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Abstract

Background: Cardiovascular diseases (CVDs) are the leading cause of morbidity and mortality worldwide and are strongly associated
with atherothrombotic events. Thrombus formation results from the interplay between platelet activation and the coagulation cascade.
While anticoagulant systems are essential for maintaining hemostasis, these systems can also increase the risk of bleeding complications.
Coumarins led to the development of clinically important oral anticoagulants such as warfarin, which inhibits vitamin K epoxide reductase
complex subunit 1 (VKORC1), a key enzyme in vitamin K recycling and normal blood clotting. Ferulenol, a prenylated coumarin
derived from Ferula communis, has been reported to inhibit VKORC1, indicating a similar anticoagulant mechanism. Indeed, the close
interplay between coagulation and platelet activation suggests that ferulenol may also modulate platelet function. However,the role
of ferulenol in platelet activation has not yet been fully clarified. Methods: In this study, washed platelets obtained from healthy
human donors were used to examine whether ferulenol suppresses platelet activation. To further clarify the underlying mechanisms, this
study performed immunoblotting and confocal microscopy. In addition, this study evaluated the in vivo antithrombotic and hemostatic
effects of ferulenol using a vascular thrombosis model and a tail bleeding time assay in mice. Results: Collagen (2 μg/mL)-induced
platelet aggregation was reduced by ferulenol in a concentration-dependent manner from 10 to 40 μM, with near-complete inhibition
at 40 μM. Ferulenol produced only moderate inhibition of arachidonic acid (AA, 60 μM)-induced aggregation at 80 μM and did not
significantly affect by thrombin (0.02U/mL)-induced platelet responses. Moreover, ferulenol markedly reduced collagen-induced platelet
activation markers, including P-selectin expression, intracellular Ca2+ mobilization, and adenosine triphosphate (ATP) release. These
inhibitory effects were accompanied by reduced phosphorylation of phospholipase Cγ2 (PLCγ2), cytosolic phospholipase A2 (cPLA2),
and mitogen-activated protein kinase (MAPK) family members, including extracellular signal-regulated kinase, p38 MAPK, and c-
Jun N-terminal kinase. Ferulenol also suppressed activation of the phosphoinositide 3-kinase (PI3K)/Akt/glycogen synthase kinase-3β
(GSK3β) signaling pathway. In mice, ferulenol extended the time to thrombotic platelet plug formation, without significantly increasing
bleeding time. Conclusions: This study, provides the first evidence that ferulenol inhibits platelet activation. Mechanistically, ferulenol
may inhibit collagen-induced platelet activation, at least in part, by suppressing PLCγ2 activation, thereby reducing phosphorylation of
cPLA2, MAPKs, and PI3K/Akt/GSK3β signaling proteins. These inhibitory effects were reflected by reduced P-selectin exposure on the
platelet surface, suggesting suppression of α-granule release. In addition, ferulenol reduced dense-granule ATP release and limited the
rise in intracellular Ca2+ levels, thereby contributing to the inhibition of platelet aggregation. Therefore, ferulenol may be a promising
candidate for preventing thromboembolic events associated with CVDs.
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1. Introduction
Atherothrombotic events are major contributors to the

global burden of cardiovascular diseases (CVDs), which re-
main among the principal causes of illness and death world-
wide. Atherosclerosis developmentinvolves progressive
lipid accumulation, endothelial dysfunction, and chronic in-
flammation within the vascular wall, ultimately leading to
plaque formation. Upon plaque disruption or erosion, expo-
sure of subendothelial components, such as collagen, trig-
gers platelet aggregation and initiates arterial thrombosis
and the coagulation cascade [1,2]. This synergistic process
results in fibrin formation, thereby leading to an occlusive
thrombus [2]. Crucially, under pathophysiological condi-
tions, thrombus formation is tightly regulated by endoge-
nous anticoagulant mechanisms that maintain a balance be-
tween coagulation and anticoagulation. Disruption of this
balance can lead to excessive thrombus formation, thereby
contributing to the development and progression of cere-
brovascular diseases and CVDs [2].

The anticoagulant system is essential for maintain-
ing hemostatic balance; however, excessive anticoagulant
activity may increase the risk of bleeding complications.
Major endogenous anticoagulant mechanisms, such as an-
tithrombin, the tissue factor pathway inhibitor (TFPI), and
protein C/protein S system limit overactivation of the co-
agulation cascade [3]. In addition to its key role in fibrin
generation, thrombin functions as a major platelet agonist
that activates platelets through protease-activated receptors,
leading to platelet aggregation, granule secretion, and inte-
grin activation [2,4]. Conversely, activated platelets expose
negatively charged phospholipids, such as phosphatidylser-
ine, providing a procoagulant surface that supports the as-
sembly of coagulation complexes, including tenase and pro-
thrombinase, which further amplify thrombin generation
[5]. This interaction creates a positive feedback loop be-
tween coagulation and platelet activation, highlighting their
coordinated roles in thrombosis [4].

Given the central role of platelets in arterial thrombi,
a detailed understanding of platelet activation is essen-
tial. Platelets are anucleate cell fragments derived from
megakaryocytes that circulate in a resting state under nor-
mal conditions but rapidly activate upon vascular injury
[6]. When a blood vessel wall is damaged, exposure of
subendothelial matrix proteins, especially collagen, allows
platelets to adhere via specific collagen receptors, trigger-
ing platelet activation and aggregation. This activation
involves intracellular signaling cascades leading to shape
changes, granule secretion, and activation of integrin αIIbβ3,
which binds fibrinogen to link platelets together and form
aggregates [6]. Secondary mediators, such as ADP and
thromboxane A2 (TXA2), are generated or released during
platelet activation and amplify platelet recruitment and ag-
gregation through receptor-mediated signaling. Platelet ac-
tivation is further regulated by intracellular calcium mobi-
lization and kinase signaling pathways, which play critical

roles in coordinating cytoskeletal reorganization and secre-
tion during thrombus formation [7]. Considering the close
interplay between platelet activation and the coagulation
cascade, modulation of platelet function remains critical in
regulating coagulation.

Coumarins are a class of naturally occurring ben-
zopyrone compounds widely distributed in plants, many of
which exhibit diverse pharmacological activities, includ-
ing anticoagulant, antimicrobial, and anticancer effects, and
they have given rise to clinically useful oral anticoagulants
such as warfarin, acenocoumarol, and phenprocoumon for
preventing and managing thromboembolic disorders [8,9].
These agents act as anticoagulants by inhibiting vitamin K
epoxide reductase complex subunit 1 (VKORC1), thereby
limiting the regeneration of reduced vitamin K required
for the γ-carboxylation of vitamin K-dependent coagula-
tion factors [9]. Consequently, functionally inactive clot-
ting factors are produced, leading to reduced fibrin forma-
tion [10]. However, their clinical use is associated with sev-
eral adverse effects, including an increased risk of bleeding,
particularly intracranial and gastrointestinal hemorrhaging,
as well as rare complications such as skin necrosis and vas-
cular calcification, necessitating careful and cautious use
[11,12,13,14].

The genus Ferula comprises a group of medicinal
plants known to be rich in coumarin derivatives [15]. Fer-
ula communis, a species widely distributed in the Mediter-
ranean region, exists in two distinct chemotypes: one en-
riched in daucane esters and the other containing preny-
lated coumarins. Among these, ferulenol was identified as
a major bioactive prenylated coumarin [16,17]. Previous
studies demonstrated that ferulenol exhibits notable antimi-
crobial activities, primarily through interfering with cellu-
lar energy metabolism [18]. Furthermore, ferulenol was
shown to inhibit VKORC1, suggesting that it may share
mechanistic features with coumarin-derived anticoagulants
throughmodulating vitamin K-dependent coagulation path-
ways [17,19]. Given the functional link between the co-
agulation cascade and platelet activation, it is possible that
ferulenol may exert inhibitory effects on platelet activation
beyond its anticoagulant properties. However, its direct
impact on platelet activation remains unclear. Therefore,
the objective of the present study was to elucidate the an-
tiplatelet effects of ferulenol and its possible mechanisms.

2. Methods
2.1 Chemicals and Reagents

Ferulenol (purity >98%), Thromboxane B2 (TXB2)
enzyme-linked immunosorbent assay (ELISA) kit, andwar-
farin were obtained from Cayman Chemical (Ann Ar-
bor, MI, USA). Aprotinin, dimethyl sulfoxide (DMSO),
ethylenediaminetetraacetic acid (EDTA), arachidonic acid
(AA), sodium pyrophosphate, leupeptin, sodium fluo-
ride, phenylmethylsulfonyl fluoride, luciferin-luciferase,
sodium orthovanadate, bovine serum albumin (BSA),
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and thrombin were purchased from Sigma-Aldrich (St.
Louis, MO, USA). The protein assay dye reagent con-
centrate was obtained from Bio-Rad Laboratories (Her-
cules, CA, USA). Primary antibodies used in this study
included anti-phosphorylated (p)-c-Jun N-terminal kinase
(JNK; Thr183/Tyr185; #9251), anti-p-p44/p42 extracellu-
lar signal-regulated kinase (ERK; Thr202/Tyr204; #9101),
anti-p-phospholipase Cγ2 (PLCγ2; #50535), and anti-p-
phosphoinositide 3-kinase (PI3K p85 Tyr458/p55 Tyr199;
#4257) polyclonal antibodies, which were purchased from
Cell Signaling Technology (Beverly, MA, USA). Anti-p-
cytosolic phospholipase A2 (cPLA2; Ser505; AF3329) and
anti-p-p38 mitogen-activated protein kinase (p38 MAPK;
Thr180/Tyr182; AF4001) polyclonal antibodies were ob-
tained from Affinity Biosciences (Cincinnati, OH, USA).
The anti-p-Akt (Ser473; orb127667) polyclonal anti-
body was purchased from Biorbyt (Biorbyt Ltd., Cam-
bridge, UK), whereas anti-p-glycogen synthase kinase 3α/β
(GSK3α/β; sc-81496) and anti-α-tubulin (sc-32293) mono-
clonal antibodies were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). Fura-2 acetoxymethyl es-
ter (Fura-2 AM) was obtained from Molecular Probes (Eu-
gene, OR, USA). The fluorescein isothiocyanate (FITC)-
conjugated anti-human CD62P (P-selectin) monoclonal an-
tibody was purchased from BioLegend (San Diego, CA,
USA). Alexa Fluor® 488-labeled goat anti-rabbit im-
munoglobulin G (IgG) and Alexa Fluor® 647-labeled
goat anti-mouse IgG were obtained from Abcam (Cam-
bridge, UK). Hybond-polyvinylidene difluoride (PVDF)
membranes, enhanced chemiluminescence (ECL) detection
reagents, and horseradish peroxidase (HRP)-conjugated
donkey anti-rabbit IgG and sheep anti-mouse IgG sec-
ondary antibodies were obtained from Amersham (Buck-
inghamshire, UK).

2.2 Preparation of Human Platelets and Assessment of
Platelet Aggregation and ATP Release

The protocol for this study complied with the ethical
standards of the Declaration of Helsinki and was approved
by the Institutional Review Board of Taipei Medical Uni-
versity (Approval No. TMU-JIRB-N202412004). All par-
ticipants provided written informed consent before blood
sampling. Only healthy adult volunteers who had refrained
from medications or dietary supplements with possible ef-
fects on platelet function for at least 14 days before dona-
tion were included. Blood was anticoagulated with acid–
citrate–dextrose (ACD) solution at a blood-to-ACD ratio of
9:1 (v/v). After centrifugation, platelet-rich plasma (PRP)
was collected and treated with EDTA (2 mM) and heparin
(6.4 IU/mL) prior to the washing procedure. The washed
platelets were resuspended in Tyrode’s buffer containing
3.5 mg/mL BSA, and the final Ca2+ concentration was ad-
justed to 1 mM. For aggregation assays, washed platelets
were incubated with ferulenol (1–80 μM) for 3 min and
subsequently stimulated with collagen (2 μg/mL), throm-

bin (0.02 U/mL), or AA (60 μM). DMSO (0.1%) served as
the solvent control. Platelet aggregation was measured us-
ing a Lumi-Aggregometer (Payton, Scarborough, Ontario,
Canada). ATP release, used as an indicator of dense-granule
secretion, was also determined. In brief, 20 μL of luciferin-
luciferase reagent was added to the platelet suspension 1
min prior to agonist stimulation, and luminescence signals
were recorded with a fluorescence spectrophotometer (F-
7000; Hitachi, Tokyo, Japan).

2.3 Assessment of P-Selectin Expression by Flow
Cytometry

To assess P-selectin expression, washed human
platelets were adjusted to 3.6 × 108 cells/mL and pretreated
for 3 min with either 0.1% DMSO as the solvent control or
ferulenol at 20 or 40 μM. FITC-conjugated anti-P-selectin
monoclonal antibody (2 μg/mL) was added during this pre-
treatment period. After 15 min of collagen stimulation (2
μg/mL), samples were subjected to FACScan flow cytomet-
ric analysis (Becton Dickinson, San Jose, CA, USA), with
50,000 events recorded per sample. Platelets were iden-
tified and gated according to their forward scatter (FSC)
and side scatter (SSC) profiles to exclude debris and non-
platelet particles. FITC fluorescence was subsequently an-
alyzed within the gated platelet population.

2.4 Determination of Intracellular Ca2+ Levels
Intracellular Ca2+ mobilization was examined using

Fura-2 AM-loaded platelets. Briefly, PRP obtained from
citrated whole blood was incubated with Fura-2 AM (5 μM)
for 1 h. After labeling, platelets were resuspended in Ty-
rode’s buffer supplemented with 1 mM Ca2+ and adjusted
to a final concentration of 3.6 × 108 cells/mL. Before col-
lagen stimulation, platelet suspensions were incubated with
either 0.1% DMSO as the solvent control or ferulenol at 20
or 40 μM for 3 min. Collagen (2 μg/mL) was then added,
and changes in [Ca2+]i were recorded using a fluorescence
spectrophotometer (F-7000; Hitachi, Tokyo, Japan). Ac-
cording to a previously reported method, fluorescence was
monitored using excitation wavelengths of 340 and 380 nm,
with emission collected at 500 nm [20].

2.5 Quantification of TXB2 Levels
TXB2 generation was assessed using platelet suspen-

sions adjusted to 3.6 × 108 cells/mL. Platelets were first
treated with either 0.1% DMSO as the solvent control or
ferulenol (40 μM) for 3 min, followed by collagen stimula-
tion (2 μg/mL) for 6 min. EDTA (2 mM) and indomethacin
(50 μM) were added to terminate the reaction. The samples
were centrifuged at 2000 ×g for 5 min, after which the su-
pernatants were collected for TXB2 analysis using a com-
mercial ELISA kit in accordance with the manufacturer’s
instructions.
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2.6 Immunoblot Analysis of Platelet Signaling Pathways
Immunoblotting was performed using washed

platelets adjusted to 1.2 × 109 cells/mL. Platelet suspen-
sions were treated with either 0.1% DMSO as the solvent
control or ferulenol at 20 or 40 μM before collagen stim-
ulation (2 μg/mL) for 5 min, while unstimulated platelets
were used as resting controls. After platelet stimulation,
80 μL of lysis buffer was added to terminate the reactions.
The resulting lysates were then centrifuged at 5000 ×g
for 5 min to remove insoluble debris. The protein content
of each clarified lysate was quantified with a Bradford
protein assay kit (Bio-Rad, Hercules, CA, USA). Samples
containing equal amounts of protein were separated on
10% SDS-polyacrylamide gels and then transferred onto
membranes for probing with target-specific primary anti-
bodies diluted at 1:1000. Band densities were measured
using Bio-profil Biolight software (version V2000.01;
Vilber Lourmat, Marne-la-Vallée, France), and α-tubulin
was used as the internal control for normalization.

2.7 Confocal Imaging Analysis
Confocal fluorescence microscopy was performed us-

ing unstimulated and collagen-stimulated platelets attached
to poly-L-lysine–coated coverslips. After activation with
collagen (2 μg/mL), attached platelets were fixed in 4%
paraformaldehyde for 1 h and subsequently treated with
0.1% Triton X-100 for permeabilization. Samples were in-
cubated with 5% BSA in PBS for 1 h to minimize non-
specific binding, and were subsequently treated with pri-
mary antibodies against the target proteins for 24 h. The
coverslips were extensively washed with PBS and then
incubated with fluorescently labeled goat anti-rabbit and
goat anti-mouse IgG secondary antibodies for 1 h. Con-
focal images were obtained using a Leica TCS SP5 mi-
croscope (Mannheim, Germany) equipped with a 100× oil-
immersion objective.

2.8 Real-Time Visualization of Vascular Thrombosis
The animal experimental protocol was reviewed and

approved by the Institutional Animal Care and Use Com-
mittee of Taipei Medical University (LAC-2025-0261), and
mice were maintained under a 12-h dark–light cycle with
free access to food and water. The study was carried out
in accordance with the ARRIVE guidelines. A total of
24 six-week-old male ICR mice (BioLASCO Taiwan Co.,
Ltd., Taipei, Taiwan) were treated intraperitoneally with 50
μL of 0.1% DMSO as the solvent control or ferulenol (15
mg/kg). No animals were excluded from the analysis. Fol-
lowing drug administration, the animals were anesthetized
with sodium pentobarbital (50 mg/kg, i.p.; 10 mg/mL solu-
tion prepared in sterile normal saline), and sodium fluores-
cein (15 μg/kg) was subsequently injected through the lat-
eral tail vein. For the thrombosis assay, mesenteric venules
with a diameter range of 30–40 μm were selected. Throm-
bus formation was triggered by light irradiation at <520 nm,

and the time required for complete vascular occlusion after
irradiation began was defined as the occlusion time. After
the experiment, mice were euthanized by CO2 inhalation at
20–30% chamber volume/min, and death was confirmed by
the absence of respiration and reflexes.

2.9 Measurement of Tail Bleeding Time in Mice
The mouse tail transection assay was used to evaluate

bleeding time. The animals were intraperitoneally injected
with 50 μL of 0.1% DMSO as the solvent control, ferulenol
at 15 mg/kg, or warfarin at 15 mg/kg. Twenty-four hours
later, the animals were anesthetized, and a 3 mm segment
of the distal tail was cut using a scalpel. The tail was im-
mediately immersed in 37 °C saline, and bleeding time was
measured until blood flow had completely ceased. For ani-
mals in which bleeding lasted more than 10 min, a maximal
value of 600 s was assigned. All outcome assessments were
performed by investigators blinded to the treatment alloca-
tion.

2.10 Statistical Analysis
Results are shown as the mean ± standard error of the

mean (SEM). Independent experiments using platelets from
different donors were used to determine the n value. Sta-
tistical comparisons among groups were performed using
one-way analysis of variance (ANOVA), with the Student–
Newman–Keuls test applied for post hoc analysis. Statisti-
cal significance was set at p < 0.05. SAS software (version
9.2; SAS Institute, Cary, NC, USA) was used to conduct
the analyses.

3. Results
3.1 Ferulenol Suppresses Platelet Aggregation

The present study investigated the effects of ferulenol
on human platelet activation. As shown in Fig. 1A,B, feru-
lenol (10–40 μM) suppressed collagen (2 μg/mL)-induced
platelet aggregation, achieving almost complete inhibition
at 40 μM. At a concentration of 80 μM, ferulenol sig-
nificantly inhibited platelet aggregation induced by AA
(60 μM). In contrast, ferulenol did not significantly affect
thrombin (0.02U/mL)-induced platelet aggregation, even at
concentrations up to 80 μM. The IC50 for collagen-induced
platelet aggregation was estimated to be approximately 20
μM. The solvent control (0.1%DMSO) did not produce any
detectable change in platelet aggregation (data not shown).
The LDH assay further demonstrated that ferulenol treat-
ment at concentrations ranging from 20 to 160 μM for 20
min did not promote LDH leakage from platelets, suggest-
ing that its inhibitory effects were not attributable to platelet
cytotoxicity (Supplementary Fig. 1).

3.2 Ferulenol Attenuates P-Selectin Expression, ATP
Secretion, and Intracellular Ca2+ Mobilization

ATP release and P-selectin expression were measured
to assess platelet granule secretion. ATP release reflects
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Fig. 1. Ferulenol suppresses platelet aggregation induced by different agonists. (A) Washed platelets were incubated with either
0.1% dimethyl sulfoxide (DMSO) as the solvent control or various concentrations of ferulenol (1–80 μM) before being activated by
collagen (2 μg/mL), thrombin (0.02 U/mL), or arachidonic acid (AA, 60 μM). (B) Concentration–response histograms summarizing the
inhibitory effects of ferulenol on agonist-induced platelet aggregation (%). Results are shown as the mean ± standard error of the mean
(SEM) (n = 4). p < 0.001 compared with the 0.1% DMSO-treated group.

dense granule secretion, whereas P-selectin expression in-
dicates α-granule release; both responses are closely in-
volved in the amplification of platelet aggregation [21].
In collagen-stimulated platelets, ATP release was gradu-
ally reduced following treatment with increasing concen-
trations of ferulenol (Fig. 2A). Elevation of the intracel-
lular Ca2+ concentration ([Ca2+]i) promotes platelet aggre-
gation. Intracellular Ca2+ mobilization was assessed using

a fluorescence-based detection method. As illustrated in
Fig. 2B, the rise in [Ca2+]i was strongly attenuated by fer-
ulenol treatment at both 20 and 40 μM, and the reduction
was approximately 74% for each concentration. In resting
platelets, P-selectin is retained within α-granules. Follow-
ing platelet activation, granule secretion and membrane re-
arrangement promote the redistribution of P-selectin to the
platelet surface [21]. Fig. 2C shows that P-selectin ex-
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pression on the platelet surface was minimal under rest-
ing conditions without collagen stimulation (Tyrode’s so-
lution). Collagen markedly increased P-selectin expres-
sion, whereas this response was markedly reduced follow-
ing treatment with ferulenol (20 and 40 μM). As illustrated
in Fig. 2D, unstimulated platelets produced minimal TXB2
(52.81 ± 19.46 ng/mL), while collagen markedly enhanced
TXB2 generation (811.8 ± 39.53 ng/mL). Ferulenol at 40
μM reduced this collagen-induced TXB2 production, reduc-
ing the level to 621.0 ± 45.84 ng/mL.

3.3 Ferulenol Suppresses Collagen-Induced PLCγ2
Phosphorylation

Activation of PLCγ2 represents a key step in collagen-
induced platelet signaling [22]. Following platelet stimula-
tion, PLCγ2 cleaves phosphatidylinositol 4,5-bisphosphate
(PIP2), resulting in the generation of two second mes-
sengers, diacylglycerol (DAG) and inositol trisphosphate
(IP3). Among these, IP3 regulates intracellular Ca2+ mo-
bilization by promoting Ca2+ release from the dense tubu-
lar system (DTS) together with Ca2+ influx [23]. In
the current study, ferulenol (20 and 40 μM) significantly
decreased PLCγ2 phosphorylation by collagen-stimulated
platelets (Fig. 3A). Furthermore, confocal fluorescence mi-
croscopy further verified the inhibitory effect of ferulenol
on PLCγ2 activation. As shown in Fig. 3B, activated
PLCγ2 was visualized by green fluorescence, whereas α-
tubulin was detected as red fluorescence in both unstimu-
lated and collagen-activated platelets. An increase in the p-
PLCγ2 fluorescence intensity was observed following col-
lagen stimulation compared to resting platelets, whereas
this elevation was attenuated by treatment with ferulenol
(40 μM) (Fig. 3B). In contrast, the fluorescence intensity of
α-tubulin remained unchanged across the different groups
(Fig. 3B). These findings indicated that the antiplatelet ef-
fects of ferulenol were associated with inhibition of PLCγ2
activation.

3.4 Ferulenol Attenuates the Phosphorylation of
Collagen-Induced cPLA2 and MAPKs

By promoting the liberation of AA, cPLA2 serves
as a key mediator in platelet activation and helps amplify
platelet aggregation [24]. In the context of our study, treat-
ment with ferulenol at 20 and 40 μM markedly reduced
cPLA2 phosphorylation in collagen-stimulated platelets
(Fig. 4A). MAPK pathways, including ERK, JNK, and p38
MAPK, are involved in several biological processes, such
as inflammation, platelet activation, apoptosis, and cell pro-
liferation [25]. As shown in Fig. 4B–D, treatment with fer-
ulenol at both 20 and 40 μM markedly decreased the phos-
phorylation of the examinedMAPKs in collagen-stimulated
platelets. Collectively, these observations suggest that al-
terations in cPLA2 and MAPK signaling may contribute to
the antiplatelet activity of ferulenol.

3.5 Ferulenol Inhibits Collagen-Induced PI3K/Akt/GSK3β
Signaling

Under conditions of elevated shear stress, the
PI3K/Akt/GSK3β pathway is closely involved in the reg-
ulation of thrombus formation [26]. Activation of Akt is
dependent on PI3K, highlighting its critical role in regulat-
ing downstream signaling events [26]. Akt signaling is acti-
vated by a variety of platelet agonists and plays an important
role in regulating platelet activation and hemostasis. In ad-
dition, GSK3β, a key downstream component, is controlled
by PI3K/Akt in platelets [27]. Our results demonstrated that
collagen stimulation markedly increased phosphorylation
of PI3K, Akt, and GSK3β in platelets, which was signif-
icantly inhibited by ferulenol (20 and 40 μM) (Fig. 5A–
C). Collectively, these results suggest that ferulenol may
inhibit platelet activation, at least in part, by affecting the
PI3K/Akt/GSK3β signaling pathway.

3.6 Ferulenol Prolongs Thrombotic Occlusion Time
Without Increasing Bleeding Time in Mice

To further assess the antithrombotic activity of feru-
lenol in vivo, thrombus formation was analyzed in mouse
mesenteric venules using a fluorescein-induced thrombo-
sis model and real-time intravital microscopy. As shown
in Fig. 6A, thrombotic platelet plug formation occurred
more slowly after ferulenol treatment (15 mg/kg) than in
the 0.1% DMSO solvent control group. Quantitative anal-
ysis showed that ferulenol significantly increased the time
required for vessel occlusion, from 183 ± 13 s in the 0.1%
DMSO group to 253 ± 20 s in the ferulenol-treated group
(n = 8; Fig. 6B). We also determined bleeding time after in-
traperitoneal administration of 0.1% DMSO (solvent con-
trol), ferulenol (15 mg/kg), or warfarin (15 mg/kg) (Fig.
6C). Bleeding time was not significantly prolonged by fer-
ulenol treatment, increasing from 187 ± 18 s in the 0.1%
DMSO-treated group (n = 8) to 233 ± 27 s in the ferulenol-
treated group (p > 0.05). In contrast, warfarin treatment
significantly prolonged bleeding time to 600 ± 0 s (p <
0.001). These results suggest that ferulenol at 15 mg/kg
significantly delayed thrombotic vessel occlusion without
significantly prolonging bleeding time under these experi-
mental conditions.

4. Discussion
Ferulenol has been reported to inhibit VKORC1, with

a Ki of approximately 0.08 μM, which is a principal molec-
ular target of coumarin-derived anticoagulants [17]. War-
farin and other clinically used vitamin K antagonists pro-
duce anticoagulant effects largely by targeting VKORC1,
which interferes with the activation of vitamin K-dependent
clotting factors and limits thrombin formation. Previ-
ous studies have indicated that ferulenol shows stronger
VKORC1-inhibitory activity than warfarin [17], suggest-
ing a potentially stronger impact on vitamin K-dependent
coagulation processes. Although warfarin effectively sup-
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Fig. 2. Ferulenol attenuates collagen-induced ATP release, Ca2+ mobilization, P-selectin expression, and thromboxane B2 forma-
tion. Washed platelets at a concentration of 3.6 × 108 cells/mL were treated with either 0.1% DMSO as the solvent control or ferulenol
at 20 and 40 μM before collagen stimulation (2 μg/mL). Ferulenol-mediated changes in platelet activation were analyzed by measur-
ing (A) ATP secretion, expressed as arbitrary units (AU); (B) intracellular Ca2+ mobilization ([Ca2+]i); and (C) surface expression of
P-selectin, expressed as mean fluorescence intensity (MFI). The P-selectin groups were designated as follows: (a) Tyrode’s solution, (b)
0.1% DMSO with collagen, (c) 20 μM ferulenol with collagen, and (d) 40 μM ferulenol with collagen. The experimental procedures
are described in detail in the Methods section. (D) TXB2 production was additionally evaluated. Quantitative analyses are shown in the
corresponding bar graphs. Values are presented as the mean ± SEM (n = 4). For panels (A,B), p < 0.05 and p < 0.001 indicate significant
differences compared with the 0.1% DMSO-treated group. In panels (C,D), p < 0.001 represents a significant difference from the resting
control group (Tyrode’s solution). Significant differences versus the 0.1% DMSO-treated group are denoted by p < 0.01 and p < 0.001.

presses coagulation, our results showed that it did not in-
hibit collagen-induced platelet activation, even at concen-
trations up to 80 μM (Supplementary Fig. 2), which
is consistent with previous reports [28,29]. Furthermore,

warfarin had no effect on collagen-induced ATP release
or cPLA2 phosphorylation (Supplementary Fig. 2), in-
dicating that warfarin does not affect platelet activation.
Interestingly, in contrast to warfarin, we found that feru-
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Fig. 3. Ferulenol inhibits collagen-induced PLCγ2 phosphorylation in human platelets. Washed platelets were exposed to 0.1%
DMSO as the solvent control or ferulenol at 20 and 40 μM before activation with collagen (2 μg/mL). (A) The phosphorylation level of
PLCγ2 was determined by immunoblot analysis. In the confocal microscopy experiment, 40 μM ferulenol was used for platelet treatment.
(B) Green fluorescence represents phosphorylated PLCγ2 labeled with Alexa Fluor® 488-conjugated goat anti-rabbit IgG, whereas red
fluorescence indicates α-tubulin labeled with Alexa Fluor® 647-conjugated goat anti-mouse IgG. Scale bar = 5 μm. Data are shown as
the mean ± SEM (n = 4). In panel (A), p < 0.001 indicates a significant difference versus the resting control group (Tyrode’s solution),
and p < 0.001 indicates a significant difference versus the collagen-stimulated 0.1% DMSO group.
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Fig. 4. Effects of ferulenol on signaling by collagen-induced cytosolic phospholipase A2 (cPLA2) and mitogen-activated protein
kinases (MAPKs) in human platelets. Washed platelets were incubated with 0.1% DMSO as the solvent control or ferulenol (20 and
40 μM), followed by stimulation with collagen (2 μg/mL). Phosphorylation levels of (A) cytosolic phospholipase A2 (cPLA2), (B) p38
MAPK, (C) c-jun N-terminal kinase (JNK), and (D) extracellular signal-regulated kinase (ERK) were examined by immunoblot analysis.
Tyrode’s solution was used as the resting control. Data are shown as the mean ± SEM (n = 4). p < 0.05, p < 0.01, and p < 0.001 indicate
significant differences compared with the resting control group (Tyrode’s solution); p < 0.05, p < 0.01, and p < 0.001 indicate significant
differences compared with the collagen-stimulated 0.1% DMSO group.
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Fig. 5. Ferulenol suppresses collagen-induced PI3K/Akt/GSK3β signaling in platelets. Washed platelets were treated with either
0.1% DMSO as the solvent control or ferulenol at 20 and 40 μM before collagen stimulation (2 μg/mL). Immunoblot analysis was
performed to determine the phosphorylation levels of (A) PI3K, (B) Akt, and (C) GSK3β. Tyrode’s solution was included as the resting
control. Results are presented as the mean ± SEM (n = 4). p < 0.05 and p < 0.001 denote significant differences compared with the
resting control group (Tyrode’s solution); p < 0.05 and p < 0.001 denote significant differences compared with the collagen-stimulated
0.1% DMSO group.

lenol markedly inhibited collagen-induced platelet activa-
tion. These findings indicate that although ferulenol shares
a similar mechanistic basis with classical coumarin antico-
agulants in the coagulation pathway, it exhibits distinct ac-
tivity on platelet activation.

Following platelet stimulation, tyrosine kinase-
dependent signaling cascades are initiated, resulting in
increased intracellular Ca2+ levels and the secretion of
granule contents, including ADP/ATP and P-selectin.
α-Granules are the principal protein-containing granules
in platelets and store a variety of molecules, such as
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Fig. 6. Ferulenol affects thrombotic vessel occlusion and tail bleeding time in mice. (A) Mice were intraperitoneally injected with
either 0.1% DMSO as the solvent control or ferulenol at 15 mg/kg. Thrombus formation in mesenteric venules was triggered by fluores-
cein irradiation. Representative time-lapse images were obtained from both the 0.1% DMSO and ferulenol groups over 10–150 s after
irradiation. The red arrow denotes the direction of blood flow, while the gray-shaded region outlined by the red dashed lines indicates
the site of platelet plug formation (200× magnification). (B) The time required for vessel occlusion was used as a parameter of thrombus
formation. (C) At 24 h after intraperitoneal injection of 0.1% DMSO, ferulenol (15 mg/kg), or warfarin (15 mg/kg), tail bleeding time
was assessed. Results are shown as the mean ± SEM (n = 8). p < 0.05 and p < 0.001 denote significant differences versus the 0.1%
DMSO solvent control group.

P-selectin, fibrinogen, and platelet-derived growth fac-
tor. Upon activation, α-granule secretion promotes the
translocation of P-selectin to the platelet surface [21].
Accordingly, the detection of surface P-selectin expres-
sion provides a reliable approach for assessing platelet
activation, as presented in Fig. 2C.

Activation of PLC represents a key step in platelet
signal transduction initiated by various agonists. Human
platelets express two major PLC classes, PLCβ and PLCγ,

which participate in distinct signaling pathways depend-
ing on the agonist involved. The two PLCγ isoforms do
not appear to participate equally in agonist-induced platelet
signaling. Although both PLCγ1 and PLCγ2 are present
in platelets, PLCγ2 is considered the major isoform me-
diating signaling responses induced by collagen and AA,
whereas their relative involvement may vary depending on
the platelet agonist [30,31]. Following vascular injury,
collagen, a major structural element of the extracellular
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Fig. 7. Proposed signaling mechanism by which ferulenol suppresses collagen-induced platelet activation. Ferulenol suppresses
platelet activation mainly through inhibition of PLCγ2 signaling, with subsequent modulation of downstream cPLA2, PI3K/Akt/GSK3β,
and MAPK pathways. This coordinated regulation leads to reduced intracellular calcium ([Ca2+]i) levels, ultimately suppressing platelet
aggregation.

matrix, becomes exposed and promotes platelet activation
through its interaction with receptors such as glycoprotein
VI (GPVI), leading to the initiation of PLCγ2-dependent
signaling pathways [31]. Upon stimulation by different ag-
onists, including collagen, phospholipase enzymes such as
cPLA2 become activated. These enzymes hydrolyze mem-
brane phospholipids to release AA, which is subsequently
converted by cyclooxygenase into TXA2, thereby enhanc-
ing platelet activation. Consistent with this pathway, our
results showed that ferulenol markedly inhibited TXB2 for-
mation, a stable metabolite of TXA2. In platelet activation,
the PLCγ2–PKC pathway and the cPLA2–AA–TXA2 axis
are functionally interconnected. PLCγ2 participates in the
early phase of signaling by promoting second messenger
production, while the AA–TXA2 pathway further strength-
ens platelet activation at a downstream level (Fig. 7). In
parallel, stimulation of Gαq-coupled GPCRs results in the
separation of Gαq from the receptor complex and subse-
quent activation of PLCβ. This signaling step is required

for platelet aggregation triggered by GPCR agonists such
as thrombin, serotonin, and ADP [32]. The distinct sig-
naling pathways activated by these agonists may help ex-
plain why ferulenol suppresses collagen- and AA-induced
platelet aggregation, whereas thrombin-induced aggrega-
tion remains largely unaffected. Our findings showed that
ferulenol strongly attenuated PLCγ2 activation in collagen-
stimulated platelets. This result suggests that the inhibitory
effect of ferulenol on platelet activation may be closely
associated with suppression of downstream PLCγ2/cPLA2
signaling.

MAPK signaling pathways regulate various cellular
processes, including cell growth, differentiation, and apop-
tosis. Evidence from pharmacological inhibitor studies and
genetic knockout models has shown that p38 MAPK, JNK,
and ERK contribute to platelet activation [25]. However,
the specific contributions of JNK and ERK to platelet ac-
tivation remain unclear. Although these kinases have been
suggested to exert negative regulatory effects on integrin
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αIIbβ3 activation, they are also considered important partic-
ipants in collagen-induced platelet aggregation [25]. This
regulatory network also involves cPLA2, a key enzyme re-
sponsible for AA release, the phosphorylation of which is
driven by p38 MAPK activation, leading to the hydrolysis
of membrane phospholipids and subsequent AA liberation,
which in turn serves as a precursor for TXA2 generation,
thereby amplifying platelet activation (Fig. 7) [24,33]. Our
findings indicated that ferulenol markedly suppresses acti-
vation of p38 MAPK, JNK, and ERK, as well as activation
of cPLA2. This inhibitory effect may account for the en-
hanced ability of ferulenol to suppress platelet activation
triggered by collagen or AA.

Platelet activation is regulated by complex signaling
networks, among which PI3K plays a central role. PI3K
functions downstream of several platelet receptors, includ-
ing GPVI, and promotes PLCγ2 activation and intracellu-
lar Ca2+ mobilization, thereby amplifying platelet signal-
ing [26]. Akt as a major downstream mediator of PI3K,
and its functional importance is highlighted by findings that
Akt-deficient mice exhibit diminished platelet aggregation
and defective stable adhesion under flow conditions [26].
Accordingly, activation of Akt downstream of PI3K repre-
sents a potential therapeutic target for antithrombotic drug
development. In contrast, the role of Akt-mediated sig-
naling to platelet activation is not yet fully clarified, al-
though potential effectors such as GSK3, including its both
isoforms, have been reported in platelets. Among these,
GSK3β represents the predominant isoform expressed in
platelets [27]. Therefore, clarifying the downstream sub-
strates of GSK3 in platelets may provide useful insight for
identifying new antithrombotic targets. Moreover, previous
studies have shown that PI3K/Akt andMAPKpathways, in-
cluding p38MAPK, can mutually regulate each other in hu-
man platelets, with PKC acting upstream to control MAPK
signaling (Fig. 7) [34].

In the in vivo thrombosis model, fluorescein sodium
administration followed by continuous light irradiation
caused endothelial injury in mesenteric venules, leading to
thrombotic platelet plug formation during the experimen-
tal period. The ferulenol dose administered to mice (15
mg/kg) was selected according to body surface area-based
interspecies dose conversion principles and was used in
the animal experiments [35]. Under these conditions, fer-
ulenol at 15 mg/kg significantly prolonged the occlusion
time, suggesting that its antithrombotic effect may be as-
sociated, at least in part, with inhibition of platelet activa-
tion. To further evaluate whether ferulenol affected bleed-
ing tendency, a mouse tail transection assay was performed.
Coumarin-based anticoagulants are widely used for the pre-
vention and treatment of thromboembolic disorders; how-
ever, their clinical application is often limited by bleeding
risk [36]. Therefore, warfarin was included as a representa-
tive coumarin anticoagulant for comparison. In our study,
warfarin markedly prolonged bleeding time but did not sub-

stantially inhibit collagen-induced platelet activation, sup-
porting the view that its major effect is related to antico-
agulation rather than direct inhibition of platelet activation.
By contrast, ferulenol-treated mice showed only a slight,
non-significant increase in bleeding time compared with
the DMSO group. Under the present experimental condi-
tions, ferulenol showed antiplatelet and antithrombotic ac-
tivity, while bleeding time was not significantly prolonged.
Therefore, ferulenol may be a potential antiplatelet com-
pound for further investigation in thromboembolic disease-
related studies.

5. Limitations
This study has several limitations. Ferulenol primarily

inhibited collagen-induced platelet activation via suppress-
ing PLCγ2 activation and downstream cPLA2, MAPKs,
and PI3K/Akt/GSK3β signaling pathways; however, other
potential mechanisms cannot be excluded. Although bleed-
ing time was evaluated in vivo, future studies may further
characterize the effects of ferulenol on bleeding time under
different dosing conditions.

6. Conclusions
We demonstrated for the first time that ferulenol ex-

erts antiplatelet effects, at least in part, by inhibiting PLCγ2
activation, leading to suppression of cPLA2, MAPKs, and
PI3K/Akt/GSK3β signaling pathways. These effects re-
sult in reductions in ATP release, intracellular Ca2+ mobi-
lization, and P-selectin expression, ultimately attenuating
platelet aggregation. However, we could not rule out the
possibility that other unidentified signaling pathways are
involved in its mechanisms. These findings may provide
insights into the antiplatelet activity of ferulenol in throm-
boembolic disorders.
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