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F igure- legends

1 AILOMEREHOSmZES BE BT AT ATY Xh

AT OB % I IR 2 £ 5 8F I2Hi 5, BERME (RBCs)., HFEEHEAES
Mm% (FFP). WEM/IME (PLTs), 2 VA VFE7— M MREIL L H1EM%Z1TS
THDOBREINTWARBMTNVTY XALD 1], ACT: activated coagulation time,
PT: prothrombin time, aPTT: activated partial thromboplastin time, TEG:
thromboelastogram  (3C#R 28 & ¥ —EKZE D L5 A)

13

-& 8-



AT F - BEBERICBITS
i /Mg E

(&I

ALAMAE i BIRBLTH B A ULt MM IR AR, MRTGIRES &R
SRR AU, &2 TRIRII B DM MEES, FUMERMES T 3257 T o - AL
L EOMFTROLE, MTHBLMTONFLIT DILNPMHED > - #s E oMo LiL.
MG AR PEIN 70 i S YL oS F, HLERIN O BEATREN I Ul L 2o iR 9y
. MHEGIR F-OLECHANRIZO LY 5 EOMBRITDOEAL, B EMBIERELOR
HF Brh, ALIUNGECHMRRREI I LARSLUTHS.

Pt & LT, mviiE S BN ELO s D ek comiERIzi, TRE
VoLt GO DI EAINE NS, JhiE SIRMIZEU T, BIMIN AR MIC ST
ENT7 7Y BRI EBRMFRLO &, QU THOBMTIH L TMATRLOHLY - LEEIH
B s MU AHN £ b2 MOR A KELIHTHS, LT, MR ERE
(T TR IRILIRNE ©. AGHERG PN & B S SN S S 12, RIEY R 7 &L
TMHED S > MHIWMMTH S, ZOLI LM - P TERInsMiticHL TR, s
BAL D YGBICMPWIZEEIRTULS, HUTERINIZMBROLRROOKRTHS
M, ByURIER BB DS, ARBRILER (B FR AV PO BEF L T2 E0LA 5,

AT ERCHUMERRHTRFCH 0TI, REKB S LTI RRAEE OO NPl
(it ISICHMTE, V57 b, RIHEIA S Q5 225 T B 2 REM L e
SEELIENEL \-,- LoL., ALLMiZERNOGZTHTI, ] BEENL 1, SEINRCY. &
HERTCOEA ST, RV MRS Ldi- T, Wit OB, ST B
iz, MDY 27 EMBRERIEO VR 2 ED1R5 o 25 EWT B2 LARESLD,

Z2TR AT - HUWRIC O MR RIRIZH>OTEST 5.
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14. AT # - MDERC B SRM/)ERRE

1. ATHEREWEICHSB8E - il/MREE

OHBIZBCTEN 1 TR EOATIFRREMNTOOBZLHCLD, EOEMOLELT
FTULA, ALIFFRHRICRIATZ 2V oA L (T 7 70 ) 2O IEEMLED -§)
0T, MOWBALIE, FREOHSMELIEEMICE-TUFNIL bo—-AhiliEdhTl
5%,

1) ALTrimmBite 3 # LA © PT-INR(prothrombin time-international nunﬁnliz(-d ra-

tio: Yo bo L BFIO[GRREIALIE) 2.0 ~ 30

2) ALfrifttatkite 3 7 HELRY

W Ir o KRYUKIFITE MBI
EMIN--7E L TR, Medtronic Hall " 9% ¢ PT-INR 2.0 ~ 2.5
fthd ¥ 4+ R 71, Starr-Edward ™ # : PT-INR 2.0 ~ 3.0
ERINFH D D PT-INR 2.0~ 3.0
o (M FFT B - PT-INR 2.0~ 3.0
HAFE+ERRIR -5 0 I PT-INR 2.0~ 3.0
(ERRPT- - Opisly, meeEREOLIE, /LB IL P, SIMTIIRT)

B2, LROBMEN > TOSIZ60b s P MRERIE RIEL LR KL TR, PT-
INR£#25~3512arybo—=AT3, L5003 MMNKELLTTREY »E 30 EY Y
E—AEMNTEEERMETS ‘

H$AK$U6A{#KMT%O»77uysyhu—»ucufu.m%PHMﬂo{N
L OB BB, BHEHIZEMPTINR 20O TRANBEE KL SN 5,

F7o, BabiAORIE PRI H L TR /ABE, THIENATZREY odRnBlidhTy
507 BE, WAVERMTRNED ) X7 % LB IrRRKEOLp Mz T 5, 0
Ty i2kBPTINR20~3003 0 ba—AL{ENRT X £y ORI DT,
EA:B LR HBARIMITORTI S,

26 yOm - e &
1. ##EVEIREEICHI)DHEE - Hii/MEEE
Bt s h 2 MlsiE8 & L;tli. 1ABP (intra-aortic I)élloon pumping : }\'EJW(V‘I’("L"‘
v E 2 ), PCPS{ECMO) (percutaneous cardiopulmonary sﬁppnrl D ER OGBS
[extracorporen]l membrane oxygenator - MUK A TMiIZ & 5 8RB U IRIMIBY ), VAS

(ventricular assist system  MBIA LOM) &5, SOLHT, 2 HERGFEIRIELTR
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14, AT#H - RAKBRIC DI SO ERGE

IO ShABREBTRTH O, @A) LIz BMHLEYITDOh S, ZhuIHL,
VAS BN EMCO: 3 BRMUNGBELBAIZEEIN TS D, BERBT#ET S/
B, N7 Y RIMMREIZEBEUMLEHENL D, BT b TO AR ERIIRT.

1. IABP

TABP A, A3 2 (AopED (1 JIME /1D RS T 5, 108, iSHELBINIFIE(ACT :
activated clotting time) % 200 B il (ZMiIFTIOMYE L Ly

2. PCPS (ECMO)

PCPS B ABRIZ LA 4k (100 DT /kg) 2879

Bk, ~oSu L a—-F ¢ L FMEAEMOSEAIZIE, ACT £ 180 ~ 200 B ik 815
FTHELIN) L RLGT A, AR EMOSPEIZE, ACT % 250 ~ 300 B #E T 5,

B, MREKDHIZHIRE 2L/min LTIz 288112, [TEACT £8m¥ 5,

3. VAS (MiBhA LN

BuEOLMHATHO LB EL VAS ELTIR, $ABRRLA0dEH L, (KINHAS RO
Novacor * 3 & U HeartMate-VE* #& 3, VASIZH U MBI 3T 3 LT &L
T, MAEMHOFEIRE IO SN BA TINS5, MATEMGIHZIYL TR, %R smooth sur-
face (4-ittdi) ML S, HeartMate-VE * T2 rough surface (M) AL SH T B, &
7. BETIR smooth surface IZBVT L EHDI—F ¢ L 7 (AR ) L8 EBL, MK
thom Lo T3, 2, ALIFZMLTE, KARRYTEIMEESNNG S0, KN
WA WTRAERTENHOL SN TS, ’

fi bkt & LT, mAEMRE% smooth surface (2L TH3 bOTIE, RKTAT 79 V35
LUASRY L X BIRIERLENS EE L TIThbh Ta 2, RES b, HikHR VAS 1T T,
UYTLT ) (PTINRDIR . 2 ~3)HB0 A Lo & BHREMINGLEIC & 5558
Eif-tz. UL L, YRNChMA - 7Nz mB R EEZD S 2 A8, Molofk+ > 72
WML ETH -1, WKk MomE2RNT L, OmMRXE L, (IR ] 77/mm’ kL
LIRS0 T /mm* B Il - BB RELPE M T, £2T, PTIINR @188

WA~ ETBEE b EE AT AL AL E A, MBIBIRD GERYES
YL, Sz L, rough surface £8 - HeartMate-VE * TiMBEKO GNP L
CEsh, A@RHMIREO A MITbN B, '

VAS ORIz, LBl UMERREN LI OUENIEHEL>TWB. 7077 Y

JIZBL T, PT-INRIZE B3 bo—AHETHIN, HM/IBiEDI L bo—AMG
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14, AI# - MEDERMC D DN ERE

BOXRFETHH, FRIVIEHBRIERAICEDI DL Po—LARMAINTHS . TS, D
160 Vi b e i () 20T 5,
UNIZERESDIERE & ST/ >0 T~ 5,

(1) FEHR LVAS (left ventricular assist system : Z/O#MA I OR) (Mg#,
M;#IEME : smooth surface)

BB~ DRI, EORMMT O 12 (709 L) TR S §TRIyE
CRT IO AT S, BAMEICIE. AROIMA TS o - Sh B E TERIMIE
RNRGE R DO, YRR AT, MBS S I A7 7 U 12 & B HSEAREL:
SN T & B B % 1

BIATIGShERBTINT 7 1) » £ PkE SHOHBPTINR22EL, 20%3~
FRWAET 3, BNBUIKMTELORBIR, BRI LOR LRSS, WBIZKIIP
BANTAGRGTILORNER, ARMINAAES HFOLRRTRSY (N3 L2 8GF
5, 1545, PT-INR S EMLL YOG, JVICATEIZTAT » ) UKL 2B L,
R LAY (7573 0) T B, £72 PT-INR AAHEMMLL LOBAR, 907~
YLD/ KRS SEMEOR I AEIDTa b =it - TH .

R LVAS BMERORBEEL
PIINR _ ZWI7U>y 573 (kg WM  BELS

<2 'ﬂl 10 (-)
2~25 ] ] 75 (-)
25~3 b ] 5 '(__—) )
3~4 (Baa) ) )
4~5 R/ kX (-) (-)
§~55 73 (-) (B8
55¢< tod (=) ®’s

T, BUEBHAREL B0, RB. KL LI DBINMBELIY LIS, &
UM £ - 228312402, PTIINR D ERICIEE T 208N H 5. PTINR #3487,
AREY I VKDL SHIR EF I DRTY =R LA, V390 Ktk Db,
ESICHEDPTINR Y b=z HiT -0 TH S, MEN-> BB, 7072
U R LM R T A 2 LA, e FMARENT NN RS IARP o)
T 1

PERS B HUMUEL & LT, B ISR S BT, SRt e B8 L 2 1,
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14. AL - MMM HO SHRDVRRGE

TAEY L 8l mg/ BB 4T REY 7 100 mg/ I THMT 5, & 72, f/BAt 10 15
/mm' 2R PN o] KA VRIC IR G T B, BN A D o 1 Bk d) BoskaE
B (FOE FhUhBERIKE) Zii0, LECK R OEmS 20 RMRETTS.
EOHKTL M DHBRERMAELITO, TREY O GMENRT .

(2 ) Novacor® LVAS (4£&#, L& EME : smooth surface)

FriEas U RO, KARIRERE T 05 D L TRMETTS . Rigk\BIE. SRELm
ML ko= ENTHSENRGEE M T 5, & UFIRMMAEE, 74779 PT-
INR % 25~ 35 2845 % 3, HUM/DBIEE L TR TIE, 7 RE Y % 100 ~ 200 mg (R
12&h~600mg) / APLHL, LEIZLLT, YU ¥E-1 050mg X 2~4H /1D R3]
MF ooy (F7aE7 ) (200~ 400mg/N) 20tHIT s &n@HohTOS. B
502, WTIOBGEMS VAS L RO MIERTT-TU 3,

( 3) HeartMate-VE " (£ #&#, mZFEME : rough surface)

RldA/ Y L RO, RAERERE 7 07 1L THRETT S KSR M » b
g—A (KL= mooHile< 60 mLh) ShTHSHMBRLEMEES 5, AT ALY
L (81~ 100 mg/H) THEL, (/MBMEMEORESHCHET 5, £/, DECISL
TUEY ¥E—N (Timg x 3/H) 20T 5.

A RE OB O BURR RIS SBARTLZIE LT, AU S HB0RTAT 7 U Ltk B
REMGEE AT 5,

. ¥YisH Fi/MRIR AR

NS ED R BT, MEPREONEEARBEA TS, TubLL, /MR
PTRIENBE S £ i, MO L3 MENRIT L > TEL 3T HIL N RATE S
FhEMSWHERLTO S, MFNILHRIBGIE nitric oxide (—-BIEAK), prostaglandin (7o R
YTy LIGEEELEL, MMETARI SLOXITFOF 1+ 17 RELAT
0B, Ll Ua t AMTINII A CTHUEAR Z 5 &, MSNK FEE (T 57—
o5 B) EIKIET BB TH/MERAAE L, £ RICSIEE0TH/MGEEE, tH RSS!
AHZENB. ZOPK TORMKIYEISOUMOE S, SURDIERIINBE I EMlohe
IL-TLhB". ‘

LizdinT. 'LKNTON/NREED I 550 TR, Mk (FHWH ) ics a1l
IMKOBIESTIZ BT 08053 . INOOHERTR, THSE, b RO R
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14. ATI# - MOOBRCHO A M MERE

%, TEAHMOAERMORRFISECETRHAT 30002, Rl MORSDINGR F TR 571k
LTS, THbL, Pl 70— F+ o S—%)j, BAZMANRELT, 357-%
YRREEB EToE L) FivMEORERELMET 52 & T, fUMKEEEZ AL TL 5,
BlE, OHLONEBRONHWLBIT S HOMKKRENBL TS,

. PDYIC

ALthE M iZHEMEHE 3 ATHFESESH 50 BEBBRMcE 0T, AREROT bo—1
MAETHH, ALHFPALOMEERTIOAKESEOR L% L T, BH -k
DR (rough surface, /%Y 2 I—F 1 2 75 &) OR#HFTOOTO S 4 MAO MK
EOHBWLLETH D, WRIAT 7 ) L HNLTEH - 20, MREKICE TS /RO
KB HBERIN 1250, VMEEOBHHMRBEN TS, ALLORIZHEOTIE, il
RBOFMITLALIL>THEMN, ATHFICEOTUISRDORIIMRINIRRETH S,

(PE BB - 0 W)
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‘Thrombosis

Adiponectin Acts as an Endogenous Antithrombotic Factor

Hisashi Kato, Hirokazu Kashiwagi, Masamichi Shiraga, Seiji Tadokoro, Tsuyoshi Kamae,
Hidetoshi Ujiie. Shigenori Honda, Shigeki Miyata, Yoshinobu Ijiri. Junichiro Yamamoto,
Norikazu Maeda, Tohru Funahashi, Yoshiyuki Kurata, lichiro Shimomura.
Yoshiaki Tomiyama, Yuzuru Kanakura

Objective—Obesity is a common risk factor in insulin resistance and cardiovascular diseases. Although hypoadiponectine-
mia is associated with obesity-related metabolic and vascular diseases, the role of adiponectin in thrombosis remains

elusive.

Methods and Resulis—We investigated platelel thrombus formation in adiponectin knockout (APN-KO) male mice (8 to
12 weeks old) fed on a normal diet. There was no significant difference in platelet counts or coagulation parameters
between wild-type (WT) and APN-KO mice. However, APN-KO mice showed an accelerated thrombus formation on
carotid arterial injury with a He-Ne laser (total thrombus volume: 13.3624.25x10” arbitrary units for APN-KO and
6.74+2.87X 107 arbitrary units for WT; n=10; P<0.01). Adenovirus-mediated supplementation of adiponectin

attenuated the enhanced thrombus formation. In vitro thrombus formation on a type I collagen at a shear rate of 250 s,

as well as platelet aggregation induced by low concentrations of agonists, was enhanced in APN-KO mice, and
recombinant adiponectin inhibited the enhanced platelet aggregation. In WT mice. adenovirus-mediated overexpression

of adiponectin additionally attenuated thrombus formation.

Conclusion—Adiponectin deficiency leads to enhanced thrombus formation and platelet aggregation. The present study
reveals a new role of adiponectin as an endogenous antithrombolic factor. (Arterioscler Thromb Vasc Biol.

2006;26:224-230.)

Key Words: acute coronary syndromes m obesity m platelets m thrombosis

besity is associated with insulin resistance, accelerated

atherothrombosis. and cardiovascular diseases.'? Recent
studies have revealed that adipose tissue is not only a passive
reservoir for energy storage but also produces and secretes a
variety of bioactive molecules, known as adipocytokines. includ-
ing tumor necrosis factor (TNF) e, leptin, resistin, and plasmin-
ogen activator inhibitor type-1.2-+ Dysregulated production of
adipocytokines participates in the development of obesity-
related metabolic and vascular diseases.*-*

Adiponectin is an adipocytokine identified in the human
adipose tissne ¢cDNA library, and Acrp30/AdipoQ is the
‘mouse counterpart of adiponectin (reviewed in reference®).
Adiponectin, of which mRNA is exclusively expressed in
adipose tissue. is a protein of 244 amino acids consisting of 2
structurally distinct domains, an N-terminal collagen-like
domain and a C-terminal complemem Clg-like globular
domain. Adiponectin is abundantly present in plasma (5 10 30
pg/mL). and its plasma concentration is inversely related to
the body mass index.® Plasma adiponectin levels decrease in

obesity. type 2 diabetes, and patients with coronary artery
disease (CAD).5 ° Indeed, adiponectin (APN) knockout (KO)
mice showed severe diet—induced insulin resistance.'® In
cultured cells, we have demonstrated that human recombinant
adiponectin inhibited the expression of adhesion molecules
on endothelial cells, the transformation of macrophages to
foam cells, and TNF-a production from macrophages.*!
Furthermore, APN-KO mice showed severe neointimal thick-
ening in mechanically injured arteries.’> Adenovirus-
mediated supplementation of adiponectin attenuated the de-
velopment of atherosclerosis in apolipoprotein E-deficient
mice as well as postinjury neointimal thickening in APN-KO
mice.!>!3 These data suggest the antiatherogenic properties of
adiponectin, and, hence. hypoadiponectinemia may be asso-
ciated with a higher incidence of vascular diseases in obese
subjects. Although it is also possible that an altered hemo-
static balance may contribute to the pathogenesis of acute
cardiovascular events in such patients. the roles of adiponec-
tin in hemostasis and thrombosis remains elusive.
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Here we have provided the first evidence that adiponectin
affects thrombus formation. and. hence, hypoadiponectinemia
may directly contribute to acute coronary syndrome. Our data
indicate a new role of adiponectin as an antithrombotic factor.

Methods
Mice

APN-KO male mice (8 to 12 weeks old) were generated as described
previously.'*2 We analyzed mice backerossed to CS7TBL/6 for §
generations. 012

Preparation of Mouse Platelets and Measurement
of Coagulation Parameters

Mouse platelet-rich plasma (PRP) was obtained as described previ-
ously.'* Coagulation paramcters were measured by SRL Inc.

Platelet Aggregation Study, Adhesion Study, and
Flow Cytometry

Platelet aggregation and platelet adhesion study was performed as
described previously.** Integrin «yf3; activation and «-granule
secretion of wild-type {WT) and APN-KO platelets were delected by
phycoerythrin-conjugated JON/A monoclonal antibody (mAb),
which binds specifically to mousc-activated a3y (Emfret Analyt-
ies) and FITC-conjugated anti-P-selectin mAb (Becton Dickinson).
respectively. 4

Assessment of Atherosclerosis and Bleeding

Time Measurement

Assessnmient of atherosclerosis was performed as described previous-
ly.** The 1ai} of anesthetized mice (nembutal 65 mg/kg; 8 to 12
weceks old) was transected 5w from the tip and then immersed in
0.9% isotonic suline at 37°C. The point until complete cessation of
bleeding was defined as the bleeding time,

He-Ne Laser-Induced Thrombosis

The obscrvation of rcal-time thrombus formation in the mouse
carotid artery was performed as described previously. ' Anesthetized
mice (nembutal 65 mg/kg) were placed onto a microscope stage. and
the left carotid artery (450 to 500 pm in diameter) was gently
exposed, Evans blue dye (20 mg/kg) was injected into the lefi
femoral artery via an indwelt tubce. and then the center of the exposcd
carotid artery was irradiated with a laser heam (200 pm in diameter
at the focal plane) from a He-Ne Jaser (Model NEO-50MS: Nihon
Kaugaku Engincering Co. Ltd). Thrombus formation was recorded on
a videotape through a microscope with an attached CCD camera for
10 minutes. The images were transferred to a computer every 4 s, and
the thrombus size was analyzed using Image-) software (National
Institutes of Health). We calculated thrombus size by multiplying
cach arca valuc and its grayscale value together. We then regarded
the 1014} size values for an individual thrombus oblained every 4 s
during a 10-minute observation period as the tota) thrombus volume
and expressed them in arbitrary units.

Flow Chamber and Perfusion Studics

The real-time observation of mwral thrombogencsis on a type |
collugen-coated surface under a shear rine of 250 7' was performed
as described previously.' Briefly. whole blood obtained from
wnesthetized mice was anticoagulated with argatvoban. and then
plutelets in the whole blood were Jabeled by mepacrine, Type 1
collagen-coated glass cover slips were placed in a paralle] plate flow
chumber (rectangulur type: Mow path of 1.9-mm widih, 3i-mm
Jength, and 0.1-mm height). The chamber was assembled and
mounted on an epifluorescence microscope (Axiovert S100 inverted
microscope. Carl Zeiss Inc) with the computer-conirolled z-motor
{Ludl Elecuronic Products Lis). Whole blood was aspirated through
the chinber. and the entire platelet Uombus formation process wis
obscrved in real time and recorded with a video recorder.

o
o
w

Antithrombotic Effects of Adiponectin

Preparation of Adenovirus and

Recombinant Adiponectin

Adenovirus producing the full-length mouse adiponectin was pre-
pared as described previously.' Plague-forming units ()X 10F) of
adenovirus-adiponcctin (Ad-APN) or adenovirus-B-galactosidase
(Ad-Bgal) were injected into the tail vein. Experiments were per-
formed on the fifth day after viral injection. The plasma concentra-
tions of adiponectin were measured by a sandwich ELISA. Mouse
and human recombinant proteins of adiponectin were prepared as
described previously.'-17

RT-PCR

Total cellular RNA of platelets from WT or APN-KO mice was
obtained. and contaminated genomic DNA was removed using a
QuamiTect Reverse-Transeription kit (QIAGEN). One microgram of
total RNA was used as a lemplate for RT-PCR as described
previously.'s For the amplification of transeripts of mouse adiponec-
tin receptors AdipoR1 and AdipoR2, the following primers were
used: mouse AdipoR}! 5'-ACGTTGGAGAGTCATCCCGTAT-3'
(sense) and 5'-CTCTGTGTGGATGCGGAAGAT-3’ (antisense)
and mouse AdipoR2 3’-TGCGCACACATTTCAGTCTCCT-3'
(sense) and 5'-TTCTATGATCCCCAAAAGTGTGC-3' (anti-
sense).'" For human platelel isolation, PRP obtained from 50 mbL
of whole blood was passcd through a leukocyie removal filter as
described previously.?! This procedure removed >99.9% of the
contaminaled leukocytes.®! For humun AdipoR | and AdipoR2, the
following primers  were  used:  human . AdipoR1  5'-CTT-
CTACTGCTCCCCACAGC-3' (sense) and 5'-GACAAAGCCCT-
CAGCGATAG-3" (antisense) human AdipoR?2 5'-GGACCGAGCA-
AAAGACTCAG-3’ (scnse) and 5'-CACCCAGAGGCTGCTACTTC-3'
antisense). In addition, total cellular RNA obtained from a
megakaryocytic cell linc. CMK, and that from a human monocytic
cell line. THP-1 (positive control)** was cxamined in parallel.
RT-PCR samples omitiing reverse transcriptase were used as
negative controls.

Statistical Analysis
Results were expressed as mean*SD. Differences between groups
were examined for statistical significance using Swudent 7 1est.

Results

Characteristics of Adiponectin-Deficient Mice and
Assessment of Atherosclerotic Lesions

The basal profiles of APN-KO male mice have been previ-
ously described.’12 To exclude the effects of diet on
APN-KO mice. we used APN-KO male mice (8 to 12 weeks
old) fed on a normal diet in this study. There were no
differences in platelet counts, PT. APTT. and plasma fibrin-
ogen concentrations (Table I, available online at hup:/
atvb.ahajournals.org). Histological analyses revealed that nei-
ther Oil Red O staining of the inner surface of whole aorta nor
elastin-van Gieson staining of transverse sections of carotid
arteries showed any apparent atherosclerotic lesions in WT or
APN-KO mice (data not showr).

Bleeding Time in APN-KO Mice-

To examine the effects of adiponectin deficiency on throm-
basis and hemostasis, we studied bleeding time in APN-KO
mice. The bleeding time in APN-KO mice was slightly but
significantly shorter (96.9%34.9 s; n=30: P<<0.05) than that
i WT mice (130.9252.1 & n=30).

Enhanced Thrombus Formation in APN-KO Mice
and Adiponectin Adenovirus Ameliorates the
Thrembogenic Tendency .

We next examined the effect of adiponectin deficiency on
thrombus formation using the He-Ne laser-induced carotid
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Figure 1. He-Ne laser-induced thrombus formation and adenovirus-mediated supplementation of adiponectin. Anesthetized mice were
injected with Evans blue dye followed by irradiation with the He-Ne laser at the exposed left carotid artery. The representative time
course of thrombus formation in (&) WT or (B) APN-KO mice is shown. (C) The total thrombus volume was significantly larger in
APN-KO mice (n=10; P<0.01). In another set of experiments, administration of adenovirus-producing mouse adiponectin (Ad-APN) sig-
nificantly attenuated the total thrombus volume, as compared with control adenovirus (Ad-Bgal)-infected APN-KO mice (n=4; P<0.05).
Plasma adiponectin levels detected in immunoblots are shown in the lower panel.

artery thrombus model. Endothelial injury of the carotid
artery was induced by the interaction of Evans blue dye with
irradiation from the He-Ne laser. In WT mice, thrombus
formation started 61.0%25.0 s after the initiation of He-Ne
laser imadiztion (n=10). When the thrombi reached a certain
size. they frequently ruptured and detached themselves from
the wall because of increased shear stress. Thus, thrombus
formation in this in vivo model showed a cyclic fluctuation,
and complete veelusion was not observed (Figure 1). During
a 10-minute observation period. the cycles of thrombus
formation were 8.5%2.3 in WT mice. In APN-KO mice, there
was no significant difference in the initiation time for
thrombus formation (54.8x8.9 s; n=10: P=0.46). However.
the cycles of thrombus formation during the 10-minute
observation period were significantly fewer (5.4=2.0: n=10;
P<0.01) in APN-KO mice. The thrombi in APN-KO mice
grew larger and appeared to be stable and more resistant to
the increased shear stress. Accordingly. the total thrombus
volume was significantly larger in  APN-KO mice
(6.74+2.87%107 arbitrary units in  WT mice and
13.36+4.25X 1 arbitrary units in APN-KO mice; n=10:
P<0.01).
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To confirm that adiponectin deficiency is responsible for
the enhanced thrombus formation in APN-KO mice, we
injected Ad-Bgal or Ad-APN into APN-KO mice. On the fitth
day after adenoviral injection, we confirmed the elevated
plasma adiponectin level in Ad-APN-infected APN-KO mice
in an BLISA assay (48.7%6.8 pg/ml.:n=4), as well as in an
immunoblot assay. In the carotid artery thrombus model, the
total thrombus volume in Ad-Bgal-infected APN-KO was
12.94+4,67X 107 arbitrary units. which was compatible with
that of APN-KO mice shown in Figwre 1. In contrast.
Ad-APN infection significantly decreased the total thrombus
volume in APN-KO mice (6.23+3.09% 107 arbitrary units;
n=4: P<C0.05). These results indicate that adiponectin deti-
ciency is responsible for the thrombogenic tendency in vivo.

Platelet-Thrombus Formation on Immobilized
Collagen Under Flow Conditions

Because endothelial function may affect in vivo thrombus
formation, we next perfomed in vitro mural thrombus
formation on a type 1 collagen-coated surface under flow
conditions. Figure 2 shows thrombus formation during a

5 10

Figure 2. Thrombogenesis on a type |
collagen-coated surface under flow con-
ditions. (A) Mepacrine-labeled whole
blood obtained from WT (top) or
_APN-KO mice (bottom) was perfused on
a type | collagen-coated surface at a
shear rate of 250 s . (B) Piatelet surface
coverage {%) and (C) thrombus volume
are shown at indicated time points. (®,
WT: O, APN-KO; *P<0.05). Shown are
representative 30D images of thrombus
formation at 6-minute perfusion in whole
blood obtained from (D) WT and (E)
APN-KO mice. Each inserted figure
shows thrombus height.
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10-minute perfusion of mouse whole blood anticoagulated
with thrombin inhibitor at a Jow shear rate (250 s™"). In whole
blood obtained from WT mice, the thrombus fully covered
the collagen-coated surface afier 8 to 10 minutes of pertusion.
In contrast, the thrombus grew more rapidly and fully covered
the surface at 6 minutes in APN-KO mice. At ] and 2 minutes
of perfusion. there was no apparent difference in the initial
platelet adhesion to the collagen surface between WT and
APN-KO mice. whereas the platelet aggregate formation was
significantly enhanced in APN-KO, even at 1 minute. We
additionally examined the possibility that adiponectin might
inhibit platelet adhesion onto collagen, because adiponectin
binds to collugen types I, IIl, and V.?* However. mouse
recombinant adiponectin (40 pg/mL) did not inhibit the
adhesion of platelets onto collagen. indicating that the inhib-
itory effect of adiponectin is not mediated by the inhibition of
platelet binding to collagen (data not shown). At a high shear
rate (1000 s "), the thrombus grew rapidly and fully covered
the surface within 3 to 4 minutes. Under such strong stimuli,
we did not detect any difference in thrombus formation
between WT and APN-KO mice, probably because of the full
activation of platelets.

Adiponcctin Inhibits the Enhanced Platelet
Aggregation in APN-KO Mice

In platelet aggregation studies, PRP obtained from APN-KO
mice showed significantly enhanced platelet aggregation in
response to low doses of agonists (ADP 2.5 pmol/L, collagen
2.5 pg/ml, and protease-activated receptor 4-—uctivating
peptide [PAR4-TRAP] 75 pumol/L). as compared with WT
mice (Figure 3). The maximal platelet aggregation was
achieved at higher concentrations of agonists, and the en-
hanced platelet aggregation in APN-KO mice was not appar-
ent at these high doses of agonists, probably because of the
full activation of platelets.

To confirm the inhibitory effect of adiponectin on platelet
aggregation in vitro. we mixed 1 volume of PRP obtained
from APN-KO mice with 4 volumes of platelet-poor plasma
(PPP) obtained from APN-KO mice injected with either
Ad-Beal or Ad-APN to adjust platelet counts 1o 300X 107/ uL.
As shown in Figure 4A, the in vitro supplementation of PPP
containing adiponectin attenuated the enhanced platelet ag-
gregation. Similarly, in vitro administration of mouse recom-
binunt adiponectin (40 pg/ml) o PRP from APN-KO mice
atienuated the enhanced platelet aggregation (Figure 4B).

Expression of Adipenectin Receptors in Platelets
and Effects of Adiponectin Deficiency on ay,B;
Activation and P-Sclectin Expression

T reveal the effect of adiponectin on platelets, we examined
whether platelets possess transcripts for adiponectin receptors
AdipoR} and AdipoR2 by using RT-PCR. As shown in
Figure 5A. plutelets from APN-KO. as well as WT mice,
contained mRNAs for AdipoR1 and AdipoR2. We also
confirmed that the human megakaryocytic cell line CMK, as
wel) as caretully isolated human platelets. possessed mRNAs
for AdipoR1 and AdipoR’. We next examined the effects of
adiponectin deficiency on oy f: activation and  a-granule
secretion at various concentrations of agonists by flow
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Figure 3. Enhanced platelet aggregation in APN-KO mice.
Platelet aggregation in PRP obtained from WT or APN-KO mice.
PRP (300%10%/uL) obtained from WT (black line) or APN-KO
mice (gray line) was stimulated with ADP (a; n=4), collagen (b;
n=4), or PAR4-TRAP (c; n=3). As compared with WT mice,
platelet aggregation was enhanced in APN-KO mice at low con-
centrations of agonists.

PAR4-TRAP 75 150 uM

cytometry. However. neither the platelet oy,B, activation
induced by ADP nor P-selectin expression induced by PAR4-
TRAP showed significant difference between WT and
APN-KO mice (n=4; Figure 5B and 5C).

Adiponectin Adenovirus Attenuates Thrombus
Formation in WT Mice

Because WT mice have large amounts of adiponecﬁn in their
plasma, we, therefore. exumined whether adiponectin over-
expression could additionally inhibit thrombus formation, as
well as platelet function, in WT mice. After the administra-
tion of Ad-APN or Ad-Beal into WT mice. the plasma
adiponectin levels in Ad-APN-infected mice reached =4
times higher than those in Ad-Bgal-infected WT mice
(8.5+0.6 pg/mL for Ad-Bgal and 37.0£14.8 upg/mL for
Ad-APN: n=35). As shown in Figure 6A. platelet aggregation
in PRP induced by collagen or PAR4-TRAP was significantly
attenuated by the overexpression of adiponectin. Similarly. in
vitro admimistration of human recombinant adiponectin (40
pwg/mL) to human PRP atenuated the platelet aggregution
response 10 2.5 pg/mb collagen (Figure 6B). Moreover. in the
He-Ne laser—induced carotid artery thrombus model. the
overexpression of adiponectin significantly inhibited throm-
bus formation in WT mice (4.380.73X 107 arbitrary units
for Ad-Beal and 2.7520.61 X 10" arbitrary units for Ad-APN:
n=7: P<0.03: Figure 6C).
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Figure 4. Eflects of in vitro supplementation of adiponectin or
recombinant adiponectin on the enhanced platelet aggregation
in APN-KO mice. (A) One volume of PRP from APN-KO mice
was mixed with =4 volumes of PPP from APN-KO mice injected
with Ad-pgal (black line) or Ad-APN (gray line) to obtain a plate-
let concentration of 300X 10% L. Platelets were stimulated with
indicated agonists {(n=4). (B) Mouse recombinant adiponeclin
(40 ng/mL, gray line) or PBS (black line) was added to PRP
from APN-KO mice. Platelets were adjusted to 300X 10° plate-
lets/ul and stimulated with indicated agonists (n=4).

Discussion

In the present study, we have newly revealed an antithrom-
botic effect of adiponectin. APN-KO male mice (8 to 12
weeks old) fed on a normal diet showed no significant
differences in platelet counts and coagulation parameters
compared with WT mice. In the He-Ne laser—induced carotid
artery thrombus model, APN-KO mice showed an accelerated
thrombus formation, and adenovirus-mediated supplementa-
tion of adiponectin attenuated this enhanced thrombus forma-
tion. Platelet aggregometry and the real-time observation of
in vitro thrombus formation on a type 1 collagen-coated
surface under flow conditions showed the enhanced platelet
function in APN-KO mice. Moreover, adenovirus-mediated
overexpression of adiponectin artenuated in vivo thrombus
formation. as well as the in vitro platelet aggregation re-
sponse, even in WT mice. Thus, the present data strongly
suggest that adiponectin possesses an antithrombotic potency.

We have demonstrated that low concentrations of adi-
ponectin are associated with the prevalence of CAD in men,
which is independent of well-known CAD risk factors®
Pischon et al® have recently shown that high concentrations of
adiponectin are associated with a lower risk of myocardial
infarction in men, which is also independent of inflammation
and alycemic status and can be only partly explained by
differences in blood lipids. These clinical studies suggest that
the protective effect of adiponectin on the development of
CAD may be primary rather thun secondary through the
prolection of metabolic abnormalities, such as insulin resis-
tance. Indeed. APN-KO mice fed on a normal diet did not
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Figure 5. Expression of adiponectin receptors and effects of
adiponectin deficiency on platelet function. (A, top) Expressions
of transcripts for adiponectin receptors, AdipoR1 (133-bp frag-
ments) and AdipoR2 (156-bp fragments), in platelets from WT or
APN-KO mice were examined by RT-PCR. The liver was used
as a positive control. (Bottom) Expressions.of transcripts for adi-
ponectin receptors, AdipoR1 (196-bp fragments) and AdipoR2
(243-bp fragments}, in CMK cells, as well as human platelets,
were examined by RT-PCR; 100-bp DNA Ladder (New England
Biolabs) was used as a marker. Effects of adiponectin deficiency
on (B) ayB3 activation and (C) «-granule secretion. PRP |
obtained from WT (®) or APN-KO () mice in the presence of
phycoerythrin-JON/A mAb or FITC-anti-P-selectin mAb was
stimulated with the indicated agonist and then analyzed by flow
cytometry without any washing. There were no significant differ-
ences in platelet aypf3; activation or P-selectin expression
between WT and APN-KO mice {n=4).

o

show any abnormalities in plasma glucose, insulin. or lipid
profiles.'12 Although the atherosclerotic and thrombotic
processes are distinct from each other. these processes appear
to be interdependent, as shown by the tem atherothromboxis.
The interaction between the vulnerable atherosclerotic
plague, which is prone to disruption, and thrombus formation
is the cornerstone of acute coronary syndrome (ACS).* In
this context, our present data strongly suggest that adiponec-
tin deficiency (or hypoadiponectinemia) may directly contrib-
ute to the development of ACS by enhanced platelet throm-
bus formation. :

Although APN-KO fed on & normal diet showed no
significant differences in major metabolic parameters. they
showed delayed clearance of FFA in plasma. elevated plasma
TNF-a concentrations (=30 pa/imL in APN-KQ; =20 pg/mL
in WT). und elevated CRP mRNA levels in white adipose
tissue. 7% In addition. recombinant adiponectin increased NO
production in vascular endothelial cells.* To rule out any
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Figure 6. Overexpression of adiponectin additionally attenuates
thrombus formation in WT mice. (A) Platelet aggregation in PRP
obtained from WT mice injected with either Ad-fgal or Ad-APN.
PRP (300x10°/uL) obtained from WT mice injected with either
Ad-pgal (black line) or Ad-APN (gray line) was stimulated with
collagen or PAR4-TRAP (n=4). Administration of Ad-APN signifi-
cantly attenuated platelet aggregation in WT mice. (B) Human
recombinant adiponectin (40 pg/mL, gray line) or PBS (black
ling) was added to PRP (300x10%uL) from control subjects.
Platelets were stimulated with collagen (n=7). (C) He-Ne laser-
induced thrombus formation in WT mice injected with either
Ad-ggal or Ad-APN. Administration of Ad-APN in WT mice addi-
tionally reduced the total thrombus volume in the carotid artery
thrombus model (n-7, P<0.05).

effect of adiponectin on vascular cells. we examined in vitro
thrombus formation on a type I collagen-coated surface under
flow conditions. as well as plaiclet aggregation in APN-KO
mice. Thus. the enhanced platelet function in APN-KO mice
was still evident even in the absence of vascular cells,
Moreover, human and mouse recombinant adiponectin atten-
uated the aggregation response obtained from control human
subjects and from APN-KO mice. respectively. Thus, adi-
ponectin inhibits platelet function. However. the mechanism
by which adiponectin attenuates platelel aggregation and
arterial thrombus formation in vivo remains unclear. During
thrombogenesis. platelets adhere to altered vascular surfaces
or exposed subendothelial matrices. such as collagen. and

[
o
o
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then become activated and aggregate 10 each other.'® The
thrombus formed in APN-KO mice appeared to be stable and
maore resistant 1o the increased shear stress, without affecting
the initiation time for thrombus formation in carotid artery
injury experiments, as well as in flow chamber perfusion
experiments. In addition. preincubation of collagen with
recombinant adiponectin did not inhibit platelet adhesion on
collagen under static conditions. Thus, it is unlikely that the
inhibitory effect of adiponectin is mediated by the inhibition
of platelet binding to collagen. These characteristics are guite
distinct from Clg-TNF-related protein-1, which belongs to
the same family as adiponectin and inhibits thrombus forma-
tion by interfering with platelet—collagen interaction.?” We
confirmed that transcripts for AdipoR1 and AdipoR2 were
present in mouse and human platelets and CMK cells.
Although the platelet—platelet interaction appeared to be
enhanced in APN-KO mice, we did not detect any difference
in agonist-induced «,,8; activation or P-selectin expression
between APN-KO and WT mice by flow cytometry. Based on
these results. it is possible that adiponectin may inhibit
ayBi-mediated intracellular postligand binding events. Alter-
natively, previous studies have shown that adiponectin is
physically associated with many proteins, including a.-
macroglobulin, thrombospondin-1 (TSP-1), and several
growth factors, 2328 Interestingly, TSP-1, after secretion
from platelet a granules, may participate in platelet aggrega-
tion by reinforcing interplatelet interactions through direct
fibrinogen-TSP-fibrinogen and TSP-TSP crossbridges.*?* In
this context, it is also possible that it may interfere with
interplatelet interactions in platelet aggregation. Additional
studies to clarify the mechanism of adiponectin are currently
under way.

In conclusion, our present study revealed that adiponectin
acts as an endogenous antithrombotic factor. Although it is
possible that the in vivo antithrombaotic effect of adiponectin
may be partly mediated by its action on vascular cells, our
present data clearly indicate that adiponectin affects platelet
function in the absence of vascular cells. In addition, the
overexpression of adiponectin in WT mice attenuates in vivo
thrombus formation, as well as the in vitro platelet aggrega-
tion response. Our data provide a new insight into the
pathophysiology of ACS in nonobese, as well as obese,
subjects. and adiponectin (and its derivatives) may be a new
candidate for an antithrombotic drug.
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