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Pimpinellin is a coumarin-like compound extracted from the root of Toddalia asiatica. Its
effects on platelet function has not been investigated. This study found that pimpinellin
pretreatment effectively inhibited collagen-induced platelet aggregation, but did not alter
ADP- and thrombin-induced aggregation. Platelets pretreated with pimpinellin showed
reduced α granule (CD62) level and secretion of dense granule (ATP release). Pimpinellin-
treated platelets also exhibited decreased clot reaction and TxB2 production. Pimpinellin
pretreatment suppressed adhesion and spreading of human platelets on the fibrinogen
coated surface. Analysis of tail bleeding time of mice administered with pimpinellin
(40 mg/kg) revealed that pimpinellin did not change tail bleeding time significantly,
number of blood cells, and APTT and PT levels. Pimpinellin inhibited collagen-induced
ex vivo aggregation of mice platelets. Immunoblotting results showed that pimpinellin
suppressed collagen-induced phosphorylation of PI3K-Akt-Gsk3β and PKC/MAPK in
platelets.
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INTRODUCTION

Platelets play a central role in thrombosis and hemostasis. In addition, they are the smallest
biologically active blood cells and are the core regulators of the important balance between
thrombosis and bleeding in the blood circulation (Koupenova et al., 2017a). Platelets also play
an important role in many important pathophysiological processes, such as atherosclerosis
(Davi and Patrono, 2007), immune response (Rondina et al., 2013), infection, tumor
progression, and metastasis (Jorgensen, 2006; Lam et al., 2017). Thrombus formation is
caused by several dysregulated factors such as endothelial cells (ECs) activation, lipoprotein
oxidation, and immune response (Faber et al., 2009). Platelet activation is initiated by
the binding of various ligands to their surface receptors, which triggers an intracellular
signaling cascade. This leads to platelets’ change in shape, the release of particle content,
synthesis and release of thromboxane A2, and thrombus formation (Gibbins, 2004). An
important pathological basis of thromboembolic diseases is the abnormal activation of
platelets (Koupenova et al., 2017b), and antiplatelet therapy is an important way to prevent
and treat thrombotic diseases.
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There are three classes of antithrombotic drugs: anticoagulant
drugs, thrombolytic drugs, and antiplatelet drugs (Gallus and
Hirsh, 1976). Despite significant advances in understanding the
nature of the thrombotic process and the use of drugs such as
urokinase, aspirin, or clopidogrel, the therapeutic efficacy and
prognosis remain limited (Michelson, 2008). For example, aspirin
or clopidogrel may cause several serious side effects, including
liver damage, renal insufficiency, and gastric bleeding. Most of the
currently known coumarins are reported to have strong
antiplatelet activity and anti-fungal efficacy (Zaragoza et al.,
2016; Hu et al., 2017). Warfarin inhibits platelet aggregation
and 5-hydroxytryptamine (5-HT) secretion in a concentration-
dependent manner (Nilsson et al., 2019); Isofraxidin is a natural
coumarin that significantly inhibits ADP and AA-induced
platelet aggregation (Jin et al., 2020); Columbianadin is the
main coumarin isolated from Angelica pubescens Maxim. f.
biserrata Shan et Yuan, and it effectively inhibits collagen-
induced platelet aggregation (Hou et al., 2020). Toddalia
asiatica Lam roots functions in dispelling wind and pain,
dispersing blood stasis, stopping bleeding, hemostasis and
anti-inflammatory activities (Kariuki et al., 2013). Besides, it is
also used anti-cancer, antimicrobial, and antidiabetic (Stephen
et al., 2012; Li et al., 2018).

Pimpinellin is a major coumarin-like compound obtained
from Toddalia asiatica Lam (Liu et al., 2014). However, the
antiplatelet and antithrombotic effects of pimpinellin have not
been reported. Therefore, in this study, we investigated the
antiplatelet and antithrombotic effects of pimpinellin. We
investigated the effect of pimpinellin on platelet function in
response to various agonists, as well as its influence on
intracellular signaling pathways. In the present study, we
demonstrated that pimpinellin is a potent inhibitor of platelet
function with potential as an antiplatelet agent for the prevention
of thrombotic disease.

MATERIALS AND METHODS

Materials
Pimpinellin (HPLC≥98%) was purchased from Shanghai Macklin
Technology Corp (Macklin, Shanghai, China). Luciferin and
collagen were purchased from the Chrono-Log Corp (Havertown,
PA, United States). Thrombin, ADP, and FITC-Phalloidin were
purchased from Sigma (St. Louis, MO, United States). PAC-1 and
CD62P (P-selectin) antibody were purchased from BD Biosciences
(San Jose, CA, United States). Antibody against total-p85, total-Akt,
total-GSK3β, total-p38, total-ERK, total-JNK, total-Syk, total-SLP76,
total-PLCγ2, and phospho-Akt (Ser473) were from Santa Cruz
Biotechnology (Santa Cruz, CA, United States). Antibody for
phospho-PI3K (p85/p55), phospho-GSK3β, phospho-p38,
phospho-ERK, phospho-JNK, phosphor-SLP76, phosphor-PLCγ2,
and phospho-PKC substrates was from Cell Signaling Technology
(Beverly, MA, United States). The phospho-Syk antibody was
obtained from GeneTex International Corp (GeneTex, Taiwan,
China). GAPDH was purchased from Proteintech Group, Inc
(Proteintech, IL, United States). The thromboxane B2 and cyclic
adenosine monophosphate (AMP) enzyme immunoassay (EIA) kits

were from Cayman (Ann Arbor, MI, United States); ECL Western
blotting detection reagent was obtained from Millipore Corp
(Millipore, MA, United States). Pimpinellin was dissolved in
DMSO and stored at −20°C.

Animal
C57BL/6 mice were maintained at the Animal Experiment Center
of Guizhou Medical University. All mice were handled,
monitored, and executed in accordance with the approved
guidelines. Besides, they were housed in a controlled
environment (humidity 40%–60%, 24 ± 2°C) with free access
to water and food, and domesticated for 1 wk before experimental
manipulation. All animal experiments were approved by the
Animal Care Welfare Committee of Guizhou Medical University.

Mice were randomly divided into four groups, blank group,
aspirin group (100 mg/kg), and pimpinellin group (40 and
100 mg/kg). For mice, the dose was administered by gavage
for 1 wk, followed by tail bleeding time and ex vivo platelet
aggregation tests.

Platelet Preparation
Human blood was obtained from healthy volunteers in
accordance with the Declaration of Helsinki guidelines and the
Ethics Committee of Guizhou Medical University. Human
platelet-rich plasma (PRP) and washed human platelets were
prepared as previously described (Vaiyapuri et al., 2015). Blood
was collected from the elbow vein of a healthy volunteer, then the
whole blood was centrifuged at 200 × g for 10 min, the
supernatant was aspirated and diluted with 1×Tyrodes Buffer;
PGE1 (50 ng/ml) and Apyrase (0.1 U/ml) were added and
centrifuged at 700 × g for 10 min to obtain platelet clumps,
which were diluted with 1×Tyrodes Buffer and repeated 2 times.
The platelets were resuspended in 1×Tyrodes buffer to a final
concentration of 3.0 × 108/ml.

Platelet Aggregation and ATP Release
An aggregometer was used to measure platelet aggregation and
secretion. The washed human platelets were adjusted to 3.0 × 108/
ml with modified Tyrodes buffer and stimulated with ADP,
collagen, and thrombin. Luciferase reagent was added to the
platelet suspension to monitor platelet aggregation and adenosine
triphosphate (ATP) secretion. Before stimulation, platelets were
incubated with pimpinellin (10 and 20 μM) at 37°C for 10 min.

Determination of Lactate Dehydrogenase
(LDH)
Cytotoxic effects were examined by measuring the level of lactate
dehydrogenase (LDH). Washed platelets were pre-incubated with
pimpinellin (10 and 20 μM) at 37°C for 10min. Finally, an aliquot
(20 μl) of the supernatant was assessed using the LDH assay kit
(Nanjing Jiancheng Bioengineering Institute, Jiangsu, China). The
maximal value of LDH was observed in Triton-treated platelets.

Flow Cytometry
CD62P expression in platelets and PAC-1 binding to activated αIIbβ3
was determined using the FACScan flow cytometer. Unstirred washed
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platelets (5.0 × 107/ml) were incubated with 20 μM pimpinellin or
vehicle at 37°C for 10min. Then, platelets were activated with agonist
CRP (1 μg/ml) for 5min. The washed platelets were pre-incubated
with fluorescein isothiocyanate (FITC)-conjugated PAC-1 antibody,
FITC-conjugated CD62P antibody, or isotype control antibody. Flow
cytometry was performed after 15min of treatment in a dark room at
room temperature.

Platelet Spreading on Fibrinogen
The spreading of platelets on the fibrinogen-coated surface was
carried out as described previously (Yue et al., 2016). The adhered
platelets were observed with a fluorescence microscope. The
image was acquired with a Nikon camera. ImageJ software
was used to analyze the number of adherent platelets and the
average spreading area.

Clot Retraction
Washed platelets were incubated with vehicle or pimpinellin (10,
20 and 40 μM) at 37°C for 10 min and the reaction mixture was
transferred to a glass tube for observation. Trigger clot retraction
by adding thrombin (0.4 U/ml) and proceed at 37°C. Take
pictures after 30 min to observe the phenomenon.

Thromboxane B2 (TxB2) Assay and
Measurement of Cyclic AMP (cAMP) Levels
Pre-incubate platelets (3 × 108/ml) with vehicle or pimpinellin
(10 and 20 μM) for 10 min, and then treated with collagen.
Ethylenediaminetetraacetic acid (EDTA, 2 mM) was added to
the platelet suspension. The TxB2 and circulating AMP levels
were measured for each specimen using a Cayman ELISA kit,
centrifugation at 12,000 rpm for 10 min.

Immunoblotting
Washed platelets were incubated with pimpinellin for 10 min,
and stimulated with or without an agonist for 3 min. A similar
volume of 2 × Lysis Buffer was added to the reaction to lyse the
aggregated platelets. The lysate was prepared, analyzed by SDS-
PAGE, electro-transferred to PVDF membrane. Then it was
blocked with 5% (w/v) BSA and detected with a primary
antibody. The membrane was rinsed with TBST and incubated
with appropriate secondary antibodies. Western blotting was
carried out as described previously (Liu et al., 2016).

Tail Bleeding Assay
The mice were randomly divided into four groups; aspirin group
(100 mg/kg), pimpinellin group (40 and 100 mg/kg), and control
group (0.5% CMC-Na). To calculate the amount of gavage, mice
were weighed and dose administration was performed by gavage
daily for 1 wk. Mice were anesthetized before the tail was
transected 5 mm from the tip using a sterile scalpel. A
bleeding assay was performed by excision of a tail from the
tip, and the time taken for cessation of bleeding was recorded.

Hematology Assessment
Two hours after administration of the last gavage, mice blood was
taken after anesthesia, and centrifuged at 1200 rpm for 10 min, and

the supernatant was used to detect activated partial thromboplastin
time (APTT) and prothrombin time (PT). Using standard mice
parameters, complete hematology analysis was performed using an
automatic cell counter (Mindray; BC-5130).

Ex vivo Platelet Aggregation
One week after the last gavage, washed platelets (3.0 × 108/ml)
were prepared and stimulated with collagen. The platelet
aggregation rate is measured with an aggregator, and the
result is recorded by the aggregolink software.

Statistical Analysis
All the data were generated from at least three independent
experiments, with data presented as mean ± standard error of
the mean (SEM). All data were tested for significance using one-
way ANOVA with Bonferroni’s post hoc test, p < 0.05 was
considered statistically significant.

RESULTS

Pimpinellin Inhibits Platelet Aggregation
and ATP Secretion Induced by Collagen
We examined the effect of pimpinellin on platelet aggregation
induced by different agonists. Pimpinellin was found to inhibit
platelet aggregation induced by collagen (Figure 1A). Collagen
(2 μg/ml) in stimulated platelet aggregation rate was reduced by
pimpinellin (10 and 20 μM) from 74 ± 8% to 36 ± 5% and 5 ± 1%
(n � 3, p < 0.001). The 50% inhibitory concentration (IC50) of
pimpinellin on collagen (2 μg/ml)-induced platelet aggregation
was 13.6 μM. Pimpinellin exhibited a inhibition of collagen-
stimulated platelet aggregation but it had no effect on
thrombin (0.04 and 0.08 U/ml), ADP (3 and 5 μM)-induced
platelet aggregation. Meanwhile, pimpinellin did not affect ADP-
induced platelet aggregation in PRP (Supplementary Figure S1).
The anti-platelet effect of pimpinellin can also be confirmed by
microscopic observation that pimpinellin reduced the formation
of platelet aggregates (Figure 1B).

A similar inhibitory effect on collagen-induced ATP release
was also observed (Figure 2A). The data indicate that 20 μM
pimpinellin can effectively inhibit the release of ATP. These
results strongly suggested that pimpinellin suppressed platelet
aggregation and ATP release.

Effects of Pimpinellin on LDH Release
Pimpinellin (10 and 20 μM) did not significantly (p > 0.05)
increase LDH activity (Figure 1C). This indicated that
pimpinellin did not affect platelets permeability or induce
platelet cytolysis.

Pimpinellin Inhibits Platelet Activation
To further demonstrate that pimpinellin inhibits the release of platelet
granules content, we examined the expression of CRP (1 μg/ml)-
induced platelet surface P-selectin expression. Compared with the
control group without pimpinellin, pimpinellin evidently reduced
CRP-stimulated P-selectin expression (Figure 2B).
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FIGURE 1 | Effects of pimpinellin on platelet aggregation and LDH release. (A) Thewashed human platelets (3 × 108/ml) were incubatedwith different concentrations of
pimpinellin (10 and 20 μM) or the vehicle group for 5 min. Stimulated platelet aggregation with collagen (1 and 2 μg/ml), Thrombin (0.04 and 0.08U/ml), ADP (3 and 5 μM). (B)
Fixed and observed untreated platelets or platelets treated with vehicle or pimpinellin (10 and 20 μM) and collagen 2μg/mL. Values are the average of three independent
experiments ± S.E.M. (C) To assess the cytotoxicity, platelets were pre-incubated with 0.1%DMSO (vehicle), or pimpinellin (10 and 20 μM) for 10min, and 20 μl of the
supernatant from the aliquots was precipitated on an LDH-assay kit. Data are presented as the mean ± SEM (n � 9). One-way ANOVA followed by Bonferroni post-hoc
analysis of the data. (**p < 0.01, ***p < 0.001 compared with the vehicle group, #p < 0.05 compared with the PIN 10 μM group, NS means no significance.).

Frontiers in Pharmacology | www.frontiersin.org July 2021 | Volume 12 | Article 7063634

Liu et al. Pimpinellin inhibits platelet activation

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


PAC-1 is used to detect the activation level of human platelet
integrin aIIbβ3. To determine whether pimpinellin could
interfere with integrin αIIbβ3 activation, flow cytometry was
used to assess PAC-1 binding. In the presence of pimpinellin
(20 μM), PAC-1 binding was significantly reduced (p < 0.01)
(Figure 2C).

Pimpinellin Negatively Regulates Integrin
αIIbβ3-Mediated Outside-in Signaling
As shown in Figure 3A, clot retraction was reduced significantly
in the presence of pimpinellin (10, 20, and 40 μM) at 30 min
compared with the vehicle group. We selected the integrin αIIbβ3
antagonist tirofiban as a positive control (Huang et al., 2019)

FIGURE 2 | Pimpinellin inhibited platelet ATP release, P-selectin expression and PAC-1. (A)Washed platelets were treated with pimpinellin (10 and 20 μM) at 37°C
for 5 min and ATP release was measured after stimulation with collagen (1 μg/ml) using a Lumi-Aggregometer. One-way ANOVA followed by Bonferroni post-hoc
analysis of the data. (*p < 0.05, **p < 0.01; compared to the vehicle group). (B,C) Washed platelets (3.0 × 108/ml) were incubated with vehicle or pimpinellin (20 μM),
Then CRP (1 μg/ml) was added to stimulate the expression of P-selection (B) and PAC-1 (C). (resting control, black line; CRP-activated, blue line; pimpinellin
20 μM, red line; Tirofiban, brown line). Detection of P-selection, PAC-1 expression by flow cytometry (n � 3). Bar graphs show mean ± SEM (n � 3). *p < 0.05 and
**p < 0.01 compared to the vehicle group.
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and found that tirofiban could significantly inhibited clot
retraction.

Next, we examined the spreading of platelets on the surface of
fibrinogen in the presence of pimpinellin at different
concentrations (10 and 20 μM). As shown in Figure 3B,
pimpinellin (20 μM) significantly inhibited platelet spreading
and reduced singlel platelet surface coverage area from 50.0 ±
8.6 μm2 to 9.89 ± 0.64 μm2, respectively. Compared to the
vehicle group, pimpinellin (20 μM) inhibited platelet adhesion
from 55 ± 8 platelets/0.01 mm2 to 38 ± 1 platelets/0.01 mm2.

These data suggested that the outside-in signaling pathway that
regulates the coordinated process of clot retraction andplatelet spreading
on fibrinogen via integrin αIIbβ3 was influenced by pimpinellin.

Effects of Pimpinellin on Collagen-induced
Platelet TxB2 Production and cAMP Levels
To investigate the possible mechanism of the anti-platelet
effect of pimpinellin, the effects on TxB2 formation were
evaluated. Compared with collagen-activated platelets,
resting platelets produce less TxB2. Pimpinellin (10 and
20 μM) significantly (p < 0.001) inhibited the formation of
platelet TxB2 stimulated by collagen (1 μg/ml) (Figure 4A).

We determined the cAMP levels in pimpinellin-
pretreated platelets interacting with different reagents.
Our findings showed that pimpinellin does not affect
cAMP production compared with resting washed platelets
(Figure 4B).

FIGURE 3 | The effect of pimpinellin on clot retraction and platelet spreading on fibrinogen surfaces. (A) Human platelet-rich plasma were treated with pimpinellin
(10, 20 and 40 μM) at 37°C for 5 min. The clot retraction was triggered by adding thrombin (0.4 U/ml) and proceeding at 37°C. The clot retraction was photographed after
30 min. (B) Human washed platelets (1.0 × 107/ml) were pretreated with pimpinellin (10 and 20 μM) or vehicle at 37°C for 5 min, and then allowed to adhere to the
fibrinogen-coated glass slide. Platelets were spread on a slide coated with fibrinogen at 37°C for 60 min, after which spreading was stopped by fixing in 4%
paraformaldehyde. The platelet images were obtained by fluorescent microscopy. Representative images were obtained from three similar experiments. Data are
presented as the mean ± SEM (n � 3). *p < 0.05 and **p < 0.01 compared to the vehicle group.
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Pimpinellin Inhibits Signaling Pathways of
Platelet Activation Induced by Collagen
To explore the molecular mechanism of pimpinellin inhibition of
platelet aggregation, platelet lysates were obtained from platelets
pre-incubated with pimpinellin (10 and 20 μM) for 5 min, they
were then lysed for 5 min after collagen stimulated. Western blot
analysis showed that Syk, SLP76, PLCγ2, PI3K (p85/p55), Akt
and GSK3β phosphorylation were inhibited by pimpinellin. We
concluded that pimpinellin may negatively regulated of Syk-
SLP76-PLCγ2-PI3K-Akt-GSK3β signaling (Figure 5).

We evaluated the MAPK signaling molecules including p38
MAPK, JNKs, and ERKs. Our findings showed that pimpinellin
inhibited the phosphorylation of p38, but not ERK or JNK.
Therefore, the inhibition of p38 signaling may be involved in
the mechanism of pimpinellin-mediated inhibition (Figure 5).

Stimulation of platelets with collagen induces the activation of
protein kinase C (PKC) and subsequent phosphorylation of p47
proteins.When collagenwas added to human platelets, 47 kDa (p47)
was predominately phosphorylated compared to resting platelets.
Data shows the inhibition of PKC activation in platelets following
incubation with different concentrations of pimpinellin (Figure 5).

Exogenous ADP Normalizes Pimpinellin
Inhibition of Platelet Aggregation
We supplemented pimpinellin-incubated platelets with exogenous
ADP to verify whether it could restore the aggregation rate of
pimpinellin-inhibited platelets to normal levels (Figure 6A). ADP
(1 μM) is not enough to induce platelet aggregation, but reversed
the inhibitory effect of pimpinellin-incubated platelets aggregation
stimulated by collagen (1 μg/ml). And ADP restored the decreased
phosphorylation of Akt (Figure 6B).

Effect of LY294002 on Pinpinellin-treated
Platelet Aggregation
PI3K/Akt signaling plays a central role in platelet activation and
granule secretion.We previously found that pimpinellin significantly

inhibited the phosphorylation of PI3K (p85/p55) and Akt. Besides,
pimpinellin combined with the PI3K-specific inhibitor LY294002
significantly inhibited collagen-activated platelet aggregation and
Akt phosphorylation (Figures 6C,D). These findings confirmed
that the mechanism of pimpinellin inhibition of platelet
activation involved the PI3K/Akt signaling pathway.

Effect of Pimpinellin on Coagulation
Function and Platelet Aggregation ex vivo
Comparedwith the control group, pimpinellin (40mg/kg) didnot affect
the APTT levels, an indicator of endogenous coagulation pathway.
However, pimpinellin (100mg/kg) significantly prolonged the APTT
in mice (p < 0.001) (Figure 7A), PT is mainly used to evaluate the
exogenous coagulation pathway, pimpinellin did not affect the PT levels
(Figure 7B). In this study, pimpinellin did not affect exogenous
coagulation pathway, suggesting that the anticoagulation mechanism
of high dose pimpinellin was mainly mediated by the endogenous
coagulation system. In addition, pimpinellin (40 mg/kg) did not
influence platelet count (PLT), mean platelet volume (MPV), white
blood cell count (WBC) and red blood cell count (RBC) (Table 1).

To evaluate the ability of pimpinellin as an antiplatelet agent,
platelet aggregation ex vivo was assessed. Pimpinellin produced a
concentration-related inhibition of collagen-induced ex vivo
aggregation in platelets, which was consistent with the
inhibitory effect of pimpinellin on platelet aggregation in vitro
(Figure 7C). These results suggested that pimpinellin inhibited
platelet function under normal conditions in vivo.

We further evaluated the role of pimpinellin in hemostasis by
measuring the tail bleeding time. We found that tail bleeding time
was not affected in mice gavaged with low doses of pimpinellin
(40 mg/kg) relative to the controls, while high doses of pimpinellin
(100mg/kg) prolonged the tail bleeding time (Figure 7D).

DISCUSSION

In recent years, traditional medicine has become more popular,
and long-term clinical practice and scientific studies have shown

FIGURE 4 | Effects of pimpinellin on cAMP levels, and TxB2 production. (A) We pre-incubated washed human platelets (3 × 108/ml) with vehicle, different
concentrations of pimpinellin, or aspirin (100 μM) for 10 min, after which the platelets were stimulated with collagen (1 μg/ml). TxB2 production levels were evaluated by
measuring the OD values. Results were expressed as TxB2 production (ng/ml). (B)Washed human platelets (3 × 108/ml) were pre-incubated with the vehicle, different
concentrations of pimpinellin or PGE1 (50 ng/ml) for 10 min, after which they were stimulated with collagen. After 5 min, the supernatant was obtained by
centrifugation. The effect of pimpinellin on cAMP levels was determined by detecting OD value. Data are mean ± SEM values (n � 4). *p < 0.05, **p < 0.01, ***p < 0.001
compared to the vehicle group.
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FIGURE 5 | Effect of pimpinellin on collagen-induced signal transduction.Washed platelets were stimulated with 2 μg/ml collagen (3.0 × 108/ml) and then lysed with
cell lysis buffer. Syk, PLCγ2, SLP76, JNK, ERK, P-38, p85, Akt, GSK3β, and PKC phosphorylation levels were detected with relevant antibodies. Band density was
analyzed using the ImageJ software. Data are presented as the mean ± SEM (n � 3). *p < 0.05 and **p < 0.01 compared to the vehicle group; NSmeans no significance.
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FIGURE 6 | Effects of pimpinellin on platelet aggregation in the presence of ADP or LY294002. (A) Washed platelets (3 × 108/ml) were pretreated with 20 μM
pimpinellin, 1 μMADP or both for 10 min after which they were stimulated with collagen (1 μg/ml). Platelet aggregation rates were calculated in at least three independent
experiments and the results are shown as mean ± SEM (*p < 0.05 compared with the PIN 20+Col group, PIN 20 means pimpinellin 20 μM, COL means collagen). (B)
Lysates from each group were analyzed by immunoblotting to determine the Akt phosphorylation levels. (C)Washed platelets (3 × 108/ml) were pre-incubated with
10 μM pimpinellin, 2 μM LY294002 or both for 10 min, after which they were stimulated with 2 μg/ml collagen. (*p < 0.05 and **p < 0.01 compared to the vehicle group,
PIN 10means pimpinellin 10 μM). (D) Lysates in each group were analyzed by immunoblotting to determine the Akt phosphorylation levels. Band density was calculated
by the ImageJ software. Bar graphs represent the mean ± SEM (n � 3).
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that some herbs and their extracts have good antithrombotic and
antiplatelet functions (Jin et al., 2007; Mousa, 2010; Lee et al.,
2013; Gao et al., 2019). The active ingredient or drug monomer of
a natural product is an important component for the
development of new compounds. Toddalia asiatica Lam has a

long history of medicinal use in China due to its various biological
effects such as dispelling wind and pain, relieving bleeding,
hemostasis and anti-inflammatory activities (Zhang et al.,
2017; Alagaraj and Muthukrishnan, 2020). Pimpinellin is a
coumarin-like compound extracted from Toddalia asiatica

FIGURE 7 | The effects of pimpinellin on coagulation in mice. (A,B) The effect of pimpinellin on the coagulation system was assessed by the APTT and PT.
(*p < 0.05, **p < 0.01, NS means p > 0.05). (C) Representative experiments of platelet aggregation induced by collagen (2 μg/ml) in control mice and mice treated with
pimpinellin or aspirin. Pimpinellin produced a inhibition of collagen-induced ex vivo aggregation in platelets. Statistics of aggregation rates (n � 3). Data are presented as
mean ± SEM. *p < 0.05 compared to the vehicle group. (D) The tail tip was excised and soaked at 37°C for the bleeding test. Symbols represent the time to stop
bleeding in individual animals and error bars represent the mean ± SEM (n � 10).
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Lam. An understanding of the effects of pimpinellin and platelet
function may help to develop improved strategies for the
treatment of cardiovascular diseases. In this study, the
antiplatelet effects of pimpinellin were analyzed.

We for the first time investigated the effects of pimpinellin on
platelet aggregation, release, and spreading. The results indicated
that pimpinellin inhibited collagen-induced platelet aggregation
and reduced both dense and α granule secretion, and inhibited
spreading and adhesion of human platelets. Besides, we further
investigated the potential antiplatelet mechanism of pimpinellin,
by focusing on the collagen/GPVI-mediated signaling pathway.
The results demonstrated that pimpinellin may exert antiplatelet
effects by inhibiting the PKC pathway as well as the PI3K-Akt-
GSK3β/p38 MAPK pathway.

Pimpinellin significantly inhibited collagen-induced platelet
aggregation, but did not affect thrombin- and ADP-induced
platelet aggregation, suggesting that pimpinellin may has a
specific inhibitory effect on collagen. We also found that
pimpinellin was not toxic to platelets, and pimpinellin had no
effect on LDH at concentrations that inhibited platelet
aggregation.

Upon activation, platelets release the contents of threemain types
of granules: dense granules, alpha granules, and lysosomal granules
(Blair and Flaumenhaft, 2009), which contain a variety of active
substances. Dense granules and alpha granules play an important
role in platelet aggregation and activation (Binsker et al., 2018).
Besides, platelet dense granules contain ADP and polyphosphate,
which contribute to hemostasis and coagulation. Alpha granules
contain various growth factors and adhesion molecules P-selectin
and CD63 (Fuentes and Palomo, 2013). Pimpinellin was found to
inhibit collagen-induced ATP release and P-selectin expression.
Exogenous supplementation of ADP partially reversed the
inhibitory effect of pimpinellin on platelet aggregation.
Pimpinellin exerted its inhibitory effect on platelet aggregation
and activation by inhibiting the platelet release function.

Thromboxane A2 is produced by activated platelets during
hemostasis and has procoagulant properties such as platelet
activation and increased platelet aggregation (Fontana et al.,
2014). However, TxA2 has a short half-life and TxB2 is
produced by the non-enzymatic hydration of TxA2. Therefore,
we measured the concentration of TxB2 to determine the level of
TxA2 formation. Pimpinellin inhibited the formation of TxB2,
suggesting that pimpinellin exerts its antiplatelet effect by
inhibiting the formation of TxB2. cAMP is an important
regulator of platelet activity and inhibits platelet aggregation
induced by a variety of stimulants (Raslan and Naseem, 2014).

Besides, cAMP is also involved in regulatory functions, such as
calcium mobilization, adhesion, and skeletal rearrangement in
platelets (Margarucci et al., 2011; Raslan et al., 2015). Our data
showed that although pimpinellin tended to elevate cAMP levels,
there was no significant (p > 0.05) difference compared to the
control group.

When blood vessels are damaged, the exposed collagen
substrate drives platelet activation and the formation of a
hemostatic thrombus. The formation of the hemostatic
thrombus results from continuous platelet adhesion, activation,
and aggregation (Jurk and Kehrel, 2005; Mackman et al., 2007;
Jurk and Kehrel, 2010). Platelet spreading is a process by which
adherent platelets increase platelet contact with the damaged site
after skeletal rearrangement at the site of thrombus damage, and
this process is considered to be a critical step in hemostasis and
thrombosis (Koupenova et al., 2018). In our study, we found that
pimpinellin significantly (p < 0.05) reduced the number of
platelet adhesions and average platelet spreading area. These
results suggest that pimpinellin inhibits the adhesion and
spreading function of platelets.

The platelet activation signals induced by specific receptors on
platelets eventually converge into a common signaling event that
induces an “inside-out” signaling process that activates integrin
αIIbβ3 (Ginsberg, 2014). This leads to platelet spreading,
secretion of additional granules, stabilization of platelet
adhesion and aggregation, and clot retraction. Platelet
adhesion to immobilized fibrinogen and mediated clot
retraction involves an “outside-in” signaling and cytoskeletal
reorganization of integrin αIIbβ3 (Hynes, 2002; Durrant et al.,
2017). Clot retraction is an important process of vascular injury
healing, and it also reflects the “outside-in” signal transduction
process of platelets. Abnormal clot retraction indicates that the
“outside-in” signal of platelets is damaged, and eventually leads to
prolonged bleeding time and abnormal thrombus formation. We
found that pimpinellin inhibited the binding of PAC-1 to
activated integrin αIIbβ3, suggesting that pimpinellin inhibited
the “inside-out” signaling. Pimpinellin also inhibited both
platelets spreading area and clot retraction, suggesting that
pimpinellin also inhibited “outside-in” signaling.

Many compounds or extracts of plant origin inhibited platelet
function and mediated the collagen-induced GPVI signalling
pathway. Glaucocalyxin A incubation reduced phosphorylation
of SYK, LAT and PLCγ2 (Li et al., 2013); Tussilagone decreased the
phosphorylation of Syk/PLCγ2-PKC/MAPK signaling pathways
(Zhou et al., 2020); Salidroside inhibits platelet function through
AKT/GSK3β signaling pathway (Wei et al., 2020). In the present

TABLE 1 | Effect of pimpinellin on coagulation index in mice.

Group PLT (106 ml−1) MPV (μm3) WBC (106 ml) RBC(109 ml−1)

CMC-Na (0.5%) 587.800 ± 22.522 5.630 ± 0.096 1.815 ± 0.236 5.556 ± 0.206
Aspirin (100 mg/kg) 562.100 ± 35.652 5.440 ± 0.048 1.536 ± 0.178 5.699 ± 0.202
PIN(40 mg/kg) 570.100 ± 33.581 5.460 ± 0.06 1.985 ± 0.239 5.498 ± 0.418
PIN(100 mg/kg) 721.400 ± 61.666a 5.670 ± 0.073 1.279 ± 0.135 5.492 ± 0.134

Data are presented as the mean ± SEM (n � 10). Mice were orally administered with CMC-Na, pimpinellin (40 and 100 mg/kg), and ASA for a week. Effect of pimpinellin on mouse platelet
count (PLT)、mean platelet volume (MPV)、white blood cell count (WBC) and red blood cell count (RBC) ex vivo.
*p < 0.05 compared with the CMC-Na group.
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study, we also demonstrated that pimpinellin inhibited multiple
key protein phosphorylation related to collagen-induced signaling
pathways in platelets. Activation of collagen/GPVI receptors leads
to tyrosine phosphorylation of Fyn and Lyn, followed by Syk
activation and LAT tyrosine phosphorylation (Poole et al., 1997),
which in turn recruits PI3K and PLCγ2. PLCγ2 then catalyzes the
release of DAG and IP3 from phosphatidylinositol for subsequent
PKC activation and Ca2+ movement (Harper and Poole, 2010),
ultimately leading to platelet secretion, aggregation, and thrombus
formation. We found that pimpinellin inhibited Src416
(Supplementary Figure S3), Syk, PI3K, PLCγ2, and PKC
phosphorylation. Therefore, our results suggest that pimpinellin
inhibits collagen-stimulated platelet activation and aggregation by
negatively regulating GPVI signaling.

We are familiar with the GPVI signals often involved in SYK,
PLCγ2, SLP76 and PI3K(Watson et al., 2005). And
phosphoinositide 3-kinase (PI3K) plays an important role in
GPVI-mediated platelet activation (Chen et al., 2004; Gibbins,
2004; Kim et al., 2009). MAPKs, including ERK, p38 MAPK,
and JNK, are also involved in collagen-induced platelet
activation (Fan et al., 2018; Cargnello and Roux, 2011). p38
MAPK is reported to be a key signal for collagen-induced
aggregation (Kuliopulos et al., 2004; Hanai et al., 2009). The
present study showed that pimpinellin-mediated inhibition of
collagen-stimulated platelet activation involves p38 MAPK
activation but not ERK and JNK activation. It was demonstrated
that PKCα not only affects the release of platelet alpha particles and
dense granules (Konopatskaya et al., 2009), but also mediates the
GPVI signaling pathway (Pula et al., 2005). Our data suggest that
pimpinellin can effectively inhibit the phosphorylation of PKC. The
PI3K/Akt signaling pathway regulates a variety of cellular processes
such as inflammation, mitosis, and cell migration in several cell
types (Fresno et al., 2004). In platelets, PI3K/Akt is an important
regulator of platelet function such as granule secretion and
activation of integrin αIIbβ3 (Niu et al., 2012). In this study, we
found that pimpinellin inhibited collagen-induced phosphorylation
of P85, Akt, and GSK3β (a recognized downstream effector protein
of Akt). LY294002 is an inhibitor of the PI3K/Akt pathway and
effectively reduces collagen-induced platelet aggregation and
phosphorylation of Akt. Besides, we also found that a
combination of pimpinellin and PI3K-specific inhibitor
LY294002 (Vlahos et al., 1994), enhanced the inhibition of
platelet aggregation by pimpinellin and Akt phosphorylation,
suggesting that pimpinellin inhibition of platelet activation and
function by inhibiting downstream of collagen-induced GPVI
signaling downstream. We found that pimpinellin can affect the
phosphorylation of SRC and Syk, thus suggesting that pimpinellin
can affect GPVI proximal signaling.

In addition, we studied the effect of pimpinellin on the
coagulation system. PT usually reflects the extrinsic coagulation
system, while APTT is mainly used as an endogenous coagulation
system (Liu et al., 2018). Pimpinellin (40 mg/kg) showed no effect
on APTT and PT, suggesting that low doses of pimpinellin did not
affect coagulation function. However, high doses of pimpinellin
(100mg/kg) significantly (p < 0.01) affected APTT, suggesting that
the anticoagulation mechanism at high dose was mainly mediated
by the endogenous coagulation system. The mice platelet ex-vivo

assay also confirmed that pimpinellin (40 and 100mg/kg) inhibited
collagen-induced platelet aggregation. We also found that
pimpinellin (40 mg/kg) did not affect tail bleeding time in mice,
pimpinellin (100 mg/kg) prolonged tail bleeding in mice, suggesting
that low doses of pimpinellin does not cause serious bleeding side
effects at concentrations that inhibit platelet aggregation.

In conclusion, pimpinellin has significant anti-platelet
aggregation, release, adhesion, and spreading effects and inhibits
clot retraction. Besides, its anti-platelet effects are mainly mediated
by key molecules in the collagen/GPVI signaling pathway, which
involves Syk-SLP76-PLCγ2-PKC-p38 MAPK and PI3K/Akt
signaling pathways. Our study shows that pimpinellin has anti-
platelet activity in addition to its other well-known properties. This
indicates that pimpinellin may be a potential agent for effectively
preventing platelet-related thromboembolic diseases, and it may
also be an ideal choice for preventing atherosclerotic diseases.
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