effects of inhibitors on the human platelet activation induced by 
TaFG. Human platelets were washed and suspended in Tyrode solution, then 
treated with TaFG (30 µg/mL) with or without wortmannin (10 µM), tica-
grelor (10 µM), aspirin (100 µM) or tirofiban (10 µM). The percentage of 
platelets expressing P-selectin was monitored by flow cytometry. Mean ± 
SEM, n = 6, ***P < 0.001 vs TaFG group (One-way ANOVA, Dunnett tests).
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In exploring the action of mechanisms of TaFG, we found that 
its effect on human platelet aggregation was completely or par-
tially inhibited by tirofiban, ticagrelor, wortmannin and aspirin 
(tirofiban > ticagrelor > wortmannin > aspirin) (Figure 4). 
Ticagrelor, wortmannin and aspirin also showed inhibitory activ-
ities in FG-induced platelet activation (P-selectin expression), 
while tirofiban had no obvious inhibitory effect, suggesting that 
αIIbβ3 played a special role in the effects of FG on platelets.

Interaction between FG and αIIbβ3 was analyzed, the result 
showed that TaFG could bind to αIIbβ3 with high affinity, and the 
αIIbβ3-binding activity of TaFG was stronger than that of HfFG, 
which was paralleled with their activity in platelet aggregation or 
activation (Figure 6). Tirofiban could not inhibit but enhanced the 
FG-αIIbβ3 binding, confirming that the αIIbβ3 binding sites of 
TaFG and tirofiban were different. Notably, tirofiban has dual 
effects on platelets: a partial agonist in αIIbβ3 activation via 
conformational change, and an inhibitor in platelet aggregation 
bridged by αIIbβ3-fibrinogen interactions.

Research showed that both platelet aggregation and dense granule 
secretion are part of the positive feedback, resulting in amplification 
[33,37,41]. To sum up this work, FG may activate platelets, at least 
partly, by binding to αIIbβ3 to initiate the outside-in signaling in which 
phosphatidylinositol 3-kinase (PI3K) played an important role, result-
ing in platelet secretion (ADP, TXA2) and full aggregation. But 
further work is required to study whether other platelet receptors 
are involved in the FG-mediated signaling. Particularly, whether 
C-type Lectin-like receptor 2 (CLEC-2) and platelet endothelial 

aggregation receptor-1 (PEAR1) were involved, for it was reported 
that two polysaccharides fucoidan and dextran sulfate triggered plate-
let aggregation via CLEC-2 and PEAR1, respectively [42–44].

Depolymerized FG is a promising novel anticoagulant that 
showed superior benefit/risk ratio than enoxaparin in preclinical 
studies and had no obvious effect on platelets and FXII activation 
[5]. This work suggested that the sulfation pattern of FucS 
branches and molecular weight might be two important structural 
characteristics of FG in inducing human platelet aggregation. 
These data might provide valuable information for the structural 
modification and application of sea cucumber FG as an antic-
oagulant lead compound.
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Figure 6.  Biolayer interferometry sensorgrams of TaFG-αIIbβ3 interaction. (a) The binding of human αIIbβ3 to the immobilized TaFG. (b-c) The 
effects of HfFG and tirofiban on the binding of αIIbβ3 to immobilized TaFG. (d) The activities of TaFG and HfFG to compete with immobilized TaFG 
to bind to αIIbβ3. In competitive binding assays (b-d), the protein αIIbβ3 (150 nM) was co-incubated with HfFG or tirofiban, then binding experiments 
were performed.
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