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Abstract

Background: Nelumbo nucifera (lotus) has been widely used in traditional Chinese medicine for centuries to treat various disorders,
including cardiovascular diseases (CVDs), microbial infections, diabetes, and cancer. Liensinine, a natural alkaloid isolated from this
plant, exhibits diverse pharmacological activities, including modulation of autophagy, induction of apoptosis in cancer cells, and car-
dioprotective effects in models of myocardial infarction. Since CVDs are closely associated with platelet activation, which plays a key
role in arterial thrombosis, suppressing platelet activation may be a useful strategy for thrombotic diseases; however, the antiplatelet
potential of liensinine remains to be fully elucidated. Therefore, this study was designed to evaluate the effects of liensinine on platelet
activation in human platelets. Materials and Methods: Platelet aggregometry, a luciferin–luciferase assay, fluorescence analysis, flow
cytometry, immunoblotting, confocal microscopy, scanning electron microscopy (SEM), and an in vivo thrombosis model were used in
this study. Results: Liensinine inhibited collagen-induced platelet aggregation in a concentration-dependent manner and exerted a mod-
erate inhibitory effect on thrombin-induced aggregation; however, no effects were observed for liensinine on arachidonic acid-induced
aggregation. Moreover, liensinine did not increase lactate dehydrogenase release even at concentrations up to 160 μM, indicating an
absence of platelet cytotoxicity. Liensinine also reduced collagen-induced Ca2+ mobilization, ATP release, and P-selectin expression.
Mechanistically, liensinine attenuated collagen-stimulated phosphorylation of phospholipase C gamma 2 (PLCγ2) and protein kinase C
(PKC). In contrast, liensinine did not inhibit platelet aggregation induced by phorbol 12,13-dibutyrate (PDBu), a direct PKC activator.
Furthermore, SEM analysis showed that liensinine reduced collagen-induced filopodial elongation in platelets. In the animal experi-
ment, liensinine significantly prolonged the occlusion time of thrombotic platelet plug formation in mesenteric vessels. Conclusion:
These findings demonstrate that liensinine inhibits collagen-induced platelet activation by suppressing the PLCγ2–PKC signaling cas-
cade, thereby reducing Ca2+ mobilization and granule secretion and attenuating platelet morphological changes and aggregation. Overall,
the present results suggest that liensinine possesses antiplatelet and antithrombotic activity.
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1. Introduction

Cardiovascular diseases (CVDs) remain the leading
cause of mortality worldwide, with arterial thrombosis rep-
resenting a key pathological event underlying myocardial
infarction and ischemic stroke [1]. After vascular in-
jury, exposure to subendothelial matrix proteins provides
an adhesive surface for circulating platelets, leading to
platelet adhesion, activation, secretion, and aggregation, all
of which contribute to thrombus formation [2]. Among
platelet agonists, collagen is particularly important because
collagen initiates early platelet activation via glycopro-

tein VI (GPVI)-dependent signaling pathways [3]. Upon
GPVI engagement, downstream kinases such as spleen ty-
rosine kinase (Syk) are activated, leading to phosphoryla-
tion of phospholipase Cγ2 (PLCγ2) and subsequent genera-
tion of the second messengers inositol trisphosphate (IP3)
and diacylglycerol (DAG) [4]. IP3 induces calcium ion
(Ca2+) release from intracellular stores, whereas DAG ac-
tivates protein kinase C (PKC). Together, these signaling
events promote granule secretion and integrin αIIbβ3 activa-
tion, ultimately enhancing platelet aggregation [4,5]. Since
the PLCγ2–PKC signaling cascade is central to collagen-
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mediated platelet activation, targeting this pathway has
been proposed as a potential strategy for preventing arte-
rial thrombosis [3,4,5].

Natural compounds with multitarget pharmacologi-
cal properties have attracted considerable interest as po-
tential modulators of platelet function [6]. Nelumbo nu-
cifera (lotus) has long been used in traditional Chinese
medicine to manage various disorders, including CVDs,
microbial infections, diabetes, and cancer. Liensinine, pre-
dominantly isolated from the seed embryo of this plant,
has also been traditionally used to manage CVDs, cancer,
and inflammatory conditions [7]. In cancer cells, liensi-
nine can disrupt autophagic flux by impairing Ras-related
protein Rab-7a (RAB7A) recruitment, thereby acting as an
inhibitor of autophagy/mitophagy [8]. In addition, liensi-
nine has been shown to regulate cellularmetabolism by acti-
vating AMP-activated protein kinase (AMPK) and destabi-
lizing hypoxia-inducible factor (HIF)-1α, thereby promot-
ing a metabolic shift from glycolysis to oxidative phos-
phorylation and increasing reactive oxygen species produc-
tion [9]. In gallbladder cancer, liensinine induces apopto-
sis and G2/M-phase cell-cycle arrest through caspase ac-
tivation and modulation of cell-cycle regulatory proteins,
including cyclin B1 and cyclin-dependent kinase 1 [10].
Liensinine also exerts anti-inflammatory and antioxidant
effects, associated with reduced NF-κB signaling and de-
creased expression of inflammation-related proteins, in-
cluding cyclooxygenase-2 (COX-2) and inducible nitric ox-
ide synthase (iNOS) [11]. Moreover, recent studies have
demonstrated that liensinine confers cardioprotective ef-
fects against myocardial infarction by suppressing Wnt/β-
catenin signaling, suggesting that liensinine has potential
relevance to CVDs [12]. Collectively, these studies in-
dicate that liensinine has broad pharmacological activity;
however, whether liensinine modulates platelet activation
remains unclear.

Since platelet activation is a key process in thrombus
formation, this study aimed to investigate whether liensi-
nine modulates platelet activation and examined the under-
lying signaling mechanisms. Thus, the present study aimed
to (i) determine the effects of liensinine on platelet aggre-
gation induced by various agonists, (ii) evaluate its impact
on intracellular calcium ion (Ca2+) mobilization and gran-
ule secretion, and (iii) examine its effects on key signaling
pathways involved in platelet activation, including PLCγ2
and PKC signaling.

2. Materials and Methods
2.1 Reagents

Liensinine was purchased from MedChemExpress
(Monmouth Junction, NJ, USA). Type I collagen was ob-
tained from Chrono-Log (Havertown, PA, USA). Arachi-
donic acid (AA), thrombin, dimethyl sulfoxide (DMSO),
and bovine serum albumin (BSA) were purchased from
Sigma (St. Louis, MO, USA). Alexa Fluor 647-labeled

goat anti-mouse IgG and Alexa Fluor 488-labeled goat anti-
rabbit IgG were obtained from Abcam (Waltham, MA,
USA). An anti-α-tubulin monoclonal antibody (mAb; cata-
log no. sc-32293) was purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). Phospho-PLCγ2 poly-
clonal antibody (pAb; catalog no. AF3192) was purchased
fromAffinity (Cincinnati, OH,USA). A phospho-PKC sub-
strate pAb (catalog no. 2261) was purchased from Cell Sig-
naling Technology (Beverly, MA, USA).

2.2 Washed Human Platelet Preparation
Healthy adult volunteers were recruited for blood

donation after confirmation that each volunteer had
avoided antiplatelet medications and nonsteroidal anti-
inflammatory drugs for at least 2 weeks prior to sam-
pling. Ethical approval was granted by the Institutional
Review Board of Taipei Medical University (TMU-JIRB-
N202512100). All participants signed written informed
consent forms, and the study procedures followed the prin-
ciples of the Declaration of Helsinki. Washed human
platelets were prepared from platelet-rich plasma as previ-
ously described [4]. Briefly, prostaglandin E1 (1 μM) was
added during platelet washing to minimize ex vivo activa-
tion, and the final platelet pellet was resuspended in modi-
fied Tyrode’s buffer (pH 7.4) containing 1 mM Ca2+.

2.3 Platelet Aggregation Assay
Washed platelets were adjusted to 3.6 × 108

platelets/mL and pretreated with liensinine at the in-
dicated concentrations (5–20 μM), or with vehicle control
(0.1% DMSO). After incubation, platelet activation was
induced using the specified agonists. Platelet aggregation
was measured with a lumi-aggregometer. Light transmis-
sion was continuously recorded for 6 min, and the results
were expressed as the percentage of aggregation relative to
the vehicle control.

2.4 Lactate Dehydrogenase (LDH) Release Assay
Platelet cytotoxicity was evaluated bymeasuring LDH

release using a commercially available LDH assay kit
(Promega Corporation, Madison, WI, USA), according to
themanufacturer’s instructions. After treatment with liensi-
nine, the reaction mixture was centrifuged, and the super-
natant was collected for LDH measurement. Absorbance
was measured with a microplate reader, and the percent-
age of LDH release was calculated relative to the maximal-
release control.

2.5 Intracellular Calcium ([Ca2+]i) Measurement
Intracellular Ca2+ mobilization was measured using

Fura-2 AM as previously described [13]. Briefly, washed
platelets were labeled with 5 μM Fura-2 AM (Molecu-
lar Probes, Eugene, OR, USA) and resuspended in Ca2+-
containing Tyrode’s buffer after removal of excess dye. Af-
ter pretreatment with liensinine (10 or 20 μM) or vehicle
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Fig. 1. Effects of liensinine on agonist-induced platelet aggregation and lactate dehydrogenase (LDH) release. (A) Washed human
platelets were incubated with 0.1% dimethyl sulfoxide (DMSO) or liensinine (5–20 μM) for 3 min before stimulation with collagen (2
μg/mL), thrombin (0.02 U/mL), or arachidonic acid (AA) (60 μM) to assess platelet aggregation. (B) Concentration–response histograms
of the inhibitory effects of liensinine on these agonist-induced responses (%). (C) LDH release was assessed after treatment with liensinine
(10–160 μM) to evaluate cytotoxicity. Data are presented as the mean ± standard error of the mean (n = 4). **p < 0.01 and ***p < 0.001
versus the 0.1% DMSO + agonist group.

control (0.1% DMSO), platelets were stimulated with col-
lagen. Fluorescence was then measured using a spectrom-
eter with alternating excitation at 340 nm and 380 nm and
emission at 510 nm.

2.6 ATP Release Assay

Platelets were incubated with 20 μL of lu-
ciferase/luciferin reagent (Sigma, St. Louis, MO, USA)
in the presence of liensinine (10 or 20 μM) or vehicle
control (0.1% DMSO) for 3 min, and then stimulated
with collagen. ATP release was monitored by recording
chemiluminescence using a spectrometer. For quantitative
analysis, ATP release was determined from the maximal
chemiluminescence signal after collagen stimulation. The
response in the collagen-stimulated vehicle control group
(0.1% DMSO) was defined as 100%, and ATP release in

the liensinine-treated groups was expressed as a percentage
of this control response.

2.7 Analysis of P-selectin Expression
Following collagen stimulation, platelet suspensions

were fixed and incubated in the dark with either FITC-
conjugated anti-CD62P antibody (BioLegend, San Diego,
CA, USA) or an isotype control. P-selectin expression was
analyzed by flow cytometry. Platelets were gated based on
their forward scatter (FSC) and side scatter (SSC) character-
istics to exclude debris and non-platelet particles. FITC flu-
orescence was then analyzed within the gated platelet pop-
ulation. At least 10,000 platelet events were collected per
sample. Results are expressed as mean fluorescence inten-
sity (MFI).
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2.8 Western Blot Analysis
Western blotting was conducted in accordance with

our previously reported study [13]. Briefly, platelet pro-
teins were separated, transferred to membranes, and im-
munodetected using the indicated primary antibodies at
a dilution of 1:1000, followed by horseradish peroxidase
(HRP)-conjugated secondary antibodies. Protein bands
were visualized by enhanced chemiluminescence, and sig-
nal intensity was quantified by densitometry.

2.9 Evaluation of Platelet Morphology by Scanning
Electron Microscopy (SEM)

Platelets were allowed to adhere to microscopy slides
and were subsequently processed using standard electron
microscopy preparation procedures, including aldehyde
fixation, osmium tetroxide post-fixation, buffer washing,
and graded ethanol dehydration. SEM was used to ex-
amine platelet surface morphology, and the spreading area
was quantified from the acquired images using ImageJ soft-
ware (version 1.52a; Wayne Rasband, National Institutes of
Health, Bethesda, MD, USA; https://imagej.net/ij/).

2.10 Confocal Fluorescence Microscopy
Confocal immunofluorescence staining was per-

formed as previously reported [13], with modifications
to the primary antibodies used. Briefly, washed human
platelets (3 × 107 cells/mL) were incubated with 0.1%
DMSO or liensinine (20 μM), and then stimulated with
collagen. The samples were processed for immunofluo-
rescence staining using the indicated primary antibodies
and fluorescence-conjugated secondary antibodies. Fluo-
rescence signals were observed using a confocal laser scan-
ning microscope equipped with a 100× oil immersion ob-
jective.

2.11 Thrombosis Model Induced by Sodium Fluorescein
All animal procedures were approved by the Institu-

tional Animal Care and Use Committee of Taipei Medical
University (LAC2026-0079). The study was carried out in
accordance with the ARRIVE guidelines. A total of 24 six-
week-old male C57BL/6 mice were purchased from Bio-
LASCO Taiwan Co., Ltd. (Taipei, Taiwan). Mice with
body weights ranging from 20 to 25 g and were healthy.
The mice were randomly assigned to three treatment groups
and intraperitoneally administered 0.1% DMSO, liensinine
(12 mg/kg), or aspirin (20 mg/kg), followed by tail vein in-
jection of sodium fluorescein (15 μg/kg). After anesthe-
sia with sodium pentobarbital (50 mg/kg, i.p.; 10 mg/mL
solution prepared in sterile normal saline), mesenteric ves-
sels (30–40 µm diameter) were exposed to irradiation to in-
duce thrombus formation. The interval from the onset of
irradiation to complete vessel occlusion was measured and
defined as the occlusion time. No animals were excluded
from the final analysis. After the experiment, mice were
euthanized immediately by carbon dioxide inhalation at a

displacement rate of 20–30% of the chamber volume/min.
Death was confirmed by the absence of spontaneous respi-
ration for more than 2 min and the loss of reflexes.

2.12 Statistical Analysis
Data are expressed as the mean ± standard error of

the mean, and n represents independent experiments per-
formed with platelets from different donors. Statistical
analyses were carried out using SAS software (version 9.2;
SAS Inc., Cary, NC, USA). Comparisons between multi-
ple groups were performed using one-way analysis of vari-
ance (ANOVA) followed by the Student–Newman–Keuls
method. A p-value < 0.05 was considered statistically sig-
nificant.

3. Results
3.1 Liensinine Suppresses Platelet Aggregation Induced by
Various Agonists

The effects of liensinine on platelet aggregation were
evaluated in collagen-, AA-, and thrombin-stimulated
platelets. Liensinine (5–20 μM) most effectively inhib-
ited collagen-induced aggregation (2 μg/mL) (Fig. 1A).
At 20 μM, liensinine reduced collagen-triggered response
by more than 80% compared with the 0.1% DMSO con-
trol group. In contrast, the inhibitory effect of liensinine
on thrombin-induced aggregation was modest, reaching ap-
proximately 35% inhibition at 20 μM. Liensinine did not
significantly affect AA-induced aggregation (Fig. 1B).

To determine whether the inhibitory effects of liensi-
nine were associated with cytotoxicity, LDH release was
measured. Liensinine did not significantly increase LDH
release at concentrations up to 160 μM (Fig. 1C), indicating
that the observed inhibitory effects were not attributable to
cytotoxicity. Accordingly, collagen was used as the prin-
cipal agonist in subsequent experiments, and liensinine at
concentrations approximating the IC50 (10 μM) and the
maximal inhibitory effect (20 μM) was used to investi-
gate the underlying mechanisms associated with collagen-
stimulated platelets.

3.2 Effects of Liensinine on Intracellular Ca2+
Mobilization, ATP Release, and P-Selectin Expression in
Collagen-Activated Platelets

We further examined several key activation responses
in collagen-stimulated platelets, including intracellular
Ca2+ mobilization, ATP release, and P-selectin expression.
Stimulation with collagen markedly increased intracellular
Ca2+ mobilization, ATP release, and P-selectin surface ex-
pression in platelets (Fig. 2). Pretreatment with liensinine
significantly attenuated these responses in a concentration-
dependent manner. Liensinine at 10 and 20 μM reduced
collagen-induced intracellular Ca2+ mobilization by ap-
proximately 45% and 51%, respectively (Fig. 2A). Consis-
tently, liensinine significantly decreased collagen-induced
ATP release (10 μM, 53.3 ± 14.0%; 20 μM, 20.2 ± 9.3%;
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Fig. 2. Liensinine attenuates collagen-induced intracellular Ca2+ mobilization, ATP release, and P-selectin expression. Washed
human platelets were incubated with 0.1% DMSO or liensinine (10 or 20 μM) before activation with collagen (2 μg/mL). The effects
of liensinine on (A) intracellular Ca2+ mobilization, (B) ATP release, and (C) P-selectin surface expression (a) Tyrode’s solution, (b)
collagen-stimulated platelets, (c) liensinine 10 µM, and (d) 20 µM). Data are shown as the mean ± standard error of the mean (n = 4).
(A,B) **p < 0.01 and ***p < 0.001 versus 0.1% the DMSO + collagen group. (C) ***p < 0.001 versus the resting (Tyrode’s solution) group;
###p < 0.001 versus the 0.1% DMSO + collagen group.
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Fig. 3. Liensinine reduces collagen-inducedmorphological alterations and suppresses phospholipaseC gamma 2 (PLCγ2)–protein
kinase C (PKC) signaling in human platelets. (A) Platelet ultrastructure was examined by scanning electron microscopy (SEM) after
treatment with 0.1%DMSO or liensinine (20 μM), followed by activation with collagen (2 μg/mL). Scale bar: 2.5 μm. (B,C) ForWestern
blot analysis, phosphorylation of PLCγ2 and PKC was assessed in collagen-activated platelets treated with or without liensinine (10 or
20 μM). (D) Platelet aggregation induced by phorbol 12,13-dibutyrate (PDBu) was assessed after treatment with or without liensinine
(10 and 20 μM). Data are shown as the mean ± standard error of the mean (n = 4). *p < 0.05, **p < 0.01 and ***p < 0.001 versus the
resting (Tyrode’s solution) group. #p < 0.05, ##p < 0.01, and ###p < 0.001 versus the 0.1% DMSO + collagen group.
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n = 4) compared with the 0.1% DMSO control group (Fig.
2B). In addition, flow cytometric analysis showed that P-
selectin expression was significantly decreased from 741.7
± 158.6 in the DMSO-treated group to 190.7 ± 42.3 and
124.0 ± 15.0 following treatment with 10 and 20 μM liensi-
nine, respectively (Fig. 2C). These results demonstrate that
liensinine effectively suppresses collagen-induced platelet
activation by inhibiting these activation responses.

3.3 Attenuation of Platelet Morphological Changes by
Liensinine

Platelet morphological changes were examined using
SEM. Resting platelets exhibited a typical discoid shape
with smooth surfaces and no obvious filopodia (Fig. 3A).
Upon collagen stimulation, platelets underwent a marked
morphological transformation, characterized by extensive
shape change, formation of multiple pseudopodia, and
platelet spreading. In contrast, pretreatment with liensinine
(20 μM)markedly attenuated collagen-inducedmorpholog-
ical changes, with platelets displaying fewer pseudopodia
than those in the collagen-stimulated group. Quantitative
analysis of the pronounced spreading area further showed
that collagen significantly increased the platelet spreading
area from 1.9 ± 0.3 μm2 to 11.5 ± 2.4 μm2, whereas liensi-
nine reduced the collagen-induced spreading area to 4.0 ±
0.5 μm2. These observations indicate that liensinine sup-
presses collagen-induced platelet activation and the associ-
ated morphological transformation.

3.4 Influence of Liensinine on PLCγ2–PKC Signaling and
PDBu-Induced Platelet Aggregation

To investigate how liensinine affects collagen-induced
platelet responses, we examined the PLCγ2–PKC signal-
ing cascade. PLCγ2 is a key mediator of collagen-triggered
platelet signaling that regulates downstream PKC activa-
tion [3]. Activation of PKC was determined by examin-
ing the phosphorylation level of p47 (pleckstrin), a ma-
jor PKC substrate in platelets [14]. Collagen stimula-
tion markedly increased PLCγ2 phosphorylation and en-
hanced downstream PKC activation (Fig. 3B,C). Pre-
treatment with liensinine significantly attenuated collagen-
induced PLCγ2 phosphorylation and reduced phosphory-
lation of PKC substrates. To further determine whether
liensinine directly interferes with PKC activation, platelets
were stimulated with the direct PKC activator, phorbol
12,13-dibutyrate (PDBu). Liensinine had no significant
effect on PDBu-induced platelet aggregation (Fig. 3D).
As a positive inhibitory control for PKC-dependent re-
sponses, Gö 6983, a PKC inhibitor, was used in PDBu-
stimulated platelet activation. Gö 6983 inhibited PDBu-
induced platelet aggregation, whereas liensinine showed
no significant inhibitory effect (Supplementary Fig. 1A).
Gö 6983 also reduced PDBu-induced PKC phosphoryla-
tion, whereas liensinine did not suppress PDBu-induced
PKC phosphorylation (Supplementary Fig. 1B). Con-

focal immunofluorescence analysis was then performed
to visualize collagen-induced phosphorylation of PLCγ2
and PKC in human platelets (Fig. 4A,B). Collagen stim-
ulation markedly increased the fluorescence intensity of
phosphorylated PLCγ2 and PKC (green). Consistent with
the immunoblotting data, pretreatment with liensinine (20
μM) substantially reduced collagen-induced phosphoryla-
tion signals of PLCγ2 and PKC. In contrast, the intensity
of α-tubulin staining (red) did not differ notably among the
groups (Fig. 4). These findings suggest that liensinine
may suppress collagen-induced platelet activation, at least
in part, by modulating the PLCγ2–PKC signaling pathway,
rather than by directly inhibiting PKC activation.

3.5 Liensinine Attenuates Fluorescein-Induced
Thrombosis in Mouse Mesenteric Vessels

The in vivo antithrombotic effect of liensinine was
assessed using a fluorescein-induced thrombosis model in
mouse mesenteric vessels. Following administration of
liensinine (12 mg/kg), thrombotic occlusion was markedly
delayed compared with the 0.1% DMSO control group
(Fig. 5A). Aspirin served as a clinically established an-
tiplatelet reference drug. Liensinine treatment significantly
prolonged vessel occlusion time (0.1% DMSO: 169 ± 22 s;
liensinine: 486 ± 57 s; n = 8; Fig. 5B), and a similar pro-
longation was observed in the aspirin-treated group (510 ±
49 s; n = 8; Fig. 5B). These results indicate that liensinine
delays thrombotic platelet plug formation in vivo and ex-
hibits antithrombotic activity comparable to aspirin under
the present experimental conditions.

4. Discussion
The present study demonstrates that liensinine

markedly inhibits platelet activation, a critical process
involved in arterial thrombosis and CVDs [15,16]. Platelet-
driven thrombus formation involves multiple activation
events, including adhesion, secretion, aggregation, and
cytoskeletal remodeling [16]. These processes have
encouraged the search for natural compounds that can
modulate platelet function and serve as candidates for
antithrombotic drug development. Our results show that
liensinine concentration-dependently reduced collagen-
induced aggregation and produced a modest inhibitory
response against thrombin-induced aggregation. However,
liensinine did not significantly suppress AA-induced
aggregation. Since AA is converted through COX-related
enzymatic pathways to generate thromboxane A2 (TXA2),
which activates thromboxane prostanoid receptors and am-
plifies platelet activation [17], these findings suggest that
liensinine is unlikely to act through the AA–thromboxane
pathway. To our knowledge, this is the first systematic
study to evaluate the regulatory effects of liensinine on
platelet activation and the associated signaling mechanisms
in human platelets.
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Fig. 4. Confocal immunofluorescence analysis of PLCγ2 and PKC phosphorylation after collagen stimulation. Washed human
platelets were pretreated with 0.1% DMSO or liensinine (20 μM) and then stimulated with collagen (2 μg/mL). Platelets were fixed
and subjected to immunofluorescence staining. Phosphorylated PLCγ2 (A) and PKC (B) were detected with specific antibodies and are
shown in green, whereas α-tubulin is shown in red. Images are representative of four independent experiments. Scale bar: 5 μm.
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Fig. 5. Effect of liensinine on thrombus formation in mouse mesenteric vessels. (A) Mice received 0.1% DMSO, liensinine (12
mg/kg), or aspirin (20 mg/kg) by intraperitoneal injection. Mesenteric thrombosis was induced by fluorescein-mediated irradiation.
Representative images were captured at 5 and 120 s after irradiation for each group. White arrows indicate the direction of blood flow,
and the region below the red dashed line indicates the site of thrombus formation. (200×magnification). (B) Occlusion timewas recorded.
Each dot represents an individual mouse (n = 8). p < 0.001 versus the 0.1% DMSO group.
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Fig. 6. Schematic illustration of the signaling pathway targeted by liensinine in collagen-activated platelets. Upon collagen stim-
ulation, spleen tyrosine kinase (Syk) activation leads to PLCγ2-mediated generation of inositol trisphosphate (IP3) and diacylglycerol
(DAG), resulting in Ca2+ release from the dense tubular system (DTS) and PKC activation. Together, these events promote granule
secretion and platelet activation. Liensinine suppresses the PLCγ2–PKC–Ca2+ signaling cascade in collagen-activated platelets, thereby
attenuating platelet aggregation. Red inhibitory arrows indicate suppression, whereas black arrows represent canonical signaling path-
ways. Purple arrows denote collagen receptor-mediated signaling, and green arrows indicate thrombin receptor-related pathways.

Collagen is one of the most potent physiological ag-
onists of platelet activation and initiates platelet signal-
ing primarily through the GPVI receptor [3]. Mean-
while, activation of GPVI leads to phosphorylation of
Syk and subsequent activation of PLCγ2, which represents
a key signaling step in collagen-induced platelet activa-

tion [4]. Consistent with this mechanistic interplay, our
data show that liensinine markedly suppressed collagen-
induced PLCγ2 phosphorylation and subsequent PKC ac-
tivation. PLCγ2-dependent signaling plays a crucial role
in platelet activation by triggering intracellular Ca2+ mobi-
lization and downstream secretion responses [18]. In agree-
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ment with this concept, we observed that liensinine signifi-
cantly reduced intracellular Ca2+ mobilization in collagen-
stimulated platelets. Elevation of intracellular Ca2+ is a cen-
tral event in platelet activation and is essential for granule
secretion, integrin activation, and cytoskeletal rearrange-
ment [18]. Collectively, these results suggest that liensinine
attenuates collagen-triggered platelet activation by down-
regulating the PLCγ2–PKC signaling pathway, accompa-
nied by reduced Ca2+ mobilization and granule release,
thereby inhibiting platelet aggregation (Fig. 6).

Granule secretion represents an important amplifica-
tion mechanism during platelet activation. Upon stimula-
tion, platelets initiate intracellular signaling events that el-
evate cytosolic Ca2+ levels and promote exocytosis of stor-
age granules containing bioactive molecules. Dense gran-
ules predominantly release small soluble molecules, such
as ADP and ATP [19], which amplify platelet activation
by recruiting additional platelets and strengthening aggre-
gation. In contrast, α-granules serve as storage sites for
multiple membrane-bound and soluble proteins, including
P-selectin and fibrinogen, which contribute to platelet ad-
hesion and thrombus stabilization [20]. Surface exposure
of P-selectin after α-granule secretion is commonly used as
a marker of platelet activation [20]. In the present study,
liensinine markedly attenuated collagen-induced ATP re-
lease (Fig. 2B) and P-selectin expression (Fig. 2C), in-
dicating that this compound suppresses both dense-granule
and α-granule secretion during platelet activation.

Activation of PLC represents a critical step in platelet
signal transduction. Meanwhile, human platelets express
two major PLC isoforms, PLCβ and PLCγ, which partici-
pate in distinct signaling pathways depending on the agonist
involved [21]. The PLCγ family comprises two isoforms,
PLCγ1 and PLCγ2; notably, PLCγ2 plays a central role
in collagen-induced platelet activation via GPVI-dependent
signaling in human platelets [21]. In contrast, thrombin ac-
tivates platelets primarily through protease-activated recep-
tors (PAR1 and PAR4) coupled to Gαq proteins, thereby
activating PLCβ [21,22]. These mechanistic differences
may partly explain why certain compounds strongly in-
hibit collagen-induced platelet aggregation while exerting
only modest effects on thrombin-mediated platelet activa-
tion. Consistent with this interpretation, our results show
that liensinine had no inhibitory effect on PDBu-triggered
platelet aggregation. Since PDBu directly activates PKC
and bypasses receptor-mediated signaling, this observation
indicates that liensinine does not function as a direct PKC
inhibitor. Gö 6983 suppressed PDBu-induced platelet ag-
gregation and PKC phosphorylation, whereas liensinine did
not significantly affect either response (Supplementary
Fig. 1). Thus, the inhibitory action of liensinine likely oc-
curs upstream of PKC activation, as evidenced by the ob-
served suppression of PLCγ2 phosphorylation in collagen-
stimulated platelets. In addition to PLCγ2–PKC signaling,
PI3K and p38MAPK are important signaling molecules in-

volved in platelet activation [23,24]. Our results further
showed that liensinine attenuated collagen-induced phos-
phorylation of p38 MAPK, but not PI3K (Supplementary
Fig. 2), suggesting that inhibition of p38 MAPK signaling
may also contribute to the suppressive effect of liensinine
on collagen-induced platelet activation. This result is con-
sistent with previous evidence suggesting that PLCγ2–PKC
signaling may contribute to the regulation of p38 MAPK
activation in platelets [25]. Nevertheless, the possibility
that liensinine influences additional signaling pathways that
contribute to platelet activation remains, although further
clarification is required.

Platelet morphological transformation is a hallmark of
platelet activation and reflects dynamic cytoskeletal remod-
eling during the transition from resting discoid platelets to
fully activated cells. Upon stimulation, platelets rapidly re-
organize their actin and microtubule cytoskeletons, lead-
ing to a spherical shape accompanied by filopodia exten-
sion, which increases surface area and facilitates adhesion
and aggregation during thrombus formation [26,27]. These
structural changes are closely associated with intracellu-
lar signaling events and granule secretion, both of which
contribute to the stabilization and growth of platelet aggre-
gates [16]. Consistent with these concepts, our SEM ob-
servations revealed that collagen stimulation induced pro-
nounced morphological alterations characterized by filopo-
dia extension and extensive platelet spreading, indicative of
robust platelet activation. In contrast, platelets treated with
liensinine retained a relatively roundedmorphology and ex-
hibited markedly reduced filopodia elongation. These find-
ings suggest that liensinine interferes with cytoskeletal reor-
ganization, further supporting the inhibitory effect of liensi-
nine on platelet activation.

Animal models of vascular thrombosis are valuable
for examining the in vivo antithrombotic activity of test
compounds. In the fluorescein sodium-induced thrombosis
model, continuous irradiation of mesenteric vessels causes
endothelial injury and exposes the underlying collagen ma-
trix, thereby promoting platelet adhesion and aggregation at
the injury site and leading to thrombus formation [17]. In
our study, administration of liensinine at 12 mg/kg signifi-
cantly delayed vessel occlusion, suggesting that liensinine
exerts antithrombotic effects in vivo. Thus, liensinine may
be a promising candidate for further investigation in throm-
boembolic disorders.

5. Limitations
The precise upstream molecular target of liensinine

in collagen-induced platelet activation was not fully de-
termined. Although liensinine reduced collagen-induced
PLCγ2 phosphorylation and downstream platelet activa-
tion responses, the present data do not establish whether
liensinine directly targets PLCγ2 or modulates upstream
GPVI-related signaling. Moreover, since Syk phospho-
rylation was not examined, further studies assessing Syk
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and other GPVI-proximal signaling molecules are needed
to clarify the precise molecular target of liensinine. In ad-
dition, bleeding risk was not evaluated in the present study.
Liensinine significantly prolonged occlusion time in the
fluorescein-induced mesenteric vessel thrombosis model;
this result supports the antithrombotic activity of liensi-
nine in vivo but does not establish any associated effects
on hemostasis. Therefore, future studies should evaluate
bleeding time to improve the assessment of the therapeutic
potential and safety profile of liensinine.

6. Conclusion
Our findings indicate that liensinine attenuates

collagen-triggered platelet activation by suppressing the
PLCγ2–PKC signaling pathway. This effect is associated
with decreased Ca2+ mobilization and reduced granule
secretion, as reflected by lower ATP release and P-selectin
expression, ultimately leading to inhibition of platelet
aggregation (Fig. 6). In addition, SEM analysis re-
vealed that liensinine markedly reduced collagen-induced
morphological changes in platelets. Collectively, these
findings suggest that liensinine possesses antiplatelet and
antithrombotic activity. However, the possibility that
liensinine may also affect additional signaling pathways
involved in platelet activation cannot be excluded and
should be addressed in future studies.
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