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Cardiovascular disease, the leading cause of mortality in the United States, is caused by abnormal 
platelet accumulation and coagulation. Dioscin has been reported to suppress the growth of tumor-
associated cells and trigger apoptosis. However, its mechanism in inhibiting platelet activation has 
not been confirmed. This study investigates whether dioscin from Smilax china rhizomes exerts 
antithrombotic effects by regulating the activation of human platelets and explains its mechanism 
of action. Dioscin increased the production of cyclic adenosine monophosphate (cAMP) and 
cyclic guanosine monophosphate (cGMP). This increase induced the phosphorylation of inositol 
1,4,5-triphosphate receptor (IP3R), which inhibited the dense Ca2+ release channels, thereby 
reducing Ca2+ mobilization. Furthermore, it promoted the phosphorylation of vasodilator-stimulated 
phosphoprotein (VASP), which suppressed integrin αIIbβ3 and fibrinogen binding, thus inhibiting 
platelet activation. Dioscin regulated phosphorylation of phosphatidylinositol 3-kinase (PI3K)/protein 
kinase B (Akt), mitogen-activated protein kinase (MAPK) and cytosolic phospholipase A2 (cPLA2), 
which are proteins associated with platelet granule release. Finally, ingestion of S. china rhizomes 
containing dioscin significantly inhibited thrombus formation in the FeCl3-induced thrombosis model. 
Therefore, dioscin from S. china rhizomes exhibited antiplatelet effects that could delay or halt 
thrombus formation by regulating the phosphorylation of various signaling molecules and related 
proteins, thus suggesting dioscin’s potential value for development as an antithrombotic agent.

The World Health Organization (WHO) reported that in 2019, cardiovascular disease (CVD) accounted for the 
highest number of deaths worldwide, with 8.9 million people losing their lives. The American Heart Association 
estimated that there will be 19.05 million deaths from CVD by 2023, representing a staggering 19.8% increase 
from 20101. When blood vessels are damaged, platelets act hemostatically to prevent bleeding. However, when 
platelets are produced in excess and clump together, they can lead to blood clot formation, which contributes to 
the onset of cardiovascular complications, including conditions where arteries harden, blood flow to the heart is 
blocked, or the brain is deprived of oxygen, potentially resulting in heart failure or stroke. Therefore, regulating 
platelet activity is crucial to prevent and treat platelet aggregation.

Endothelial cells in vascular tissues release prostaglandin I2 and nitric oxide, triggering the production 
of cAMP and cGMP in platelets under normal blood flow conditions. The rise in cAMP activates protein 
kinase A (PKA), while protein kinase G (PKG) is activated by cGMP. Phosphorylated vasodilator-stimulated 
phosphoprotein (VASP) and inositol 1,4,5-triphosphate receptor (IP3R) are involved in promoting antiplatelet 
responses2. The phosphorylation of IP3R decreases Ca2+ influx into the cytoplasm through the dense tubular 
system3. VASP, a key substrate for both PKG and PKA, plays a critical role in regulating αIIbβ3 integrin function 
and actin cytoskeleton reorganization4,5.
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The release of serotonin and adenosine triphosphate (ATP) from granules within platelets is an essential step 
that promotes aggregation. This process is driven by the phosphorylation of both mitogen-activated protein 
kinases (MAPKs) and PI3K/Akt pathways, which play vital roles6. MAPKs, including subtypes such as p38, JNK, 
and ERK, are involved in intracellular signaling that regulates clot formation and thrombus growth7. Present in 
human platelets, the MAPK pathway facilitates the secretion of granules by acting as a crucial intermediary for 
signaling8–13. Activation of MAPK leads to phosphorylation of cytosolic phospholipase A2 (cPLA2), which is a 
membrane-associated enzyme responsible for increasing the production of thromboxane A2 (TXA2), further 
driving aggregation and platelet activation13,14. Simultaneously, the PI3K/Akt pathway enhances aggregation by 
boosting the secretion of dense granules15.

Dioscin is a steroidal saponin derived from Smilax china rhizomes, known for its ability to inhibit tumor 
growth and induce cell death (apoptosis) in cancer cells of the prostate, as well as in tumor-associated 
macrophages found in lung cancer and osteosarcoma stem cells, primarily through the MAPK pathway16–18. It 
has also been suggested that dioscin exhibits lipid-lowering, anticancer, anti-inflammatory, and hepatoprotective 
properties, and it induces cancer cell autophagy19. However, most studies have focused on cancer cells or immune 
system cells, and little research has been done on the antiplatelet mechanisms of dioscin in human platelet cells. 
Thus, this study sought to explore how dioscin from S. china rhizomes inhibits human platelet aggregation and 
contributes to the creation of antithrombotic agents.

Material and methods
Plant materials and sample preparation
S. china rhizomes were collected from Chungju, Chungbuk Province, Korea, and authenticated by Prof. J. H. 
Kwak, Sungkyunkwan University, Suwon, Korea. A voucher specimen of rhizomes (No. LEE2023-1001) has 
been deposited in the herbarium of the Department of Plant Science and Technology, Chung-Ang University, 
Anseong, Korea. After air-drying in the shade for 15  days, the rhizomes were then subjected to ethanol 
extraction using a reflux extractor for 5 h. The resulting extracts were filtered and then concentrated using a 
rotary evaporator to obtain concentrated ethanol extracts.

High-performance liquid chromatography (HPLC)/evaporative light scattering detector 
(ELSD) analysis
The HPLC/ELSD analysis was carried out with a Waters Alliance e2695 separations module (Waters Co., Milford, 
MA, USA) as the HPLC system. A YMC Pack-Pro C18 column (dimensions: 4.6 × 250 mm, 5 µm) from YMC 
Co. (Kyoto, Japan) was employed, following the method outlined in a previous study20. Dioscin was sourced 
from the Natural Product Institute of Science and Technology (www.nist.re.kr), Anseong, Korea.

Preparation of human platelet suspension
Human platelet-rich plasma (PRP) collected from healthy volunteers who gave informed consent was obtained 
from the Korean Red Cross Blood Center (KRBC, Suwon, Korea). They are an authorized institution responsible 
for the separation and preparation of blood donors in Korea and provide stable blood samples in accordance 
with the Blood Management Act. The study protocol received clearance from the Institutional Review Board 
(IRB) under the Bioethics Review Committee of Namseoul University (1,041,479-BR-202208–005). The human 
platelet suspensions were prepared according to the method performed previously21. The PRP was spun in a 
centrifuge at a force of 1,610 × g for 8 min, followed by two washes with a buffer at pH 6.9, and the resuspended 
pellets were prepared using a suspension buffer at pH 7.4. All processes were carried out at ambient temperature, 
and platelet suspensions were adjusted to reach a cell concentration of 108 cells per milliliter.

Platelet aggregation assay
To evaluate platelet aggregation, dioscin was prepared at various concentrations and mixed with human platelet 
suspension (10⁸ cells/mL). CaCl₂ was added to reach 2 mM CaCl₂, and the mixture was incubated at 37 °C for 
3 min with a stirrer bar rotating at 1000 rpm. After that, platelet agonists were added individually to stimulate 
platelet aggregation, and the aggregation formation process was monitored with continuous stirring for 5 min, 
and the aggregation rate was determined by the change in light transmittance using an aggregometer (Chrono-
Log Co., Havertown, PA, USA). Dioscin was dissolved in dimethyl sulfoxide to a final concentration of 0.1%, and 
the control group was tested by containing the same concentration of dimethyl sulfoxide.

Cytotoxicity assay
To assess the cytotoxicity of dioscin, lactate dehydrogenase release from the cytoplasm of platelets was measured. 
Human platelet suspensions (108 cells/mL) were exposed to varying concentrations of dioscin for 1 h, followed 
by centrifugation at 10,000 × g for 2 min. The supernatant was analyzed to evaluate cytotoxicity with an ELISA 
instrument (TECAN, Salzburg, Austria).

Experiment to measure intracellular calcium concentration
A mixture of fura 2-AM (5 µM) and PRP was subjected to incubation at 37 °C for a period of 60 min. Afterward, 
human platelet suspensions (108 cells/mL) were rinsed with a wash buffer. Following the wash, the platelets 
were resuspended in suspension buffer and incubated again for 3 min at 37 °C, either in the presence or absence 
of the test substance. Platelet activation was triggered by U46619 (0.5 µM) combined with 2 mM CaCl₂, and 
the platelets were incubated with U46619 for 5 min. To quantify [Ca2⁺]i, fluorescence measurements of fura 
2-AM were taken using a spectrofluorometer (Hitachi F-7000, Tokyo, Japan) following the method outlined by 
Grynkiewicz22.
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Experiments to measure ATP, serotonin and TXA2
Platelet suspensions (108 cells/mL) were treated with dioscin and incubated at 37 °C for 3 min. Then, 2 mM 
CaCl2 was added and stimulated with U46619 for 5 min. The ATP and serotonin release reactions were stopped 
by adding ice-cold 2 mM EDTA. After centrifugation, the supernatant was collected for further analysis. ATP 
levels were quantified using Cayman ATP Detection Assay Kit (Cayman Chemical, Ann Arbor, MI, USA) with 
measurements taken using a chemiluminescence reader. Serotonin levels were quantified using Serotonin ELISA 
Kit (Abcam, Cambridge, UK), with detection at a wavelength of 410  nm using the ELISA reader (TECAN, 
Salzburg, Austria). TXA2 levels were quantified using TXB2 ELISA Kit (Cayman Chemical, Ann Arbor, MI, 
USA), with detection at a wavelength of 410 nm using the ELISA reader (TECAN, Salzburg, Austria).

P-selectin expression analysis
Platelet suspensions (108 cells/mL) were treated with dioscin and incubated at 37 °C for 3 min. Subsequently, 
CaCl₂ was added to achieve a final concentration of 2 mM, followed by stimulation with U46619 for 5 min. 
After stimulation, all reagents and samples were transferred to light-protected tubes. For fluorescent antibody 
staining, Anti-P-Selectin (CD62P), Alexa Fluor 488 (5 μL) was added, and the samples were incubated at room 
temperature for 1  h in the dark23. The stained samples were then transferred to tubes equipped with a cell 
strainer to remove debris. Subsequently, 0.5% paraformaldehyde was added at a 1:1 ratio to fix the cells. The 
level of P-Selectin expression was assessed by measuring fluorescence intensity using a flow cytometer (BD 
Biosciences, San Jose, CA, USA), and data analysis was performed with CellQuest software (BD Biosciences).

Western immunoblotting measurement
The aggregate formation of platelets was carried out for 5 min, after which it was halted through the introduction 
of a lysis buffer. The resulting lysates from the platelets were measured using a BCA protein assay kit (Pierce 
Biotechnology, IL, USA). In preparation for western blot analysis, 15 µg of protein from the lysates underwent 
separation through an 8% SDS-PAGE gel and was then transferred onto a PVDF membrane. The membrane was 
incubated with a primary antibody at a 1:1,000 dilution, followed by a secondary antibody at a 1:10,000 dilution. 
Protein bands were visualized and analyzed using Quantity One Version 4.5 software (BioRad, Hercules, CA, 
USA).

Fibrinogen binding measurement experiments for αIIbβ3
Platelet suspensions (108 cells/mL) were incubated with the appropriate reagents and exposed to 30  µg/mL 
fibrinogen labeled with Alexa Fluor 488 at a temperature of 37  °C for a duration of 5  min. To stabilize the 
interaction between the platelets and the Alexa Fluor-conjugated fibrinogen, 0.5% paraformaldehyde was 
introduced to pre-chilled PBS. All steps were carried out in darkness to prevent light interference. The binding 
of fibrinogen to integrin αIIbβ3 was assessed through fluorescence using a flow cytometer (BD Biosciences, San 
Jose, CA, USA), and data analysis was completed using CellQuest software (BD Biosciences).

cAMP and cGMP measurement
Human platelets (108 cells/mL) were washed and incubated for 3 min at 37 °C, in the presence or absence of 
2 mM CaCl2. Afterward, U46619 (0.5 µM) was used to trigger platelet aggregation over a 5-min period. To stop 
the aggregation and stabilize the samples, 80% cold ethanol was added to the reaction mixture. The supernatants 
were then collected by centrifugation, and the cAMP and cGMP concentrations in the samples were measured 
using the cAMP and cGMP ELISA Kits from TECAN (Salzburg, Austria), with absorbance measured at 410 nm 
using the ELISA reader (TECAN, Salzburg, Austria).

Platelet-mediated clot retraction assay
A volume of 300 µL of human PRP was transferred into polyethylene tubes and incubated at 37 °C for 15 min, 
either in the presence or absence of dioscin. To initiate thrombus contraction, thrombin (0.05 Unit/mL) was 
introduced. Photographs of the fibrin clot formation were captured every 15 min using a digital camera. The 
clotting area was then quantified with ImageJ software (v1.46, U.S. National Institutes of Health).

Ethical statement
The Animal Experimental Ethics Committee approved the study involving Sprague–Dawley (SD) rats. All 
animal experiments were conducted in accordance with established guidelines and were approved by the Animal 
Care Committee of Namseoul University, South Korea (Permit no. NSU-2024–02). The animals were placed in 
a CO2 chamber, and euthanasia was induced by injecting 20% CO2. Death was confirmed by respiratory arrest, 
no heartbeat, and unresponsiveness. The study was reported following the ARRIVE guidelines, and all methods 
complied with relevant guidelines and regulations.

In vivo FeCl3-induced thrombosis model
Seven-week-old male SD rats weighing 240–260  g were provided by Koatech (Pyeongtaek, Korea) and used 
the in vivo FeCl3-induced thrombosis model. The rats were randomly divided into five groups (n = 5/group): 
the control group (saline), three experimental groups (50 mg/kg, 100 mg/kg, and 200 mg/kg of Smilax china 
rhizomes extract), and the positive control group (30 mg/kg of aspirin). Each group was housed in a single 
cage. The animals were acclimated under environmentally controlled conditions of 23 ± 2 °C, 50% ± 10% relative 
humidity, and a 12-h light–dark cycle.
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In vivo FeCl3-induced blood flow measurement
SD rats were orally administered saline, aspirin (ASA), or Smilax china rhizomes extract containing dioscin (SR) 
for seven days to evaluate the development of FeCl₃-induced thrombosis. One hour after the final treatment, the 
SD rats were anesthetized with an intraperitoneal injection of Avertin and maintained at 37 °C on a heating pad. 
After separating the fat, fascia, and surrounding tissue, the left carotid artery was identified, and a flow probe was 
placed over the artery in each experimental group to measure blood flow. After a 5-min baseline measurement, a 
piece of FeCl₃ (35%)-soaked filter paper (10 mm × 3 mm) was wrapped around the area beneath the laser probe 
to induce thrombosis. Occlusion time was recorded while monitoring blood flow for a total of 30 min.

Statistical analysis
The experimental results were reported as the mean along with the standard deviation (SD) based on the number 
of observations. To determine significant differences between the groups, we conducted an analysis of variance 
(ANOVA) and applied the Tukey–Kramer method for post-hoc comparisons. Statistical assessments were 
performed using SPSS 21.0.0.0 software (SPSS, Chicago, IL, USA), with statistical significance established at 
p < 0.05.

Results
Content of dioscin in Smilax china rhizomes by HPLC/ELSD analysis
The purity of dioscin was 99% (Fig. 1A). The retention time of dioscin in the HPLC/ELSD chromatogram was 
40.3 min, and its concentration was determined to be 1.67 mg/g of extract (Fig. 1B).

Effects of dioscin on platelet aggregation and cytotoxicity
The evaluation of aggregation reactions in human platelets activated by U46619 (0.5  µM), thrombin (0.04 
Unit/mL) and collagen (2.5  µg/mL) revealed that platelet aggregation reached 85.8% with U46619, 81.3% 
with thrombin and 80.3% with collagen, both showing a substantial aggregation response (Fig.  2). Dioscin 
demonstrated inhibition of platelet aggregation caused by U46619 in a manner proportional to the dose, with 
inhibition rates of 16.7% at 8 µM, 50.5% at 16 µM, 70.6% at 24 µM, and 95.0% at 32 µM (Fig. 2A). The half-
maximal inhibitory concentration (IC50) of dioscin was determined to be 13.82 µM (Fig. 2D), showing a potent 
inhibitory effect. Additionally, dioscin showed no cytotoxicity toward human platelets (Fig. 2E). Therefore, it 
was confirmed that dioscin strongly inhibits platelet aggregation triggered by U46619 (0.5 µM), thrombin (0.04 
Unit/mL) and collagen (2.5 µg/mL) without causing cytotoxic effects. When dioscin was co-treated with PKA 
inhibitor (H-89 dihydrochloride) or PKG inhibitor (trifluoroacetate salt), and aggregation was induced with 
U46619 (0.5 µM), the aggregation rate induced by dioscin (24 µM) was restored by the PKA inhibitor (1 µM) or 
PKG inhibitor (100 µM) from 35.3% to 60.8% or 55.3%, respectively. This suggests that dioscin inhibits platelet 
activation through the cAMP/PKA and cGMP/PKG pathways (Fig. 2F,G).

Fig. 1.  HPLC/ELSD chromatograms. (A) Purity chromatogram of dioscin. (B) Extract chromatogram of S. 
china rhizomes.
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Effects of dioscin on cyclic nucleotide formation, intracellular Ca2+ migration, and IP3R 
phosphorylation
The importance of cyclic nucleotides (cGMP and cAMP) in regulating platelet activation is well-known. In 
this study, dioscin’s ability to boost cGMP and cAMP production was examined. Platelet activation induced by 
U46619 in the presence of dioscin showed a corresponding increase in cGMP and cAMP levels (Figs. 3A, B). 
These results indicate that dioscin disrupts platelet activation by elevating cGMP and cAMP concentrations in 
U46619-activated platelets. Additionally, pretreatment of platelets with dioscin led to significant phosphorylation 
of IP₃R (Fig. 3C), which aligned with a marked decrease in Ca2⁺ mobilization induced by U46619 when dioscin 
was present (Fig. 3D). These findings suggest that dioscin impedes Ca2⁺ mobilization by blocking Ca2⁺ channels 
through the phosphorylation of IP₃ receptors.

Investigation of dioscin’s effect on VASP phosphorylation and fibrinogen binding
Building on the discovery that dioscin increases cAMP and cGMP levels in U46619-stimulated platelets, 
an assessment was conducted to determine whether it also impacts VASP, a key protein influenced by these 
cyclic nucleotides. As the concentration of dioscin increased, a corresponding concentration-dependent 
increase was observed in VASP phosphorylation at Ser157, a site regulated by cAMP. Similarly, an increase was 
observed in Ser239 phosphorylation, a site affected by cGMP. This effect became especially prominent at dioscin 
concentrations exceeding 16 μM. These findings suggest that dioscin-induced increases in cAMP and cGMP 
resulted in enhanced phosphorylation of Ser157 (cAMP-dependent VASP) and Ser239 (cGMP-dependent VASP) 
(Fig. 4A). Given the role of dioscin in elevating cAMP/cGMP levels and stimulating phosphorylation at these 
key VASP sites, further analyses were conducted to explore its impact on the interaction between fibrinogen 
and αIIbβ3. In the presence of U46619, fibrinogen binding to αIIbβ3 increased to 92.1% (Fig. 4B, C). However, 
dioscin exhibited concentration-dependent inhibition of this binding, demonstrating its ability to elevate cAMP/

Fig. 2.  The impact of dioscin on platelet aggregation induced by agonists. (A) The effect of dioscin on U46619-
induced aggregation in human platelets. (B) The effect of dioscin on thrombin-induced aggregation in human 
platelets. (C) The effect of dioscin on collagen-induced aggregation in human platelets. (D) The IC50 value of 
dioscin on U46619-induced platelet aggregation. (E) Cytotoxicity of dioscin on suspended platelets. (F) The 
effect of dioscin on platelet aggregation after incubation with a PKA or PKG inhibitor for 3 min in human 
platelets. (G) The flow chart of dioscin on agonists-induced aggregation in human platelets. Data are presented 
as mean ± SD (n = 4). Statistical significance is denoted by *p < 0.05, **p < 0.01 and ***p < 0.001 when compared 
to agonist-stimulated platelets.
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cGMP levels and enhance VASP phosphorylation, which significantly reduced fibrinogen’s binding affinity to 
αIIbβ3.

Effects of dioscin on the phosphorylation of PI3K/Akt, MAPK, and cPLA2
We also investigated how dioscin affects phosphorylation in the PI3K/Akt pathway, which is tied to the 
secretion of platelet granules. In platelets activated by U46619, both PI3K and Akt showed markedly increased 
phosphorylation levels. However, this effect was significantly diminished when treated with dioscin (Fig. 5A). 
Moreover, we examined dioscin’s impact on mitogen-activated protein kinases (MAPKs), specifically p38 and 
JNK, which are crucial for platelet granule secretion and TXA2 synthesis. Under U46619 stimulation, MAPK 
proteins exhibited heightened phosphorylation, but the presence of dioscin notably suppressed phosphorylation 
of p38 and JNK (Fig. 5B). In particular, in the case of ERK in MAPK, phosphorylation was not significantly 
caused by U46619, and the inhibitory effect by dioscin was not found. There is a result that the degree of inhibiting 
phosphorylation of ERK in substances inhibited platelet aggregation is weaker than that of JNK or p3824. It has 
also been reported that the inhibition of ERK pathway has no effect on agonist-induced aggregation of human 
platelets25. In this regard, it seems that further research is needed on how phosphorylation of ERK, JNK and p38 
of MAPK is involved in the inhibition of aggregation of human platelets. Additionally, dioscin reduced cPLA2 
phosphorylation in a manner that correlated with dose (Fig. 5C). These results suggest that dioscin influences 
the phosphorylation of key proteins involved in U46619-stimulated platelet activation, including PI3K/Akt, 
MAPKs (p38 and JNK), and cPLA2.

Fig. 3.  Dioscin’s impact on cAMP and cGMP production, intracellular calcium mobilization, and associated 
phosphoprotein levels. (A) Dioscin’s influence on cAMP production. (B) Dioscin’s influence on cGMP 
production. (C) Dioscin’s influence in IP3R phosphorylation. (D) Dioscin’s influence on calcium mobilization 
inside platelets. Data are represented as mean ± SD (n = 4). Statistical significance is noted as #p < 0.05 for 
comparisons with unstimulated platelets, *p < 0.05, **p < 0.01 and ***p < 0.001 when compared to U46619-
stimulated platelets.
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Effects of dioscin on granule release
The discharge of ATP, serotonin and TXA2 from granules inside platelets is a key factor in initiating platelet 
aggregation. This study investigated how dioscin affects this process. When platelets were activated with U46619 
(0.5 µM), a significant increase in the release of ATP, serotonin and TXA2 was observed. However, as dioscin 
concentrations increased, ATP, serotonin and TXA2 levels decreased (Fig. 6). P-Selectin, which is released from 
alpha granules and induces platelet aggregation, was increased by U46619 stimulation but was found to be 
reduced upon dioscin treatment in dose-dependent. The findings suggest that dioscin’s capacity to inhibit the 
release of granules is closely related to its effectiveness in limiting aggregate formation among platelets and the 
development of thrombosis.

Effect of dioscin on platelet-mediated fibrin coagulation
Platelets initiate fibrin clot formation through activation and aggregation, which is triggered by external signaling 
pathways. This study examined how dioscin influences fibrin clotting caused by thrombin-induced blood clot 
formation. The results demonstrated that thrombin-induced fibrin clotting led to thrombus development, and 
the introduction of varying doses of dioscin significantly decreased fibrin clot formation in a manner dependent 
on concentration (Fig. 7). These findings suggest that dioscin is a potent agent for inhibiting blood clot formation.

Smilax china rhizomes prevents thrombosis and regulates hemostasis
To assess the potential side effects of therapeutic agents on thrombosis and hemostasis, we established a FeCl3-
induced thrombus model, with aspirin serving as a positive control. Following thrombus induction using 35% 
FeCl3, treatment with Smilax china rhizomes extract (SR) resulted in improved blood flow of rats in a dose-
dependent manner (Fig.  8). In particular, significant results began to appear after 10  min, and results were 
steadily improved after 20 min, and the 100 mg/kg SR diet group showed effects similar to those observed in the 
30 mg/kg aspirin diet group (Table 1).

Discussion
As far as we are aware, no prior studies have explored the mechanisms behind dioscin’s antiplatelet activity 
in human platelet cells. Dioscin, a steroidal saponin derived from S. china rhizomes, has been reported to 
suppress tumor growth and trigger apoptosis in prostate cancer cells, lung cancer cells, and osteosarcoma stem 
cells, primarily through the MAPK (p38, ERK, and JNK) signaling pathway16–18. In addition to its effects on 
cancer, dioscin has shown lipid-lowering, anti-inflammatory, anticancer, and hepatoprotective properties, as 
well as the ability to induce cancer cell autophagy19. These characteristics underscore the importance of further 
investigating its potential antiplatelet effects via the MAPK pathway.

When agonists activate platelets, phospholipase C2 initiates the conversion of phosphatidylinositol 
4,5-bisphosphate in the platelet membrane, resulting in diacylglycerol and inositol 1,4,5-trisphosphate (IP3) 

Fig. 4.  The influence of dioscin on VASP phosphorylation and fibrinogen binding. (A) Dioscin’s influence 
in regulating VASP phosphorylation. (B) The histogram from flow cytometry analysis of fibrinogen 
binding. a: Base (intact platelets), b: U46619, c: U46619 + dioscin (8 μM), d: U46619 + dioscin (16 μM), e: 
U46619 + dioscin (24 μM), f: U46619 + dioscin (32 μM). (C) The effect of dioscin on fibrinogen binding (%) 
induced by U46619. Data are presented as mean ± SD (n = 4). Statistical significance is indicated by #p < 0.05 
compared to non-stimulated platelets, *p < 0.05, **p < 0.01 and ***p < 0.001 when compared to U46619-
stimulated platelets.
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creation26. IP3 then binds to its receptor (IP3R), prompting calcium ions (Ca2⁺) to be released from the dense 
tubular system into the cytoplasm. This calcium influx drives the phosphorylation of key proteins like myosin 
light chain and pleckstrin, both of which are crucial for the aggregation of platelets27.

Cyclic nucleotides, including cAMP and cGMP, act as inhibitors of calcium-induced platelet aggregation. 
This occurs by lowering intracellular calcium levels, primarily through the activation of protein kinases that are 
dependent on cyclic nucleotides, such as PKA and PKG28. In this study, it was found that dioscin significantly 
increased cAMP and cGMP levels, which in turn reduced the release of intracellular calcium ([Ca2⁺]i). Higher 

Fig. 5.  Dioscin’s influence on the phosphorylation of PI3K/Akt, MAPK, and cPLA₂. (A) Dioscin’s effect on 
the phosphorylation of PI3K/Akt. (B) Dioscin’s impact on MAPK phosphorylation. (C) Dioscin’s role in the 
phosphorylation of cPLA₂. Data are presented as mean ± SD (n = 4). Statistical significance is indicated by 
#p < 0.05 when comparing with non-stimulated platelets, *p < 0.05, **p < 0.01 and ***p < 0.001 when compared 
to U46619-stimulated platelets.
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levels of cAMP and cGMP promote the activation of PKA, leading to the phosphorylation of multiple targets, 
including IP3R29. When PKA and PKG inhibitors were applied, the platelet aggregation that had been inhibited 
by dioscin was restored. This clearly demonstrates that dioscin exerts its inhibitory effect on platelet activation 
through the cAMP/PKA and cGMP/PKG pathways. Additionally, the results showed that dioscin enhances IP3R 
phosphorylation in a dose-dependent fashion.

Dioscin activates the cAMP/PKA/IP3R pathway, thereby reducing calcium levels within the cell. Additionally, 
the dioscin-induced increase in cAMP and cGMP production enhanced VASP phosphorylation through PKA 
and PKG activation. These VASP proteins, which bind to actin and profilin, play key roles in inhibiting platelet 
secretion and adhesion. VASP phosphorylation suppresses the activation of integrin αIIbβ3, ultimately reducing 
platelet aggregation30,31.

This study discovered that dioscin decreased fibrinogen binding to the αIIbβ3 integrin, likely due to its 
ability to regulate fibrinogen attachment by activating the cAMP (or cGMP)/PKA (or PKG)/VASP pathway, 
which results in VASP phosphorylation at Ser157 and Ser239. However, additional research is necessary to fully 
understand the precise mechanism by which dioscin elevates cAMP and cGMP levels. One possible explanation 
is that these cyclic nucleotides are dependent on the activation of cyclase (adenyl/guanyl) and phosphodiesterase 
(PDE)32. Inhibition of PDE during platelet aggregation markedly increases cyclic nucleotide levels, a significant 
observation, as PDE inhibitors have been shown to effectively treat thrombosis33. Commonly used PDE 
inhibitors, such as dipyridamole and cilostazol, have demonstrated clinical efficacy by raising circulating 
nucleotide levels34. Thus, it is reasonable to propose that dioscin may offer similar therapeutic benefits.

It is noteworthy that under basal conditions, both adenylyl/guanylyl cyclase activity and PDE activity in resting 
platelets are maintained at low levels, resulting in a stable equilibrium with minimal production and degradation 
of cyclic nucleotides. Therefore, dioscin treatment alone may not significantly alter cAMP or cGMP levels due 
to the limited substrate available for PDE inhibition. However, upon stimulation with GPCR agonists such as 
U46619, cyclase activity increases, leading to enhanced production of cyclic nucleotides, while PDE activity 
also markedly rises to accelerate their breakdown. Under these activated conditions, dioscin’s PDE inhibitory 
effect becomes functionally more pronounced, effectively elevating cAMP/cGMP levels, as demonstrated in 
Fig. 3. This context-dependent modulation aligns with previous studies reporting significant cyclic nucleotide 
accumulation only when PDE inhibition is combined with agonist-induced stimulation35,36. These findings 
suggest that dioscin’s antiplatelet mechanism is closely associated with its capacity to regulate PDE activity and 
cyclic nucleotide signaling specifically under stimulated conditions, thereby influencing downstream pathways 
such as VASP and IP3R phosphorylation.

Pathways involved in signaling, such as the PI3K/Akt and MAPK cascades, are crucial for platelet 
function14,15. For instance, in hyperglycemic animal models, p38 MAPK is activated in immune cells, including 
macrophages and dendritic cells, contributing to the development of atherosclerotic plaques. Dioscin has been 
shown to reverse the upregulation of p38 MAPK37. Given its potential to reduce atherosclerosis, researchers have 
investigated whether dioscin exhibits similar inhibitory mechanisms in human platelets. Mei-Chi et al. have 
demonstrated that the phosphorylation of MAPK proteins (p38, ERK, and JNK) is essential for the production of 

Fig. 6.  Dioscin’s influence on granule release. (A) Dioscin’s effect on ATP secretion. (B) Dioscin’s effect on 
serotonin secretion. (C) Dioscin’s effect on TXA2 production. (D) The histogram from flow cytometry analysis 
of P-selectin expression. a: Base (intact platelets), b: U46619, c: U46619 + dioscin (16 μM), d: U46619 + dioscin 
(24 μM), e: U46619 + dioscin (32 μM). (E) Dioscin’s effect on p-selectin expression. Data are presented as 
mean ± SD (n = 4). Statistical significance is denoted by #p < 0.05 in comparison to non-stimulated platelets, 
*p < 0.05, **p < 0.01 and ***p < 0.001 when compared to U46619-stimulated platelets.
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Fig. 7.  Dioscin’s influence on platelet-mediated clot retraction assay. (A) Dioscin’s effect on fibrin clots 
retracted by thrombin. (B) Dioscin’s impact on the area of thrombin-retracted fibrin clots. Data are represented 
as mean ± SD (n = 4). Statistical significance is indicated by #p < 0.05 in comparison to non-stimulated platelets, 
*p < 0.05, **p < 0.01 and ***p < 0.001 when compared to U46619-stimulated platelets.
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thromboxane A2 (TXA2), a potent autocrine factor that promotes platelet aggregation by triggering arachidonic 
acid release and increasing cPLA2 phosphorylation38. This makes TXA2 a key marker for assessing the efficacy 
of compounds that inhibit platelet activity38.

The study revealed that dioscin caused a substantial inhibition of U46619-induced platelet aggregation, 
with the effect being dependent on the concentration used. Furthermore, it significantly reduced the release 
of serotonin, ATP, and TXA₂, which serve as markers for granule secretion within the cell, as well as P-selectin 
expression, further confirming its inhibitory effect on platelet activation.

In addition, dioscin strongly inhibited the phosphorylation of key signaling proteins, including PI3K/
Akt, MAPK (p38 and JNK) and cPLA2. By targeting these pathways, dioscin effectively blocked the release 
of intracellular granules, preventing further platelet aggregation. Similarly, artocarpesin, a flavonoid from 
Cudrania tricuspidata, exhibited comparable antiplatelet activity. It influences several signaling processes by 
inhibiting aggregation triggered by U46619, reducing calcium mobilization, suppressing glycoprotein IIb/IIIa 
activation, and preventing clot contraction initiated by thrombin. Additionally, it enhances VASP and IP3R 
phosphorylation while reducing the activities of p38, JNK, and PI3K/Akt39.

Additionally, integrin αIIbβ3 activation and granule release are crucial components in signal transduction, 
which regulates platelet cytoskeletal remodeling and plays a key role in platelet aggregation and thrombus 
formation. This process is vital for repairing damaged blood vessels. Activated platelets gather at injury sites, 
binding to fibrin to form thrombi. Fibrin clot contraction usually occurs within 30–60 min, relying heavily on 
the interaction between fibrinogen and integrin αIIbβ3. By inhibiting αIIbβ3, platelets mediated clot retraction 

Treatment Dose (mg/kg)

Blood flow rate (%)

10 min 15 min 20 min

Saline 0 62.99 ± 3.52 26.99 ± 1.60 8.09 ± 1.20

SR

50mg/kg 61.92 ± 2.60 43.39 ± 3.76** 32.72 ± 2.68***

100mg/kg 76.21 ± 0.79 59.62 ± 3.69*** 40.15 ± 4.58***

200mg/kg 72.10 ± 0.79 66.20 ± 8.77*** 61.85 ± 6.93***

Aspirin 30 mg/kg 74.39 ± 1.39 49.53 ± 1.23*** 40.23 ± 1.69***

Table 1.  Effects of Smilax china rhizomes extract containing dioscin (SR) on blood flow of FeCl3-induced 
thrombosis model. Each group of rats was orally administered SR and aspirin at each concentration for 7 days 
prior to FeCl3 exposure, and the results at 10, 15, and 20 min after FeCl3 exposure were presented (n = 5). 
*p < 0.05, **p < 0.01, and ***p < 0.001 from vehicle control (saline).

 

Fig. 8.  Anti-thrombotic effects of Smilax china rhizomes extract containing dioscin (SR) on FeCl3-induced 
thrombosis model. Data are represented as mean ± SD (n = 5). Each group of rats was orally administered SR 
and aspirin at each concentration for 7 days prior to FeCl3 exposure.
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can be slowed or prevented40. Thrombin, a major factor in the coagulation process, activates integrin αIIbβ3 
on platelets, which increases fibrinogen binding and promotes clot formation. Flavonoids, known for their 
cardiovascular benefits, have been explored for their antithrombotic properties, potentially linked to their 
interactions with cellular receptors41. Certain flavonoids may have the ability to reduce platelet aggregation 
through their antithrombotic activity42–44. In this study, dioscin significantly reduced thrombin-induced fibrin 
clot retraction in a manner dependent on concentration, suggesting that it has potent antiplatelet properties 
capable of delaying or preventing thrombus formation.

There are few previous studies that can serve as a basis for the pharmacodynamics of dioscin. Li K et al. (2005) 
only confirmed the pharmacokinetic changes of dioscin when administered intravenously at a dose of 1.0 mg/
kg, and the maximum plasma concentration (Cmax) of dioscin was approximately 31.1 nM45. In comparison, 
the dioscin used in our in vitro study was considerably higher. The higher concentration was set to clearly 
observe the drug effect in vitro, and although the in vitro effect has limitations in directly comparing it with 
physiologically achievable concentrations, it is used as an important approach to evaluate the basic activity of the 
drug. Previous studies have shown that the oral bioavailability of dioscin is very low (0.2%), which means that 
the absorbed drug may have limited effects45. However, dioscin has been observed to be delayed in the intestine 
and slowly eliminated from the tissues. These pharmacodynamic properties suggest that dioscin may exert its 
effects over a long period of time in vivo45. In vivo carotid blood flow measurement experiments in the FeCl3-
induced thrombosis model performed in this study demonstrated the antithrombotic effect in rats administered 
orally 50–200 mg/kg of S. china rhizomes extrat (SR). Despite the low content and bioavailability of dioscin in 
SR, it should be considered that its antithrombotic effect may be mediated through conversion to diosgenin, an 
active metabolite with relatively high bioavailability (6%), or through accumulation in tissues46. The antiplatelet 
and antithrombotic effects of diosgenin have been previously reported47. In addition to dioscin, which is known 
as a representative physiological functional substance, SR is known to contain phenolic compounds such as 
catechin, afzelechin, astilbin, engeletin, and quercetin, and saponin components such as prosapogenins, parillin, 
and smilaspoin47–50. Because these components may have synergistic effects and affected the antiplatelet effect, 
It is important to note that it is difficult to attribute the results observed in the animal model of thrombosis fed 
SR to dioscin alone. Nevertheless, these results support the potential of dioscin as an effective antithrombotic 
agent under physiological conditions. Future studies should focus on conducting in vivo experiments using pure 
dioscin to clearly confirm its independent action and efficacy, discovering S. china extracts with high dioscin 
content, and improving drug delivery systems or optimizing administration routes to further enhance clinical 
applicability. This study is expected to provide important insights into the future potential development of 
dioscin as an antithrombotic agent.

In conclusion, dioscin induces IP3R phosphorylation by increasing cAMP/cGMP levels in human platelets, 
thereby preventing Ca2+ mobilization and inhibiting the binding between integrin αIIbβ3 and fibrinogen by 
promoting VASP phosphorylation. In addition, dioscin exhibits antiplatelet activity by regulating phosphorylation 
of PI3K/Akt and MAPK. Dioscin significantly inhibited thrombin-induced clot retraction. Based on these 
findings, dioscin has potential antiplatelet effects that can delay or halt thrombus formation and exhibit strong 
efficacy as an antithrombotic compound.

Data availability
The original contributions presented in the study are included in the article, further inquiries can be directed to 
the corresponding author.
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