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Background and objective: The ability to inhibit aggregation has been demonstrated with synthetically
derived ginsenoside compounds G-Rp (1, 3, and 4) and ginsenosides naturally found in Panax ginseng
20(S)-Rg3, Rg6, F4, and Ro. Among these compounds, Rk3 (G-Rk3) from Panax ginseng needs to be further
explored in order to reveal the mechanisms of action during inhibition.
Methodology: Our study focused to investigate the action of G-Rk3 on agonist-stimulated human platelet
aggregation, inhibition of platelet signaling molecules such as fibrinogen binding with integrin aIIbb3
using flow cytometry, intracellular calcium mobilization, dense granule secretion, and thromboxane B2
secretion. In addition, we checked the regulation of phosphorylation on PI3K/MAPK pathway, and
thrombin-induced clot retraction was also observed in platelets rich plasma.
Key Results: G-Rk3 significantly increased amounts of cyclic adenosine monophosphate (cAMP) and led
to significant phosphorylation of cAMP-dependent kinase substrates vasodilator-stimulated phospho-
protein (VASP) and inositol 1,4,5-trisphosphate receptor (IP3R). In the presence of G-Rk3, dense tubular
system Ca2þ was inhibited, and platelet activity was lowered by inactivating the integrin aIIb/b3 and
reducing the binding of fibrinogen. Furthermore, the effect of G-Rk3 extended to the inhibition of MAPK
and PI3K/Akt phosphorylation resulting in the reduced secretion of intracellular granules and reduced
production of TXA2. Lastly, G-Rk3 inhibited platelet aggregation and thrombus formation via fibrin clot.
Conclusions and implications: These results suggest that when dealing with cardiovascular diseases
brought upon by faulty aggregation among platelets or through the formation of a thrombus, the G-Rk3
compound can play a role as an effective prophylactic or therapeutic agent.
© 2023 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Among various diseases, cardiovascular disease (CVD) is the
leading cause of death worldwide, with 1 in 7 deaths from coronary
heart disease and 1 in 9 deaths from heart failure in the United
States alone [1]. After vascular injury has occurred, hemostasis
relies on the proper functioning of platelets to allow clot formation
and prevention of blood loss. Unfortunately, improper platelet
activation and aggregation lead to the formation of unwanted blood

clots, leading to common diseases of the cardiovascular system
such as atherosclerosis, coronary artery disease, heart failure and
stroke [2].

Treatment of thrombotic complications with pharmacological
compounds has been shown to act through inhibition of platelets,
and current CVD prevention and treatment exploits these advan-
tages, but unfortunately comes with major complications and side
effects, so better alternatives are needed [3]. One method that is
proving promising in the treatment of thrombosis and disorders
associated with platelet aggregation is the use of natural bioactive
compounds [4]. Compounds found in the traditional diet of the
Mediterranean and plants traditionally used for medicinal pur-
poses have shown antiplatelet and cardioprotective properties in
CVD prevention [5e7].
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During normal blood circulation, endothelial cells in the
vascular tissue secrete prostaglandin I2 and nitric oxide, which
initiate the production of cAMP and cGMP in platelets. Production
of cAMP activates protein kinase A (PKA) and production of cGMP
activates protein kinase G (PKG). Both kinases phosphorylate
vasodilator-stimulated phosphoprotein (VASP) and inositol 1, 4, 5-
triphosphate receptor (IP3R) [8]. Phosphorylation of the IP3R in-
hibits the recruitment of Ca2þ from the dense tubular system into
the cytoplasm [9]. VASP, an important PKG and PKA substrate, is
involved in the regulation of aIIb/b3 and actin filaments [10,11].

The secretion of platelet granules containing serotonin and ATP
is an important step during aggregation and is involved in the
phosphorylation of mitogen-activated protein kinases (MAPKs) and
PI3K/Akt phosphoproteins [12]. MAPKs are a group of kinases
consisting of p38 MAPK, c-Jun N-terminal kinase (JNK), and
extracellular signal-regulated kinase (ERK), which play a role in
intracellular signaling during hemostasis and clot formation [13].
MAPKs are present in humanplatelets and play an important role in
stimulating platelet granule secretion by acting as signaling mole-
cules [14e18]. In addition, MAPK triggers phosphorylation of cPLA2
found in cell membranes, leading to an increase in TXA2, resulting
in more platelet activation and aggregation [19,20]. The PI3K/Akt
pathway is involved in dense granule secretion, platelet regulation
and aggregation [21].

Ginsenosides found in Panax ginseng have demonstrated
various biological reactions withmajor essential components of red
and white ginseng being ginsenoside-Rb1, -Rc, -Rd, -Re, and -Rg1
andminor essential components being ginsenoside-Rg5, -Rk1, -Rg6
and -F4 [22,23]. G-Rk3 has been shown to have an anti-cancer ef-
fect on lung cancer, inhibited inflammation and apoptosis in liver
damage, and protective effect on cisplatin-induced kidney damage
[24e26]. G-Rk3 has been shown to have anticancer effects against
lung cancer, inhibition of inflammation and apoptosis in liver
damage, and protective effects against cisplatin-induced kidney
damage [24e26]. However, due to the lack of studies investigating
the mechanism of anti-platelet by G-Rk3, we investigated the
regulatory action of G-Rk3 on human platelet aggregation.

2. Materials and methods

2.1. Materials

The antibodies and western blotting lysis buffers were ordered
from Cell Signaling in Beverly, Massachusetts (USA). The ginseno-
side Rk3, or G-Rk3, was ordered from Ambo Institue in Dajeon,
(South Korea). The platelet inducers, collagen, U46619, and
thrombin, were ordered from Chrono-Log Corporation in Haver-
town, Pennsylvania (USA). The Fura 2-AM and fibrinogen Alexa
Fluor 488 conjugates were both ordered from Invitrogen Molecular
Probes in Eugene, Oregon (USA). The enzyme immunoassays for
TXB2, serotonin, ATP, and cyclic nucleotides (cAMP/cGMP) were all
ordered at Cayman Chemical Co. in Ann Arbor, Michigan (USA). The
polyvinylidene difluoride membrane and enhanced chem-
iluminescence solution were both ordered at Thermo Fisher Sci-
entific in Gangnam-gu, Seoul (South Korea). All other reagents not
listed above were ordered from Sigma Chemical Corporation in St.
Louis, Missouri (USA).

2.2. Human washed platelets and preparation

The proven and tested method previously performed allowed
for proper preparation of the platelets [27]. The human plasma-rich
plasma (PRP) was ordered from the Korean Red Cross Blood Center
in Suwon (South Korea). To allow for collection of platelets, the PRP
needed to be centrifuged for a total of 10 minutes at a speed of

1,300 � g. Following the collection, a wash was performed twice.
The buffer used during the wash consisted of 2.7 mM KCl, 138 mM
NaCl, 12 mM NaHCO3, 0.36 mM NaH2PO4, 1 mM Na2EDTA, and 5.5
mM glucose and a pH of 6.9. After the wash is complete, the
platelets are to be suspended. The buffer used to suspend the
platelets consisted of 2.7 mM KCl, 138 mM NaCl, 12 mM NaHCO3,
0.49 mM MgCl2, 0.36 mM NaH2PO4, 5.5 mM glucose, 0.25% gelatin
and a pH of 7.4. The suspended platelets came to a final concen-
tration of 108 cells/mL. To ensure that unnecessary platelet aggre-
gation was avoided, a temperature of 25�C was maintained for all
procedures. For the use of all human material, proper approval was
acquired from the Institutional Review Board (1041479-HR-202110-
002) at Namseoul University (South Korea).

2.3. Platelet aggregation measurement

The suspended platelets at a concentration of 108 cells/mL were
incubated while different doses of G-Rk3 were added. The tem-
perature for incubation was set to 37�C and a time limit of 3 mi-
nutes. Following this, 2 mM CaCl2 was introduced and then, for
stimulation, collagen was added. The stimulation took place over a
5-minute time period. Using the aggregometer from Chrono-Log Co
in Havertown, Pennsylvania (USA), a stirring speed was set to 1,000
rpm. Any increase in the transmittance of light was used to calcu-
late the aggregation rate. For a reference value, a suspension buffer
of 0% (permeability) was used. Finally, to dissolve the G-Rk3,
dimethyl sulfoxide (DMSO) with a 0.1% concentration was admin-
istered (same dose used for all tests).

2.4. Cytotoxicity measurement

Any cytotoxicity could be confirmed with the presence of lactate
dehydrogenase (LDH) from the cytoplasm. The suspended platelets
at a concentration of 108 cells/mL needed to be incubated. The in-
cubation took place over 2 hours and at room temperature. During
the incubation, different G-Rk3 doses were added. Following that,
the solution of platelets was centrifuged with the speed set to
12,000 � g and time duration of 2 minutes. The resulting super-
natant was analyzed with an LDH EIA kit and the synergy HTmulti-
reader from BioTek Instruments in Winooski, Vermont (USA).

2.5. Cyclic nucleotides (cAMP and cGMP) production measurement

With concentration of 108 cells/mL, the suspended platelets had
different doses of G-Rk3 added while being incubated. The tem-
perature for incubation was set at 37�C and continued for a dura-
tion of 3 minutes. Following the incubation, 2 mM CaCl2 was
administered along with the addition of collagen to initiate stim-
ulation. This took place for a duration of 5 minutes and then 1 M
HCl of was added. The HCL was used to terminate the reaction. The
cyclic nucleotides were analyzed using the EIA kit (cAMP/cGMP)
and the Synergy HT Multi-Reader from BioTek Instruments in
Winooski, Vermont (USA).

2.6. Intracellular Ca2þ mobilization measurement

Fura 2-AM and PRP were incubated. An amount of 5 mM of Fura-
2AMwas used and the temperaturewas set at 37�C for a duration of
60 minutes. The platelet suspension was prepared using the steps
described earlier. Following, the platelets were washed and incu-
bated with the addition of 2 mM CaCl2. The temperature was set to
37�C and the duration was 3 minutes. Then collagen was used for
stimulation at a duration of 5 minutes. To measure the Fura 2
fluorescence, a spectrophotometer (SFM 25, USA) from BioTek In-
struments in Winooski, Vermont (USA) was used. The excitation
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wavelength began at 340 nm and progressed every 0.5 seconds to
380 nm. The emission wavelength was set to 510nm. The equation
established by Grynkiewicz was used to calculate the mobilized
Ca2þ [28].

2.7. Fibrinogen binding measurement

A treatment using 2 mM CaCl2 was applied to 30 mg/mL of Alexa
Fluor 488-human fibrinogen and the suspended human platelets at
a concentration of 108 cells/mL. Following this, collagen was
administered and present for a duration of 5 minutes. In order to
terminate the reaction, phosphate-buffered saline (PBS, pH 7.4)
with 0.5% paraformaldehyde was applied, and for the accuracy of
the experiment, we performed the experimentwhile blocking light.
To assess fibrinogen binding, we used a flow cytometer (FACS) from
BD Biosciences in San Jose, California (USA). Cell-Quest software
was also from BD Biosciences.

2.8. TXB2 production measurement

The suspended platelets at a concentration of 108 cells/mL were
incubated with different doses of G-Rk3. The incubation tempera-
ture was set at 37�C and for a duration of 3 minutes. Following this,
2 mM CaCl2 was administered along with collagen to promote
stimulation. This occurred at a duration of 5 minutes. Since TXB2 is
produced from the metabolism of TXA2, the EIA KIT (TXB2) and the
Synergy HT Multi-Reader from BioTek Instruments in Winooski,
Vermont (USA) were used to analyze the production of TXB2.

2.9. ATP and serotonin release measurement

The suspended platelets at a concentration of 108 cells/mL were
incubated with different doses of G-Rk3. The incubation tempera-
ture was set at 37�C and for a duration of 3 minutes. Following this,
2 mM CaCl2 was administered along with collagen to promote
stimulation. This occurred at a duration of 5 minutes. To terminate
the reaction, 2 mM EDTA of ice-cold water was administered. The
result was centrifuged to collect the released serotonin and ATP in
the upper layer. Then the EIA kit (serotonin and ATP) and the
Synergy HT Multi-Reader from BioTek Instruments in Winooski,
Vermont (USA) were used to analyze the production of serotonin
and ATP.

2.10. Western immunoblotting measurement

A 1x lysis buffer was administered to halt the reaction. From the
lysed platelets, the concentration of proteins was assessed using a
BCA protein kit from Pierce Biotechnology in Rockford, IL (USA).
Then 20 mg of protein was isolated and transferred using a 4-20%
SDS-PAGE and PVDF membrane, respectively. Treatment occurred
with primary antibody at 1:1000 dilution factor. Treatment
occurred with secondary antibody at 1:2000 dilution factor. ECL
reagent from Thermo Fisher Scientific in Gangnam-gu, Seoul (South
Korea) allowed for proper visualization.

2.11. Platelet-mediated fibrin clot formation measurement

An amount of 2 mM CaCl2 was added to 500 mL of PRP and then
0.05 U/mL of thrombin was administered to cause stimulation. A
polyethylene tube was chosen in order to avoid any sticking. The
temperature was set to 37�C and a duration of 15 minutes. All
fibrin-based clots were photographed with a digital camera and

ImageJ software (v. 1.46) from the National Institutes of Health
(USA) allowed for calculation of the coagulation area.

2.12. Statistical analysis

To represent all the results of the experiment, the standard
deviation (mean ±) was used. Results were statistically significant
when P < 0.05 using Student's t-test or ANOVA. If the group means
had any significant differences in terms of analysis of variance, they
were further examined with Scheffe's method. Statistical analysis
was performed using SPSS 21.0.0.0 software (SPSS, Chicago, IL,
USA), and p < 0.05 was considered statistically significant.

3. Results

3.1. Actions of G-Rk3 on human platelet aggregation and
cytotoxicity

Collagen (2.5 mg/mL), U46619 (200 nM), and thrombin (0.05 U/
mL) initiated aggregation among human platelets (Fig. 1A, B, 1C).
The aggregation values came to 90.8% with collagen, 91% with
U46619, and 90.3% with thrombin. With the addition of G-Rk3, the
strongest inhibitory effect on platelet aggregation was observed in
platelets induced with collagen. The percent of aggregation inhi-
bition was positively correlated with the doses of G-Rk3 (45 mM/
19.0%, 60 mM/44.0%, 90 mM/81.2%, and 120 mM/96.5%) (Fig. 1A).
Equally important, G-Rk3 displayed no cytotoxic activity (Fig. 1D).
Taken together, this shows G-Rk3 has a strong ability to inhibit
platelet aggregation without causing unnecessary cytotoxicity.

3.2. Actions of G-Rk3 on the cyclic nucleotides production,
intracellular Ca2þ mobilization, and IP3R phosphorylation

The cyclic nucleotides cGMP and cAMP lower the rate of platelet
activation and for this reason, the ability of G-Rk3 to increase cyclic
nucleotide (cGMP/cAMP) was investigated. There was a positive
correlation between the dose of G-Rk3 and cAMP production. A
significant increase in cGMP was not observed (data not shown).
The results demonstrate that G-Rk3 is able to inhibit the activation
of platelets by significantly increasing the production of cAMP (but
not cGMP) in collagen-induced platelets.

The mobilization of intracellular Ca2þ is critical for the proper
functioning of platelet activation and the effect of G-Rk3 on the
mobilization of calcium was investigated. When exposed to
collagen, intracellular calcium showed an increase from 100.2 ± 0.5
nM to 600.5 ± 7.5 nM. Once G-Rk3 was introduced at varying doses
(45~120 mM), an inverse relationship was observed between the
dose of G-Rk3 and levels of calcium (Fig. 2B). The protein IP3R also
contributes to the levels of intracellular calcium and therefore, the
effect of G-Rk3 on IP3R phosphorylation was investigated. Here as
well, G-Rk3 was introduced at varying doses (45~120 mM) and a
positive correlation was seen between G-Rk3 dose and IP3R phos-
phorylation. All concentrations above 45 mM were deemed signif-
icant. Based on these results, the ability of G-Rk3 to reduce
intracellular calcium concentration is through increased phos-
phorylation of IP3R.

3.3. Actions of G-Rk3 on VASP phosphorylation and fibrinogen
binding

Based on the fact that exposure to G-Rk3 with collagen-induced
platelets caused an increase in cAMP, the effect of G-Rk3 on the
cAMP/cGMP-dependent VASP was investigated. The
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phosphorylation of Ser157 of cAMP-dependent VASP was found to
be significantly increased in the presence of G-Rk3 while there was
no significant change in the phosphorylation of Ser239 of cGMP-
dependent VASP (Fig. 2D). More specifically, doses of more than
60 mM were calculated as significant. This proves that the increase
in cAMP from G-Rk3 leads to a significant increase in the phos-
phorylation of Ser157 on cAMP-dependent VASP.

Due to the ability of G-Rk3 to increase the production of cAMP
and the phosphorylation of Ser157 cAMP-dependent VASP, the ef-
fect of G-Rk3 on fibrinogen binding to aIIb/b3 was further investi-
gated. In the presence of collagen, fibrinogen/aIIb/b3 binding
increased to 92.1 ± 1.4% (Fig. 3A and b, 3B). However, once exposed
to G-Rk3, the binding of fibrinogen/aIIb/b3 was inhibited and
showed a positive correlation between the dose of G-Rk3 and the
amount of inhibition. Among the attempted doses,120 mMof G-Rk3
had a confirmed rate of inhibition of 93.3% (Fig. 3Aef, 3B).

3.4. Actions of G-Rk3 on phosphorylation of PI3K/Akt and MAPK

The phosphoprotein PI3K/Akt is involved in the release of
platelet granules and thus the effect of G-Rk3 on PI3K/Akt phos-
phorylationwas investigated. When exposed to collagen, both PI3K
and Akt showed a significant increase in phosphorylation. Yet, in
the presence of G-Rk3, the phosphorylation from collagen exposure
was significantly decreased (Fig. 4A). This confirms that phos-
phorylation of PI3K/Akt induced by collagen is inhibited due to G-
Rk3.

The MAPK proteins, named p38, ERK, and JNK are involved in
platelet granule release and the production of TXA2. Therefore, the
effect of G-Rk3 and the phosphorylation of MAPK was investigated.
With all 3 MAPK proteins (p38, ERK, and JNK), phosphorylationwas
significantly increased in the presence of collagen when compared
to intact cells. However, the phosphorylation of the same MAPK

proteins from collagenwas inhibited significantly in the presence of
G-Rk3 (Fig. 4B). This confirms the ability of G-Rk3 to regulate
platelet aggregation by inhibiting the phosphorylation of ERK, JNK,
and p38 (MAPK proteins).

3.5. Actions of G-Rk3 on granule secretion, thromboxane B2 and
cPLA2 dephosphorylation

The release of platelet granules (ATP and serotonin) is involved
in the aggregation of platelets and so the ability of G-Rk3 to affect
granule release was investigated. When exposed to 2.5 mg/mL
collagen, the release of ATP increased to 9.2 ± 0.2 mM compared to
intact cells at 1.1 ± 0.1 mM (Fig. 5A). Yet, the presence of G-Rk3 at
various doses (45, 60, 90, and 120 mM) suppressed that increase
significantly. As for serotonin release, when exposed to 2.5 mg/mL
collagen, the release increased to 125.8 ± 6.2 ng/108 cells from
16.3 ± 2.1 ng/108 cells in intact cells. Just as before, the addition of
G-Rk3 suppressed the release of serotonin from collagen exposure.
A positive correlation was seen between dose and inhibition with
45 mM at 96.5 ± 8.4 ng/108, 60 mM at 76.5 ± 2.16 ng/108, 90 mM at
69.0 ± 2.9 ng/108, and 120 mM at 43.9 ± 7.5 ng/108 cells (Fig. 5B).
Taken together, G-Rk3 is able to significantly inhibit granule release
through ATP and serotonin.

TXA2 is known as an autacoid and is responsible for increasing
the aggregation of platelets and so the ability of G-Rk3 to affect
TXA2 was investigated. The levels of TXA2 (based on its metabolite
TXB2) increased greatly from 1.2 ± 0.3 ng/108 platelets (intact
platelets) to 62.5 ± 2.1 ng/108 platelets (2.5 mg/mL collagen)
(Fig. 5C). With the addition of G-Rk3, the increase in TXA2 seen
from collagen was lowered to 5.4 ± 0.5 ng/108 platelets. A dose of
120 mM showed a remarkable suppression of 98% (Fig. 5D).

The release of arachidonic acid into the cytosol from its initial
position in the membrane is regulated by cPLA2 and we examined

Fig. 1. G-Rk3's effect on agonists-induced human platelet aggregation. (A) G-Rk3's effect on collagen-induced human platelet aggregation. (B) G-Rk3's effect on thrombin-induced
human platelet aggregation. (C) G-Rk3's effect on U46619-induced human platelet aggregation. (D) Cytotoxicity of G-Rk3 on human platelets. The results are shown as mean ± SD
(n ¼ 4). *P < 0.05, **P < 0.001 in comparison to the collagen-induced platelets.
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the ability of G-Rk3 to affect cPLA2 phosphorylation. The release of
intracellular calcium leads to the activation of cPLA2 and initiates its
movement to the membrane. Full enzyme activity takes place once
Ser505 becomes phosphorylated. The introduction of collagen led

to the phosphorylation of cPLA2. However, as expected, the pres-
ence of G-Rk3 inhibited cPLA2 phosphorylation and showed a
positive correlation between G-Rk3 dose and inhibition level.

Fig. 2. G-Rk3's effect on cAMP production, intracellular Ca2þ mobilization, and related phophoprotein. (A) G-Rk3's effect on cAMP production. (B) Effects of G-Rk3 on intracellular
Ca2þ mobilization. (C) Effects of G-Rk3 on IP3R phosphorylation. (D) G-Rk3's effect on VASP phosphorylation. The results are shown as mean ± SD (n ¼ 4). aP < 0.05 in comparison to
no-stimulated platelets, *P < 0.05, **P < 0.001 in comparison to the collagen -induced platelets.

Fig. 3. G-Rk3's effects on the binding of fibrinogen. (A) The histograms of flow cytometry on the binding of fibrinogen. a, Intact platelets(base); b, collagen (2.5 mg/mL); c, collagen
(2.5 mg/mL) þ G-Rk3 (45 mM); d, collagen (2.5 mg/mL) þ G-Rk3 (60 mM); e, collagen (2.5 mg/mL) þ G-Rk3 (90 mM); f, collagen (2.5 mg/mL) þ G-Rk3 (120 mM). (B) G-Rk3's effect on the
binding (%) of fibrinogen induced by collagen.The results are shown as mean ± SD (n ¼ 4). ap < 0.05 in comparison to no-stimulated platelets, *p < 0.05, **p < 0.001 in comparison to
the collagen-induced platelets.
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Fig. 4. G-Rk3's effect on the phosphorylation of PI3K/Akt and MAPK. (A) G-Rk3's effect on PI3K/Akt phosphorylation. (B) G-Rk3's effect on MAPK phosphorylation. The results are
shown as mean ± SD (n ¼ 4). ap < 0.05 in comparison to no-stimulated platelets, *p < 0.05, **p < 0.001 in comparison to the collagen-induced platelets.

Fig. 5. G-Rk3's effect on the secretion of granules, TXA2 production and cPLA2 phosphorylation. (A) G-Rk3's effect on ATP release. (B) G-Rk3's effect on the release of serotonin. (C)
G-Rk3's effect on TXA2 production. (D) G-Rk3's effect on cPLA2 phosphorylation. The results are shown as mean ± SD (n ¼ 4). aP < 0.05 in comparison to no-stimulated platelets,
*P < 0.05, **P < 0.001 in comparison to the collagen -induced platelets.
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3.6. Actions of G-Rk3 on platelet-mediated fibrin clot formation

The formation of a fibrin clot stems from the initiation of platelet
inducers causing activation and aggregation and eventually leading
to the transduction of signals from the external pathway. Based on
this knowledge, we investigated the ability of G-Rk3 to affect fibrin-
based clot formation from exposure to thrombin. Once exposed to
thrombin, a fibrin clot was readily formed (Fig. 6A), but with the
addition of various doses of G-Rk3, the fibrin clot formation was
inhibited. There was a positive correlation between the G-Rk3 dose
and inhibition rates with 60 mM at 17.7%, 90 mM at 54.7%, and 120
mM at 97.1% (Fig. 6B). Give this data, G-Rk3 shows a clear ability to
inhibit fibrin clot and thrombus formation.

4. Discussion

Two products, diacylglycerol (DG) and inositol 1,4,5-
triphosphate (IP3), stem from phosphatidylinositol 4,5-
bisphosphate (PIP2) on the platelet membrane. This reaction
takes place due to phospholipase C-g2 (PLC- g2), IP3 initiates the
flow of calcium (Ca2þ) from the dense tubular system directly into
the cytosol [29]. The availability of calcium phosphorylates myosin
light chain and pleckstrin in the process of platelet aggregation
[30].

On the other hand, intracellular calcium decreases in the pres-
ence of both cyclic nucleotides, cAMP and cGMP. These two cyclic
nucleotides also activate the cyclic-dependent protein kinases,
protein kinase A (PKA) and protein kinase G (PKG) which inhibit
platelet aggregation [31]. This study demonstrated that G-Rk3
significantly increased the production of the cyclic nucleotide
cAMP, and G-Rk3 was able to inhibit the release of intracellular
calcium [Ca2þ]i. The increase in cAMP results in the activation of
PKA causing a series of substrates to become phosphorylated.
Among these substrates is inositol 1,4,5-trisphosphate receptor
(IP3R) [8]. Phosphorylation of IP3R was increased with each dose of
G-Rk3 as can be seen Fig. 3B. Therefore, the activation of the cAMP/
PKA/IP3R pathway and reduction in intracellular calcium is clearly
due to the addition of the G-Rk3 compound. The increase in cAMP
production from G-Rk3 also facilitated the phosphorylation of
vasodilator-stimulated phosphoprotein (VASP) via PKA activation.
Vasodilator-stimulated phosphoprotein (VASP) is a critical sub-
strate for both PKA and PKG, and aids in the regulation of platelet
activation by controlling platelet secretion and adhesion properties.
The phosphorylation of this protein leads to aggregation inhibition
among platelets through the inhibition of integrin aIIb/b3 activation
[32,33].

Based on the results of this study, the addition of G-Rk3 led to
the inhibition of fibrinogen and aIIb/b3 binding. This may be due to
the ability of G-Rk3 to initiate the cAMP/PKA/VASP pathway which
ultimately leads to phosphorylation of VASP Ser157 and restricts
the binding of fibrinogen and aIIb/b3. Future studies will be needed
in order to reveal the ways in which cAMP is being increased
through the addition of G-Rk3. One possible avenue to consider is
that the cyclic nucleotides (cAMP and cGMP) are dependent on the
activation of cyclase (adenylyl/guanylyl) and phosphodiesterase
(PDE) [34]. When PDE is inhibited during platelet aggregation, cy-
clic nucleotides do increase and PDE inhibitors are successful when
treating thrombosis [35]. Many common PDE inhibitors such as
cilostazol, dipyridamole, and triple rusal are used in clinical settings
to achieve increased production of cyclic nucleotides [36,37].
Therefore, there is reason to believe that G-Rk3 could provide
similar therapeutic benefits.

In addition, the PI3K/Akt pathway and mitogen-activated pro-
tein kinase (MAPK) are vital phosphoproteins involved in the
function of platelets such as activation, aggregation, and secretion
[20,21]. According to Mei-Chi et al, phosphorylation of MAPKs such
as p38 is also known to be important for the formation of TXA2,
which leads to arachidonic acid release (precursor of TXA2) and
platelet aggregation via phosphorylation of cyclic PLA2 [38]. TXA2
production acts as a potent autacoid that induces further platelet
activation and aggregation, and is an important indicator when
evaluating substances or components involved in inhibition of
platelet activity [38].

In this study, G-Rk3 showed a significant concentration-
dependent inhibitory effect on collagen-induced platelet aggrega-
tion. In addition, G-Rk3 decreased the phosphorylation of cyclic
PLA2 in a concentration-dependent manner, suppressed the
strongly increased TXA2 production into collagen, and strongly
decreased the release of serotonin and ATP (intracellular granule
secretion indicators). In addition, PI3K/Akt and MAPK phosphory-
lation were significantly inhibited by G-Rk3. G-Rk3 inhibits phos-
phoproteins (PI3K/Akt and MAPK) phosphorylation, reduces TXA2
production, and inhibits platelet aggregation through secretion of
intracellular granules which were serotonin and ATP.

In addition, increased signaling mediated from integrin aIIb/b3
and release of granules normally alters the cytoskeleton of plate-
lets, altering aggregation of platelets and the formation of a
thrombus, which is the most important step in repairing damaged
blood vessels. At this point, activated platelets accumulate and clots
develop from the association of fibrin and platelets. Once a fibrin
clot forms, the contraction process occurs for anywhere to 30 to 60
minutes, finally resulting in a clot plug. Contractile formation of

Fig. 6. G-Rk3's effect on platelet-mediated fibrin clot formation. (A) G-Rk3's effect on thrombin-retracted fibrin clot photographs. (B) G-Rk3's effect on thrombin-retracted fibrin
clot area. The results are shown as mean ± SD (n ¼ 4). ap < 0.05 in comparison to no-stimulated platelets, *p < 0.05, **p < 0.001 in comparison to the thrombin-induced platelet.
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fibrin clots is highly dependent on fibrin-one and aIIb/b3 in-
teractions, and inhibitors of aIIb/b3 activity can slow or stop
thrombus formation [39]. Coagulation and platelet aIIb/b3 activa-
tion can be induced by thrombin to increase the ability of fibrin-
ogen to bind aIIb/b3, leading to clot formation. In this study, the
antiplatelet effect of G-Rk3 inhibited thrombin-induced fibrin
coagulation in a concentration-dependent manner, and this result
shows that G-Rk3 has the potential as a powerful compound with
antiplatelet effects that can slow or stop thrombus formation.
Previous ginseng studies have reported that synthetic compounds
such as 20(S)-Rg3, Ro and G-Rp1, G-Rp3 and G-Rp4, as well as trace
amounts of ginsenosides, F4 and Rg6, have antiplatelet effects
[22,23]. In addition, we investigated the antiplatelet mechanism of
Rk1, which has a structure resembling Rk3, and revealed that Rk1
elicits Ca2þ by elevating cAMP, and inhibits platelet-mediated
thrombosis by downregulating granule release and aIIb/b3 activa-
tion [40]. Through this study, it was confirmed that Rk3 also has an
antiplatelet effect through a mechanism similar to that of Rk1.

In conclusion, G-Rk3 increases cAMP in human platelets, in-
duces IP3R and VASP phosphorylation, and significantly inhibits
Ca2þ recruitment and cytoplasmic activation of integrin aIIb/b3.
Furthermore, G-Rk3 exhibits an antiplatelet ability by reducing
TXA2 production and granule release by controlling phosphoryla-
tion of phosphoproteins acting on signal transduction such as PI3K/
Akt and MAPK. Ultimately, G-Rk3 significantly inhibits the forma-
tion of thrombin-induced fibrin clots.
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