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Figure legends

1 ATDEERE cHOERZES BEFBTRLT VY Xh

N TU BB 1 B & 9 BE IR B, IREFRMER (RBCs)., HfEmHE
m#E (FFP), BEMmM/ME (PLTs)., 7 VAT VFET— MMREICKDIEMEITS
OOBREZEINTWAEBM T VI Y XA 1, ACT: activated coagulation time,
PT: prothrombin time, aPTT: activated partial thromboplastin time, TEG:
thromboelastogram  (3CHR 28 & Y —EkZE D E51H)
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A BRI AU, SRR B RAPLIRE R LT OB LA S,

ATIFESH PSRRI R R EOTE, EREL S LTS s > ohdi
st BRICEHTIE, 757 Mo &. WWAHTA ZH 5700 CHUlU I PUBE NI At
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HRIEE &, ERVINT RIS, Liadis T, B0 b, filvhiog
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14, ATH - MODGRC IO SAMNFEE

1. AITHEEWEICE I B55E - frll/REZ%

HAWIZ BTN L JTRL Lo ALFFRBESTbh ALY, ZoMBIbLELT
ETW A, ALFFRRIZEI AT 2 U L AU T L (7 50 ) ORI LEA -
T, MOB AT, FhEOENS X EBIIZL - TUFOT Y bo—AsREh T
54,

1) ALIembite 3 7 ALUY | PT-INR (prothrombin time-international normalized ra-

tio: Yo b RO BRI ILELY 2.0 ~ 3.0

2) ALSrifndH: 3 H HERE

I o KFIRITIR RN
fERRIN TR L I, Medtronic Hall * 98 : PT-INR 2.0 ~ 2.5
flln 5 « 2 2 4F, Starr-Edward ¥ © PT-INR 2.0 ~ 3.0
EEINF5HD CPT-INR 2.0~ 3.0
o {heHFr it ek - PT-INR 2.0 ~ 3.0
YAhF+EBRIFTFHH CPTINR 20 ~30
(BB © OoEndh, MR BREOMIE, ALRIECIET, SRR

£ LEOHERET > TUBIZ bhhb o T MARERIES RE L BT L TH, PT-
INRE25~351a v bo=NT%, S50RMMMMELLTTAEY v &3y Y
E-NERNTLIEEHBHT LY,

HAAIBUBALFIZMTZOL7 v var bo—Aiz>0TE, ke iintto 71X
oG MHD, SEHESICEHEPTINR KO0 THREBLELEEL NS,

F 7o, BREUAORAE RHICH LT RINIVMCE, HRHTIERT 2 €0 ol E AT
BT B, BPERETREO U R 7 &S > RES RIS EO.LABAIZ YT S, v
T+ Y LB PTINR20~300T 0 bu—A L U7 R EY C o lidiizo0nT,
OB ARB AT T B,

LA G — < o] ol g :
1. HEMBIREECHITDEE - i/ iREZL
B SN AR E LT, IABP (intra-aortic balloon pumping @ KEERP 7 <t —
vy E 2 7)Y, PCPS(ECMO) (percutaneous cardiopulmonary support © 8180065075
[extracorporeal membrane oxygenator © U A LI & 2 B iS5, VAS

{ventricular assist system © MillbA TLOB) ME 5, oL T, 62 FROAVEIRZBOTH
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14, AT#H - MRS B0 SRIMREEE

IO Sh AWM TRTH D, @i~ LIS L DB E T TbNh 2, Jhiz#l,
VAS SN BN O 2 R MA L ELESIIEBIEE A TE D, RaikB ot 3.
B, TNT ) rRHMUMEEIC X BEMNSE LR S, BIEITTDRTOABEARIITT,

1. IABP

TABP AR, ~/8y LGRS (LTI / MRS 5, s, G EBIs(ACT :
activated clotting time) % 200 #0i#IC#IFT30MUE LU,

2. PCPS (ECMO)

PCPS il ABFIZ Ak~ 248 (100 WEY /kg) 24 5.

BB, ~%Y L a—-F g L MBS MO BGITIE, ACT % 180 ~ 200 Bk o dedy
TELINSY LELETE, WHNSEMNOIEFITE, ACT % 250 ~ 300 Bic#sd 3,
Wk, BRERDSHCHtE L/ min T B G0E, [TEACT £8904 5,

3. VAS (&) A L0

BEDMHTHO NS L VAS & LT, SRASRITAORNSR &, KNHAAL RO
Novacor * £ & Uf HeartMate-VE* 2 5, VASIZHBU S MBIBBICME T3 ERMT &L
T MEFEEBOMIRE SN S ATHHH 5, AR Tid, 8% smooth sur-
face OFHHD AL S 41, HeartMate-VE * T3 rough surface () AL Sh T B, &
7o, BAETHE smooth surface BV T HHROaA—F 4 L7 (NS LR EY /L, Wi
kot sRenTid, i, ALFCHLUTE, EARRMTEREBFEMMO SO, KA
HAAHTRARERIBOSHhTL S,

fiii st & U, MaRRSHT £ smooth surface L TWH 3 6D T, #XIA 779 0B
LUNARY T X BHEEREN EELTITbRTE L, RES 6, WM VASITEBLT,
HPINT W (PTINR DO 2~ 3)H 303~ Lz kB HERINEHIC X 5 %R
2if-7c UL, SRS 7MIRBRERL 5 2 i<, HlilofugFf L 74
BPBETH - F, WHBERHomR 245 &, AfmenB <, (IR 77 /mm’ B
LB LGB0 T /mm* BRI - A RE LT s, 220, PT-INROI#
HEI~4ETBELbIivPEEHHT L LA LT A, MRIBKRO EREPE R
PLr, Zhizttl, rough surface £ HeartMate-VE * T3 IR 1GBPEA L 42
LEEh, BRIk oARIThh 5,

VAS oMz, O LAiimBRiinE D RENI LI LU -TH B, 777 Y
ZBL TR, PT-INRICE B3 Y Fo—AMafETH B, MUMED DT L b o—AnG
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14, AIH - BENSRIC B0 SAMMERE

BORBETH Y, FHMDEBERAICEII I Fo—AARTERTHSEY &S, 70
577 F /b fa s g it (aB) 2 VT B,
LIMIZHE S oM S L CIl/MEREIZ >0 Tl b,

(1) B#85%Y LVAS (left ventricular assist system : ZDBWATLE) (s,
% iEGEE : smooth surface)

B Ay LEML, EOBBETas I (Foyiy) TRERRITS . HTRISR L
TRT7aF= AT 5, HERMCE, AFBBIRLS 2 Y bo—LEh s $ THIIC
FBEREET DO BRI SICE, Y 60 V7 7 ) 1 & B BRI
EHmAMREIZ & B HUl/ MR EEET S .

BOMNMEENABBTYIAT 7 ) L EME SUOBMPTINRE2EL, £20H I~
FHEMLY S, BIOJKSTESLOEAIIE, SRTTAS0REE2K0A 5, WHIZANIP
BAWEISEETEROEAIE, ARMLMMSEDHEOCLBRTIERS T L E2EGT
B, 1k, PT-INRMHBHALI TOMAE, RIRT LI 7 » U URIRIZ X A HE L,
B3 o (7573 %) 20 45, £72, PT-INR HHEWE Lo/, 747 5
Y OMB/ AR EEMEDRSERI OV 0 I - AZHE - TS,

81 LVAS BRBEONBEMKE
PT-INR NI PUY  TOTIVC (B kg )  RESIR

<2 BE 10 {(-)
2~25 waE 75 (=)
256~3 i d 5 (=)
3~4 (B3E) (=) (-)
4~5 Wl | KT () (-)
5~55 ke () (=S
55< hE (=) B

Ee, SORERR &% - 200, R, HOWG 145 0 BUMMAK LG LIS, B&
UREHHE A » 2281213, PT-INR @ ERUCIER T 200805 5, PT-INR 2443154,
HBECy I KBGRFDEO, Ihid, EZ7 I DKTY A~ LRlE, V590 Edd D,
&S IFIED PTINR 25 b o~ A Ic BT 5725 TH 5, BMENE- I TAT >
Y RS AYE LSS MG T 5 2 EICMA. R b IR I 7B o bl
MEEBT 5,

BRI B UM & LTI, S0 BIRASTIES S AU BT, ShRMIIE SR L 72 1,
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14 AIS - \ENBIAL S SN RRE

TAER »8lmg/HBHB UL/ 4 7 A8 25 100 mg/H THET 5. & 70, f/h8A8 10 )5
Jmm’ F APl BN B A DT B BB 4 S 1 B ) B GE
e CFOATHMMORIBRGE 170, SIS CHEGIoEmS 2 0 sk 2175,
OB, MMRBERNEEITO, TAE) L oRGRENST S,

(2) Novacor® LVAS (4&#, M#%#EME : smooth surface)

v sy LG, BATRERE Yo 5 2 L TRETY . BN, SRR
ML b= I Th o ENEEEWEGT 5. SOHINREE, V729 0 PT-
INR % 25 ~ 35 ICHEE T 3, FMUMHE S LTIWEKRTIR, 7AE Y % 100 ~ 200 mg (4RiR
IZLH~600mg) /AN L, HEIZIRUT, YEYYE—L (150mg X 2~ 41 /1) 21
fiForabEy  (F7aE20) (200~40mg/H) 20T &HEdoh TS, BE
Sid, WO RES VAS L RSO RIE£{T- T 5,

( 3) HeartMate-VE * (4155, MHIEALE : rough surface)

Wilg~ Y LEMG, EBARRERE 7oy I o RIET Y WEARNI A Lk
o= (KL= hs@ i< 60 mL/h) EhTh oM/ A ST 5. BHE T 25
¥ (81 ~ 100 mg/H) THEGL, fUMIBEENEOEE BB NN T S, /o, SLHEIIEL
ToEY ¥FE—i (Tomg X 3/H) 2 ¥ 5.

MERE MR ORI A SERITALICIE LT, AN v h BT 7 7 ) LItk b1
HEEBR 2 T B,

. 9°Y 7 F ootz R ee

fh S BED BN IC BT, WSRO TEEMRIHE A T 5. F4bh 5, /MR AE
NTEMAENBLE BT, M ORPEC L D NI L » THELZFOIRINCRATE S
SNEHMSTERL TS MATNECHIRIE nitric oxide (LA #), prostaglandin (7o 2
PV LB ERELEL, MMNENIBEISTOIICNNOY 1+ 7 RELAT
W3, Linl, Do RAMFMNKISHEL STl o 5 &, MM P (o s -
F o)y ERIET BT L, 2Ry & 810 THR/MEEEE, MRIEKA 5]
EFRISNDB, JOBE T OIHEFTEICHVGEE S, BERAIERIEABZ I EMIISME
BT B™, ‘

Lictio T, RANTONUMMUEIEOFHC S0 T, MsfAET (Fouh ™ s st
INEOBEA T EBT 208N H2 ", ThoOliEBER, THSME, MM EoHYE
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%, TEABDERMAR FIGECIETHRM T 52000, SfE MOk Fohkitd 2 ik
FESTWAE, THbS, B 7o —F v »3—Z N0, BHEhEHRELT, 25-%
LR ETod nIsh FlivMRMREIREAWE T 5 2 &T, WHBBEELNHEL TU 5.
BUE, ZOHLOMHEROTAMNEMET 3 hoMKKBEHBL T3,

L BDYIC

ATHE MBI ERE S 2 A LSS 50 QHEERIC BT, IREXoa Y Fo—-n
MEETH b, AL ATHO MAERE O L AESEOmM L QL T, HE-L Mk
DR (rough surface, ~/%Y v a—F 1 2 75 &) OBRMHITOH T B4, RO MBHER
EOBELLBETH 5, HEINT » J L HPLTEH - b, MBREBICHT 3 /RO BHO
FEAHBBRINS o, HUVMERoMREBRI s T3, ATORBIZBOTIR, b
RBEOHMIAHLL - T AEN, ATRIBOTRSBROBHMNELNIRKTH 5,

(b&E B - S0 R
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Adiponectin Acts as an Endogencus Antithrombotic Factor

Hisashi Kato, Hirokazu Kashiwagi, Masamichi Shiraga, Seiji Tadokoro, Tsuyoshi Kamae,

Hidetoshi Ujiie. Shigenori Honda, Shigeki Miyata, Yoshinobu Ijiri, Junichiro Yamamoto,

Norikazu Maeda, Toluu Funahashi, Yoshiyuki Kurata, Iichiro 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 platelet thrombus formation in adiponectin knockout (APN-KO) male mice (§ 10
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 thiombus formation on
carotid arterial injury with a He-Ne laser (total thrombus volume: 13.36£4.25X107 arbitrary units for APN-KO and
6.74=2.87X 107 arbitary 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 inhjbited 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 antithrombotic factor. (Arterioscler Thromb Vasc Biol.

2006;26:224-230.)

Key Words: acute coronary syndromes @ obesity & plarelels 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) a, 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 tissue 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
strocturally distinet domains, an N-terminal collagen-like
domain and a C-terminal complement Clg-like globular
domain. Adiponectin is abundantly present in plasma (5 10 30
wg/mb), 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).* ? 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 10
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.!> 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 alse 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 10 12 weeks old) were generated as described
previously.'*1? We analyzed mice buckerossed o C57BL/6 for 5
cencrations, '3

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 ay,f: activation and «-granule
secretion of wild-type (WT) and APN-KO platelets were detecled by
" phycoerythrin-conjugated JON/A monoclonal antibody (mAb),
which binds specifically 10 mousc-activated a,,8; (Emfret Analyt-
icsy and FITC-conjugated wunti-P-selectin mADb (Becton Dickinson).
respectively.

Assessment of Atherosclerosis and Bleeding

Time Measurement

Assessiment of atherosclerosis was performed as described previous-
ly.'* The tail of anesthetized mice (nembutal 65 mg/kg; 8 10 12
weeks old) was transected 5 mi 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 blecding time.

He-Ne Laser—Induced Thrombesis

The observation of real-time thrombus formation in the mouse
carotid artery was performed as described previously ® Anesthetized
mice (nembutal 65 mg/kg) were placed onlo a microscope stage, and
the left carotid artery (450 to 500 pm in diameter) was geatly
exposed. Evans blue dye (20 mg/kg) was injected into the left
femoral artery via an indwelt tube, and then the center of the exposcd
carotid artery was irradiated with a laser beam (200 m in diamcter
at the focal plane) from a He-Ne laser (Model NEO-50MS: Nihon
Kagaku 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 1o a computer every 4 s, and
the thrombus size was analyzed using Image-J software (National
Institutes of Health), We calculated thrombus size by multiplying
cach arca value and its grayscale value together. We then regarded
the total size values for an individual thrombus obtained every 4 s
during a 10-minuwte observation period as the total thrombus volume
and cxpressed them in arbitrary vnits.

Flow Chamber and Perfusion Studics

The real-time observation of mural thrombogenesis on u type |
collugen-coated surface under a shear rate of 250 s7' was performed
as described previously.' Briefly, whele blood obtained from
anesthetized mice was anticongulated with argapobun, and then
platelets in the whole blood were Jubeled by mepacrine. Type 1
collagen-coated glass cover slips were placed in a parallel plate flow
chamber (rectangular type: flow puth of 1.9-mm width, 31-mm
length, and 0.1-mm height). The chamber was assembled and
mounted on an epiffuorescence microscope (Axiovert S100 inverted
microscope, Cirl Zeiss Inc) with the computer-comrolled z-motor
(Ludl Electronic Products Lis). Whole blood was aspirated throngh
the chinnber, and the entive platelet thrombus formation process was
observed in real time and recorded with a video recorder.

o
o
Uy

Antithrombotic Effects of Adiponectin

Preparation of’ Adenovirus and

Recombinant Adiponectin

Adenevirus producing the full-length mouse adiponectin was pre-
pared as described previously.'? Plague-forming units {1 X 10%) of
adenovirus-adiponectin (Ad-APN) or adenovirus-g-galactosidasc
(Ad-Sgal) were injected into the tail vein. Experiments were per-
formed on the fifth day afler virval 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
QuantiTect Reverse-Transeription kit (QIAGEN). One microgram of
tolal RNA was used as a template for RT-PCR as described
previously.'* For the amplification ol transeripts of mouse adiponec-
tin receptors AdipoR1 and AdipoR2, the following primers were
used: mouse AdipoR] 5'-ACCGTTGGAGAGTCATCCCGTAT-3'
(sense) and 53'-CTCTGTGTGGATGCGGAAGAT-3' (anlisense)
and mouse AdipoR2 5'-TGCGCACACATTTCAGTCTCCT-3’
(sense) and 5'-TTCTATGATCCCCAAAAGTGTGC-3' (anti-
sense).' For human platelel isolation, PRP obtained from 50 mL
of whole blood was passed through a leukocyte removal filter as
described previously.?! This procedure removed >99.9% of the
comtaminated leukocyles.! For humun AdipoR1 and AdipoR2, the
following primers  were  used:  human  AdipoRl1  5'-CTT-
CTACTGCTCCCCACAGC-3' (sense) and 5'-CGACAAAGCCCT-
CAGCGATAG-3" (antisense) human AdipoR2 5'-GGACCGAGCA-
AAAGACTCAG-3’ {scnse) and 5'-CACCCAGAGGCTGCTACTTC-3'
(antisense). In addition, total cellular RNA obtained from a
megakaryocytic ccll line. CMK, and that from a human monocytic
cell line. THP-1 (positive control)®* was cxamined in parallel.
RT-PCR samples omitting reverse tanscriptase were used as
negative controls,

Statistical Analysis
Results were expressed as mean®SD. Differences between groups
were cxamined for statistical significance using Student r test.

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 noymal diet in this study. There were no
differences in platelet counts, PT, APTT. and plasma fibrin-
ogen concentrations (Table 1, available online at http:/
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 appurent atherosclerotic lesions in WT or
APN-KO mice (data not shown).

Bleeding Time in APN-KO Mice

To examine the effects of adiponectin deficiency on throm-
bosis and hemostasis, we studied bleeding time in APN-KO
mice. The bleeding time in APN-KO mice was slightly but
significantly shorter (96.9234.9 s: n=30; P<<0.05) than that
m WT mice (130.9252.1 s: n=30).

Enhanced Thrombus Formation in APN-KO Mice
and Adiponectin Adenovirus Ameliorates the
Thrombogenic 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 (A) 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 immunobiots 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
bradiation from the He-Ne luser. In WT mice, thrombus
formation staried 61.025.0 s after the initiation of He-Ne
Juser irradiation (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 occlusion was not observed (Figure 1), During
a J0-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 (54.8£8.9 s; n=10: P=0.46). However,
the cycles of thrombus formation during the 10-minute
observation period were significantly fewer (5.422.0; 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
(6.74x£287X 10" arbivary units in WT mice and
13.36:4.25% 107 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 formatdon in APN-KO niice, we
injected Ad-fgal or Ad-APN into APN-KO mice. On the fifth
day after adenoviral injection. we confirmed the elevated
plasma adiponectin level in Ad-APN-infected APN-KO mice
in an ELISA assay (48.726.8 pg/mlL; n=4), us 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+4.67X107 arbitrary units. which was compatible with
that of APN-KO mice shown in Figure 1. In contrast.
Ad-APN infection significantly decreased the otal thrombus
volume in APN-KO mice (6.2323.09% 107 arbitrary units;
n=4; P<(0.05). These results indicate thar adiponectin defi-
ciency is responsible for the thrombogenic tendency in vivo.

Platelet-Thrombus Formation en Immobilized
Collagen Under Flow Conditions

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

Figure 2. Thrombogenesis on a type |
collagen-coated surface under flow con-
ditions. (A) Mepactine-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) Platelet surface
coverage (%) and (C) thrombus volume
are shown at indicated time points. (@,
WT; Q, APN-KO; "P<:0.05). Shown are
representative 3D 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
hlood obtained from WT mice, the thrombus Tully covered
the collugen-coated surface afier 8 to 10 minutes of perfusion.
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-KQO, even at 1 minute. We

additionally examined the possibility that adiponectin might |

inhibit plateler adhesion onto collagen, because adiponectin
binds to collagen types 1, I, 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 fuily 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.

Adiponectin 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 umol/L, collagen
2.5 pg/ml. and protease-activated receptor 4-activating
peptide [PAR4-TRAP] 75 umol/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 | volume of PRP obtained
from APN-KO mice with 4 volumes of platelet-poor plasma
(PPP) obtained from APN-KQ mice injected with either
Ad-Beal or Ad-APN to adjust platelet counts to 300X 10*/uL.
As shown in Figure 4A, the in vitro supplementation of PPP
containing adiponectin attenuated the enhanced platelet ag-
aregation. Similarly, in vitro administration of mouse recom-
binant adiponectin (40 pg/ml) 1o PRP from APN-KO mice
attenuated the enhanced platelet aggregation (Figure 4B).

Expression of Adiponectin Receptors in Platelets
and Effects of Adiponectin Deficiency on ay, B3
Activation and P-Selectin Expression

To reveal the effect of adiponectin on platelets, we examined
whether platelets possess transeripts for adiponectin receptors
AdipoR1 and AdipoR2 by using RT-PCR. As shown in
Figure 5A. platelets from APN-KO, as well as WT mice,
contained mRNAs for AdipoR1 and AdipoR2. We also
confirmed that the human megakaryoeytic cell line CMK, as
well as carcfully isolated human platelets, possessed mRNAs
far AdipoR1 and AdipoR™. We next examined the effects of
adiponectin deficiency on o f3; activation and a-granule
secretion at various concenmrations of agonists by flow

o
o
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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 (300X 10%ul) obtained from WT (black ling) or APN-KQ
mice (gray line) was stimulated with ADP (a; n=4), coliagen (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 ay,f3; 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 W'T Mice

Because WT mice have Jarge amounts of adiponecﬁn in their
plasma, we, therefore, examined 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 pug/mL for Ad-pgal and 37.0x14.8 pg/mlL for
Ad-APN; n=5). 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 administration of human recombinant adiponectin (40
we/mL) to human PRP attenuated the platelet aggregation
response to 2.5 pg/mL collagen (Figure 6B). Morcover, in the
He-Ne laser—induced carotid artery thrombus model, the
overexpression of adiponectin significantly inhibited throm-
bus formation in WT mice (4.3820.75X 107 arbivary units
for Ad-Bgal and 2.75+0.61 X 10" arbitrary units for Ad-APN;
n=7. P<.05: Figure 6C).
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Figure 4. Effects 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-pBgal (black line) or Ad-APN (gray line) to obtain a plate-
let concentration of 300X 10%ul. Platelets were stimulated with
indicated agonists (n=4). (B) Mouse recombinant adiponectin
(40 pg/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 presept study, we have newly revealed an antthrom-
botic effect of adiponectin. APN-KO male mice (8§ to 12
weeks old) fed on a nomul diet showed no significant
differences in platelet counts and coagulation parwmeters
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 attennated 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 attennated in vivo thrombus
formation, as well as the in vitro platelet aggregation re-
sponse, even in WT mice. Thus, the present data strongly
sugeest 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 glycemic 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 than secondary through the
protection of metabolic abnormalities, such as insulin resis-
tance. Indeed. APN-KO mice fed on a normal diet did not
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Figure 8. 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 platelels 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) ayfs activation and (C) a-granule secretion. PRP |
obtained from WT (@) or APN-KO (O) 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 ay,B; activation or P-selectin expression
between WT and APN-KO mice (n=4).

show any abnormalities in plasma glucose, insulin, or lipid
profiles.’12 Although the atherosclerotic and thrombotic
processes are distinet from each other. these processes appear
1o be interdependent, as shown by the term arherothrombosis.
The intcraction between the vulnerable atherosclerotic
plaque, 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 1o the development of ACS by enhanced platelet throm-
bus formation.

Although APN-KO fed on a normal diet showed no
significant differences in major metabolic parameters. they
showed delayed clearance of FFFA in plasma, elevated plasma
TNF-a concentrations (=40 pg/mL in APN-KQO; =20 pg/mL
in WT). and elevated CRP mRNA levels in white adipose
tissue. 225 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-pgal or Ad-APN.
PRP (300 10%ul) obtained from WT mice injected with either
Ad-pgal (black line) or Ad-APN (gray line) was stimulated with
coliagen or PAR4-TRAP (n=4). Administration of Ad-APN signifi-
cantly attenuated platelet aggregation in WT mice. (B) Human
recombinant adiponectin (40 ug/mL., gray line) or PBS (black
line) was added to PRP (300x10%pL) from control subjects.
Platelets were stimulated with collagen (n=7). (C) He-Ne laser-
induced thrombus formation in WT mice injected with either
Ad-gal 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 plarelet aggregation in APN-KO
mice. Thus, the enhanced platelet function in APN-KO mice
was still evident even in the absence of vasculur 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 platelet aggregation and
arterial thrombus formation in vivo remains unclear. During
thrombogenesis. platelets adhere 10 altered vascular surfaces
or exposed subendothelial matrices. such as collagen. and

35}
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then become activated and aggregate to each other.'® The
thrombus formed in APN-KO mice appeared to be stable and
more resistant 1o the increased shear siress, without affecting
the nitiation time for thrombus formation in carotid artery
mjury 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
distinet 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 «,,B; 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
ayPBy-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 severul
growth factors.>232% Interestingly, TSP-1. after secretion
from platelet o granules, may participate in platelet aggrega-
tion by reinforcing interplatelet interactions through direct
fibrinogen-TSP-fibrinogen and TSP-TSP crossbridges.2? 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 antithrombotic 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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