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Figure legends

K1 ATOAEERS T H e 26> BE TR 5T A=Y X5

AT U BHBER 2 H R 2 4 9 B ISR 5, RERME (RBCs) . HEEHRE
8% (FFP), BEM/MR PLTs), 7 VA7 VvFEr— bEEICLH1EI%TT S
WOBREINTWAEMLTAITY LD 145, ACT: activated coagulation time,
PT: prothrombin time, aPTT: activated partial thromboplastin time, TEG:
thromboelastogram  (3CHK 28 X Y —#kZE D E3 )
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14, AL# - REMBRC ST SHMREE

1. AIHEEREICETBHERE - i/ iRkE%

HHEIZ BTN TR LA LFRBRSTHOR L LN, 2O LLELT
ETA, ANLIFEFERISRILTZ 20 LA UL (707 w0 ) ZHIORIEEMSGEA -8}
T, MUAALR, FHBEOBWBICEIMCL-THU oIy bo—-AHRERTH
5

Y ALTriiashite 3 2 HELUA © PT-INR(prothrombin time-international normalized ra-
tio ! 7 b ol E BB OMBSARILIE) 2.0 ~ 3.0
2) ALJeiiRiitk 3 4 HLB%
BHRIr o KEYRIRIT il
fEBIN-FE U TSR Medironie Hall 99 @ PT-INR 20 ~ 2.5
b7 4 27 M. Stare-Edward *f# { PT-INR 2.0 ~ 3.0
fEBRIN-5 Y L PT-INR 2.0 ~ 3.0
e i It - PT-INR 2.0 ~ 3.0
kF+EHAFH D I PT-INR 20~ 3.0
(EERT  OpHE, RIERIEONITE, JLOBEO LY, BHA IR

Fr, LEOEBAET - TOBIT bbb ST MARMRIT 2 Rk L &1 LT, PT-
INR%25~35arvbo—Ad5 SH50HMMIELLTTALY Y ERR3IEYY
T NENTAHIEERNTE,

HAACBYDALTMT BT 7 7 ) 20y ba—Lizo0THE, e iinfto 1
YOGV HMED, SEHSSIZBHAPTINRIZPLTRMBAHAELEEL SN B,

Fh, BRI PHHC N L TIRATIOBER, SHOIEMRT 2 Y ol s e
B0, BUE, HEPERMATIEN O ) 2 2 & b RBE R oS Ic YT 5, v
T Y ICEBPT-INR2O0~3.000 0 bu—-A SR 7TREY DOHHARIZoLT,
WL EEBRMITDR T B,

A g o < of ol y :

. HEMBREEICHITDInEE - i/hMREZE
BRI SN AMBIEER & LTI, JTABP (intra-aortic balloon pumping © KEER < —
vy By 7)), PCPS(ECMO) (percutancous cardiopulmonary support @ $8H 09.L B #li8his:
[extracorporeal membrane oxygenator © BRI A TMIIC & 2 88 MM sF I EI R0 ). VAS

(ventiricular assist system © MiIA LOBED) RH s, SouhT, i 2 SRV HE LT
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4. ALF - WENEIRLC BT DRIMMERGE

fFIA O SN AWM TRTH O, WA~ s EAHER R Tbh S, ZhioHL,
VAS M ERICH 2 5 RSB LB G EEE N TE D, BB ot sn
B, ThT e URHMNE B X BENNSE LN S, Bifirbh T OSBRI,

1. IABP

TIABPHRAS, ~N23y L GRED (1 G/ MRS 5, o, G LBMBMACT ¢
activated clotting time) % 200 BHiIC#IF T3 0oMUE L1y,

2. PCPS (ECMO)

PCPS i ABFIZ R Zb Aoy 21k (100 LY /kg) 2575,

MBI, AU v a—-F g STBE MO B, ACT % 180 ~ 200 B iy
FTHLINSY LREEETE, WFEREEENOBBAITE, ACT % 250 ~ 300 B854 5,

Tk, BB AHICFHE 2L/min UFICF 58412t [TEACT 2804 5.

3. VAS (#hBh A L0

HEOLDHMETHG LGNS EA VAS L LT, RAERTAOMHNLR S, KNHIASHO
Novacor * 8 & U HeartMate-VE* Md 5, VASICH T 2 MBIEKICMY4 5 ERIMT-& L
T, MEBENOMEIREMO SIS ATHNH 5. MAEAINIIIYL T, B smooth sur-
face CEHTD MU o N, HeartMate-VE * T2 rough surface GHil) AL SR T 5, &
72, BETR smooth surface LBV T L HMD I —F 1 L 7 (A3 L2 E) ZHL, Pl
Vo LR o N TS, Eh, AU TE, RARRETREmEsNOesh, kK
MASRTREREMO SN TL S,

SiCM AR & LT, AR % smooth surface IZLTLB bOTIE, HETAT 79 U
L UANY AT KB HRBEBREE L U TIThbR T, BES &, HITHHY VAS 28U ' T
MYTAT Y L(PTINRODITEN . 2~3)5 5003 Lok BHEMMGEIC & 5958
Eif-fe UL, SENCMA s 7SRRI EEN 5 2 &0% , Hillo Mgk > 75
BAPDETH » 7, WHEHH Mo M ERET 2 &, AmBsE <, VUIERE L 77 /mm’ B
LB XG0T /mm’ YL - 2B R L P e i, £2T, PT-INR O [Q#
WiE3~4 &TBEESITHMVMIRLERATILIICLAEZ A, MBERD EHRENME
L, Thicl, rough surface 2% HeartMate-VE * T3 IZIK O 1EMPEA P4
ek En, RO AMITbR B,

VAS BRI O, O UM n L O REN B LS L - T B, A7 7 1)
SIZMIL T, PTINRICEB I Y b o—A#fTs 35, HM/MEED T b o— A s
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14, ATH - BENEEC SO BAMNEEE

BOBETH D, FEMMIUBIERMAIZES I bo—AsRHEATOS . THESE, §D
157 F i iR ekl () FRLTHh 5,
PLUFIZE S OPER S & CRAVME#R# LIz 20Tl b,

(1) BEZER LVAS (left ventricular assist system : ZDEMA LG (B,
;& #ERE : smooth surface)

EE Aty VAN, TOBRER T L (Tey iy TR BT E
TRT7oFo RT3, BREMIcE, ARGEM L b o~ Eh D E TR
FLBERAHE ST D BRSO RABEICE, WSS 707 7 U 210 X B SN
EFUim/ MBI & B BRI IEEIT D .

SOMMES BT T > ) M YPONEPTINRIZ2EL, 20%3~
FHENLT S, BMMEATEROEAER, SR S0RG4RA S, WZERI®
SRYE SR TERUHOITE, ARLIDE S OLBRETIRG Ty 2R
b, #45, PT-INR P B T OMOWE, RIUIGATLIC7AT7 v U L H L DML,
EAr Py » (7373 0%) 20$ 3, $£7:, PTINR AHENWL Lolai, 747>
Wy OER/REE SRR ERI O a b3 =S TIT.

#1 LVASERBEFEONEREER
PT-INR INTPUY DSTELE (%iﬁ/kg/ﬁﬁﬁ) jﬁ&%lﬂlﬁ

<2 na@ 10 (-
2~25 Ba 75 =)
25~3 s 5 (=)
_ 3~a (Bimm (- (-)
4~5 A 1k (=) (=)
5~ 55 ki (=) ()
< w2 'S
$ho, BLBCRE &0 - ey, B WO &112 4 0 SRR RS LIsli B &

K %0k » 312 E, PT-INR @ ERHCSIER T 2035586 5. PT-INR £Hi1E¢ 3 54,
MYy L RKBGREhEG, Thid, 72 K TY A= URBA, V7 Entsh,
ASIPFEO PTINR 22 bo—MICHET HnTH D, AN - 2EAIE, 917
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4. ALH - \BEERC ST SRIREE

TAEY »8lmg/NHEBEASAT ALY 7 100 mg/H THET 5, 70, /BN 10 )7
Jmm’ E A AT R NN B E BEGT B o I 4 1 S 1 B fh Bk e
i (90 Pl BIERE) 2170, LRIIE U OIS 2 VB MIREITS .
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(2 ) Novacor® LVAS (&4, IEIERE : smooth surface)

Ay v ERG, BATREBRE 7o 7 2 L TRMEITS . gL, ARELN
My b3 TholEINMEEZMEGT 5, SIIHIHREE, 7072202 1 PT-
INR % 2.5 ~ 3.5 #1850 SUMUMEE & LTHORTHEE, 7AE Y > % 100 ~ 200 mg (AR
2k H~600mg) / AfES L, SEELT, YEYFE—L 030mg X 2~ 4[] /H) P
fiFrobys (F7a890) 200~40mg/1) 20452 EnfnonTuS, B
52, MHIOSEY VAS LRBOMIEE1T-T0 5,

( 3) HeartMate-VE ™ (44, BLEHALE : rough surface)

WIPEA Y RO, BAERERE oy 3 TR RIEIT S, BiigS R fAta o b
o= (KL= oOHIE < 60 mL/h) &N ThH o fMUMIORLEL MG T 5. BH7T2EY
¥ (81~ 100 mg/B) THEGL, fMUSREMZEOEREBZ WSS, /2, LEIEL
ToEY ¥e—N (Timg x 3/H) 2 0FH¥ 5,

PR MR O R B FEURIN RICIE LT, NN U HALIRTA T v U LDk B
BRI E AT 5,

. 3YEHTFohikimEfZreE

M/DBFED R IZ BT, MEREO TEEAER ST TO 5. T4 b5, /MIEAR
WTEMENBLES &R, MO L3 MIENRIT L > TEL AT I HATE S
SNEMSTHEL TU S, MATECAIIRIL nitric oxide (—B#{LR#), prostaglandin (7' 2
PT5 LU LEERELEL, WMEHHEEI SLOILSIITNFOF 1+ 17 2% KAT
WA, LinL, Do AMBENIIIAEL STHUEME 2 5 &, MfFpl FEld (e s -
F ool ERET DI TIVMEISAVEL, 2RI EHOTIMEEEE, miRBEKs5]
ERIEND, JOB FOWRETRICUMGEE S, BRI SERIZhZ MY ohE
s TWHAM, '

Lizhis T, EENTOMUMMIBIEOFHIZ L0 TR, MG (T P csam
MHOBRELATICHETILENSD ", JhoDlAHTE A, EH SR, HMU/MTEOZYE
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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, 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 Results—We investigated platelet thrombus formation in adiponectin knockout (APN-KO) male mice (8 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 thrombus formation on
carotid arlerial injury with a He-Ne laser (total thrombus volume: 13.3624.25X 107 arbitrary units for APN-KO and
6.74x2.87X10" 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 5™,
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

ol 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 m obesity @ platelets m thrombosis

besity is associated with insulin resistance, accelerated

atherothrombosis, and cardiovascular diseases.!? Recent
studies have vevealed 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) o, 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
structurally distinct domains, an N-terminal collagen-like
domain and a C-terminal complement Clg-like globular
domain. Adiponectin is abundantly present in plasma (5 to 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-« production from macrophages.s!!
Furthermore, APN-KO mice showed severe neointimal thick-
ening in mechanically injured arteries.’2 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.!213 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. Qur data
indicate a new role of adiponectin as an antithrombotic factor.

Methods
Mice

APN-KO male wice (8 to 12 weeks old) were generated as described
previously.'*2 We analyzed mice buckcrossed 1o C57BL/6 for 5
gencrations, 1612

Preparation of Mouse Platelets and Measurement
of Coagulation Parameters

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

Platelet Aggregation Study, Adhcsion Study, and
Flow Cytometry

Platelet aggregation and platelet adhesion study was performed as
described previously.™ Integrin wy.f3; activation and «-granule
secretion of wild-type (WT) and APN-KO platelets were detected by
phycoerythrin-conjugaled JON/A monoclonal antibody (mAb),
which binds specifically to mousc-activated ay,8; (Emfret Analyt-
ics) and FITC-conjugated anti-P-selectin mAb (Becton Dickinson).
respectively. !4

Assessment of Atherosclerosis and Bleeding

Time Measurement

Assessment of atherosclerosis was performed as described previous-
Iy.** The tuail of anesthetized mice (nembutal 65 mg/kg: 8 10 12
weeks old) was transccted 5 nun from the tip and then immersed in
0.9% isotlonic saline at 37°C. The point until complete cessation of
bleeding was defined as the bleeding time.

He-Ne Laser-Induced Thrombosis

The observation of real-time thrombus formation in the mouse
carotid arlery was performed as described previously.'s Anesthetized
mice (nembutal 65 mg/kg) were placed omo a microscope stage. and
the left carotid artery (450 to 500 wm in diamecter) was gently
exposed. Evans blue dye (20 mg/kg) was injected into the left
femoral artery via an indwelt tube. and then the center of the exposed
carotid artery was irradiated with a laser beam (200 pwm in diameter
at the focal plane) from a He-Ne laser (Model NEO-50MS: Nihon
Kagaku Engineering 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-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 @ 10-minute observation period as the total thrombus volume
and expressed them in arbitrary units.

Flow Chamber and Perfusion Studies

The real-time observation of mural thrombogenesis on a type |
collugen-coated surface under a shear riate of 250 7' was performed
as described previously.'s Briefly. whole blood obtained from
anesthetized mice waus anticongulated with argatroban, and then
platelets in the whole blood were lubeled by mepacrine. Type 1
collagen-coated glass cover slips were placed in a paraliel plate flow
chamber (rectangular type: flow path of 1.9-mm width, 31-mm
length, and O.1-mm height). The chamber was assembled and
mounted on an epifluorescence microscope (Axiovert S100 inverted
microscope, Carl Zeiss Inc) with the computer-contvolled z-motor
(Ludl Glectronic Products Lts). Whole blood was aspirated through
the chamber, und the entire platelet thrombus formation process wus
obscrved in real time and recorded with a video recorder.

o
o
Ly

Antithrombotic Effects of Adiponectin

Preparation of Adenovirus and

Recombinant Adiponectin

Adenovirus producing the full-length mouse adiponectin was pre-
pared as described previously.'® Plaque-forming units (JX10% of
adenovirus-adiponectin (Ad-APN) or adumvnux-ﬁ alactosidase
(Ad-Bgal) were injected into the tail vein. E\pulmenls were per-
formed on the fifth day after viral injection. The plasma concentra-
tions of adiponcctin were measured by a sandwich ELISA. Mouse
and human recombinant proteins of .uhpoueum were prepared as
described previously.'h13

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
total RNA was used as a template for RT-PCR as described
previously.'s For the amplification of transeripts of mouse adiponec-
tin rceeptors AdipoR1.and AdipoR2, the following primers were
used: mouse AdipoR! 5-ACGTTGGAGAGTCATCCCGTAT-3’
(sense) and 5'-CTCTGTGTGGATGCGGAAGAT-3’ (anlisense)
and mouse AdipoR2 3'-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 leukocytc removal filter as
described previously.2® This procedure removed >99.9% of the
contaminated leukocyles.?! For human AdipoR1 and AdipoR2, the
following primers were used:  homan  AdipoR1  5'-CTT-
CTACTGCTCCCCACAGC-3" (sense) and 5'-GACAAAGCCCT-
CAGCGATAG-3’ (antisense) human AdipoR2 3'-GGACCGAGCA-
AAAGACTCAG-3' (sense) and 5'-CACCCAGAGGCTGCTACTTC-3!
(antisense), In addition, total cellular RNA obtained from a
megakaryocytic cell line. CMK, and that from a human monocytic
cell line. THP-1 (positive control)*® was cxamined in parallel.
RT-PCR samples omitling reverse transcriptase were used as
negative controls.

Statistical Analysis
Results were expressed as mean=SD. Differences between groups
were examined for statistical significance using Student 1 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.’>'? 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 1, available online at htipi//
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 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 (96.9%34.9 s; n=30; P<20.05) than that
in WT mice (130.9%52.1 s; n=30).

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

We next excnmned the effect of adiponectin dehuemy 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-ggal)-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 To confirm that adiponectin deficiency 1s responsible for
artery was induced by the interaction of Evans blue dye with the enhanced thrombus formation in APN-KO mice, we
iradiation from the He-Ne laser. In WT mice, thrombus injected Ad-Bgal or Ad-APN into APN-KO mice. On the fifth
formation started 61.0225.0 s after the initiation of He-Ne day after adenoviral injection, we confirmed the elevated
laser iradiation (n=10). When the thrombi reached a certuin plasma adiponectin level in Ad-APN-infected APN-KO mice
size, they frequently ruptured and detached themselves from in an ELISA assay (48.7%6.8 pg/ml: n=4), as well as in an
the W‘{” bf:‘,cuu..ge .Of i-ncreased shear stress. T'?US’ Ihmm.bus immunoblot assay. In the carotid artery thrombus model, the
formation in this in vivo model showed a cyclic fluctuation, total thrombus volume in Ad-Bgal-infected APN-KO was

and complete occlusion was not observed (Figure 1). During
a 10-minute observation period. the cycles of thrombus
formution were 8.522.3 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 (5.4+2.0; n=10;
P<0.01) in APN-KO mice. The thrombi in APN-KO mice
arew larger and appeared to be stable and more resistant to

12.9424.67x107 arbitrary units. which was compatible with
that of APN-KO mice shown in Figure 1. In contrast.
Ad-APN infection significantly decreased the total thrombus
volume in APN-KO mice (60.23£3.09X107 arbitrary units;
n=4; P<C0.05). These results indicate that adiponectin defi-
ciency is responsible for the thrombogenic tendency in vivo.

Platelet-Thrombus Formation on Immobilized

the increased shear stress. Accordingly. the total thrombus Collagen Under Flow Conditions

volume was sionificantly lareer in APN-KO mice Because endothelial function may affect in vivo thrombus
(6.74+2.87x107 ";u‘bitrar'\; uni;s in WT mice and formation, we next performed in vitro mural thrombus
13.36::4.25X 107 arbitrary units in APN-KO mice; n=10; formation on a type 1 collagen-coated surface under flow
P<0.01). conditions. Figure 2 shows thrombus formation during a

A Time (min) 1 2 4 6 _8 10

WT

Figure 2. Thrombogenesis on a type |
collagen-coated surface under flow con-
ditions. (A) Mepacrine-labeled whole
blood obtained from WT (top) or
APN-KQO mice (bottom) was perfused on
a type I collagen-coated surface at a
shear rate of 250 s . (B) Platelet surface

APN-KO

B C coverage (%) and (C) thrombus volume
are shown at indicated time points. (@,
g o * WT; O, APN-KO; *P=:0.05). Shown are
% 100 * § 8.0 representative 3D images of thrombus
g 80 * D 60 formation at 6-minute perfusion in whole
g 60 o blood obtained from (D) WT and (E)
8 4D s 0 APN-KO mice. Each inserted figure
g 20 xp<005 T 20 % p<0.05 shows thrombus height.
=0 2 o
o 2 4 6 810 e
a S 0246810
Time (min) Time (min)
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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 surtace after 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 1 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 ar 1 minute. We
additionally examined the possibility that adiponectin might
inhibit platelet adhesion onto collagen, because adiponectin
binds to collagen types I, TII, and V.23 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™ 1), 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.

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 pumol/L, collagen
2.5 pg/ml, and protease-activated veceptor 4-—uactivating
peptide [PAR4-TRAP] 75 pmol/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-KO 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) 10 PRP from APN-KO mice
attenuated the enhanced platelet aggregation (Figure 4B).

Expression of Adiponectin Receptors in Platelets
and Effects of Adiponectin Deficiency on ey, 3;
Activation and P-Selectin Expression

To reveal the effect of adiponectin on platelets, we examined
whether platelets possess transcripts 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 carefully isolated human platelets, possessed mRNAs
for AdipoR1 and AdipoR”. We next examined the effects of
adiponectin deficiency on a5 activation and a-granule
secretion at various concemrations 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 (300x10%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 «,,3; 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 adiponectin 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-Bgal into WT mice, the plasma
adiponectin Jevels in Ad-APN-infected mice reached ==4
limes higher than those n Ad-Bgal-infected WT mice
(8.50.6 pg/mL for Ad-fBgal and 37.0+14.8 pg/mL 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 aggreg_;ution
response to 2.5 pg/mL 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 (4.3820.75X 107 arbitrary units
for Ad-Beal and 2.7520.61 X 107 arbitrary units for Ad-APN;
n=7: P=0.05: Figure 6C).
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Figure 4. Effects of in vitro supplementation of adiponectin or
recombihant 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-ggal (black line) or Ad-APN (gray line) to obtain a plate-
let concentration of 300%x10% L. 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).
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Discussion

In the present study, we have newly revealed an amtithrom-
botic effect of adiponectin. APN-KO male mice (§ 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 attenuated 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 visk 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 vather 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 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) ayyf3s 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,f3; 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 distinct from each other. these processes appear
10 be imerdependent, as shown by the tevm atherothrombosis.
The interaction between the vulnerable atherosclerotic
plaque, which is prone to disruption, and thrombus formation
is the cornerstone of acute coronary syndrome (ACS).> Tn
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 a normal diet showed no
significant differences in major metabolic parameters. they
showed delayed clearance of FFA in plasma. elevated plasma
TNF-a concentrations (=40 pg/imL in APN-KO; =20 pg/mL
m WT). und eleviated CRP mRNA levels in white adipose
tissue.'*% 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-fAgal or Ad-APN.
PRP (300 10%ul) obtained from WT mice injected with either
Ad-pBgal {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
line) 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-fgal 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 vito
thrombus formation on a type I collagen-coated surface under
flow conditions, as well as platclet ageregation 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 agaregation 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 to altered vascular surfaces
or exposed subendothelial manices, such as collagen. and
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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 to the increased shear stress, without affecting
the initiation 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 «,;,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
ayPBa-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.>*2% 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*3 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. Qur 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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Activated partial thromboplastin time
ascending aorta
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Axillary artery

Brachiocephalic artery

Bladder temperature

Cardiac index

Creatinine Kinase — Myocardial Band
cardiac output

Creatinine

Clinical Research Coordinator
Case Report Form

Computed Tomography

Dopamine

Dobutamine

Electrocardiogram

Femoral artery

Fibrin degradation product

Fresh frozen plasma )

Friction of inspired oxygen
Hemodialysis

Hospital Ethical Committee
Intraaortic balloon pumping
Intensive care unit

International Normalized Ratio
Institutional Review Board
Inferior vena cava

Left common carotid artery

Low cardiac output syndrome

Left subclavian artery

Mannitol adenine phosphate
Magnetic resonance imaging
Noradrenalin

nasopharyngeal temperature
Plasminogen activator

Pulmonary capillary wedge pressure
Perioperative myocardial infarction
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