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FIGURE 7. Effect of ROCK silencing on MYPT1 phosphorylation in the
presence of hHS-M,,. A, COS-7 cells co-transfected with nontagged MYPT1
and Myc-hHS-M,, A (right panel) were transfected with siRNA against endog-
enous ROCK. Immunoblotting showed specific silencing of endogenous
ROCKby double-stranded RNA oligonucleotidesin COS-7 cells co-transfected
with nontagged MYPT1 and Myc-tagged hHS-M,,A. GAPDH is shown as a
loading control. B, MYPT1 phosphorylation level was measured by using anti-
phospho-MYPT1 Thr-696 (pThr696) Ab. Expression levels of MYPT1 and Myc-
hHS-M,, A were evaluated by immunoblotting of whole-cell lysates (upper
panel). Results of densitometric analysis for MYPT1-Thr(P)-696 blotting data
are shown (lower panel). Bars indicate the Thr-696 phosphorylation levels nor-
malized to the amounts of total MYPT1. Data for treatment with control siRNA
were arbitrarily defined as 1.00 AU. Data are represented as means + S.E.(n =
6 for each case). ***, p < 0.001 versus treatment with control siRNA.
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FIGURE 8. Binding of ROCK with hHS-M,, and MYPT1 in co-IP assay. Bind-
ing of endogenous ROCK with Myc-tagged hHS-M,, and FLAG-tagged
MYPT1 was analyzed by co-IP assay by using anti-FLAG and -Myc Abs. Endog-
enous ROCK co-immunoprecipitated with Myc-hHS-M,, and FLAG-MYPT1
was detected by using anti-ROCK Ab. Expression levels of FLAG-MYPT1, Myc-
hHS-M,, A, and endogenous ROCK were evaluated by immunoblotting of
whole-cell lysates.

HEUT

ance between MLC kinase and MLCP, the function of MLCP in
the cardiac muscle should be unraveled for better understand-
ing the regulation of muscle contractility in the heart. In this
study, we showed that the presence of hHS-M,, increased the
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FIGURE 9. Effect of hHS-M,, on phosphorylation of MYPT1 in the pres-
ence of ROCK. A, amounts of MYPT1 phosphorylation level in COS-7 cells
co-transfected with nontagged MYPT1 alone (2 ng), nontagged MYPT1 (2 n.g)
plus nontagged ROCK2-act (2 pg), or nontagged MYPT1 (2 pg) plus non-
tagged ROCK2-act (2 ng) plus Myc-tagged hHS-M,, (2 p.g) was measured by
using anti-phospho-MYPT1-Thr-696 (pThr696) or -Thr-853 (pThr853) Abs. Expres-
sion levels of MYPT1, ROCK2-act, and Myc-hHS-M,, were evaluated by immuno-
blotting of whole-cell lysates. B, densitometric analysis of MYPT1-Thr(P)-696 blot-
ting data in A. G, densitometric analysis of MYPT1-Thr(P)-853 blotting data in A.
Bars in B and Cindicate the Thr-696 and Thr-853 phosphorylation levels, respec-
tively, normalized to the amounts of total MYPT1. Data for MYPT1 alone were
arbitrarily defined as 1.00 AU. Data are represented as means * S.E. (n = 8 for
each case). *, p < 0.05; ***, p < 0.001 versus MYPT1 plus ROCK2-act.
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FIGURE 10. Endogenous ERM phosphorylation in the presence of hHS-
M,,. Top panel,immunoblotting showed amounts of endogenous ERM phos-
phorylation level in COS-7 cells transfected with Myc-tagged hHS-M,, (2 .g)
or nontagged ROCK2-act (2 pg) by using anti-phospho-ezrin(Thr-567)/radix-
in(Thr-564)/moesin(Thr-558) pAb. The cells were treated with a ROCK-specific
inhibitor, fasudil (20 um), before the transfection, when it is needed. Expres-
sion levels of Myc-hHS-M,, A, nontagged ROCK2-act, and endogenous ERM
were evaluated by immunoblotting of whole-cell lysates. GAPDH is shown as
aloading control. Densitometric analysis of ERM blotting data is shown in the
lower panel. Bars indicate the endogenous phospho-ERM levels normalized to
the amounts of total ERM. Data for whole-cell lysates only without transfec-
tion were arbitrarily defined as 1.00 AU. Data are represented as means + S.E.
(n = 9 for each case). *, p < 0.05; **, p < 0.01 versus whole-cell lysates lysate
without transfection.

phosphorylation at the phosphorylation site, Thr-696, in
MYPT], implying that hHS-M,, was a positive regulator of
MYPT1 phosphorylation. In addition, we previously reported
that hHS-M,, increased the Ca®™* sensitivity of muscle contrac-
tion (7). Because it was reported that phosphorylation of
MYPT1 at Thr-696 inhibited MLCP activity (12), it was likely
that the augmented Ca** sensitivity by hHS-M,, was a reflec-
tion of the inhibition of MLCP activity, leading to the increased
phosphorylation of MLC. These observations suggested that
hHS-M,, played a key role in the regulation of MLCP in the
heart.

As shown in our previous report (7) and in this study, hHS-
M,, bound both MYPT1 and MYPT2. Interestingly, we
revealed in this study that the C-terminal half of hHS-M,, A,
which contains an identical LZ motif to that of MYPT2 (7),
preferentially interacts with the C-terminal one-third of
MYPT1, whereas hHS-M,, B, which contains another LZ motif
(7), preferentially interacts with the C-terminal one-third of
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MYPT?2. These observations are in good agreement with the
finding that hHS-M,,A, but not hHS-M, B, increased the
phosphorylation of MYPT1 at Thr-696, and the functional
domain of the phosphorylation was mapped in the LZ motif of
hHS-M,, A. These findings suggest that the binding of hHS-
M, A with MYPT1 plays a crucial role in the MYPT1 phosphor-
ylation. In addition, because the mRNA expression of hHS-
M,; A was more abundant as compared with that of hRHS-M,,B
and the mRNA level of MYPT1 was not different from that of
MYPT2 in the heart (7), the majority of the MLCP activity may
be conferred by MYPT1 and hHS-M,, A in the heart.

The binding domain of MYPT1 for hHS-M,,; A included the
phosphorylation sites, Ser-852 and Thr-853. The amino acid
substitutions at a phosphorylation site of MYPT1, Ser-852,
impaired the binding with hHS-M,,, suggesting that the region
around the phosphorylation sites was important in the binding
between MYPT1 and hHS-M,,A. Quite interestingly, it was
reported that phosphorylation of Thr-853 impaired the binding
with myosin (12). One could hypothesize that hHS-M,, A acts
as a competitor to dissociate MYPT1 from myosin, leading to
an altered functional distribution of the MLCP activity. Further
studies will be required to demonstrate whether the molecular
complex of myosin and MYPT1 would be dissociated or
impaired by hHS-M,, A.

The most important findings in this study were that the
phosphorylation level of MYPT1 at Thr-696 was regulated by
hHS-M,,, which was attenuated by the ROCK inhibitors or
siRNA for ROCK, and that hHS-M,, was capable of binding to
ROCK. These observations suggested that ROCK was involved
in the hHS-M,;A-mediated phosphorylation at Thr-696 of
MYPT1. On the other hand, Thr-696 in MYPT1 could also be
phosphorylated by other protein kinases, including ZIPK (33),
and Hagerty et al. (34) showed that ROCK phosphorylated to
activate ZIPK. Therefore, it was speculated that hHS-M,, A
would indirectly modulate the ZIPK activity to phosphorylate
Thr-696 of MYPT]1 via activation of ROCK signaling. We could
speculate another possibility that the binding of hHS-M,, with
MYPT1 concealed the Thr-853 residue in the hHS-M,, -bind-
ing region, which is the major ROCK phosphorylation site (26),
resulting in the phosphorylation only at Thr-696, because
increased MYPT1 phosphorylation at Thr-853 by the constitu-
tively active form of ROCK2 was suppressed in the presence of
hHS-M,,A.

As for the molecular mechanisms of hHS-M,,-mediated reg-
ulation of MYPT1, activation of ROCK by binding to hHS-M,,
was suggested, because the phosphorylation level of ERM,
which is another substrate of ROCK, was increased. These
observations suggested that hHS-M,, was a heart-specific acti-
vator of ROCK. Further studies to identify the other targets of
the ROCK-hHS-M,, complex in cardiac muscle will shed light
on the novel regulatory mechanism of cardiac function and
pathogenesis of cardiac diseases such as cardiomyopathy.

In our previous study using an overlay assay, the binding
domain of hHS-M,, for MYPT1 was mapped to the N-terminal
half-region of hHS-M,,, although the C-terminal half of hHS-
M,, showed a weak binding with MYPT1 (7). In clear contrast,
it was revealed by using M2H and pulldown assays in this study
that the C-terminal half-region of hHS-M,;A had the major
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binding activity for MYPT1. This apparent discrepancy in the
binding domain might be due to the difference in methodology.
Because the M2H and pulldown assays had an advantage over
the overlay assay to demonstrate the protein-protein interac-
tion under the intracellular physiological condition, the bind-
ing domain of hHS-M,, should be mainly mapped to the C-ter-
minal half-region. Overall, our results implied that the
functional domain in Ca®* sensitization of hHS-M,, was dif-
ferent from its binding domain to MYPT1.

In summary, we investigated the functional role of hHS-M,,
in regulation of MYPT phosphorylation. It was revealed that
hHS-M,, interacted with MYPT1 and ROCK, which regulate
the phosphorylation of MYPT1 at Thr-696 via ROCK. These
observations provide new insights into the regulation of MLCP
activity in the cardiac muscle.
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Impact of a Single Intracoronary Administration of Adiponectin
on Myocardial Ischemia/Reperfusion Injury in a Pig Model
Kazuhisa Kondo, MD, PhD; Rei Shibata, MD, PhD; Kazumasa Unno, MD, PhD;

Masayuki Shimano, MD, PhD; Masakazu Ishii, MSc; Tetsutaro Kito, MD; Satoshi Shintani, MD, PhD;
Kenneth Walsh, PhD; Noriyuki Ouchi, MD, PhD; Toyoaki Murohara, MD, PhD

Background—Adiponectin plays a protective role in the development of obesity-linked disorders. We demonstrated that
adiponectin exerts beneficial actions on acute ischemic injury in mice hearts. However, the effects of adiponectin treatment
in large animals and its feasibility in clinical practice have not been investigated. This study investigated the effects of
intracoronary administration of adiponectin on myocardial ischemia-reperfusion (I/R) injury in pigs.

Methods and Results—The left anterior descending coronary artery was occluded in pigs for 45 minutes and then reperfused
for 24 hours. Recombinant adiponectin protein was given as a bolus intracoronary injection during ischemia. Cardiac
functional parameters were measured by a manometer-tipped catheter. Apoptosis was evaluated by terminal deoxynu-
cleotidyltransferase-mediated dUTP nick end-labeling staining. Tumor necrosis factor-a and interleukin-10 transcripts
were analyzed by real-time polymerase chain reaction. Serum levels of derivatives of reactive oxygen metabolites and
biological antioxidant potential were measured. Adiponectin protein was determined by immunohistochemical and Western
blot analyses. Intracoronary administration of adiponectin protein led to a reduction in myocardial infarct size and
improvement of left ventricular function in pigs after I/R. Injected adiponectin protein accumulated in the I/R-injured heart.
Adiponectin treatment resulted in decreased tumor necrosis factor-a and increased interleukin-10 mRNA levels in the
myocardium after I/R. Adiponectin-treated pigs had reduced apoptotic activity in the I/R-injured heart and showed increased
biological antioxidant potential levels and decreased derivatives of reactive oxygen metabolite levels in the blood stream after I/R.

Conclusions—These data suggest that adiponectin protects against I/R injury in a preclinical pig model through its ability to
suppress inflammation, apoptosis, and oxidative stress. Administration of intracoronary adiponectin could be a useful
adjunctive therapy for acute myocardial infarction. (Circ Cardiovasc Interv. 2010;3:166-173.)

Key Words: adiponectin m myocardial infarction m reperfusion

cute myocardial infarction (AMI) is a major cause of

death in industrial countries.! Reperfusion therapy im-
mediately after the onset of AMI has been shown to limit
infarct size and preserve cardiac function.23 However, suc-
cessful reperfusion determined by coronary angiography is
not always accompanied by adequate reperfusion at the heart
tissue level and improvement of cardiac dysfunction and
injury in the chronic phase after AMIL* Therefore, it is
reasonable to develop a promising adjunctive therapy for
patients with AMI.

Clinical Perspective on p 173

Obesity-linked complications, including type 2 diabetes,
dyslipidemia, and hypertension, have been shown to predict
the severity and outcome of AMI.*6 It has also been shown

that obesity-related diseases are associated with increased
cardiac damage and impaired left ventricular (L'V) function
after successful percutaneous coronary intervention for
AML73

Adiponectin is an adipose-derived hormone, which plays a
protective role in the development of obesity-linked disor-
ders. In clinical studies, plasma adiponectin levels are down-
regulated in association with cardiovascular risk factors,
including type 2 diabetes, hypertension, dyslipidemia, and
low-grade inflammation.? Consistent with these clinical ob-
servations, a number of experimental studies show that
adiponectin deficiency contributes to diet-induced insulin
resistance,'® salt-sensitive hypertension,'' and impaired is-
chemia-induced neovascularization.!> Recently, several
mouse studies demonstrated that adiponectin has beneficial
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Figure 1. Induction of myocardial I/R in

pigs. A, Baseline coronary angiogram and
ECG, showing the LAD (white arrows) and
the first diagonal branch (black arrow). B,
Coronary angiogram and ECG during the
procedure, with the inflated balloon in the

45 min 24 h

Hemodynamics
ang coronary
angiography

Intracoronary injection of adiponectin or satine

effects on the heart under pathological conditions,
Adiponectin-deficient mice exhibit enhanced concentric car-
diac hypertrophy after pressure overload.!-# It has also been
shown that adiponectin inhibits the development of severe
myocarditis in leptin-deficient ob/ob mice.!> With regard to
myocardial infarction, ablation of adiponectin in mice causes
increased infarct size and adverse cardiac remodeling after
myocardial ischemia-reperfusion (I/R).!S Supplementation
with adiponectin into wild-type and adiponectin-deficient
mice leads to diminished infarct size and improved cardiac
function.!'s Adiponectin also exerts favorable actions on
systolic dysfunction in wild-type mice after permanent coro-
nary ligation.'® Consistent with these experimental observa-
tions, high adiponectin levels were associated with improve-
ment of cardiac damage and function after reperfusion
therapy in patients with AMI.!7 Thus, adiponectin protein
may have clinical utility in the treatment of patients with
AMI. However, the effects of adiponectin treatment on acute
cardiac injury in large animals and its feasibility in clinical
practice have not been investigated. Here, we explore the
potential therapeutic application of adiponectin in a large-
animal model by using the same instrumentation and standard
of care as in humans. Our observations indicate that intra-
coronary injection of adiponectin could be a useful adjunctive
therapy for AMI.

Methods

Methods are described in detail in the online-only Data Supplement.
Please see the supplemental Methods.

Pig Model of Myocardial I/R

This study used domestic female Yorkshire-Duroc pigs (2 to 3
months old, 30.75%1.2 kg; Nihon Crea, Tokyo, Japan). All
procedures were approved by the institutional animal care and use
committee and were conducted according to the institutional
guidelines of Nagoya University School of Medicine. Animals
were anesthetized with ketamine hydrochloride (20 mg/kg) and
xylazine (3.5 mg/kg) and maintained with isoflurane (1% to 2.5%)
by ventilator after intubation. Animals were placed in the supine
position, and the body temperature was kept in the normal range
(36°C to 37°C) by using a heating blanket. Vascular access was
obtained with 7F vascular sheaths, which were placed in the femoral

LAD distal to the first diagonal branch
(black arrow). C, Schematic illustration of
the experimental protocol.

Hemodynamics
and coronary

angiography

0

Resection of heart

arteries. After systemic heparinization (3000 IU/animal, with acti-
vated clotting time maintained at 200 to 300 seconds), hemodynamic
measurement was performed with a 6F catheter-tip manometer
(CA-6100-PLB; CD Leycom Instrument, Zoetermeer, The Nether-
lands). Data were processed with Power Laboratory recording and
analysis software (AD Instruments, Oxfordshire, UK) as described
previously.'® Then, using a 6F guiding catheter, we performed
coronary angiography to determine the optimal location of the
occlusion and assessment of coronary artery size after administration
of nitroglycerine (0.2 mg). Depending on the visual estimate of
vessel size, an over-the-wire-type angioplasty balloon catheter
(diameter, 3.00.5 mm; length, 18 mm; Boston Scientific Japan,
Tokyo, Japan) was placed in the left anterior descending artery
(LAD) distal to the first major diagonal branch. The balloon was
inflated to occlude the LAD at 6 to 8 atm for 45 minutes.
Localization of the coronary occlusion and patency of the first
diagonal branch were confirmed by contrast injection and electro-
cardiographic ST-segment elevation (Figure 1A and 1B). Animals
were randomly divided into 2 groups. After occlusion of the LAD, an
intracoronary bolus of recombinant human adiponectin protein (0.03
pg/kg in 10 mL saline per animal) or saline as a control was given
through the wire lumen of the inflated balloon catheter during the
first 10 minutes of coronary ischemia. During the procedure, blood
pressure, heart rate, and the ECG were continuously recorded with a
cardiac monitor. Life-threatening arrhythmias such as ventricular
fibrillation (VF) were immediately terminated by electric cardiover-
sion. After 45 minutes, the LAD balloon was deflated and restoration
of normal coronary flow was documented by angiography. After 24
hours of reperfusion, animals were anesthetized and hemodynamic
measurements were assessed as described earlier. Then animals were
euthanized with an overdose of pentobarbital to excise the heart.
Schematic illustrations of the experimental protocol are shown in
Figure 1C.

Results

Reduced Myocardial Infarct Size and Improved
Cardiac Function After Adiponectin Therapy

in Pigs

Mortality and the incidence of VF after I/R are shown in the
Table. Two pigs in the control group died within 24 hours
after the procedure, whereas no animals in the adiponectin
treatment group died (P=0.48). Incidence of VF during /R
was significantly lower in adiponectin-treated pigs than in
control pigs (P=0.01).
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Table. The Incidence of VF, Mortality, and Outcome

Control Adiponectin
(n=9), % (n=7), % P
VF during procedure 89 29 0.01
Total mortality 22 0 0.48
Death during procedure 0 0 1.0
Death within 24 h 22 0 0.48

We examined the impact of intracoronary administration of
adiponectin on infarct size. By gross morphological exami-
nation before excision of the heart, adiponectin treatment
(compared with control) reduced myocardial infarct area (IA)
after I/R (Figure 2A). Representative photographs of myocar-
dial tissues after staining with Evans blue dye to delineate the
area at risk (AAR’) and 2,3,5-triphenyl tetrazolium chloride
to delineate the IA in pigs with control and adiponectin
treatments are shown in Figure 2B. The AAR/LV was the
same between the 2 groups (Figure 2C). Of importance, the
IA/AAR and IA/LV ratios were significantly decreased by
42% and 48%, respectively, in adiponectin-treated pigs com-
pared with control pigs. Plasma troponin I level, an index of
myocyte injury, was also significantly lower in adiponectin-
treated pigs compared with control pigs after /R (Figure 2D).

To examine the effect of adiponectin on cardiac function,
we measured hemodynamic parameters in control and
adiponectin-treated pigs at baseline and 24 hours after /R by
using a manometer-tipped catheter. There were no significant
differences between the 2 groups at baseline in all hemody-

A B

Control

namic parameters. Heart rate and LV pressure at 24 hours
after I/R did not differ between the 2 groups (Figure 3A and
3B), whereas LV end-diastolic pressure and T,,, showed a
marked elevation in control pigs; the increase in LV énd-di-
astolic pressure was diminished in the adiponectin-treated
animals (Figure 3C and 3D). Furthermore, adiponectin treat-
ment increased dP/dt,,, and decreased dP/dt, at 24 hours
after /R (Figure 3E and 3F).

Accumulation of Adiponectin in Injured
Myocardium After Intracoronary Injection

To examine whether exogenous adiponectin proteins are
detected in the heart, immunohistochemical analysis of hu-
man adiponectin protein was performed at 24 hours after I/R.
Representative photographs of myocardial tissue stained with
anti-human adiponectin antibodies are shown in Figure 4A.
Adiponectin protein was detected in the ischemic area of the
myocardium at 24 hours after I/R in pigs that had been treated
with exogenous human adiponectin protein. In contrast,
adiponectin protein was not detected in the ischemic myocar-
dium of control pigs (without injection of adiponectin pro-
tein). There was little or no detectable adiponectin in nonis-
chemic hearts of pigs. Western blotting analysis detected
human adiponectin protein in ischemic hearts after injection
of adiponectin protein, whereas little or no expression of
adiponectin could be detected in sham-operated hearts and
saline-treated ischemic hearts (Figure 4B). In addition, we
assessed the phosphorylation of AMP-activated protein ki-
nase and the expression of cyclooxygenase (COX)-2 in the

Figure 2. Adiponectin reduced infarct size after I/R
injury. A, Representative photographs of the heart
before resection from the control group (top) and

Adiponectin f

the adiponectin group (bottom) at 24 hours after
I/R injury. B, Representative photographs of myo-
cardial tissues from the control group (left) and the
adiponectin group (right) at 24 hours after I/R
injury. The nonischemic area is indicated by blue,
AAR by red, and the IA by white. C, Quantification
of infarct size in the control group (n=6) and the
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after I/R. Representative photographs of TUNEL-positive
nuclei in the myocardium are shown in Figure 6A. Quantita-
tive analysis revealed a significantly lower proportion of
TUNEL-positive cells in the ischemic area of adiponectin-
treated pigs compared with control pigs after I/R injury
(P=0.009), whereas little or no TUNEL-positive cells could
be detected in the hearts of control or adiponectin-treated pigs
after sham operation (Figure 6B). Conversion of the proapo-
ptotic proenzyme caspase-3 to the active cleaved form in the
myocardium was increased in response to I/R, but the
increase in cleaved caspase-3 was suppressed by adiponectin
treatment (Figure 6C).

Decreased Oxidative Damage After I/R Injury by
Adiponectin Treatment

Oxidative stress acts as the major mediator of I/R injury.2! To
investigate whether adiponectin has antioxidant potential, we
measured serum levels of derivatives of reactive oxidative
metabolites (d-ROMs), an index of oxidative stress, and
biological antioxidative potential (BAP), an index of antioxi-

A

+ +

+

Figure 5. Effect of adiponectin treatment on
inflammatory status after I/R injury. A,
Myeloperoxidase (MPO) activity in the con-
trol and adiponectin groups at 24 hours
after sham operation or I/R injury (n=5 for
each group). Myocardial levels of TNF-a
mRNA (B) and IL-10 mRNA (C) in the con-
trol and adiponectin groups at 24 hours
after sham operation or I/R injury. TNF-a or
IL-10 mRNA levels were quantified by real-
time reverse transcription polymerase chain
reaction (n=5 for each group) and
expressed relative to B-actin mRNA levels.

dative activity.?>2* I/R led to an increase in serum d-ROMs
and a decrease in serum BAP at 24 hours after I/R. Serum
d-ROM levels were elevated by I/R injury to a greater
degree in control pigs than in adiponectin-treated pigs
(P=0.021). In contrast, serum BAP levels were signifi-
cantly increased by adiponectin treatment (P=0.007).
Thus, adiponectin decreased oxidative damage after I/R
injury (Figure 7A and 7B).

Discussion

This is the first study to evaluate the effectiveness and
feasibility of adiponectin treatment for AMI in a preclinical
animal model that closely reproduces the current procedural
management of AMI in humans.?425 We chose the pig model
of I/R injury because of the similarity between porcine heart
anatomy and that of the human heart and our ability to use the
same instrumentation as is used in humans.?+25

Low adiponectin levels are observed in patients with acute
coronary syndrome.2¢ It was shown that declining adiponectin
levels after onset of AMI could be a positive predictor for

Figure 6. Effect of adiponectin treatment on
apoptotic activity after I/R injury. A, Repre-
sentative photographs of TUNEL-stained
heart sections in the control and adiponec-
tin groups at 24 hours after sham operation
or I/R injury (magnification, X400). Apoptot-
ic nuclei were identified by TUNEL staining
(green) and total nuclei by 4',6-diamidino-2-
phenylindole (DAPI) counterstaining (blue).
B, Quantitative analysis of apoptotic nuclei
from heart tissues in the control and adi-
ponectin groups at 24 hours after sham
operation or I/R injury. TUNEL-positive
nuclei are expressed as a percentage of the
total number of nuclei. G, Detection of
caspase-3 cleavage in heart tissues at 24
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hours after I/R injury by Western blot
analysis.
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Figure 7. Effect of adiponectin treatment on oxidative damage
after I/R injury. d-ROMs (A) and BAP (B) in the control and adi-
ponectin groups at baseline (pre) and 24 hours after (post) I/R
injury (black circles, control group, n=7; white circles, adiponec-
tin group, n=7). *P<0.05, **P<0.01 vs baseline, 1P<0.05,
T1P<0.05 vs control.

future cardiac events.?’” Recently, we demonstrated that
plasma adiponectin levels are associated positively with
improvements in damaged myocardial tissue and function
after successful reperfusion therapy in patients with AMI, as
estimated by scintigraphic image analysis.!” These data sug-
gest that a therapeutic approach aimed at increasing adi-
ponectin levels or its sensitivity to the heart could be useful
for treating AMI. In experimental studies, it has been shown
that adiponectin protects the heart from injury in response to
I/R in mice.!¢ We show here that intracoronary administration
of adiponectin protein reduced myocardial infarct size and
attenuated impaired cardiac function after I/R in a pig model.
Thus, supplementation with adiponectin could be protective
against reperfusion injury in patients with AML

Injected human adiponectin protein was detected in hearts
after I/R injury but not in noninjured hearts in this model.
However, we could not detect an increase in circulating levels
of human adiponectin (data not shown), perhaps because the
bulk of the endogenous protein was localized to the injured
myocardium. In agreement with these findings, systemic
delivery of adiponectin to adiponectin-deficient mice led to
the accumulation of adiponectin in I/R-injured vasculature
and hearts but not in uninjured tissue.?* We have also shown
that adiponectin accumulates in injured vascular endothelium
during cerebral ischemia in a mouse model of I/R.2° Our
studies have also shown that adiponectin colocalizes with
myocardial collagen type III, a major collagen in cardiac
extracellular matrix.?® Consistent with these findings, it has
been previously reported that adiponectin can bind to colla-
gen types I, ITI, and TV in solid-phase binding assays.? It is
possible that an adiponectin-collagen complex may be re-
quired for interaction with the receptor,3-33 as has been
proposed for the adiponectin-T cadherin complex.3* How-
ever, the nature of the interaction between adiponectin and its
receptors is poorly understood at this time. Collectively, the

Adiponectin and Myocardial Infarction in Pigs 171

majority of exogenous adiponectin might enter into damaged
myocardial tissue as a result of leakage from the vascular
compartment after a bolus intracoronary delivery.

Inflammatory reactions play an important role in the
progression of myocardial injury after I/R. Adiponectin
participates in the regulation of inflammatory responses in
multiple cell types, including cardiac cells and macro-
phages.!63335 We have demonstrated that adiponectin inhibits
agonist-stimulated TNF-a production in cardiac myocytes
and macrophages.!6¢ Adiponectin is also reported to stimu-
late production of IL-10 in porcine and human monocyte-
derived macrophages.?>37 It has been demonstrated that
IL-10—knockout mice have increased myocardial damage
after I/R.*® In this study, we found that adiponectin treatment
decreased TNF-a expression and increased IL-10 expression
in the myocardium after I/R. Therefore, adiponectin may
contribute to protection against acute ischemic injury in the
heart by perturbing the network of pro- and anti-
inflammatory cytokines, including TNF-a and IL-10.

Apoptosis is a major component in the death of cardiac
myocytes, and limitation of apoptosis represents an important
therapeutic target during I/R.2%3° In this study, administration
of adiponectin diminished myocardial apoptosis in the hearts
of pigs after I/R. Previously, we and other groups demon-
strated that adiponectin suppresses apoptosis of cardiac and
endothelial cells under ischemic conditions in vitro and in
vivo.'640 Thus, the ability of adiponectin to protect against
infarct formation is also due, at least in part, to its ability to
prevent cell death in the myocardium.

Tao et al*! reported that adiponectin-mediated protection
from I/R injury is linked to inhibition of excess peroxynitrite-
induced oxidative and nitrative stress. Adiponectin also
suppresses excess reactive oxygen species production in
endothelial cells.*> Consistent with these observations, we
demonstrated that adiponectin treatment increased BAP lev-
els and decreased d-ROM levels after I/R. Recently, BAP and
d-ROM levels have been used to evaluate oxidative status,
and their significance as clinical markers has been re-
ported.2>#3 BAP reflects serum antioxidant capacity, and
d-ROM levels represent the total level of peroxidized metab-
olites.?22343 Thus, reduction of reactive oxygen species and
reactive nitrogen species may contribute to the protective
action of adiponectin treatment on acute myocardial injury.

Adiponectin has been shown to promote ischemia-induced
revascularization in mouse models of vascular insufficiency
and myocardial infarction.'>#* In contrast, no significant
difference in capillary density was detected between
adiponectin-treated and control pigs at 24 hours after injury
(data not shown), suggesting that the infarct-sparing action of
adiponectin is not due to modulation of revascularization at
this early time point.

This study has several limitations. First, adiponectin pro-
tein was given via catheter lumen during the first 10 minutes
of a 45-minute period of ischemia. This represents a small
temporal difference from giving the agent as pretreatment and
may not offer compelling support for adiponectin in the
clinical setting. Thus, additional experimental studies will be
required to assess I/R injury in large-animal models after
adiponectin injection at various time points. However, our
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previous work in the rodent model has shown that the 1-time
systemic administration of recombinant adiponectin protein
to wild-type mice reduced infarct size, and this therapeutic
effect was achieved regardless of whether adiponectin protein
was administered 30 minutes before the induction of ische-
mia, during ischemia, or 15 minutes after reperfusion.!s
Second, we did not assess the impact of adiponectin on
long-term cardiac remodeling and scar formation, and an
examination of adiponectin’s effects on chronic ischemia in a
large-animal model will be required to elucidate these issues.
Third, the incidence of VF during /R was significantly lower
in adiponectin-treated than in control pigs. Although it is
reasonable to speculate that supplementation with adiponec-
tin directly prevents the occurrence of VF after AMI, direct
experimental evidence by electrophysiological monitoring is
lacking at this time.

In conclusion, a l-time administration of adiponectin
reduced myocardial infarct size and improved cardiac func-
tion after /R in a preclinical pig model, which was accom-
panied by suppression of inflammation, apoptosis, and oxi-
dative stress. A single intracoronary injection of adiponectin
during percutaneous coronary intervention could be a useful
adjunctive therapy for AML
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CLINICAL PERSPECTIVE

Acute myocardial infarction (AMI) is a major cause of death in industrial countries. Reperfusion therapy immediately after
onset of AMI has been shown to limit infarct size and preserve cardiac function. However, successful reperfusion
determined by coronary angiography is not always accompanied by adequate reperfusion at the heart tissue level and
improvement of cardiac dysfunction. Therefore, it is reasonable to develop a promising adjunctive therapy in patients with
AMLI. Adiponectin plays a protective role in the development of obesity-linked disorders such as AMI. Here, we explored
the effectiveness and feasibility of adiponectin treatment for AMI in a preclinical animal model that closely reproduces the
current procedural management of AMI in humans. The left anterior descending coronary artery was occluded in pigs for
45 minutes and then reperfused for 24 hours. Recombinant adiponectin protein was given as a bolus intracoronary injection
during ischemia. A 1-time administration of adiponectin reduced myocardial infarct size and improved cardiac function
after ischemia-reperfusion in this preclinical pig model and was accompanied by suppression of inflammation, apoptosis,
and oxidative stress. A single intracoronary injection of adiponectin during percutaneous coronary intervention could be
a useful adjunctive therapy for AMI.
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SUPPLEMENTAL MATERIAL

Supplemental methods

Materials

Recombinant human adiponectin from mammalian cell expression system and antibody for

this protein were obtained from BioVendor (Candler, NC). Alexa488-conjugated anti-goat

antibody was purchased from R&D systems (Minneapolis, MN). Caspase-3 antibody was

purchased from Alpha Signaling Technology (San Antonio, TX). Phospho-AMPK (Thr172),

pan-a-AMPK and cleaved caspase-3 antibodies were purchased from Cell Signaling

Technology (Beverly, MA). COX-2 antibody was purchased from Cayman Chemical Co

(Ann Arbor, MI). Human p-actin antibody was purchased from Abm (Richmond, BC).

Determination of area at risk and infarct size

The heart was excised and washed with saline. The LAD was then ligated distal to the first

major diagonal branch, and 25ml of 1% Evans Blue (Sigma Chemical Co.) was injected
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into the coronary artery to delineate the non-ischemic tissue. The heart was sliced

transversely into 10-mm-thick sections. Slices were stained for 10 min at 37 °C with 1% 2,

3, S-triphenyltetrazolium chloride (Sigma Chemical Co.) to determine infarct area. The

slices were weighted, and photographed under a microscope. LV area, AAR (area at risk),

and IA (infarct area) were determined by computerized planimetry using Adobe Photoshop

(version 7.0, Adobe Systems, San Jose, CA) by 3 experienced investigators blinded to the

treatment group. Infarct size was expressed as a percentage of the AAR and LV. Cardiac

Troponin-I, an index of myocyte injury was quantified with the use of ELISA kits (Kamiya

Biomedical, Seattle, WA) according to the manufacturer’s protocol.

Histology

Animals were sacrificed and LV tissue was obtained at 24 h after I/R injury. Tissue samples

were embedded in OCT compound (Sakura Finetech USA Inc) and snap-frozen in liquid

nitrogen. To determine exogenous adiponectin, tissue sections (7 mm in thickness) were

incubated with donkey monoclonal anti-human adiponectin antibody followed by the
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treatment with Alexa488-conjugated secondary antibody. Myocardial apoptosis was
analyzed by TUNEL staining as previously described'. In these expetiments, total nuclei

were counterstained with DAPI.

Real-time reverse transcriptase-polymerase chain reaction

Total RNA from heart (area at risk and non-ischemic area) was isolated with the use of a
QuickGene-800 (FUJIFILM) according to the manufacturer’s instruction. The cDNA was
produced using oligo-dT primer and superscript II reverse transcriptase (Invitrogen).
Real-time reverse transcriptase-polymerase chain reaction (real-time RT-PCR) was
performed on Mx3000P Real-Time PCR System (STRATAGENE) using SYBR Green I as
a  double-stranded DNA-specific dye (Applied Biosystem). Primers were:
5’-AACCTCAGATAAGCCCGTCG-3’ and 5’-ATGGCAGAGAGGAGGTTGAC-3’ for
porcine TNF-q; 5’-GCATCCACTTCCCAACCA-3’ and
5’-CTTCCTCATCTTCATCGTCAT-3’ for pig IL-10; and

5’-GGACTTCGAGCAGGAGATGG-3" and 5-GCACCGTGTTGGCGTAGAGG-3’ for
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pig B-actin genes.

Western blotting

Heart tissue samples obtained at 24 h after surgery were homogenized in lysis buffer
containing 20 mM Tris-HCI (pH 8.0), 1% NP-40, 150 mM NacCl, 0.5% deoxycholic acid, 1
mM sodium orthovanadate, and protease inhibitor cocktail (Sigma Chemical Co). Proteins
(30 pg) were separated with denaturing SDS 10% polyacrylamide gels. Following transfer
to membranes, immunoblot analysis was performed with the indicated antibodies. This was
followed by incubation with secondary antibody conjugated with HRP. ECL Western

Blotting Detection kit (Amersham Pharmacia Biotech) was used for detection.

Myocardial myeloperoxidase activity
MPO activity was measured using Colorimetric assay kit for MPO chlorination activity
(Applied Bioanalytical Labs) according to the manufacturer’s instruction’. Myocardial

samples were frozen in liquid nitrogen. MPO activity in the supernatant was determined by
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measuring the changes in absorbance (450 nm). Results are expressed as units per g tissue.

Measurement of reactive oxygen metabolites and biological anti-oxidative potential

Derivatives of reactive oxidative metabolites (d-ROMs) and biological anti-oxidative
potential (BAP) were measured using Free Radical Analytic System according to the
manufacturer’s instruction® *. The d-ROM:s test is based on the concept that the amount of

organic hydroperoxides in the blood is related to the free radicals from which they are

formed. In brief, when the sample is dissolved in an acidic buffer, the hydroperoxides react

with the transition metal. The BAP measurement is based on the ability of a colored

solution, containing a source of ferric ions bound to thiocyanate derivative, to decolor when

ferric ions are reduced to ferrous ions by the antioxidant of samples. The concentrations of

these persistent species can be determined at 505 nm using a spectrophotometer. The
DROMs are expressed in Carratelli Units (Carr units) where 1 Carr unit corresponds to 0.8

mg/l of hydrogen peroxide. The BAP levels were expressed as pmol/L.
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Statistical Analysis

All results expressed as the mean + SEM. Fisher exact test was used for analysis of a

contingency table. Mann-Whitney’s U-test was performed for comparison between two

groups. Two-tailed multiple t-test with Bonferroni correlation was performed for

comparison among four groups. Values of p<0.05 denote statistical significance.
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Abstract

Migration and proliferation of smooth muscle cells (SMCs) are key events during
neointimal formation in pathological conditions of vessels. Tenascin-C (TNC) is upregulated
in the developing neointima of lesions. We evaluated the effects of TNC on responses of
SMCs against platelet-derived growth factor (PDGF) stimulation. TNC coated on substrate
promoted PDGF-BB-induced proliferation and migration of rat SMC cell line A10 in BrdU
incorporation and transwell assays, respectively. Immunoblotting showed that TNC substrate
enhanced autophosphorylation of PDGFR- after PDGF-BB stimulation. Integrin avp3 is
known to be a receptor for TNC in SMCs. In immunofluorescence and immunoblot of
integrin av subunit, clustering of av-positive focal adhesions and upregulated av expression
were observed in the cells on TNC substrate. Immunoprecipitation using anti-integrin avf3
antibody demonstrated that PDGFR-f and integrin av3 were co-precipitated and that the
relative amount of PDGFR-f after the stimulation was increased by TNC treatment. TNC also
promoted phosphorylation of focal adhesion kinase (FAK) at tyrosine (Y) 397 and Y925. The
phosphorylated FAK was localized at focal adhesions in immunofluorescence.

Phosphorylated SRC at Y418 was also seen at focal adhesions. Immunoprecipitation with av

antibody showed increased SRC association with the integrin signaling complex in the cells
on TNC after PDGF treatment. In the cells on TNC substrate, crosstalk signaling between

integrin avB3 and PDGFR- could be amplified by SRC and FAK recruited to focal adhesions,

followed by enhanced proliferation and migration of A10 cells by PDGF-BB.
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