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Figure 3. Effect of metformin on echocardiographic parameters.
A, Repressntative M-mode schocardiograms obtained 4 wesks
after sham surgery or after RV pacing. B, Echocardiographic
parameters before and after sham surgery or after RV pacing in
the sham group {n=6), pacing group (n=8), pacing pius met-
formin group (n=8}, and pacing plus AICAR group {n=4d}. Values
are meanxSEM. LVDd indicates LV end-diastolic dimension;
LVDs, LV end-systolic dimension; LVFS, LV fractional shorten-
Ing; and LVEF, LV ejection fraction, *P<0.01 vs sham group;
$P<0.01 vs pacing group.

Importantly, the percentage of TUNEL-positive cells to
total cells in LY myocardium in the pacing group increased
compared with that in the sham group, which was blunted by
treatment with either metformin or AICAR (Figure 5A
through 5E).

Consistent with previous data,!? no significant differences
were found in body weight, the ratio of L'V plus septal weight
to body weight, and the ratio of RV weight to body weight
among all groups (the Table).

To explore established markers of cardiac failure, we
analyzed LV myocardial expression of the atrial natriuretic
peptide and brain natriuretic peptide genes, which showed an
increase in the pacing group, whereas metformin significantly
suppressed this increase (Figure 6A and 6B), Metformin also
significantly reduced the levels of angiotensin II and norepi-
nephrine compared with the pacing group (the Table).

Pedometer counts were significantly reduced in the pacing
group compared with the sham group, suggesting that heart
failure led to reduced physical activities (the Table). Met-
formin increased the pedometer count compared with that in
the pacing group. No differences in body fat were found
among all groups (the Table),
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Cardiac Molecular Parameters
To assess the molecular basis of the improvement in cardiac
performance achieved by metformin administration for 4
weeks, we examioed the collagen volume fraction in LV
myocardium after staining with Masson’s trichrome stain.
Metformin reduced the collagen volume fraction compared
with the pacing group (Figure 6C and 6D). To further
investigate the mechanism of this antifibrotic effect of met-
formin, we examined the level of transforming growth
factor-B1 (TGF-f1) mRNA associated with fibrosis in canine
LV myccardium 4 weeks after pacing. Metformin suppressed
the increase in TGF-B1 mRNA expression (Figure 6E).
° AMPK was phosphorylated in the pacing group, and its
phosphorylation was significantly enhanced by administra-
tion of metformin (Figure 7A and 7B). Phosphorylation was
used as an index of enzymatic activity because AMPK is
activated by phosphorylation,'® This increase in AMPK
phosphorylation was accompanied by augmented phosphor-
ylation of acetyl-CoA carboxylase (ACC; a downstream
target of AMPK) at Ser-79 (Figure 7A and 7C). Endothelial
NO synthase (eNOS) also showed an increase in phosphor-
ylation at Ser-1177 with metformin treatment (Figure 7A and
7D). Furthermore, metformin significantly upregnlated eNOS
mRNA expression and increased ANO (the difference be-
tween the plasma NO level before and after 4 weeks of RV
pacing) compared with the pacing group (Figure 8A aund 8B).
To investigate the level of insulin signaling in the heart, we
examined the phosphorylation of Akt in the left ventricles in
all groups. Significant increases were found in phosphoryla-
tion of Akt at Ser-473 in the pacing group compared with the
sham group, and such increases were blunted by either
metformin or AICAR treatment (Figure 8C and 8D).

Plasma and Cardiac Metabolic Parameters

To investigate whether activation of AMPK by metformin
influenced metabolic parameters in the periphery or the heart,
we assessed glucose and lipid metabolism after 4 weeks of
pacing. Plasma free fatty acids tended to increase in the
pacing group compared with the sham group, although no
statistically significant difference was found. Fasting plasma
levels of both glucose and lactate were similar among all
groups (the Table). Bath the fasting plasma insulin level and
the homeostasis model assessment-insulin resistance value
were significantly increased in the pacing group, whereas
metformin reduced both parameters until they were similar to
those of the sham group (the Table).

In the heart, both glucose extraction and the arterdal-
coronary sinus difference were increased in the pacing group
compared with the sham group (the Table). In the pacing
group, the free fatty acids extraction was not increased, but
the arterial-coronary sinus difference tended to increase
compared with the sham group (the Table). Lactate extraction
and the arterial-coronary sinus difference were similar
among all groups (the Table).

AICAR Mimics the Effect of Metformin in This
Canine Pacing Model

To further confirm that activation of AMPK contributed to
inhibition of the progression of heart failure, we administered
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Table. Characteristics ot the Dogs at 4 Weeks
Sham Graup Pacing Group Pacing+Metformin Group Pacing-+AICAR Group
{n=6) (n=8) (=8 {n=4}
Qrgan weight
Body weight, kg 8.5+0.2 94402 9.7x0.1 8.6x0.3
LV+septal welght, g 42206 47.3+1.2 43608 44.8+1.3
LY-+septal welght/body welght ratio, a/kg 44:+0.1 5001 4,501 47%0.2
RV weight, g 14705 15606 16.0:1.2 14710
RV welght/bady weight ratlo, g/kg 1501 1,701 1.520.1 1.5+0.1
Hemodynamic parameters
Mean aortic pressure, mm Hg 105:5 109:+2 100+2 97+3.3
Heart rate, bpm 118%5 1364 128+5 12636
Cardiac gutput, L/min 26+0.1 16+0.1* 2.2+03t 2.2+0.3t
Systemlc vasculer resistance, dynes-s«cm™ 3317189 4769:£235* 3775334t 3763+237%
Plasma metabofic parameters
Fasting glucose, mmol/L 53x0.3 5.3+0.1 5301 53£02
Fasting insulln, uU/mL 14.2+33 67.6x13.7% 18.9x7.3t 24.4x10.5¢
HOMA-IR 3401 15.8+0,1* 442011 5.8+0.1%
Free fatty acids, umol/L 30567 71668 554101 595:+69
Lactate, mmolA. 14202 1.5+0.2 15201 14+0.1
Cardfac metabolic substrates
Glucose
Arterial, mmol/L 5.8+0.1 6.4+0.2 8.6+0.1 6.6=04
Arterlal~coronary sinus difference, mmol/L 0.6£0.1 1.6%0.3* 6.9%0.1 1103
Extraction rate, % 105212 28,647 13.321.8 17.7x47
Fres fatty ackds
Arterial, mmol/L 21352449 532.3+98.5* 312.8+56.6 294.5+2238
Arterial-coronary sinus difference, mmol/t 90.4x13.2 1653.7+£206 99.0+9.1 103.2+206
Extraction rate, % 47,592 299128 33.9x5.1 36.9+8.6
Lactate
Arterial, mmol/L 1.8+0.1 1.9+0.3 23x07 1.8+0.8
Arterial-coronary sinus difference, mmol/L 1.2+03 10+02 1.3x05 1.1£04
Extraction rate, % 62.6=16.0 48.2+3.8 55.0:+12.2 61.8::6.9
Ptasma neurohatmone levels
Norspinsphrine, pg/mb 349130 185.9+21.3* 59.2+11.2¢ 79.3+8.9t
Angiotensin Il, pg/mL 34.7+150 153.6+24.3" 78.1+14.8¢ 73.4+11.8t
Body fat and activity
Bady fat, % 13.7+1.2 18729 16212 14.3::0.8
Pedometer count 867832899 64 541 +2530* 78 42332924 77 7161472t

HOMA-R indicates homeostasis mode! assessment~insulin resistance. Values are mean=SEM.

"P<0.05 vs the sham group; 1P<0.05 vs the pacing group.

another AMPK activator (AICAR at a dose of 5 mg/kg SC
every other day) to dogs. As expected, AICAR reproduced
the effects of metformin in this canine pacing model (Figures
3 through 8).

Discussion
To the best of our knowledge, this is the first study to
demonstrate clearly that long-term (not short-term) oral
administration of metformin, which is used as an antidiabetic
agent worldwide, inhibits cardiac remodeling and prevents
the progression of heart failure in dogs, along with increases
in AMPK activation and NO production. Of course, we and

others have previonsly shown that in rodent either AMPK
activation or NO production attenuates myocardial {schemia/
reperfusion injury in the ischemic model’™ and prevents
cardiac remodeling in the pressure overload model.!t.12.19:20
However, it has been unclear whether AMPK or NO can
modulate cardiac remodeling and inhibit the progression of
heart failure in a canine model with another pathogenic
mechanism that is not an ischemic or a pressure overload
heart failure model. Therefore, we used a rapid pacing-
induced heart failure dog madel, which is considered to be
similar to human dilated cardiomyopathy?2? and can be
superimposed on translational study for human heart failure.
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Flgure 4. Effect of metformin on hemodynamic
parameters, A, Representative graphs of hemody-
namic parameters obtained at 4 weeks. B, Hemo-
dynamic parameters before and after the 4-week
study period in the sham (h=8), pacing (n=8), pac-
ing plus metformin (n=8}, and pacing plus AICAR
(n=4) groups. Values are mean=3EM. PAP Indi-
cates pulmonary artery pressure; PCWP, pulmo-
nary capillary wedge pressure; and LVEDP, LV
end-diastolic pressure. *P<0.05 vs sham group;
TP<D.08 vs pacing group; $P<0.01 vs paclng
group.
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Furthermore, we provide sufficient insight because dogs can
be monitored more precisely for hemodynamic data than
rodents.

Possible Cardioprotective Mechanism of
Metformin Mediated via AMPK

Metformin has previously been shown to reduce high far-
induced apoptosis,2® and AMPK has been reported to protect
against hypoxic apoptosis in cardiomyocytes through attenu-
ation of endoplasmic reticulum stress.2* Consistent with these
previous reports, we confirmed that metformin could amelio-
rate oxidative stress—induced apoptosis in cardiomyocytes.
This effect was blunted by compound C, an AMPK inhibitor,
suggesting that activation of AMPK was responsible for the
inhibition of cardiomyocyte apoptosis. Furthermore, using a
dog model, we demonstrated that metformin ameliorated the
progression of heart failure induced by rapid RV pacing and
decreased apoptosis in the LV myocardium, as indicated by
TUNEL staining. Interestingly, AICAR, another AMPK ac-
tivator, had effects almost identical to those of metformin,
supporting that the activation of AMPK contributed to the
observed cardioprotective effect. Indeed, AICAR also has
been reported to reduce myocardial ischemia/reperfusion
injury in humans and animals.?s26 What processes following
AMPK activation are involved in cardioprotection?

The first possibility is enhancement of NO production.
Recchia et al?” reported that basal cardiac NO release is
decreased in dogs with heart failure induced by rapid pacing,
‘We found that the difference in plasma NO levels between
baseline and 4 weeks of RV pacing was significantly in-
crensed by metformin treatment compared with the pacing
group. Metformin has been shown to phosphorylate AMPK at
Thr-172 in cardiomyocytes and murine hearts,*S whereas
AMPK is known to phosphorylate ¢eNOS at Ser-1177 in rat
hearts,?® resulting in an increase in NO production. Indeed, a
recent report has indicated that short-term metformin treat-
ment protects against myocardial infarction via AMPK-
eNOS-mediated signaling in mice.? Other studies have sug-
gested involvement of the AMPK-eNOS pathway in the
response of endothelial cells to shear stress,?® metformin,®
and statins.® Consistent with these reports, we found that
either metformin or AICAR promoted the phosphorylation of
eNOS at Ser-1177 and increased both mRNA and protein
levels of eNOS, possibly leading to increased plasma NO
levels and reduced systemic vascular resistance. Although the
precise mechanism of the effects of phasphorylation of
AMPK by either metformin or AICAR on eNOS protein
expression is not clear, these findings suggest that metformin or
AICAR increased NO production, which improves endothelial
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Figure 5. TUNEL staining of canine hearts at 4 wesks. Repre-
sentative examples of TUNEL-stained hearts from sham (A),
pacing (B), pacing plus metformin (C), and pacing plus AICAR
{D) groups. Arrows Indicate TUNEL-positive nuclel (brown).
Scale bar=100 um. E, Quantitative data on the percentage of
TUNEL-positive nuclsi to total cell nuclei. *P<0.05 vs sham
group; TP<0.05 vs pacing group.

function. NO is believed to have various cardioprotective ef-
fects.!s Therefore, enhancement of NO production by metformin

via activation of AMPK may have contributed to alleviating the

progression of heart failure induced by rapid RV pacing.

The second possibility is related to the improvement in
insulin resistance, It is known that insulin resistance is
assoclated with the progression of chronic heart failure,
whereas chronic heart failure may provoke insulin resistance
by increasing sympathetic activity, activating the renin-an-
giotensin system, or both.3233 We found that rapid RV pacing
for 4 weeks induced heart failure and that metformin treat-
ment improved insulin resistance (estimated by homeostasis
model assessment-insulin resistance) compared with the
pacing group, suggesting that the beneficial effect of met-
formin on heart failure mediated via AMPK may have been
due in part to an improvement in insulin resistance.

The third possibility is the metabolic effects of AMPK
activation. Both metformin and AICAR are reported to
increase glucose extraction in heart,3+35 which may decrease
the severity of the failing hearts. However, we found a 2- to
3-fold increase in myocardial glucose extruction of pacing
dogs, and metformin returned glucose exivaction to the value
of the sham group, Numerous studies have shown a switch
from free fatty acids to glucose as the primary energy
substrate in humans and animals with advanced heart fail-
ure,27.36-38 gupgoesting that the reduction in glucose extraction
by the improvement in heart failure by AMPK activation is
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Flgure 6. Natriuretic peptide expression, cardiac collagen velume
fraction, and TGF-B1 expression. A, B, and E, Quantitative real-
time reverse-transcriptase polymerase chain reaction analysis of
myocardial atrial natriuretic peptide (ANP), braln natriuretic peptide
(BNP), and TGF-B1 expresslon, respectively. The mRNA values
waere corrected for the ribosomal protein S18 mRNA level. The
sham group was arbltrarily assigned a value of 1.0. Results are
mean+SEM. Reprasentative results from 3 independent experi-
ments are shown. *P<0.05 vs sham group; #P<0.05 vs pacing
group. C, Representative histological appearance of LV myocardi-
um stained with Masson’s trichrome stain (light blue). Scale
bar=100 pm. D, Collagen volume fraction in the LV myocardium.
Values are mean=SEM. *P<0.05 vs sham group; TP<0.05 vs

pacing group.

likely to be greater thau the induction of glucose extraction by
direct activation of AMPK. The possibility exists that
AMPK-induced glucose extraction triggers the improvement
in heart failure, followed by the restoration of metabolic
switch. On the other hand, we found that the net free fatty
acids extraction of the pacing group tended to increase
despite no statistical significance, which is consistent with the
report by Paolisso et al® that myocardial free fatty acids
extraction increased in patients with congestive heart failure?
but is contrary to the reports of the metabolic switch,27.36-38
The metabolic switch may differ in relatively acute or chronic
heart failure and by the severity of heart failure.

The increased phosphorylation of Akt in the pacing group
was attenuated in either the pacing plus metformin or the
pacing plus AICAR group, suggesting that the levels of
activation of insulin signaling decreased in either the
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metformin- or AICAR-treated group. Considering that glu-
cose extraction was decreased in the pacing plus metformin
and pacing plus AICAR groups and that AMPK was phos-
phorylated by either metformin or AICAR, which may
increase in glucose extraction in the heart, the present data
may be contradictory, but they are not contradictory when we
consider the changes in phosphorylated Akt. The reason is
that in this pacing-induced canine heart failure model, glu-
cose extraction in the heart was influenced predominantly by
insulin resistance, accompanied by the severity of heart
failure, rather than AMPK phosphorylation, although further
investigation on this issue is needed.

The fourth possibility is the antifibrotic effect of met-
formin, Several studies have indicated that AMPK activation
inhibits protein synthesis through effects on both the eEF-2
and mTOR pathways.*»4! We demonstrated that no signifi-
cant difference in ventricular mass existed at autopsy among
the groups. This dog pacing model has been reported to
preserve wall thickness without hypertrophy or a consistent
increase in heart weight, unlike the pressure overload
model.*2 We found that metformin attenuated fibrosis and
reduced the TGF-B1 mRNA level after 4 weeks of RV pacing
compared with the pacing group. Metformin also improved
representative markers of heart failure, including LV end-di-
astolic pressure, brain natriuretic peptide, angiotensin II, and
norepinephrine. Although a number of factors may have

contributed to the antifibrotic effect of metformin, our data
suggest that inhibition of TGF-B1 by metformin has at least
some role, resulting in the prevention of heart failure,

Taken together, these data suggest that metformin has a direct
cardioprotective effect, has effects on the improvements of
peripheral vascular system and insulin resistance, and inhibits
fibrosis. All these actions might contribute to the improvement
in the pathophysiology of heart failure, although we could not
identify the exact role of each factor. It remains to be determined
whether these results were 4 cause or consequence of improved
cardiac function, especially in systemic effects of both insulin
resistance and systemic vascular resistance.

Study Limitations
We found that the extent of phosphorylation of eNOS decreased
despite the increase in the phosphorylated Akt in the pacing-
induced failing canine hearts, which may be contradictory to
previous reports that the phosphorylation of Akt leads to eNOS
phosphorylation.+344 Because the signal transduction to modu-
late eNOS is unclear in the failing myocardium and the patho-
physiological role and importance of Akt also are unclear, this
discrepancy should be clarified in future studies.*s

We need to consider the dose of metformin used in the present
study, which was at least 3-fold higher than that used clinically.
Nevertheless, adverse effects such as hypoglycemia and lactic
acidosis were not detected during the experiment.
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Figure 8, Effect of metformin on eNOS mRNA expression and
plasma ANO levels, and phosphorylation of Akt in canlne hearts. A,
Quantitative real-time reverse-transcriptase polymerase chain reac-
tion for eNOS mRNA. The mRNA levels were nomalized to ribo-
somal pratein $18 mRANA, and the pacing group was arbitrarily
assigned a valus of 1.0, B, Plasma ANO level after 4 weeks of RV
pacing with or without metformin and AICAR administration. Values
are mean+SEM. Representative results from 3 indepsndent experi-
ments are shown. *P<0.05 vs pacing group; 1P<0.05 vs pacing
plus AICAR group. C, Representative immuncblots of phospho-
Akt. D, Percent relative phosphorylation of Akt, Values are
mean=SEM. Representative results from 3 independsnt experi-
ments are shown, “P<0.05 vs gham group; 1P<0.05 vs pacing
group.

Conclusions

We demonstrated that metformin prevents the progression of
pacing-induced heart failure in dogs, along with the activation
of AMPK. Metformin may offer a novel treatment strategy
for heart failure.
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CLINICAL PERSPECTIVE

Metformin is widely used as an antidiabetic drug with an insulin-sensitizing effect. A large-scale clinical trial (the UK
Prospective Diabetes Study ([UKPDS] 34) has shown that metformin therapy decreased the risk of cardiovascular death and
the incidence of myocardial infarction associated with diabetes mellitus; metformin reduced the hemoglobin A, levels in
treated patients to the same extent as in the other patients treated with conventional therapies. These results suggest that
metformin might exert cardioprotective effects beyond its glucose-lowering action such as either activation of
AMP-activated protein kinase (AMPK) or elevation of nitric oxide, Metformin is known to activate AMPK, which
mediates patent cardioprotection against ischemia/reperfusion injury, AMPK also is activated in experimental failing
myocardium, suggesting that activation of AMPK is beneficial for the pathophysiology of heart failure. The present study
demonstrated that long-term oral administration of metformin prevents the progression of heart failure as indicated by
hemodynamic and echocardiographic parameters. Metformin also promoted phosphorylation of both AMPK and
endothelial nitric oxide synthase, increased plasma nitric oxide levels, and improved insulin resistance. As a result of these
effects, metformin decreased apoptosis and improved cardiac function in failing canine hearts. Interestingly, another
AMPK activator (AICAR) had effects equivalent to those of metformin, suggesting the primary role of AMPK activation
in reducing apoptosis and preventing heart failure. Drugs that activate AMPK, especially metformin, may provide a novel
strategy for the treatment of heart failure in clinical settings.
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Objectives The purpose of this study was to investigate whether liposomal adenosine has stronger cardioprotective effects

and fewer side effects than free adenosine.

Background Liposomes are nanoparticles that can deliver various agents to target tissues and delay degradation of these agents.
Liposomes coated with polyethytene glycol (PEG) prolong the residence time of drugs in the blood. Although adeno-

sine reduces the myocardial infarct (M) size in clinical trials, it also causes hypotension and bradycardia.

Methods We prepared PEGylated liposomal adenosine (mean diameter 134 = 21 nm) by the hydration method. In rats,
we evaluated the myocardial accumulation of liposomes and Mi size at 3 h after 30 min of ischemia foliowed by

reperfusion.

Results The electron microscopy and ex vivo bioluminescence imaging showed the specific accumuiation of liposomes in
ischemic/reperfused myocardium. investigation of radioisotope-labeled adenosine encapsulated in PEGylated
liposomes revealed a prolonged blood residence time. An intravenous infusion of PEGylated liposomal adeno-
sine (450 pg/kg/min) had a weaker effect on blood pressure and heart rate than the corresponding dose of free
adenosine. An intravenous infusion of PEGylated liposomal adenosine (450 pg/kg/min) for 10 min from 5 min
before the onset of reperfusion significantly reduced Ml size (29.5 = 6.5%) compared with an infusion of saline

(63.2 = 3.5%, p < 0.05). The antagonist of adenosine A,, A,,. A,,, or A; subtype receptor blocked cardioprotec-

tion observed in the PEGylated liposomal adenosine-treated group.

Conclusions

An infusion as PEGylated liposomes augmented the cardioprotective effects of adenosine against ischemia/

reperfusion injury and reduced its unfavorable hemodynamic effects. Liposomes are promising for developing

new treatments for acute M.
Cardiology Foundation

(J Am Coli Cardiot 2009;53:709-17) © 2009 by the American College of

Liposomes are now widely used for drug delivery in cancer
treatment to target specific organs actively or passively and
to prevent the degradation of chemotherapy agents (1).
However, the application of liposomes for cardiovascular
diseases is still limited. In ischemic/reperfused myocardium,
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cellular permeability is enhanced and vascular endothelial
integrity is disrupted (2,3), suggesting that nanoparticles
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Abbreviations
and Acronyms :

8-SPT = 84p-sulfophenyl)
theophylline

such as iposomes may be a prom-
1sing drug delivery system for tar-
genng damaged mvocardium with
cardioprotective agents. Addinion-
ally, coanng liposomes with poly-
ethvlene glveol (PEG) prolongs
their residence tume in the circula-
ton (1). Because enhanced micro-
vascular permeability persists for at
least 48 h after the occurrence of
myocardial infarction (MI) (2),
drugs delivered in PEGylated k-
posomes should be able to display their maximum beneficial
effects on mvocardial damage after M1

Adenosine has multiple physiological functions that are
mediated via the adenosine A;, A,,, A,,, and A, receptors
(4,5). Although large-scale clinical trials suggested the
potential value of adenosine therapy for patients with acute
MI (6,7). this agent has an extremely short half-life (1 to
2 s) and causes hypotension and bradycardia because of
vasodilatory and negative chronotropic effects (4). Because a
high dose of adenosine is required to exert cardioprotective
effects, it is difficult to use clinically because of the associated
hemodynamic consequences. Therefore, we hypothesized
that adenosine encapsulated in PEGylated liposomes would
cause less hemodynamic disturbance and might also specif-
ically accumulate in ischemic/reperfused myocardium, lead-
ing to augmented cardioprotective effects. To test this
hypothesis, we created PEGylated liposomal adenosine by
the hydration method and investigated: 1) whether liposo-
mal adenosine accumulated in ischemic/reperfused myocar-
dium and prolonged blood residence time; 2) whether
liposomal adenosine caused less severe hypotension and
bradycardia than free adenosine; and 3) which adenosine
receptor subtvpe was involved in mediating the cardiopro-
tective effects of liposomal adenosine against ischemia/
reperfusion injury.

EM = electron microscopy
M! = myocardial infarction
PEG = polyethylene glycol
RI = radioisotope

TTC = triphenyltetrazolium
chloride

Methods

Materials. The materials for preparing PEGylated lipo-
somes, including hydrogenated soy phosphatidyl choline
(HSPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
n-[methoxy (polyethylene glycol)-2000] (DSPE-PEG2000),
and cholesterol were obtained from Nissei Ol Co., Ltd.
(Tokyo, Japan) and Wako Pure Chemical Co., Ltd. (Osaka,
Japan). [*H]-adenosine was purchased from Daiichi Pure
Chemicals Co., Ltd. (Tokyo, Japan). Other materials were
obtained from Sigma (St. Louis, Missour), including 8-(p-
sulfophenyl)theophylline (8-SPT; a nonselective adenosine
receptor antagonist), 1,3-diethyl-8-phenylxanthine (DPCPX;
a selective adenosine A, receptor antagonist), S-amino-7-
(phenylethyl)—2-(ZOﬁlryl)—pyrazolo[4,3—e]—1,2,4-triazolo[1,5-c]
pyamidine (SCH58261; a selective adenosine A,, receptor
antagonist), 8—[4—[((4-cyanophenyl)carbamoylmethyl)
oxylphenyl]-1, 3-di(n-propyl)xanthine (MRS1754; a selective
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adenosine A, receptor antagonist), and S-propyl-2-ethyl-
4—propyl~3—(eth)'lsulfan_vlcarbonyl)—é-phenylp_\'ridine-
5-carboxylate (MRS1523, a selective adenosine A receptor
antagonist).

Animals. Male Wistar rats (9 weeks old and weighing 250
to 310 g, Japan Animals, Osaka, Japan) were used. The
animal experiments were approved by the National Cardio-
vascular Center Research Commirtee and were performed
according to institutional guidelines.

Preparation of PEGylated liposomes. The PEGylarted
liposomes were prepared by the hydration method. Briefly,
adenosine was added to the lipid solution. After mixture of
lipid and adenosine, DSPE-PEG2000 was added and incu-
bated. The final composition of PEGvlated liposomes was
HSPC:cholestero: DSPE-PEG2000 = 6.0:4.0:0.3 (molar
ratio). After ultracentrifugation several times, the pellet of
liposomal adenosine was resuspended in sodium lactate at
each required concentration for use in the experimental
protocols. Some samples of final liposomal adenosine were
disrupted by dilution with 50% methanol (1.5 ml per 30-ul
of liposomes). After 10 min of ultracentrifugation, the
concentration of adenosine in the supernatant was measured
by high-performance liquid chromatography.

To prepare fluorescent-labeled liposomes, 0.5 mol% tet-
ramethylrhodamine isothiocyanate (rhodamine) was added
to the lipid mixture. To prepare radioisotope (RI)-labeled
adenosine encapsulated in liposomes, [*H]-radiolabeled
adenosine (Daiichi Pure Chemicals, Tokyo, Japan) was
diluted with free adenosine and was encapsulated in lipo-
somes as described above.

Characterization of PEGylated liposomal adenosine. The
charactérization of the liposomes was performed by the
dynamic scatter analysis (Zetasizer Nano ZS, Malvern,
Worcestershire, United Kingdom). The analyses were per-
formed 10 times per sample, and results represented analy-
ses of 4 independent experiments.

Experimental protocols. PROTOCOL 1. EFFECTS OF PEGY-
LATED LIPOSOMAL ADENOSINE ON HEMODYNAMICS IN
RATS. Rats were anesthetized with intraperitoneal sodium
pentobarbital (50 mg/kg). Catheters were advanced into a
femoral artery and vein for the measurement of systemic
blood pressure and infusion of drugs, respectively. Both
blood pressure and heart rate were monitored continuously
during the study using a Power Lab (AD Instruments,
Castle Hill, Australia). After hemodynamics became stable,
we intravenously administered empty PEGylated liposomes
(n = 8), free adenosine (n = 8), or PEGylated liposomal
adenosine (n = 8) for 10 min. Either PEGylated lipo-
somal or free adenosine was infused at an initial dose of
225 pg/kg/min (0.1 ml/min) for 10 min. After a 5-min
interval, either PEGylated liposomal adenosine or free
adenosine was infused at 450 wg/kg/min (0.1 m/min) for
10 min. In the same manner, PEGylated liposomal
adenosine or free adenosine was then infused at 900
pglkg/min (0.1 ml/min).
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PROTOCOL 2: EFFECTS OF PEGYLATED LIPOSOMAL ADENOSINE
ON INFARCT SIZE IN RATS. The MI was induced by transient
ligation of the left coronary artery as described previously
(8). In the first series of experiments, to examine the
dose-dependent effects of liposomal adenosine on M size,
PEGylated liposomal adenosine was infused intravenously
at 50, 150, or 450 pg/kg/min for a 10-min period starting
from 5 min before the onset of reperfusion. In the second
series of experiments, to determine the adenosine receptor
subtype involved in cardioprotective effects by the liposomal
adenosine, the antagonist of adenosine subtype receptor was
intravenously injected as a bolus followed by the infusion of
liposomal adenosine for 10 min. The MI size was evaluated
at 3 h after the start of reperfusion. The doses of adenosine
receptor subtype antagonists were determined according to
the previous reports (9-11).

Measurement of infarct size. At 3 h after the onset of
reperfusion, the area at risk and the infarcted area were
determined by Evans blue and triphenyltetrazolium chloride
(TTC) staining, respectively, as previously described (8).
Infarct size was calculated as [infarcted area/area at risk] X
100(%) in a blind manner. The area at risk was composed of
border (TTC staining) and infarcted (TTC nonstaining)
areas.

Electron microscopy (EM). Myocardial samples for EM
were obtained from the central and peripheral areas in
ischemic/reperfused myocardium, which roughly corre-
sponded to the infarcted and border areas, respectively, after
the left coronary artery was occluded for 30 min of ischemia
followed by 3 h of reperfusion. Samples were prepared as
previously reported (12). Liposomes, whose major mem-
brane component is unsaturated phospholipids, were visu-
alized as homogenous dark dots with a diameter of 100 to
150 nm (13).

Accumulation of fluorescent-labeled PEGylated lipo-
somes in ischemic/reperfused myocardium. Unlabeled or
fluorescent-labeled PEGylated liposomes were infused in-
travenously at a dose of 0.1 mI/min as liposomal adenosine
was infused in protocol 2. At 3 h after reperfusion, hearts
were quickly removed and cut into 4 sections parallel to the
axis from base to apex. Then ex vivo bioluminescence
imaging was performed with an Olympus OV 100 imaging
system (Olympus, Tokyo, Japan) and signals were quanti-
fied using WASABI quantitative software (Hamamatsu
Photonics K.K., Shizuoka, Japan). Fluorescent intensity in
the region of interest was measured as previously reported
(14). Control intensity indicated the fluorescent intensity in
the nonischemic area of the individual rat.
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Drug Delivery System Targeting Injured Myocardium

Time-course changes of free and PEGylated liposomal
RI-labeled adenosine in plasma and myocardium. Free
or PEGylated liposomal [*H]-adenosine (83 kBq per rat) was
infused intravenously at a dose of 0.1 ml/min as liposornal
adenosine was infused in protocol 2. At the time indicated, rat
hearts were harvested for counting of radioactivity (L.SC-3100,
Aloka Co., Tokyo, Japan). Results are expressed as a percent-
age of the injected dose per 1 ml of blood or 1 g of wet tissue
weight.

Statistical analysis. The parameters of the liposomes were
expressed as the average * SD, whereas other dara were
expressed as the average = SEM. Comparison of time-
course changes in hemodynamic parameters between groups
was performed by 2-way repeated-measures analysis of
variance (ANOVA) followed by a post~hoc Bonferroni test.
For comparison of Rl activity between groups, statistical
analysis was done with the Mann-Whitney U test. To
address the differences in infarct size among groups, we
performed a nonparametric (Kruskal-Wallis) test followed
by evaluation with the Mann-Whitney U test. Resulting p
values were corrected according to the Bonferroni method.
To compare parameters of liposomes, an unpaired ¢ test was
performed. In all analyses, p < 0.05 was considered to
indicate statistical significance.

Resuits

Characterization of liposomes by dynamic light scatter
analysis. The dynamic light scarter analysis showed no sig-
nificant difference in mean diameter, polvdispersitv index, or
zeta-potential distribution between empty and adenosine-
loaded PEGylated liposomes (Table 1).

Liposomes in ischemic/reperfused myocardium. The
EM revealed rhe intact vascular endothelial cells and cardio-
myocytes in the nonischemic myocardium (Figs. 1A and 1B).
There were no homogenous dark dots indicating liposomes
in the nonischemic myocardium of rats that received either
saline (Fig. 1A) or liposomes (Fig. 1B). In the border area,
many homogenous dark dots indicating liposomes were
accumulated in rats that received liposomes, but not saline
(Figs. 1C and 1D). In this area, significant structural
damage was not observed in endothelium, but shght swell-
ing of mitochondria was often observed. In the infarcted
area, numerous liposomes were detected in rats that received
liposomes, but not saline (Figs. 1E and 1F). In this area, the
disrupted endothelial integrity and marked swelling of
mitochondria were often observed.

LEV M Characterization of Liposomes by Dynamic Light Scatter Analysis

Mean Diameter (nm)

Polydispersity Index Zeta Potential (mV)

PEGyiated liposomes (empty liposomes)

PEGylated liposomal adenosine

126 = 12
134 - 21

0.035 = 0.003
0.094 = 0.002

-1.7 =04
-23 =11

Resuits represented analysis of 4 independent experiments. Vatues are expressed as mean =~ SD.

PEG = polyethylene glycol.
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Liposomes

Non-ischemic
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Necrotic
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Liposomes in Ischemic/Reperfused Myocardium

1 pm.

(A, B) Representative electron micrographs of the nonischemic area in rats that received saline {A) or liposomes (Lp) (B). {C, D} Representative electron micrographs of
border area at 3 h after myocardial infarction (MI). Many dark dots accumulated in this area in the rat that received liposomes but not saline. (E, F) Representative elec-
tron micrographs of infarcted areas at 3 h after Ml. Numerous dark dots accumulated in this area in the rat that received liposomes but not saline. Scate bars represent

Fluorescent-labeled PEGylated liposomes in ischemic/
reperfused myocardium. Quantitative analysis by biolumi-
nescence ex vivo bioluminescene imaging revealed that the
target to control fluorescent intensity ratio was higher in
the border (noninfarcted area at risk) as well as infarcted
areas compared with a nonischemic one, suggesting that
fluorescent-labeled liposomes were accumulated in the bor-
der as well as infarcted areas. Since there was no high-
intensity area when unlabeled liposomes were infused, it was
suggested that this was not a nonspecific phenomenon to
MI by the ex vivo bioluminescence imaging system (Fig. 2).
The Evans blue staining was unrelated to the fluorescence
intensity (data not shown).

Plasma radioactivity of Rl-labeled adenosine was mark-
edly higher in the PEGylated liposomal adenosine group at
10 min and 3 h after the intravenous infusion than in the
free adenosine group (Fig. 3A). Encapsulation within
PEGylated liposomes also augmented the accumulation of
adenosine in ischemic/reperfused myocardium compared
with that of free adenosine (Fig. 3B).

Hemodynamic effects of PEGylated liposomal adeno-
sine. Baseline hemodynamic parameters did not differ
among the groups. An intravenous infusion of free adeno-
sine at doses of 225, 450, and 900 ug/kg/min decreased the
mean blood pressure by 14.8%, 25.4%, and 33.7%, respec-
tively, compared with the effect of empty PEGylated lipo-
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Quantitative analysis of target-to-control fluorescent intensity ratio for each area in rats {n = 3 each group) that received nonfluorescent (A} or fluorescent (B) tipo-
somes. The values of bioluminescence signals in the border and infarcted areas were expressed as the fold to that of the each nomischenuc area. Values are expressed
as the mean = SEM (error bars). *p < 0.05 versus nonischemic areas. #p < 0.05 versus border areas.
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somes. In contrast, the intravenous infusion of PEGylated
liposomal adenosine at a dose of either 225 or 450 pg/kg/
min did not significantly alter mean blood pressure (Fig. 4).
Changes of the heart rate after infusion of PEGylated
liposomal adenosine or free adenosine were similar to those
observed for mean blood pressure (Fig. 4).

Effects of PEGylated liposomal adenosine on MI size.
Baseline hemodynamic parameters were similar among all of
the groups (Table 2). Intravenous infusion of free adenosine for
10 min reduced both the blood pressure and the heart rate,
although these parameters returned to baseline within 5 min of
ceasing infusion (Table 2). In contrast, hemodynamic param-
eters of the other groups were not altered (Table 2). The area
at risk in the control group (61 * 3%) did not differ
compared with those of other groups that received liposo-
mal adenosine. Intravenous infusion of PEGylated liposo-

mal adenosine caused a dose-dependent decrease of MI size
compared with that in the control group, whereas intrave-
nous infusion of empty PEGylated liposomes or free aden-
osine did not (Fig. SB).

The bolus injection of adenosine receptor antagonist did
not alter the hemodynamic parameters (Table 3). The area
at risk in the liposomal adenosine group (58 = 3%) did not
differ compared with those of other groups that received
adenosine receptor antagonist. Infusion of 8-SPT, a non-
specific adenosine receptor antagonist, blunted the cardio-
protective effect of liposomal adenosine (Fig. 6B). Further-
more, the infusion of the adenosine A, A,,, Ay, or Aj
receptor antagonist also blunted cardioprotective effects of
liposomal adenosine (Fig. 6B). Infusion of 8-SPT alone did
not significantly affect myocardial infarct size compared
with the control (52 = 5%, n = 4).
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{A} Changes in plasma radioactivity after infusion of radioisotope-abeled adenosine. Solid and apen bars indicate the PEGylated liposomal adenosine and free adeno-
sine groups. respectively (n = 4 each). In the PEGylated liposomal adenosine group. plasma radioactivity was markedly higher than in the free adenosine group.

{B) Changes n radioactivity in ischemic/reperfused myocardium. Solid and open bars indicate the PEGylated liposomai adenosine and free adenosine groups. respec-
tively (n = 4 each). In the PEGylated liposomal adenosine group, myocardial radioactivity was markedly higher than in the free adenosine group. Values are expressed as
the mean = SEM (error bars). *p < 0.05 versus the free adenosine group at the corresponding time.
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Discussion

In the present study, EM, bioluminescence ex vivo imaging,
and fluorescent analysis revealed the accumulation of liposomes
in the border (noninfarcted areas at risk) as well as infarcted
ones, but not nonischemic myocardium, at 3 h after MI. These
findings suggested that liposomes could specifically accumulate
in ischemic/reperfused myocardium. Interestingly, EM re-
vealed the existence of liposomes at sites where endothelial
integrity was stll morphologically maintained. Endothelial
dysfunction such as enhanced permeability is induced by
ischemic insult without morphological endothehal disruption
(3,15). Enhanced permeability might lead to the accumulation
of liposomes in the border as well as infarcted area, which will

contribute to salvage the ischemic/reperfused myocardium.
However, further investigation will be needed to determine the
precise mechanism by which liposomes accumulate in isch-
emic¢/reperfused myocardium.

Analysis using Rl-labeled adenosine encapsulated in
liposomes revealed that plasma radioactivity was markedly
higher in the PEGylated liposomal adenosine group com-
pared with the free adenosine group. This indicates that
encapsulation of adenosine by PEGylated liposomes con-
siderably prolonged its residence time in the circulation and
delayed its degradation. Consistent with the histological
data, RI-labeled adenosine also showed preferential accu-
mulation in ischemic/reperfused myocardium.

A Effects of Liposomal Adenosine on Hemodynamic Parameters

Ischemia Reperfusion
Baseline 0 min 15 min 25 min 30 min 5 min 10 min
Mean biood pressure (mm Hg)
Saline 122 =5 102 = 10 108 =7 107 9 108 =7 105 =9 104 =9
Vehicle 127 = 4 109 =8 108 =7 111 =9 111+ 5 105=5 103 =5
Free-Ado 124 = 8 115 =8 111 =5 109 = 4 66 = 4= 62 = 4% 1126
Lp-Ado 50 pg/kg/min 121 =5 106 = 6 105 =6 1106 = 10 102 =6 101 =6 104 = 4
Lp-Ado 150 pg/kg/min 122+ 3 107 =86 107 =6 109 = 11 105 =6 100 =6 103 =4
Lp-Ado 450 pug/kg/min 124 >3 104 = 6 105=6 107 =5 102=6 99 =6 104 = 4
Heart rate (beats/min}
Saline 363 = 22 366 = 19 369 = 14 413 x 22 372 =12 37216 371 = 14
Vehicle 363 = 32 3636 3836 396 = 25 367 =6 374 =7 37127
Free-Ado 360 = 18 361 = 17 384 = 13 379 =18 305 = 11* 293 = 13* 356 =~ 14
Lp-Ado 50 ug/kg/min 378 = 19 386 = 21 366 x 12 376 = 12 367 = 18 369 =9 377 = 17
Lp-Ado 150 pg/kg/min 388 = 27 376 = 20 371 £ 14 377 =13 378 = 16 373 - 16 369 = 17A
Lp-Ado 450 pg/kg/min 368 = 17 376 = 21 361 > 13 386 = 15 368 > 15 3636 367 =7
Values are expressed as mean = SEM. *p < 0.05 versus baseline.
Free-Ado = free adenosine; Lp-Ado = PEGylated . PEG = polyethy glycol: vehiclte = PEGylated liposomes.
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Dose-Dependent Effects of PEGylated Liposomal Adenosine on Myocardlal Infarct Size

{A) Protocot showing the timing of infusion of PEGylated liposomal adenosine and of infarct size measurement. (B) Myocardial infarct size. Values are expressed as
mean = SEM (emor bars). *p < 0.05 versus the control group. Free-Ado = free adenosine; Lp-Ado = PEGylated liposomal adenosine; Vehicle = PEGylated liposomes.

Furthermore, this study showed that PEGylated liposomal
adenosine had a weaker effect on the blood pressure and heart
rate than free adenosine. Thus, encapsulating adenosine in
PEGylated liposomes attenuated its vasodilatory and negative
chronotropic effects, presumably by reducing the amount of
circulating free adenosine. However, the changes of hemo-
dynamic parameters in this in vivo model suggested that
significant release of adenosine from PEGylated liposomes
would still occur if a large dose of liposomal adenosine (e.g.,
900 pg/kg/min) were administered. Thus, further investi-

gation of the in vivo pharmacodynamics of PEGylated
liposomal adenosine is needed.

An intravenous infusion of PEGylated liposomal adeno-
sine at the maximum dose that did not disturb hemody-
namic parameters for 10 min before reperfusion reduced MI
size in a dose-dependent manner, and this improvement was
blocked by 8-SPT, a nonselective adenosine receptor antago-
nist. These findings suggest that adenosine released from
liposomes acts via an adenosine receptor-dependent path-

way. One possible mechanism by which PEGylarted lipo-

XM Effects of Adenosine Receptor Antagonist on Hemodynamic Parameters

Ischemia Reperfusion
Baseline 0 min 15 min 25 min 30 min 5 min 10 min
Mean blood pressure (mm Hg)
Lp-Ado + 8SPT 120 = 6 113 = 4 112 =6 112 =5 107 =6 102 = 8 109 =7
Lp-Ado + DPCPX 130 = 6 105 = 4 121 = 4 100 = 10 122 =6 120 =6 111 = 4
Lp-Ado + SCH58261 132 =2 98 = 12 99 =8 110 =8 118 =10 113 = 10 109 =6
Lp-Ado + MRS1754 130 = 3 95 = 12 106 = 8 105 = 10 100 = 10 96 = 10 99 - 7
Lp-Ado + MRS1523 130 = 2 109 = 8 104 = 8 105 =9 100 = 9 101 = 10 104 =6
Heart rate {beats/min)
Lp-Ado + 8SPT 404 = 17 385 = 10 374 -8 396 =8 389=-9 383=8 3859
Lp-Ado + DPCPX 396 = 24 380 = 11 389 -9 398 = 12 3859 382 =9 380 =7
Lp-Ado + SCH58261 393 - 14 399 = 15 381 =9 395 = 15 376 = 9 373 =9 385 =7
Lp-Ado + MRS1754 398 = 14 392 =11 401 = 9 379 = 15 378 =9 374 =9 377 =7
Lp-Ado + MRS1523 396 =9 390 = 11 390 =11 392 = 10 373 =9 391 =7 388 = 11

Values were expressed as mean = SEM. «p < 0.05 versus basellne.
Lp-Ado = PEGylated llp PEG = poly

Y glycol; Vehicle = PEGylated liposomes.
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somes could augment cardioprotective effects of liposomal
adenosine with minimum effects on hemodynamic param-
eters 1s the enhanced accumulation of PEGylated liposomal
adenosine in ischemic/reperfused myocardium, which could
augment various beneficial actions such as preventing cal-
cum overload in the myocardium (5). The prolonged
persistence of PEGylated liposomal adenosine would also
increase its beneficial effect on ischemic/reperfused myocar-
dium. Although continuous high-dose, long-term infusion of
free adenosine was reported to reduce infarct size in rats
(16), the present study did not confirm such a cardioprotective
effect, probably because the total dose of free adenosine that
we used was not high enough.

We found that myocardial infarct size in the group that
received PEGylated liposomal adenosine with the antago-
nist of adenosine A, A,,, Ay, or Az subtype receptor was
no different from the control group, indicating that every
adenosine subtype receptor could possibly play a role in
mediating cardioprotection by liposomal adenosine and that
it was dificult to identify one particular subtype in the
present study. Numerous studies reported that A,, A,,, A,,,
and A; receptors have been involved in cardioprotection
against ischemia/reperfusion injury, and it remains contro-
versial which adenosine subtype receptor is most responsible
for cardioprotection (17-20). Furthermore, because the
adenosine receptor antagonists used in the present study had
some nonspecific effects, future investigation will be needed
to examine the precise role of each adenosine receptor
subtype using genetically engineered mice.

Because liposomal adenosine infused during reperfusion
could reduce MI size, this agent could be a candidate for the
adjunctive therapy of patients with acute MIL. Importantly,
adenosine 1s currently used for the diagnosis of ischemic
heart disease and PEGylated liposomes are used to deliver
anticancer agents (21). Thus, it should not be difficult to
introduce PEGylated liposomal adenosine into clinical
practice. Finally, PEGylated liposomes may provide a useful
drug delivery system for targeting ischemic/reperfused myo-
cardium with other agents.
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The 3-phosphoinositide-dependent kinase-1 (PDK1) plays an impor-
tant role in the regulation of cellular responses in multiple organs by
mediating the phosphoinositide 3-kinase (PI3-K) signaling pathway
through activating AGC kinases. Here we defined the role of PDK1 in
controlling cardiac homeostasis. Cardiac expression of PDK1 was
significantly decreased in murine models of heart failure. Tamoxifen-
inducible and heart-specific disruption of Pdk? in adult mice caused
severe and lethal heart failure, which was associated with apoptotic
death of cardiomyocytes and pi-adrenergic receptor (AR) down-
regulation. Overexpression of Bd-2 protein prevented cardiomyocyte
apoptosis and improved cardiac function. In addition, PDK1-deficient
hearts showed enhanced activity of P13-Ky, leading to robust g1-AR
internalization by forming complex with B-AR kinase 1 (BARK1).
Interference of BARK1/P13-Ky complex formation by transgenic over-
expression of phosphoinositide kinase domain normalized Bs-AR
trafficking and improved cardiac function. Taken together, these
resuits suggest that PDK1 plays a critical role in cardiac homeostasis
in vivo by serving as a dual effector for cell survival and B-adrenergic
response.

AGCkinase | apoptosis | heart failure | receptor internalization

H eart failure, a major cause of morbidity and mortality world-
wide, is a clinical syndrome in which the heart is incapable of
pumping blood at a rate commensurate with systemic demands (1).
Injurious stresses from extrinsic or intrinsic origins trigger the
complex intracellular signaling pathways in cardiomyocytes and
thereby activate the compensatory mechanisms involving alter-
ations in survival and growth signals, calcium handling, and energy
production (2). Simultaneously, the sympathetic nervous, renin-
angiotensin-aldosterone, and cytokine systems are activated to cope
with a decline in cardiac performance. Although these compensa-
tory systems initially maintain cardiac function within a physiolog-
ical range, prolonged activation of these systems paradoxicaily leads
to cardiac damage and worsens clinical prognosis (2). Therefore, for
the elucidation of the pathophysiology of heart failure, it is very
important to dissect the inherent complexity of intracellular sig-
naling pathways that coordinate the cellular homeostasis and
neurohumoral responses in cardiomyocytes.

The 3-phosphoinositide-dependent protein kinase-1 (PDK1)isa
member of the AGC serine/threonine kinase family that functions
downstream of phosphoinositide 3-kinase (PI3-K) and activates
several AGC kinases, including Akt, p70 ribosomal S6 kinase
(p70S6K), and serum- and glucocorticoid-induced protein kinase |
(SGKI), by phosphorylating these enzymes at their activation loops
(3). The physiological functions of PDK1 have been investigated by
targeted disruption of Pdk! gene. Mouse embryos systemically
deficient for Pdk! were lethal during early embryogenesis, display-
ing multiple abnormalities that included lack of somites, forebrain,
and neural crest-derived tissues (4). Alessi et al. (5) recently
generated striated muscle-specific PDK! conditional knockout
mice (PDK1-MCKCre) by crossing mice harboring a “floxed” Pdk/

www.pnas.org:cgi-doi- 10.1073. pnas.0900064106

allele with transgenic mice expressing Cre recombinase under the
control of the muscle creatine kinase (MCK) promotor. PDKI-
MCKCre mice died of heart failure by 11 weeks of age. Interest-
ingly, PDK1-MCKCre mice showed attenuation of cardimyocyte
cell growth and impairment of left ventricular (L'V) contraction. It
was reported that cardiomyocytes deficient for Pdk] were sensitive
to hypoxia (5), and that ischemic preconditioning failed to protect
PdkI-hypomorphic mutant mice against myocardial infarction (MI)
{6). However, the mechanisms of how PDKI1 deficiency induces
these cardiac abnormalities remain to be resolved.

In this study, we found that the expression levels of PDK 1 protein
were significantly decreased in the failing hearts of murine models.
We generated tamoxifen-inducible and heart-specific PDK1 con-
ditional knockout mice (PDK1-MerCre) to elucidate the relevance
of PDK1 to the pathogenesis of heart failure. We disrupted the
Pdkl gene in the adulthood and demonstrated that PDKI plays a
role in the regulation of normal cardiac function by preventing
cardiomyocyte apoptosis and by preserving responsiveness to -
adrenergic stimulation.

Results

Generation of Tamoxifen-inducible and Heart-Specific PDK1 Knockout
Mice. We examined alterations in the expression levels of PDK1 in
failing hearts. Heart failure was induced in mice by producing
myocardial infarction or administering doxorubicin i.p. Two weeks
after operation of myocardial infarction or doxorubicin injection,
expression levels of PDK1 were significantly decreased in the failing
hearts, compared with control hearts (Fig. St).

To assess the pathophysiological significance of PDK1 down-
regulation, we created a model of temporally regulated inactivation
of Pdkl specifically in the adult hearts. We crossed Pdk]"o%fox mice
(7, 8) with transgenic mice expressing tamoxifen-inducible Cre
recombinase protein fused to two mutant estrogen-receptor ligand-
binding domains (MerCreMer) under the control of the a-myosin
heavy chain promoter (9). In the resulting Pdk1t'o¥1% MerCreMer -
mice (PDK1-MerCre) at the age of 10 weeks, we administered
tamoxifen successively for 5 days and confirmed by immunoblot
analysis that functional PDK1 expression was almost undetectable
specifically in the hearts on day 7 after the initiation of tamoxifen
treatment (Fig. S24).

Next, we examined whether the activation of kinases downstream
of PDK1 were suppressed in the hearts of PDK1-MerCre. In
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Fig.1. Severe heartfailure observed in PDK1-MerCre mice. (A) Kaplan-Meier survival curves of PDK1-MerCre mice (n = 10) and control mice (n = 10). Mice were
injected with tamoxifen at the age of 10-11 weeks. (B) Macroscopic findings and 4-chamber sections of the hearts from PDK1-MerCre and control mice 1 and
4weeks after the initiation of tamoxifen treatment. Ao, aorta; LA, left atrium; LV, left ventricule; RA, right atrium; RV, right ventricule. (C) Representative M-mode
echocardiograms of mice 1week after tamoxifen treatment. (D) Echocardiographic measurements of PDK 1-MerCre and control mice 1 week after tamoxifentreatment.
HR, heart rate; LVDd, LV dimension in diastole; LVDs, LV dimension in systole; FS, fractional shortening; IVSth, interventricular septum thickness; LVPWth, LV posterior
wall thickness. Values represent the mean = SEM of data from 10 mice in each group. #, P < 0.01 versus control group. (£) Echocardiographic measurements of
PDK 1-MerCre and control mice 4 weeks after tamoxifen treatment. Values represent the mean * SEM of data from 6 mice in each group. #, P < 0.01 versus control
group. () Histological sections with hematoxylin and eosin (HE) staining and Masson's trichrome (Masson) staining of PDK 1-MerCre and control mice 1 and 4 weeks
after tamoxifen treatment. (G) Surface areas of isolated cardiomyocytes (57 individual cardiomyocytes in each group) and sample pictures of isolated cardiomyocytes
from PDK1-MerCre and control mice 1 week after tamoxifen treatment. Values represent the mean = SEM.

mammalian cells, Akt is fully activated through PDKI-dependent
phosphorylation of Thr-308 and PDK 1-independent phosphoryla-

guishable in appearance from control littermates. Strikingly, all
PDK1-MerCre mice died from 5 to 15 weeks after the initiation

tion of Ser-473 (10). Insulin-induced phosphorylation of Akt at
Thr-308 in PDKI-MerCre hearts was significantly attenuated,
compared with control hearts, while phosphorylation level at
Ser-473 was unchanged (Fig. S2B). As a consequence, Akt kinase
activity was markedly reduced in PDK1-MerCre hearts (Fig. S2C).
Consistently, insulin-induced phosphorylation levels of glycogen
synthase kinase (GSK) 38 at Ser-9, mammalian target of rapamycin
(mTOR) at Ser-2448, and p70S6K at Thr-389 (11) were attenuated
in the PDK1-MerCre hearts (Fig. S2B). Collectively, these results
indicate that Akt signaling is inhibited in PDK1-MerCre hearts.

Lethal Heart Failure in PDK1-MerCre Mice. Without tamoxifen treat-
ment, PDK1-MerCre mice survived normally and were indistin-

8690 | www.pnas.org, cgi doi /10.1073/pnas.0900064106

of tamoxifen treatment (Fig. 14).

One week after tamoxifen treatment, cardiac sizes were not
significantly different between PDK1-MerCre mice and control
mice (Fig. 1B). Echocardiographic examination revealed a signifi-
cant decrease in the percent of fractional shortening (%FS), a
parameter for contractile function, as early as 1 week after tamox-
ifen treatment in PDK1-MerCre mice (Fig. 1 C and D). During this
period, there was no increase in LV dimension or thinning of LV
wall, which was consistent with the macroscopic findings (Fig. | B
and D). However, 4 weeks after tamoxifen treatment, progression
of contractile dysfunction together with global chamber dilatation
and wall thinning was observed in PDK1-MerCre mice (Fig. | Band
E). Histologically, interstitial fibrosis was increased at 1 week in

Ito et al.



PDKI1-MerCre hearts and further enhanced at 4 weeks after
tamoxifen treatment (Fig. 1F). These results suggest that PDKI-
MerCre mice exhibited cardiac dysfunction as early as 1 week after
tamoxifen treatment and LV remodeling at 4 weeks.

It was reported that PDK1-MCKCre showed marked reduction
both in the heart size and in cardiac contractility (5). Since the MCK
promoter directs expression of Cre recombinase before birth (5,
12), retardation of heart growth that was not proportional to
somatic growth after birth might lead to cardiac dysfunction.
However, the surface areas of caridomyocytes were not significantly
different between PDKI-MerCre mice and control mice | week
after tamoxifen treatment (Fig. 1G). Given that LV dysfunction was
already observed as early as 1 week after tamoxifen treatment (Fig.
I C and D), we suppose that reduction of cardiomyocyte size is not
critically involved in the impairment of LV contraction observed in
PDKI-MerCre hearts.

Increased Cardiomyocyte Apoptosis in PDK1-MerCre Mice. We next
examined whether cardiomyocyte apoptosis was involved in the
pathogenesis of heart failure in PDKI-MerCre mice. TUNEL
staining revealed that the number of apoptotic cells was dramati-
cally increased in PDKI-MerCre hearts | week after tamoxifen
treatment (Fig. 24). TUNEL-positive cells were cardiomyocytes,
because these cells were positively stained with anti-sarcomeric
a-actinin antibody (Fig. 2B). In addition, immunostaining revealed
an increase in cardiomyocytes positively stained for cleaved
caspase-3 in PDK1-MerCre hearts (Fig. 2C). The prevalence of
TUNEL-positive cardiomyocytes was 1.14 + 0.05% of total cardi-
omyocytes (Fig. 2D). Therefore, cardiomyocyte loss through apo-
ptotic cell death may play an important role in the pathogenesis of
heart failure in PDK1-MerCre mice.

In the hearts of PDK1-MerCre, the expression level of proapo-
ptotic Bax was increased, whereas those of anti-apoptotic molecules
such as Bel-2 and Bel-xL were unchanged (Fig. 2E). SGK1 has been
reported to be functionally anti-apoptotic in the hearts (13). The
basal level of phosphorylated SGK1 was reduced in PDK1-MerCre
hearts (Fig. 2F). It has been reported that SGKI, in concert with
Akt, mediates cell survival by phosphorylating and inactivating the
Forkhead transcription factor FOXO3a (13, 14). FOXO3a is phos-
phorylated at Thr-32 and Ser-315 by SGK1, and Akt favors the
phosphorylation of Thr-32 and Ser-253 (14). In PDKI-MerCre
hearts, phosphorylation levels of FOXO3a at Thr-32 and Ser-253
were significantly decreased (Fig. 2F). Collectively, these results
suggest that up-regulation of Bax protein and reduction of Akt and
SGKI activity were potentially involved in enhancing susceptibility
of cardiomyocytes to apoptosis in PDK1-MerCre mice.

Overexpression of Bcl-2 Protein Prevented Cardiomyocyte Apoptosis and
Partially Rescued Cardiac Dysfunction in PDK1-MerCre Mice. To examine
whether cardiomyocyte apoptosis plays a causative role in the
pathogenesis of heart failure in PDK1-MerCre mice, we crossed
PDK1-MerCre with transgenic mice with cardiac-specific overex-
pression of Bel-2 (Bel2-Tg mice) (15). In PDK1-MerCre X Bel2-Tg
hearts, the number of TUNEL-positive cardiomyocytes was signif-
icantly decreased in comparison with PDK1-MerCre hearts (Fig.
2G), and the %FS showed partial but significant improvement (Fig.
2H). These results suggest that cardiac dysfunction is caused in part
by cardiomyocyte loss through apoptosis in PDK1-MerCre mice.

Impairment of B-adrenergic Responsiveness in PDK1-MerCre Hearts.
Incomplete restoration of cardiac function by prevention of cardi-
omyocyte apoptosis implies that some functional abnormalities
persist in viable cardiomyocytes in PDK1-MerCre mice. To deter-
mine whether B-adrenergic responsiveness was changed in PDK -
MerCre hearts, we carried out Langendorff perfusion analysis in
the hearts | week after tamoxifen treatment, and evaluated re-
sponsiveness to isoproterenol, a 8-AR agonist, and forskolin, an
activator of adenylate cyclase that increases cAMP independently
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Fig. 2. Cardiomyocyte apoptosis in the pathogenesis of heart failure in

PDK1-MerCre mice. (A) TUNEL staining. Arrowheads indicate TUNEL-positive
cardiomyocytes. (B) Double staining for TUNEL staining (brown) and sarco-
meric a-actinin (red). Arrowheads indicate TUNEL-positive cardiomyocytes. (C)
immunostaining for cleaved caspase-3. Arrowheads indicate cardiomyocytes
positively stained for cleaved caspase-3. (D) Percentage of TUNEL-positive
caridomyocytes. Values represent the mean = SEM (3,000 cardiomyocytes in
each group). #, P < 0.01 versus control group. (F) Immunoblot analysis of Bcl-2
family proteins in the hearts. (F) Immunoblot analysis of phosphorylated-SGK 1
at Ser-78, total SGK1, phosphorylated-FOX03a at Thr-32 or at Ser-253, and
total FOXO3a in the hearts. (G) Percentage of TUNEL-positive caridomyocytes
in control, Bcl2-Tg, PDK1-MerCre, and PDK1-MerCre - Bcl2-Tg mice. Values
represent the mean = SEM (3,000 cardiomyocytes in each group). #, P < 0.01
versus control group; *, P < 0.05, versus control group; t, P < 0.01 versus
PDK1-MerCre group. (H) Measurement of fractional shortening of control,
Bcl2-Tg, PDK1-MerCre, and PDK1-MerCre " Bcl2-Tg mice by echocardiography.
Values represent the mean = SEM of data from control mice (n = 10), control
Bcl2-Tg mice (n = 6), PDK1-MerCre mice (n = 10), and PDK1-MerCre . Bcl2-Tg
mice(n = 6).#, P< 0.01versus control mice. , P << 0.01 versus PDK 1-MerCre mice.
FS, % of fractional shortening.

of B-AR. As shown in Fig. 34, the baseline parameters of +dp/dt
and —dp/dt were significantly lower in PDK1-MerCre mice than in
control mice. Both isoproterenol and forskolin induced positive
chronotropic and inotropic responses in control mice (Fig. 34).
However, PDK1-MerCre mice showed a significant reduction in the
maximal changes in HR, +dP/dt, and —dP/dt after the stimulation
of isoproterenol (1 X 1078 M), compared with control mice (Fig. 35).
In contrast, the maximal changes in these parameters after the stimu-
lation of forskolin (1 X 1077 M) did not differ significantly between
PDK1-MerCre and control mice (Fig. 3B). These results suggest that
the responsiveness of B-AR is impaired in PDK1-MerCre mice.
Next, we measured the amount of 3,-AR in the membrane
fraction by immunoblot analysis. In PDK1-MerCre hearts, the
expression levels of Bi-AR in membrane fraction were markedly
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down-regulated (Fig. 3C). Inversely, the amount of 8,-AR in
cytosolic fraction was increased in PDK[-MerCre hearts, com-
pared with control hearts, while the total amount of 8;-AR was
unchanged (Fig. S3 4 and B), suggesting that receptor internal-
ization underlies B;-AR down-regulation in membrane fraction
of PDKI1-MerCre hearts. In response to B-AR simulation.
increased cAMP activates protein kinase A (PKA), which di-
rectly phosphorylates phospholamban (PLN) at Ser-16. PDKI-
MerCre hearts showed a significant decrease in cAMP concen-
trations (Fig. S3C) and phosphorylation level of PLN at Ser-16
(Fig. S3D), compared with control hearts. Phosphorylated PLN
dissociates from sarcoplasmic reticulum Ca® -ATPase2
(SERCAZ2) and thereby enhances Ca"* uptake by SERCA?2,
which leads to enhancement of cardiac contractility (2). These
results suggest that, in PDK1-MerCre hearts, robust §;-AR
internalization leads to contractile dysfunction.

It has been reported that phosphorylation of 8-AR by 8-AR
kinase | (BARKI, commonly known as G protein-coupled receptor
kinase 2) regulates receptor internalization (16). In the hearts of
PDKI-MerCre mice | week after tamoxifen treatment, the expres-
sion levels of BARKI (Fig. 3C) and BARK I-associated pl10y, a
catalytic subunit of PI3-Kvy, were increased (Fig. 3D). Notably.
PI3-K activity immunoprecipitated with antibodies to either p110y
or BARKI was enhanced (Fig. 3E) in PDKIl-MerCre hearts.
BARKI forms complex with PI3-Ky through the phosphoinositide

_ kinase (PIK) domain, and protein kinase activity of P13-Ky in this
complex is required for receptor internalization (17). Therefore.
these results suggest that enhanced PI3-Ky activity in PDKI-
MerCre hearts increases BARK1/PI3-K'y complex formation. and
that BARKI phosphorylates 8-AR to cause robust receptor inter-
nalization.

Disruption of BARK1/P13-Ky Complex Restored $3-AR Intemalization and
Partially Rescued Cardiac Dysfunction in PDK1-MerCre Mice. To cor-
roborate that enhanced PI3-Ky activity promotes B-AR inter-
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control mice was adjusted to 10 arbitrary units.

nalization by forming complex with BARK! and that robust
B-AR internalization causes cardiac dysfunction. we examined
whether disruption of the BARKI1/PI3-Ky complex normalizes
B-AR rtrafficking and improves cardiac function in PDKI-
MerCre mice. For that purpose, we crossed PDKI1-MerCre mice
with transgenic mice harboring cardiac-specific overexpression
of PIK domain (PIK-Tg mice) (16), which competitively inhibits
the association between BARKI and PI3-Ky. The amount of
BARKI-associated pl10vy protein was significantly decreased in
PDKI-MerCre X PIK-Tg mice, compared with PDKI-MerCre
mice (Fig. 44). Importantly, BARK1I-associated PI13-K activity
was markedly decreased in PDKI-MerCre x PIK-Tg mice.
compared with PDKI-MerCre mice (Fig. 48, Lower), although
total PI3-Ky activity remained elevated (Fig. 4B. Upper). As a
consequence, in PDKI-MerCre X PIK-Tg mice lweek after
tamoxifen treatment, the expression levels of B;-AR in mem-
brane fraction were restored (Fig. 4C). The ¢ZFS in echocar-
diographic examination showed partial but significant improve-
ment (Fig. 4D). Overexpression of PIK domain did not influence
cardiomyocyte apoptosis. because the prevaience of TUNEL-
positive cardiomyocytes (Fig. 4E). as well as the amount of
cleaved poly(ADP-ribose) polymerase. Bax. and phosphrylated
FOXO3a (Fig. S4), was unchanged in PDKI1-MerCre hearts. In
addition, overexpression of Bcl-2 protein did not influence
B-adrenergic response. because the amount of BARKI!-
assoctated pll0y protein (Fig. 44). BARKI-associated PI3-K
activity (Fig. 4B), the expression levels of membranous 3;-AR
(Fig. 4C), as well as cAMP concentration and phosphorylation
levels of PLN at Ser-16 (Fig. S3). were unchanged in PDKI-
MerCre hearts. These results suggest that enhancement of BARKI-
associated PI3-Kvy activity induces robust 3-AR internalization. and
thereby contributes to cardiac dysfunction. independently of cardiomy-
uevte apoptosis, in PDKE-MerCre mice.
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