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Anti-platelet Effects of Artemisinin through Regulation of
Cyclic Nucleotide on Collagen-induced human Platelets

Dong-Ha Lee™

Department of Biomedical Laboratory Science, Molecular Diagnostics Research Institute,
Namseoul University, Chungcheongnam-do 31020, Korea

The discovery of a novel substance capable of regulating or suppressing platelet aggregation holds significant promise
for the prevention and treatment of cardiovascular diseases. Artemisinin, a compound derived from plants like Artemisia
or Scopolia, has demonstrated potential across various fields, including anticancer and Alzheimer's disease research.
However, its specific role and mechanisms in influencing platelet activation and thrombus formation remain incompletely
understood. This study delves into elucidating how artemisinin affects platelet activation and thrombus formation. Results
revealed a significant increase in cAMP production with varying doses of artemisinin, alongside notable phosphorylation
of VASP and IP;R—both substrates for cAMP-dependent kinase. This phosphorylation led to the inhibition of Ca®*
mobilization from the dense tubular system, consequently reducing platelet activity via allb/B; inactivation and suppressing
fibrinogen binding. Furthermore, artemisinin exhibited inhibition of thrombin-induced thrombus formation. These findings
suggest that artemisinin holds promise as an effective prophylactic and therapeutic agent against cardiovascular diseases,

specifically targeting abnormal platelet activation and thrombus formation.
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A AEA ) Ca FE7F A S7HA R Ch(Payrastre et
al,, 2000). L A7} calcium/calmodulin &]&4] T = <
%] myosin light chain 2 pleckstrin’} 14tsir|zlo =z &
2% $HE Yo 71t)(Nishikawa et al., 1980).

Tk davke] EAstE WA HAd whe] Qx| Ho]
arachidonic acid= 7}l =0l 9™, TXA synthase
(TXAS) ¥ cyclooxygenase-1 (COX-1)2] Z}-8-ol 2]3l] TXA,
2 Ago] dojt & YA o2 HE WEHO U2t}
(Jennings, 2009). ¥ LJH-Z FH|Eo] U2 TXA,T
T OE dAause] o FEA AjEo] FUHeR
o AFstn F43E 28 Morello et al., 2009;
Sabatine and Jang, 2000).

QAo w o o] dojuta e A9,
A EZH-E Y] 5= prostanglandin L7} nitric oxide™ &
2% Ul cAMP = ¢GMP A4S sk, cAMP A
4 Z71= protein kinase A (PKA)E S 3127|321 cGMP
A4 F 7} protein kinase G (PKG)E E4d 31|71t} o]
£ PKA®} PKGE 71d @R vasodilator stimulated
phosphoprotein (VASP)©]1} 1Py receptor (IPsR)E 14FSHA]
71+ Aoz dHA JTHKim et al., 2014; Kim et al,, 2015;
Lee, 2017; Schwarz et al., 2001). IP;R2] Q14ksl= A A 2 9]
Ca™ TYE AN 7= AR, VASPY] ¢143H= ollb/p,
9] FA3=E FFH O EHA actin filamentd] AF-S A8l sh=
Aoz Z 4#dA AtiCavallini et al., 1996; Quinton and
Dean, 1992; Sudo et al., 2003; Laurent et al., 1999). W=},
IP;R QIAbshel s Ca® E A5 VASPS] <14k
slho} PR ollb/p; T AAITS LT ELE 37t
skt 8% a0tk

Artemisinin> S 7441 Hetg]o} A gA|® @ HAEt ¢
el A ARg-Eo] 2 HE o] 8tA|o|H, artemisinin¥} 1 T}
AESOA gdeteiol 54 W oz} AT, e
A 2 ek 28 o] AL s a2t dsol
SEHAL, o= FES EAF 149 24y wHE Ao
2 Hay] ‘}iﬂr(Wang etal.,, 2019; Wong et al., 2017; Yao et al.,
2018). & ATFEl M= artemisinin} L F-=A7F A1
B3 5X40] laL, o= thekgh ¥ ool A o % A
B 7FsAdo] o] B¥ATKDas et al, 2014; Xu et al.,
2017; Zeng et al., 2017; Fang et al., 2019; Zhao et al., 2019).
%3k, o] Ao A= artemisinin’} ERK1/2 & CREB &
BCL2 A3 ARE st s8] HES = <l
gk MEAE S oFsiAIZIThE AS ERIE| & kit

(Peng et al., 2022).

o

o 8

Fig. 1. The structure of artemisinin. Chemical formula: C;5sH»,Os,
Molar mass: 282.33 g/moL.

HE59 5 Ao w Ry AdaA 23
(CVD)= dAagt &4d3te} 212 o] Q)L artemisinin
B FALSE FZ2E 7HR Artemisia & 220l FE3
flavonoid BdE°] &4 2E-& Y= AFE9]
&7 v} A Th(Lee, 2023a; Lee, 2021; Lee, 2019; Yoon et
al,, 2022). 12, A @493t 2 dd P4l rA=
artemisinin®] &3} 7]t A5tE vk A9
oL, oA Ao A artemisinin’} PLK 2 MAPKS| <14t
SHe Ao ZHN iy HE 2dItia Hag

HE7b 918 Blo]UHLee, 2023b). ¥ 170l A= artemisinin

o] YA gy 9 VHAS FHE L2 artemisinin 7t
CVDE gAlsleE 224 7IX7F dex] gR1sky] gt
HE U Py

P

Avention Co. (Siheung, Korea)Z5-F artemisininS- 7~
3} th(Fig. 1). Chrono-Log Co. (PA, Havertown, USA)°l 4]
collagen 72135} 3L, Cayman Chemical Co. (Ann Arbor,
MI, USA)7} cAMPS} ¢cGMP assay kitE |33} 1, Fura
2-AM& Invitrogen (Eugene, OR, USA)ZH-E] <1331t}
Anti-B-actin, anti-phospho-IP;R type I, anti-total VASP, anti-
phospho-VASP Ser157, anti-phospho-VASP Ser239, anti-rabbit
IgG-HRP-conjugate 52| A<} lysis buffers Cell Sig-
naling (Beverly, MA, USA)ol| A #| T2t} Thermos fisher
Scientific Co. (Middlesex County, MA, USA)Z5-E] polyvinyl-
idene difluoride (PVDF) membraneE 7-3}9}
Molecular Probes (Eugene, OR, USA)Z5-F] Fibrinogen Alexa
Fluor 488 3=] % ECL (Enhanced chemiluminescence

solution)Z Y5=3}At}. 71 9o ALEE A|FES Sigma

2L, Invitrogen
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3138 mM NaCl, 12 mM NaHCO;, 5.5 mM glucose, 2.7 mM
KCI, 049 mM MgCl, 2 036 mM NaH,PO,Z ¥33 &
QH(pH 740l FAl7 I o R dAads AlHs)

, 10° cellsmL HE =52 d4v HEt
E]{Ko et al, 2023). S Lo dadt S
Ae WA S8l A AgS A2 A
Ak AE &S S G et 71%*3‘33%1“4 A
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Cyclic nucleotides ((AMP X! ¢cGMP) MMz =4

%A»Jr fe‘i%@h‘(lo" cells/mL)l] TF¥3E 59| artemisinin
7L, 38 B¢k 37°Cel £ §, 2 mM CaCl, 3
%EXJ]%— A7)sle] sE Eol 2x8 S} b
TEAZI7] S8l T BOHE 7133, cGMP
< cAMP ELISA kit (Cayman chemical, Ann Arbor, Michigan,
USA)—Eé AH&3Ee] cGMP Yl cAMP2] FEE S SISITH

o
o

R oo oo
rr mlo i)

HZEZ U Ca™ S9Y 23

23 e 2 mM CaCl, El = °Exﬂ§ @7}0}04
5% <t 37Tl WHEA7Y, Fura 27} WEShHs 9%
< Fluorescence Spectrophotometer (F7000, Hitachi hightech,
3 Sy dgel o] W
S 340 nmol A 380 nm7HA] 0.5% {HA SR FI7RAIZAL
510 nm®] W& S AAEGln SA4Y FF e
Grynkiewiczoll 23l 7]&H Wl we} Ca¥e] 59 &
© 2 A4kekd tHGrynkiewicz et al., 1985).

Seongnam, Korea)=

Western InmunoblottH 2.2 CHHZI olALS}

e
)]

o] ¥h-g-S 1x lysis buffers: ARS8t TR,
B3l Pt o] vy %“—I—E BCA protein kit
(Pierce Biotechnology, Rockford, IL, USAYE E3ll SA 331
ol 7 Al=7F 20 pgo] WAS Xt 345t

8% SDS-PAGEE &3l 7|9 &al3ith Feld vae
PVDF membrane & % %{1 % 1:1,000 314 wj&2] 12} &
AN A B F<t WSS, 12,000 B4 wiE-©] 23} &
A A 1AIZE 59 %O]-Oﬂ‘jr ECL A]K(Thermo Fisher
Scientific, Seoul, Korea)ol] ¥WF-3-&}o] ©hil A pandE A|2}13}
3k3ick

AT oF qllb/Bs0f| CHSE fibrinogen| ZEts £

4 FEFNS Alexa Fluor 488-fibrinogen (20 pg/mL)2}
7

A Aeld 32 mM CaCl, 2 S FEAS H7leke]
5% 9t WS Fieskalth ] 05% e E g
slo| =& X &3l phosphate buffer (pH 7.4)& 735}

=, AL, BE Aol do] At == &3l
t}. Fibrinogen®] 2% % %=+= BD Bioscience (San Jose, CA,
USA)©] FACS H|(FAE #A17)ollA S4= L, A
& Cell-Quest 22X E9Jo}(BD Biosciences)E ©]-83+
Arakslek

O

A ofj7e| fibrin clot M A= &3
EHEGaT0] AT Hel 3w o] st wX] A
8171 913k polyethylene A1 9] Al@to] W& F, 2 mM

cAMP
(pmoL/10° platelets)

g
°

0.0 -
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Artemisinin (M) 100 300 500

©
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Fig. 2. Effects of artemisinin on cyclic nucleotides production. (A)
Effects of artemisinin on cAMP level. (B) Effects of artemisinin on
c¢GMP level. Results are presented as mean & SD (n=4). Statistical
significance was indicated as follows: **P<0.001 compared to
collagen-induced platelet suspension.
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Fig. 3. Effects of artemisinin on intracellular Ca>* mobilization and
IP3R phosphorylation. (A) Effects of artemisinin on intracellular
Ca”" mobilization. (B) Effects of artemisinin on IPsR phosphoryla-
tion. Results are presented as mean £ SD (n=4). Statistical signifi-
cance was indicated as follows: *P<0.05 compared to non-stimulated
platelet suspension, *P<0.05, **P<0.001 compared to collagen-
induced platelet suspension.

CaCl, 2 thrombin (0.05 U/mL)S-
9k ko] Uofibsl sgiek. A

A7Vt 37Tl A 208
F o)A fibrin 7]k

cloto] @d% 2= yAd 7phjztz AR Zgs3l.

ImagelJ (v1.46, National Institutes of Health, Bethesda, MD,
USA)E o]&allx &gd oA =T E Sad dd9&
AxEIE T 84 834 A2 Ak}
S 2

BE AY AdE Wi+ xsdxdE gdsiia
Student's t-tests ©]-8-3l] & 3]

3]
T BARA A}, p<0.059o4 Ae 2 ke Axpat
o7} BAF R Fofst Aow wsigint

P-VASP Ser'” | s s G G— —

S s —
PVASPSE™” | gy iy et G G
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Fig. 4. Effects of artemisinin on VASP phosphorylation. Results
are presented as mean = SD (n=4). Statistical significance was
indicated as follows: *P<0.05, **P<0.001 compared to collagen-
induced platelet suspension.

27t o 2y

Cyclic nucleotides 44/d2Z0|| artemisinin?} 0|2 = =1}

B Ao Axd U= 599E G 9
AR oA SBAse) W a3E vXE Ze
2 4HH cAMP 2 cGMP Gl thEt artemisinin®] 3
& TAFSFA AL, Fig. 2A°] UER A5t Al wpaw
artemisinine cAMP 441 3.92+0.41 pmoL/10° cellsll ]
7.70£1.22 pmol/10° cells =LA S7FA1Z O, cGMP A4
A= g S7HE HolX] tth(Fig 2B). ©l&d A
& T3 artemisinin®] cGMPX.t}= cAMP2] A4 F7}
E doflomy iy dstE AAsE AlS ¥<l

sk

HNE U Ca®* S4Zat IPsRe| QIAHSHO|| artemisininZt

0)2l= =4

Fazk ggdst 3 3ol 7]gita
29] Ca¥" Y] artemisinin®] o]@ JIFL H]Z]-‘E X] 3
7}&kAtt. Fig. 3AE collagen A= 0% <laf [Ca®7
+1.1 nMoll 4] 681.14232 nMO.& A —0‘7]';%%
Zt}. 281} artemisinin (100~500 pM)S FoJ38191S o,
collagen©l] 23] f-3tel [Ca”,2] S7P7F frelahAl sl
‘}idr(Fig 3A). T3 E ATl A [Cat] Al Bolat
= 849 IPRE] QAtslef| M X]+= artemisinin®] &I}E
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Fig. 5. Effects of artemisinin on fibrinogen binding. (A) The flow
cytometry histograms on fibrinogen binding. a, Intact platelets
(base); b, collagen (control); c, collagen + artemisinin (50 pM); d,
collagen + artemisinin (100 pM); e, collagen + artemisinin (300 pM);
f, collagen + artemisinin (500 uM). (B) Effects of artemisinin on
collagen-induced fibrinogen binding (%). Results are expressed as
mean + SD (n=4). Statistical significance was indicated as follows:
2P<0.05 compared to non-stimulated platelet suspension, *P<0.05,
**P<0.001 compared to collagen-induced platelet suspension.

AL, Fig. 3Bl =A% Wk} o], collagen & b=
H A artemisinin IP;R Q14FSFe] F& o]E4<I
s7Fe 4ozt o]¥gk 3= artemisinin®] IP;R
IE D= el BaL

o rﬂi r

Ql
FEAATE A

VASP QI4t5tof| artemisininO| OJx|&= &1}

B Aqro M, Fig. 2014 UERD vlel 70| artemisinin
o] collagen®. &2 F%=3F AT cAMP 55 2
How %‘7]'}\]715 A RIS 3 artemisinin©]
collagen©. 2 =3 & 4ol VASP ¢l14ks} 4ol ¥
oJl=+] &<13}5] a1, Fig. 4% artemisinin®] VASP Serl57
o] ItEtE frelstAl S7HA71= WhH, VASP Ser2399]]
A= Frefmlet a7t dEEA] oSS Btk 539,
100 pM ©]’doll A artemisinin’} A4 24 7HAH
a5 Yehlle Aol #EH e, o] artemisinin]

Thrombin (0.05 U/mL) - + + + + +

Artemisinin (M) - . 100 300

(B)

500 ticagrelor 10pM
(positive con.)

1200
P
&
£ 1000
£
= 800
=
e
= 600
2
= 400
]
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0.0~
Thrombin (0.05 U/m.) . + + + + +

Artemisinin (uM) 100 300 500  ticagrelor 10puM

(positive con.)

Fig. 6. Effects of artemisinin on platelet-mediated fibrin clot for-
mation. (A) Effects of artemisinin on thrombin-induced fibrin clot
formation (B) Effects of artemisinin on thrombin- induced fibrin
clot formation area. Results are presented as mean = SD (n=4).
Statistical significance was indicated as follows: *P<0.05 com-
pared to non-stimulated platelet suspension, *P<0.05 compared to
thrombin-induced platelet suspension.

o8 =% e cAMP A4 o] VASP Serl57 QAHEE
oA 7T As YERdTh

Fibrinogen2| allb/gs0ll CHSt Z&Hs0f artemisininO| O]

ZI: k=

B Ao = artemisinin’} "i708H= VASP Serl57 <1
Abske] Z747) allb/py &9 e fibrinogen ATHS
Al e=A] &1sk3I) Collagen AF2.2 allb/B; 58|

o )3t fibrinogen®] ZA3-E°] 82.8+14%= ol THFig.
5A-b, 5B). 121}, Fig. 5A-f @ 5B7} HolF= A3} 7o)
artemisinin< fibrinogen®] 2% F%= &4 A58
t}. 53], 500 pM 5=9] artemisinin< fibrinogen 4 %S
78.0%7H4] A= Aoz Bl A thFig. 5A-, 5B).
ot A= allb/p; T-EAol A3 fibrinogenol T
& artemisinin®] A S35 HoJFH, o]:= VASP Serl57
Q1Akstol] thk Fakoll 7]1E = Ao AbREh
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A of7ie] fibrin clot &4 H=0 artemisininO| O]
5
5

a4 W A
o] ZE]H A fibrin oﬂ PA s Zdé A= &
AE gRIg O AFolA, 3 FEAZ thrombins

=]

AF8-8}91 3(Shin et al., 2019), o2 S XAl nlste]
thrombin®] -&22-§7HA] st 4 Qg Fharsted,
ATl A= thrombin® 753} fibrin 232 & Alo 1|X]+=
artemisinin®] &35 H7}S}SITE Fig. 6A°l A|A| S vle}
o], thrombin< fibrin 5311 FA-& 73l F2skaitt.
ey thaFsk 835100, 300 2 500 uM)<] artemisininS
2]k -5 fibrin seoll e sk A
© 2 VEREIL, artemisinin®] A& 717} 28.5.6%, 33.5%
2 594%20 As GRI% 5 UATHFig. 6B). ol gh A}
2 87 P& sy o R A5k artemisinin®] &
25 el Y, artemisinino] P4 A4S Weliste av
A9l S At

7@ﬁ]ﬁ%ﬂﬁ““]%%ﬂﬂﬁﬁfﬂﬁiiﬂi%
aspirin?} ozagrel®] 91oH, °]52 27} COX-19F TXAS
QJﬁiﬁﬁﬁ‘ﬂﬂ&@TX& RS A= 24E
2 &d#HA ATHCipollone et al., 1997; Patrono, 2001). T3}
triflusal, cilostazol, dipyridamole™} 7 PDE HA|A|E%
A IS =2 cyclic nucleotides®] ABAHS F7HA171= 84
TA| 2 o] AL2-FITHMenshikov et al., 1993). - Aol A],
artemisinin> cAMPS] A& T/ A E4
24 7FsAdel slew, 1 7|ds gald] urelr] f1siA
= F7HAR1 7 Basieh wgk Aol A ARE-g
artemisinin®] &7} FE7F QoA ALEEHE THE AA)
Eoll vlgly &2 Holr|&= AR, JIFEY E2E
2 HAAE fFefe] Aol Al Aol H4do]
AT AR HFo] B o 9dF 2 9= 59
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