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Abstract
Cordycepin (3´-deoxyadenosine), which comes from Cordyceps militaris, the Chinese medicinal fungal genus 

Cordyceps, is used in the treatment of various diseases such as cancer and chronic inflammation. We recently 
reported that cordycepin has a novel antiplatelet effect through the down regulation of [Ca2+]i and the elevation 
of cGMP/cAMP production. In this study, we further investigated the effect of cordycepin on collagen-induced 
platelet aggregation in the presence of cGMP-dependent protein kinase (PKG)- or cAMP-dependent protein kinase 
(PKA)-inhibitor. PKG inhibitor Rp-8-pCPT-cGMPS potentiated the collagen-induced platelet aggregation, but PKA 
inhibitor Rp-8-Br-cAMPS did not. However, both Rp-8-pCPT-cGMPS and Rp-8-Br-cAMPS reduced inhibition 
by cordycepin of collagen-induced platelet aggregation. Moreover, cordycepin inhibited Ca2+-dependent phosphor-
ylation of both 47 kDa- and 20 kDa-protein in the presence of both PKG inhibitor and PKA inhibitor. Taken 
altogether, these results suggest that the inhibitory effect of cordycepin on collagen-induced platelet aggregation 
is associated with cGMP/PKG- and cAMP/PKA-pathways, and thus cordycepin may be an efficacious intervention 
against platelet aggregation-mediated thrombotic disease.
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INTRODUCTION

Platelet aggregation is absolutely essential to the for-
mation of a hemostatic plug when normal blood vessels 
are injured. However, the interaction between platelets 
and collagen can also cause circulatory disorders, such 
as thrombosis, atherosclerosis, and myocardial infraction 
(1). Inhibition of the platelet-collagen interaction could, 
therefore, be a promising approach in preventing throm-
bosis. An important role in the mechanism by which col-
lagen induces platelet aggregation is mediated by throm-
boxane A2 (TXA2) formation (2), which also contributes 
to an increase in cytosolic free Ca2+ level ([Ca2+]i) in 
collagen-activated platelets. It is known that collagen and 
its-related peptide stimulation of platelets activate ty-
rosine kinase-dependent mechanisms that involve the ty-
rosine phosphorylation of Syk and phospholipase C-γ2 
(PLC-γ2) (3). PLC-γ2 hydrolyzes phosphatidylinositol 
4,5-bisphosphate (PIP2) to inositol 1,4,5-trisphosphate 
(IP3) and diacylglycerol (DG). Moreover, IP3 causes Ca2+ 
mobilization from the endoplasmic reticulum and DG 

activates DG-dependent-protein kinase C (4). An in-
crease in [Ca2+]i activates both the Ca2+/calmodulin-de-
pendent phosphorylation of myosin light chain (20 kDa) 
and the DG-dependent phosphorylation of cytosolic pro-
tein (40 or 47 kDa) to induce platelet aggregation (5,6). 
In addition, DG also can be hydrolyzed by DG lipase 
to produce arachidonic acid (20:4), a precursor of TXA2, 
which is a potent platelet aggregation agent generated 
from 20:4 liberated when PIP2 is broken down by colla-
gen, thrombin and ADP (5-7). Verapamil and theophyl-
line have antiplatelet functions through modulation of 
adenosine 3´,5´-cyclic monophosphate (cAMP) levels, 
and then decreasing [Ca2+]i, an essential factor for plate-
let aggregation. Vasodilators (such as molsidomine and 
nitroprusside) and guanosin 3´,5´-cyclic monophosphate 
(cGMP) phosphodiesterase (PDE) inhibitors (such as 
zaprinast and erythro-9-[2-hydroxy-3-nonyl]adenine) el-
evate cGMP levels in platelets (7). It is believed that 
cGMP is produced via the activation of guanylate cy-
clase in the presence or absence of nitric oxide (NO). 
NO, synthesized in the platelets, decreases ago-
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nist-elevated [Ca2+]i (8) and has a role in inhibiting the 
platelet activation (9). 

Cordycepin (3´-deoxyadenosine) is a nucleoside de-
rivative isolated from Cordyceps militaris, a species of 
the fungal genus Cordyceps, which is an ingredient of 
traditional Chinese medicine and is prescribed for in-
flammatory diseases and cancer (10,11). Cordycepin is 
indeed known to have anti-tumor effects on cancers of 
bladder, colon, lung, and fibrosarcoma (12) and to inhibit 
the production of inflammatory mediators (13). Although 
it has been recently reported that cordycepin has other 
biological functions (11,14-16), there are few reports on 
its anti-platelet effects. A cordycepin analogue, 2´,5´-di-
deoxyadenosine, does not inhibit platelet aggregation, 
and the production of cGMP or cAMP is not altered 
by this analogue during collagen-induced platelet ag-
gregation (17). Cordycepin has also been reported to in-
hibit cAMP-dependent protein kinase (PKA) in bovine 
heart as well as cGMP-dependent protein kinase (PKG) 
in fetal guinea pig in vitro (18). In general, the inhibition 
of PKA or PKG is known to be closely related to the 
stimulation of platelet aggregation. 

Therefore, in the present study we report that cordyce-
pin participates in the regulation of PKG and PKA activ-
ity in collagen-induced human platelet aggregation.

MATERIALS AND METHODS

Materials 
Cordycepin from Cordyceps militaris was purchased 

from the Sigma Chemical Co. (St. Louis, USA), and col-
lagen was obtained from the Chrono-Log Corporation 
(Havertown, PA). Protein molecular weight standards 
were obtained from Bio-Rad Laboratories (Richmond, 
CA). Rp-isomer-8-(4-chlorophenylthio)-guanosine 3´, 
5´-cyclic monophosphorothioate (Rp-8-pCPT-cGMPS), 
and Rp-isomer-8-bromo-adenosine 3´,5´-cyclic mono-
phosphorothioate (Rp-8-Br-cAMPS) were purchased 
from Calbiochem (La Jolla, CA). Carrier-free phospho-
rus-32 for protein phosphorylation was obtained from 
Amersham Bioscience (Buckinghamshire, UK).

Preparation of washed human platelets 
Blood was drawn from the antecubital vein of normal 

healthy human volunteers and anticoagulated with ACD 
solution (0.8% citric acid, 2.2% sodium citrate, 2.45% 
glucose). Platelet-rich plasma was centrifuged at 125× 
g for 10 min to remove red blood cells, and the platelets 
were washed twice with washing buffer (138 mM NaCl, 
2.7 mM KCl, 12 mM NaHCO3, 0.36 mM NaH2PO4, 5.5 
mM glucose, and 1 mM EDTA, pH 6.5). The washed 
platelets were then suspended in suspension buffer (138 

mM NaCl, 2.7 mM KCl, 12 mM NaHCO3, 0.36 mM 
NaH2PO4, 0.49 mM MgCl2, 5.5 mM glucose, 0.25% gel-
atin, pH 6.9) to a final concentration of 5×108/mL. All 
of the procedures above were carried out at 25oC to 
avoid platelet aggregation on cooling. 

Measurement of platelet aggregation
Washed platelets (108/mL) were preincubated for 3 

min at 37oC in the presence of CaCl2, Rp-8-pCPT- 
cGMPS (PKG inhibitor), and Rp-8-Br-cAMPS (PKA in-
hibitor) with or without cordycepin, and then stimulated 
with 10 µg of collagen/mL for 5 min. Aggregation was 
monitored using an aggregometer (Chrono-Log, Corp., 
Havertown, PA) at a constant stirring of 1000 rpm. Each 
aggregation rate was evaluated as an increase in light 
transmission. The suspension buffer was used as refer-
ence (transmission 0%). Cordycepin was dissolved in 
platelet suspension buffer (pH 6.9).

Determination of protein phosphorylation 
Protein phosphorylations were carried out according 

to the method of Laemmli (19). Washed platelets (108/ 
mL) were suspended in Tris buffer (10 mM Tris-hydrox-
ymethyl-aminomethane, 129 mM sodium chloride, 10.9 
mM sodium citrate, tribasic, 8.9 mM sodium bicar-
bonate, 1 mg/mL dextrose, 2.8 mM potassium chloride, 
pH 6.5), and then incubated for 60 min at 37oC with 
phosphorus-32 (0.5 mCi/mL). [32P]-labeled platelets 
(108/mL) were preincubated with or without cordycepin 
in the presence of 2 mM CaCl2, PKG- and PKA-inhibitor 
at 37oC for 3 min, and then collagen (10 µg/mL) was 
added for 5 min to trigger protein kinase activation. 
Activation was terminated by the addition of an equal 
volume of sodium-dodecylsulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) buffer (0.125 M Tris, 4% 
SDS, 20% glycerol, 5% mercaptoethanol, 0.01% bromo-
phenol blue, pH 6.8). Samples were boiled to completely 
denature the proteins for 5 min, 50 µg proteins were 
taken from each reaction tube and subjected to SDS- 
PAGE (11%, 1.0 mm gel). The gels were then dried, 
and the relative intensities of the phosphoproteins were 
analyzed using a Storage Phospho System (Cyclone, A 
Packard Bioscience Company, USA). 

Statistical analysis
All data are shown as means±SD. Student's t-test was 

used for data analysis and paired or unpaired compar-
isons were used as appropriate. 

RESULTS AND DISCUSSION

Effects of cordycepin on collagen-induced platelet ag-
gregation in the presence of cGMP-dependent protein 
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Fig. 1. Effect of cordycepin on collagen-induced platelet aggregation in the presence of PKG inhibitor Rp-8-pCPT-cGMPS 
and PKA inhibitor Rp-8-Br-cAMPS. 
A. Effects of cordycepin on collagen-induced platelet aggregation in the presence of PKG inhibitor. 
B. Effects of cordycepin on collagen-induced platelet aggregation in the presence of PKA inhibitor. Washed platelets (108/mL) 
were preincubated with or without cordycepin in the presence of PKG- or PKA-inhibitor, and CaCl2 (2 mM) for 3 min at 
37oC, and thus stimulated with collagen for 5 min. Platelet aggregation was recorded as increase in light transmission. Inhibition 
by cordycepin was recorded as percentage of collagen-induced platelet aggregation with or without PKG- or PKA-inhibitor.
Rp-8-pCPTS-cGMPS and Rp-8-Br-cAMPS are dissolved in a platelet suspending buffer (pH 6.9). Data are expressed as 
means±SD (n＝4).

Table 1. Inhibitory effects of cordycepin on collagen-induced 
platelet aggregation

Aggregation (%) Inhibition (%)
Collagen (10 µg/mL) 67±2 0
Cordycepin (500 µM)＋collagen (10 µg/mL) 28±6 58

kinase (PKG) inhibitor Rp-8-pCPT-cGMPS or cAMP- 
dependent protein kinase (PKA) inhibitor Rp-8-Br- 
cAMPS

The concentration of collagen that induced maximal 
platelet aggregation was approximately 10 µg/mL (20). 
Therefore 10 µg of collagen/mL was used as a platelet 
agonist in this study. The half-maximal inhibitory con-
centration (IC50) of cordycepin was 500 µM on colla-
gen-induced platelet aggregation (21). We previously re-
ported that the inhibitory effect of cordycepin on platelet 
aggregation is associated with the elevation of cGMP- 
and cAMP-production (21,22). Activation of cGMP-de-
pendent protein kinase (PKG) and cAMP-dependent pro-
tein kinase (PKA) by cAMP and cGMP are regarded 
as negative regulatory events in platelet aggregation. 
Because the inhibition of PKG or PKA induces the plate-
let aggregation, we investigated the effect of cordycepin 
in the presence of PKG- or PKA-inhibitor on colla-
gen-induced platelet aggregation. As shown in Fig. 1A 
and Table 1, collagen induced platelet aggregation up 
to 67±2% (Fig. 1A). However, this aggregation was in-
creased by 73±2% in the presence of Rp-8-pCPT- 

Table 2. Effect of cordycepin on collagen-induced platelet ag-
gregation with Rp-8-pCPT-cGMPS, cGMP-dependent protein 
kinase inhibitor

Aggregation
(%)

Inhibition 
(%)

Rp-8-pCPT-cGMPS (30 µM) 
 ＋collagen (10 µg/mL) 73±2 0

Rp-8-pCPT-cGMPS (30 µM) 
 ＋cordycepin (500 µM)
 ＋collagen (10 µg/mL)

48±1 34

cGMPS (30 μM) (Fig. 1A and Table 2), a PKG inhibitor. 
Considering that Rp-8-pCPT-cGMPS antagonized the 
activation of PKG (23), this result suggests that Rp-8- 
pCPT-cGMPS could be involved in either the decrease 
of cGMP level or the inhibition of cGMP/PKG action 
in collagen-induced platelet aggregation, and as a result, 
collagen-induced platelet aggregation (67±2%) was 
increased by 73±2% in the presence of Rp-8-pCPT- 
cGMPS, a PKG inhibitor (Fig. 1A, Table 1 and 2). 
Cordycepin (500 μM) inhibited collagen (10 μg/mL) 
-induced platelet aggregation by 58% (Fig. 1A and Table 
1) (21), while its inhibition rate was decreased by 34% 
in the presence of Rp-8-pCPT-cGMPS (Fig. 1A and 
Table 2). These results suggested that cordycepin might 
participate in the activation of the cGMP/PKG pathway 
since it is reported that the inhibitory mode of platelet 
aggregation by cGMP is mediated via PKG activation 
(21). Unlike Rp-8-pCPT-cGMPS, a PKA inhibitor Rp-8- 
Br-cAMPS did not increase collagen-induced platelet ag-
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Table 3. Effect of cordycepin on collagen-induced platelet ag-
gregation with Rp-8-Br-cAMPS, cAMP-dependent protein 
kinase inhibitor

Aggregation 
(%)

Inhibition 
(%)

Rp-8-Br-cAMPS (20 µM) 
 ＋collagen (10 µg/mL) 66±1 0

Rp-8-Br-cAMPS (20 µM) 
 ＋cordycepin (500 µM)
 ＋collagen (10 µg/mL)

48±2 27

gregation (Fig. 1B and Table 3). However, cordycepin 
(500 μM) inhibited collagen-induced platelet aggregation 
by 27% in the presence of Rp-8-Br-cAMPS (Fig. 1B 
and Table 3). The inhibitory degree (27%) is lower than 
that (58%) by cordycepin alone (Table 1). These results 
suggest that Rp-8-Br-cAMPS-induced inhibition of PKA 
may be involved in modulating the pharmacology of cor-
dycepin such as elevating cAMP level and consequent 
activation of PKA as reported previously (21,24).

Effects of cordycepin on collagen-phosphorylated 20 
kDa and 47 kDa in the presence of cGMP-dependent 
protein kinase (PKG) inhibitor Rp-8-pCPT-cGMPS or 
cAMP-dependent protein kinase (PKA) inhibitor Rp-8- 
Br-cAMPS

It is reported that the platelet PKG-I isoform of PKG 
phosphorylates the TXA2 receptor, preventing the cou-
pling of the receptor to its cognate GTP-binding protein 
Gq, and consequently inhibiting activation of the effec-
tor, phospholipase C and prevention of [Ca2+]i-mobi-
lization (25). Indeed, lack of PKG-I enhances the ag-
gregation of platelets (26). In addition, these previous 
reports suggest that PKG-I as intracellular receptor of 
cGMP might participate in the inhibition of 20 kDa 
(myosin light chain) and 47 kDa (pleckstrin)-pho-
sphorylation. We have reported that the inhibitory effect 
of cordycepin on platelet collagen-induced platelet ag-
gregation is associated with a decrease in [Ca2+]i, the 
elevation of cGMP/cAMP production, and the inhibition 
of 47 kDa- or 20 kDa-phosphorylation (21). However, 
it is unknown whether the inhibition of Ca2+-dependent 
phosphoproteins (47 kDa and 20 kDa) by cordycepin is 
mediated by the activation of PKG or PKA by cGMP/ 
cAMP. Therefore we investigated the effect of cordyce-
pin on these phosphoproteins by using PKG- and PKA- 
inhibitors.

When [32Pi]-labeled platelets (108/mL) were incubated 
with collagen (10 μg/mL) for 5 min at 37oC with or 
without PKG inhibitor, Rp-8-pCPT-cGMPS (30 μM), the 
47 kDa- and 20 kDa-polypeptides, were markedly found 
to be phosphorylated (Fig. 2A, lanes 2 and 4), up to 

40～60%, as compared to intact level (Fig. 2A, lane 1, 
Fig. 2B and 2C). However, cordycepin (500 μM) in-
hibited collagen-induced phosphorylations of 47 kDa- 
and 20 kDa-polypeptides with or without Rp-8-pCPT- 
cGMPS (Fig. 2A, lanes 3 and 5), and then reversed up 
to control level (100%) (Fig. 2B and 2C). And also, 47 
kDa- and 20 kDa-polypeptides were markedly phos-
phorylated by collagen in the presence of PKA inhibitor 
Rp-8-Br-cAMPS (Fig. 3A, lanes 2 and 4), which were 
increased up to 160～200% as compared with (100%) 
intact platelets (Fig. 3A, lane 1, Fig. 3B and 3C). How-
ever, cordycepin potently inhibited collagen-induced 
phosphorylations of 47 kDa- and 20 kDa-polypeptide 
with or without Rp-8-Br-cAMPS (Fig. 3A, lanes 3 and 
5), and then returned up to control level (100%) (Fig. 
3B and 3C). It is especially important that cordycepin 
inhibited these phosphoproteins in the presence of PKG- 
and PKA-inhibitor, which is in accordance with the cor-
dycepin inhibition of collagen-induced platelet ag-
gregation in the presence of PKG- and PKA-inhibitor 
(Fig. 1A and 1B). PKG and PKA are known to inhibit 
phospholipase C, involved in generating DG and IP3 
from PIP2 in various agonist-induced platelet activations 
(27). These previous reports mean that PKG and PKA 
inhibit the activity of DG receptor C-kinase, and thus 
could inhibit the phosphorylation of 47 kDa by C-kinase. 
In particular, PKA is known to inhibit the phosphor-
ylation of 20 kDa by suppressing the activity of a Ca2+ 
receptor, CaM-PK (27,28). Accordingly the inhibitory 
effect of cordycepin on the phosphorylation of 20 kDa- 
and 47 kDa- by PKG/PKA-inhibitor (Fig. 2A, lanes 3 
and 5, Fig. 3A, lanes 3 and 5) seems to suggest that 
cordycepin could augment the inhibitory effect of C-kin-
ase or CaM-PK by PKG and PKA. Cordycepin inhibited 
the phosphorylation of 20 kDa- and 47 kDa-polypeptides 
by suppressing [Ca2+]i levels which were elevated in 
TXA2 analogue U46619-activated platelets (29). If 
PKG-I phosphorylates TXA2 receptor to inhibit TXA2- 
induced platelet aggregation (11), it is believed that cor-
dycepin would inhibit these phosphoproteins via the in-
hibitory action of [Ca2+]i (29) by cGMP/PKG-I (Fig. 2A, 
lanes 3 and 5). It is known that the occurrence of throm-
bosis is mainly due to the irreversible aggregations, 
which is intimately related with serotonin release by 20 
kDa phosphorylation (30). The release of serotonin by 
platelets is inhibited by cGMP-elevation during platelet 
aggregation (30). Cordycepin potently inhibited colla-
gen-induced 20 kDa phosphorylation (Fig. 2, lanes 3 and 
5, Fig. 3, lanes 3 and 5, Fig. 2C, Fig. 3C). Accordingly, 
these results also suggest that cordycepin might inhibit 
serotonin release from platelets, and thus might have an-
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Fig. 2. Effects of cordycepin on protein phosphorylation in the presence of PKG inhibitor Rp-8-pCPT-cGMPS.
A. The pattern of protein phosphorylation. B and C. The inhibition of 20 kDa- and 40 kDa-phosphorylation by cordycepin. 
Protein phosphorylations were performed as described in Materials and Methods. [32P]-labeled platelets (108/mL) were pre-
incubated with or without cordycepin (500 μM) for 3 min in the presence of CaCl2 (2 mM) or Rp-8-pCPT-cGMPS (30 μM), 
and then the platelets were stimulated with collagen (10 μg/mL). Lane 1, intact platelets as control; lane 2, collagen (10 μg/mL); 
lane 3, cordycepin (500 μM)＋collagen (10 μg/mL); lane 4, Rp-8-pCPT-cGMPS (30 μM)＋collagen (10 μg/mL); lane 5, 
Rp-8-pCPT-cGMPS (30 μM)＋cordycepin (500 μM)＋collagen (10 μg/mL). Data are expressed as means±SD (n＝4). *p<0.05 
vs collagen or collagen＋Rp-8-pCPT-cGMPS. 

tithrombotic effect. In another experiments, we reported 
that hypha-water extracts (HWE) and fruit body-water 
extracts (FEW) from Cordyceps militaris contain 166 μg 
and 78 μg of cordycepin/mg-powder, respectively (20). 
HWE and FWE inhibited the release of [H3]-serotonin 
from human platelets activated by thrombin or collagen 
in a does-dependent manner (20). In conclusion, we 

found that cordycepin inhibits collagen-induced platelet 
aggregation via the cGMP/PKG pathway. In addition, 
it is thought that cordycepin also has an important func-
tionality in the inhibition of platelet aggregation in addi-
tion to its other biological activities such as antitumor 
and anti inflammatory effects (10,11).

30    30
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Fig. 3. Effects of cordycepin on protein phosphorylation in the presence of PKA inhibitor Rp-8-Br-cAMPS.
A. The pattern of protein phosphorylation. B and C. The inhibition of 20 kDa- and 40 kDa-phosphorylation by cordycepin. 
Protein phosphorylation processes were performed as described in Materials and Methods. [32P]-labeled platelets (108/mL) were
preincubated with or without cordycepin (500 μM) for 3 min in the presence of CaCl2 (2 mM) or Rp-8-Br-cAMPS (30 μM),
and then the platelets were stimulated with collagen (10 μg/mL). Lane 1, intact platelets as control; lane 2, collagen (10 μg/mL);
lane 3, cordycepin (500 μM)＋collagen (10 μg/mL); lane 4, Rp-8-Br-cAMPS (30 μM)＋collagen (10 μg/mL); lane 5, 
Rp-8-Br-cAMPS (30 μM)＋cordycepin (500 μM)＋collagen (10 μg/mL). Data are expressed as means±SD (n＝4). *p<0.05 
vs collagen or collagen＋Rp-8-Br-cAMPS.
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