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Figure 2: Primary endpoints and subgroup analyses

CK=creatine kinase. AMI=acute myocardial infarction. ANP=atrial natriuretic peptide. Panel A shows area under curve of creatine kinase concentration versus time. Panel B represents left ventn(ular

ejection fraction measured at 6-12 months.
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Figure 3: Secondary endpoints and other subanalyses
ANP-=atrial natriuretic peptide.
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The reduction of infarct size and the improvement of
left ventricular ejection fraction might decrease
mechanical stress on the non-infarcted myocardium,
which might decrease hypertrophy and dilatation of the
non-infarcted myocardium. Since cardiac hypertrophy
and dilatation cause diastolic and systolic heart failure, a
reduction of infarct size and an increase of left ventricular
ejection fraction could mediate beneficial clinical
outcomes. However, we need to do another large-scale
clinical trial to target clinical outcomes such as
cardiovascular death, because our primary aim here was
to test the reduction of infarct size. Moreover, Hayashi
and colleagues® showed that plasma concentrations of
angiotensin II, aldosterone, and endothelin-1 were lower
in patients given atrial natriuretic peptide than in
controls. Sudden exposure to high concentrations of
angiotensin II, aldosterone, and endothelin-1 for several
days caused vascular or ventricular remodelling, and
attenuation of these harmful effects by infusion of atrial
natriuretic peptide could reduce the incidence of cardiac
death and readmission to hospital for chronic heart
failure.”

One reason that nicorandil treatment did not limit
infarct size in our study could be the size of the dose.
Ishii and colleagues® have reported that one intravenous
administration of a dose of nicorandil that was three
times higher than that which we used decreased the
infarct size and reduced the rate of cardiovascular death
or readmission to hospital for chronic heart failure in
368 patients with acute myocardial infarction.

Patients in the nicorandil study who were given
nicorandil orally in the chronic phase had greater
increases in left ventricular ejection fraction, irrespective
of whether nicorandil was given intravenously or orally.
Since microvascular obstruction ten days after
myocardial infarction was associated with left
ventricular remodelling and poor prognosis, coronary
perfusion might be improved by opening KATP
channels in coronary blood vessels during the healing
stage. The JONA study* showed that nicorandil could
reduce the incidence of unstable angina in patients
with stable angina. ’

Our finding that treatment with atrial natriuretic
peptide in the acute phase reduced the incidence of
readmission to hospital for chronic heart failure could
help to reduce the physical, medical, and economic
burdens on people around the world. Moreover, since
intravenous nicorandil in the acute phase, followed by
oral administration in the chronic phase, increased the
left ventricular ejection fraction, chronic treatment with
nicorandil could improve ventricular function for
patients with myocardial infarction in the chronic
phase.

Several limitations of our study should be discussed.
First, physicians knew the random assignment of
patients, and treatment for acute myocardial infarction
in the chronic phase was not restricted accordingly; this
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could have affected the difference in nicorandil
treatment at the chronic phase. Second, although we
planned to do angiography of the left ventricle when
patients were admitted to hospital, some hospitals
could not take angiographs, because of the additional
medical cost. Therefore, baseline angiographs were
absent for some patients. Third, the patterns of missing
angiography data on left ventriculography differed
between the two studies (which were done at different
hospitals) and also between the atrial natriuretic peptide
group and corresponding placebo group. We cannot
explain this difference, but since we did not intervene
in this procedure, we believe that it must be due to
chance.
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OBIJECTIVES
BACKGROUND

METHODS

RESULTS

CONCLUSIONS

The goal of this work was to determine whether the blockade of histamine H, receptors is
beneficial for the pathophysiology of chronic heart failure (CHF).

Because CHF is one of the major life-threatening diseases, we need to find a novel effective
therapy. Intriguingly, our previous study, which predicts the involvement of histamine in
CHEF, suggests that we should test this hypothesis in patients with CHF.

We sclected 159 patients who received famotidine among symptomatic CHF patients for the
retrospective study. We blindly selected age- and gender-matched CHF patients receiving
drugs for gastritis other than histamine H, receptor blockers as a control group. For the

" prospective study, 50 symptomatic CHF patients were randomly divided into 2 groups. One

group received famotidine of 30 mg/day for 6 months, and the other group received
teprenone.

In the retrospective study, famotidine of 20 to 40 mg decreased both left ventricular
end-diastolic and end-systolic lengths (LVDd and LVDs, respectively) and the plasma
B-type natriuretic peptide (BNP) levels (182 * 21 vs. 259 + 25 pg/ml, p < 0.05) with
unaltered fractional shortening (FS). In a randomized, open-label study, compared with
teprenone, famotidine of 30 mg prospectively decreased both New York Heart Association
functional class (p < 0.05) and plasma BNP levels (183 * 26 pg/ml vs. 285 + 41 pg/ml, p
< 0.05); this corresponded to decreasing both LVDd (57 * 2 mm vs. 64 = 2 mm, p < 0.05)
and LVDs (47 = 2 mm vs. 55 * 2 mm, p < 0.05) with unaltered FS (15 * 1%vs. 17 = 1%).
The frequency of readmission because of worsening of CHF was lower in the famotidine
group (4% and 24%, p < 0.05). On the other hand, teprenone had no effects on CHF.
Famotidine improved both cardiac symptoms and ventricular remodeling associated with

CHEF. Histamine H; receptor blockers may have therapeutic benefits for CHF. (J Am Coll

Cardiol 2006;48:1378-84) © 2006 by the American College of Cardiology Foundation

Despite current medical therapy for patients with chronic
heart failure (CHF) such as angiotensin-converting enzyme
(ACE) inhibitors or beta-adrenergic receptor blockers (1),
CHF remains one of the major causes of high morbidity and
mortality worldwide. Chronic heart failure is characterized
by cardiac symptoms, impaired cardiac performance, cardiac

See page 1385

mechanical stress, and neurohormonal imbalance (2). In-
deed, increased levels of catecholamines, cytokines, and
angiotensin II are thought to play important roles in the
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pathophysiology and development of CHF (3,4). Histamine
is one of the neurohormonal factors that provoke various
cellular functions via stimulation of histamine H,-H; re-
ceptors (5,6). Specifically, because histamine H, receptors
are known to be located in gastric cells and enhance the
production of acids that cause gastric ulcers, the blocker of
histamine H, receptors is developed as the drug for the
treatment of gastric ulcers (7). Interestingly, we have pre-
viously predicted that histamine H, receptor blockers may
be cardioprotective in patients with CHF using the data
mining technique (8). The histamine H, receptor is also
located in the cardiomyocytes, and this receptor is coupled
to Gs protein as well as is the beta receptor (9—13). Indeed,
it is reported that: 1) histamine provokes positive inotropic
effects (11,14); and 2) the blocker of histamine H, receptors
decreases cardiac output (14). The important roles of mast
cells and released histamine are also accepted in the cardio-
vascular system (15).

We tested the hypothesis that the blockade of histamine
H, receptors by famotidine is beneficial for the pathophys-
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Abbreviations and Acronyms
ACE = angiotensin-converting enzyme
AMP = adenosine monophosphate

BNP = brain natriuretic peptide
CHF = chronic heart failure
FS = fractional shortening

GERD = gastroesophageal reflux disease
LVDd = left ventricular end-diastolic volume
LVDs = left ventricular end-systolic volume
NYHA = New York Heart Association

iology of CHF in retrospective and prospective randomized
studies.

METHODS

This study was approved by the ethical committee of National
Cardiovascular Center. Informed consent was obtained from
all patients before participation in this study in accordance with
institutional approved protocols.

Study population and protocols. THE RETROSPECTIVE
STUDY. A total of 1,104 consecutive subjects who were
admitted to our hospital for treatment of CHF between
January 2002 and April 2004 were candidates for this study.
The criteria for enrollment in this study were: 1) clinical
evidence of heart failure despite the conventional therapy;
and 2) left ventricular fractional shortening (FS) below 30%,
as assessed by 2-dimensional echocardiography. All the
patients had New York Heart Association (NYHA) func-
tional classifications of II to III, but were stable for 2
months after their discharge. Among these patients, we
selected the patients who received famotidine of 20 to 40
mg (n = 159, the famotidine group). In the control group,
the patients were selected so as to be matched for age,
gender, and the cause of CHF (n = 159). We randomly
selected age-, gender-, and cause-matched patients for the
other drug of non-histamine H, blocker for gastritis (n =
159). Among the 159 patients in each group, the number of
patients who suffered from dilated cardiomyopathy, hyper-
tensive heart disease, ischemic cardiomyopathy, and valvular
heart disease were 71, 11, 39, and 38, respectively. Clinical
parameters of the plasma brain natriuretic peptide (BNP)
levels and echocardiography were obtained. We estimated
the NYHA functional classification of each patient by 3
independent cardiologists who were blinded to the medical
treatment of CHF. If the estimations of all 3 doctors did not
agree, we decided to take the median among 3 values of
NYHA functional classification.

The prospective studies: the effects of famotidine. We studied
50 patients with symptomatic CHF and gastroesophageal
reflux disease (GERD) in our institute. Gastroesophageal
reflux disease was diagnosed by questionnaires reported
previously (16). The criteria for enrollment in this study
were clinical evidence of heart failure despite the conven-
tional therapy and a left ventricular FS below 30%, as
assessed by 2-dimensional echocardiography, and existence
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of GERD. All the patients had NYHA functional classifi-
cations of II to IIL. There were 32 men and 18 women with
a mean age of 65 years. The number of patients diagnosed
as CHF because of dilated cardiomyopathy, hypertensive
heart disease, ischemic cardiomyopathy, and valvular heart
disease were 17, 2, 4, and 2 in each group, respectively.
Exclusion criteria included ‘chronic obstructive pulmonary
disease, pregnancy, and severe liver disease as defined by
having hepatic enzymes >2 times the upper limit of normal
values. All patients were treated by optimal and stable doses
of beta-blockers and ACE inhibitors for at least 3 months
before screening echocardiography and randomization. We
did not change the doses of these drugs after the enroliment.
Patients were randomly divided into 2 treatment groups:
famotidine (n = 25, the famotidine group) and teprenone
(n = 25, the control group). The doses of famotidine and
teprenone were 30 and 150 mg per day, respectively, and
there were no patients who discontinued the intake of either
famotidine or teprenone, and drugs for CHF.

In the current study, we tested the hypothesis that
famotidine, the histamine H, receptor blocker, may have
therapeutic benefits for CHF in the clinical settings. The
primary end point is to assess the changes in NYHA
functional class and the plasma BNP levels from the
baseline to 24 weeks. We estimated the NYHA functional
classification of each patient by 3 independent cardiologists
who were blinded to the treatment assignment of famoti-
dine. If the estimations of all 3 doctors did not agree,
we decided to take the median among 3 values of
NYHA functional classification. Additional analyses were
done using the echocardiogram to obtain the changes in
left ventricular or atrial volume, and the pressure differences
across the tricuspid valve from baseline to 24 weeks.
Furthermore, the frequency of readmission because of wors-
ening of CHF within 24 weeks was investigated.

Estimating from retrospective study results showing that
the reduction of the plasma BNP levels was about 30%, 25
patients were required for each study group. A randomiza-
tion was performed according to a computer generated
randomization list by central telephone call or fax to Clinical
Study Support Center Japan (Suita Osaka, Japan).

Effects of teprenone. There is a possibility that teprenone
has deleterious effects on the pathophysiology of CHF, and
if this were the case, famotidine would appear to be
beneficial, when famotidine has no cardioprotective effects.
To examine this possibility, we administered teprenone to
10 patients with CHF for 24 weeks, and compared 10 CHF
patients without the teprenone treatment. The criteria for
the enrollment, evaluated parameters, and the evaluation
procedure were the same as in the study of famotidine
described earlier in the text.

Analysis of parameters for CHF. Blood samples were
collected in test tubes containing ethylenediaminetetraacetic
acid at baseline and after 24 weeks of the treatment. The
plasma was separated from blood cells by centrifugation and
frozen at —80°C. Plasma concentrations of BNP were
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measured using a specific immunoradiometric assay (17).
The personnel performing these assays were blinded to the
patients’ treatment assignments.

M-mode echocardiography was performed with

2-dimensional monitoring using a Sono layer phased-array
sector scanner (SONQOS 5500, Hewlett Packard, Palo Alto,
California) before and after 24 weeks of the treatment with
famotidine or teprenone (18). All echocardiograms were
read by the same physician, at baseline and after 24 weeks of
the treatment, who was blinded to patients’ treatment,
assignment, and time point.
Statistical analysis. Data are presented as mean + SEM.
Statistical analysis was performed using paired or unpaired
¢ test for numerical values, and either chi-square tests or
Wilcoxon signed rank test for categorical values. B-type
natriuretic peptide levels were logarithmically transformed
to perform the statistical analysis. Furthermore, we used
two-way repeated-measures analysis of variance when we
compared the changes of each parameter in 2 groups. The
chi-square tests were also performed to test the differences
of the incidence of the readmission. All statistical analyses
were performed using Stat View version 5.0 for Windows
(SAS Institute, Cary, North Carolina) and SPSS 10.0.5]
software (SPSS Inc., Chicago, Illinois).

Table 1. Clinical Parameters of CHF With or Without
Famotidine

Control Famotidine
Group Group
(n = 159) (n = 159)

Age (yrs) 66+ 1 66+ 1
M/F gender (%) 97/62 (61/39) 97/62 (61/39)
Hypertension (%) 11 (7) 11 (7)
Duration of CHF (yrs) 8.7 0.7 85+0.8
Systolic blood pressure (mm Hg) 112+ 9 105 + 8*
Diastolic blood pressure (mm Hg) 67 * 4 62 = 5*
Heart rate (beats/min) 73 x5 66 = 5*
Fractional shortening (%) 241 23+1
LV diastolic diameter {(mm) 58 +2 54 + 1*
LV systolic diameter (mm) 4 * 1 41 * 1*
LA diameter (mm) 40 + 3 39+3
Pressure across tricuspid valve (mm Hg) 30x2 28+2
Plasma BNP levels (pg/ml) 259 £ 25 182 + 21*

NYHA functional class: II/I11 (%)
Concomitant drugs, n (%)

75/84 (47/53) 97/62 (61/39)*

Digoxin 126 (80) 134 (84)
Diuretics except spironolactone 140 (88) 137 (86)
Nitrates 80 (25) 32 (20)
Beta-blockers 143 (90) 137 (86)
ACE inhibitors 127 (80) 121 (76)
ARB 118 (20) 38 (24)
Spironolactone 25 (20) 25 (20)

Values are either numbers of each group, range, or mean * SEM. *p < 0.05 vs. the
control group.

ACE = angiotensin-converting enzyme; ARB = angiotensin receptor blocker;
BNP = brain natriuretic peptide; CHF = chronic heart failure; LA = left atrium;
LV = left ventricular; NYHA = New York Heart Association; Fractional shortening
(%) = (left ventricle end-diastolic diameter — left ventricle end-systolic diameter)/left
ventricle end-diastolic diameter.
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Table 2. Baseline Characteristics of the Study Population

Teprenone Famotidine
Group Group
(n = 25) (n = 25)
Age (yrs) 652 65+ 2

16/9 (64/36)
8/17 (32/68)

16/9 (64/36)
10/15 (40/60)

M/F gender (%)
NYHA functional class: II/IIT (%)

Hypertension (%) 4 (16) 6 (24)
Duration of CHF (yrs) 11.2 1.7 13.2x23
Systolic blood pressure (mm Hg) 1133 112+ 3
Diastolic blood pressure (mm Hg) 683 672
Heart rate (beats/min) 833 83*2
Fractional shortening (%) 151 15*+1
LV diastolic diameter (mm) 65 +2 642
LV systolic diameter (mm) 55x2 552
LA diameter (mm) 443 +2 422
Pressure across tricuspid valve (mm Hg) 33+3 36=x3
Plasma BNP levels (pg/ml) 268 * 28 286 + 41
Concomitant drugs, n (%)
Digoxin 24 (96) 22 (84)
Diuretics except spironolactone 25 (100) 25 (100)
Nitrates 7 (28) 4 (16)
Beta-blockers 25 (100) 25 (100)
ACE inhibitors 23 (92) 21 (84)
ARB . 2 (8) 4 (16)
Spironolactone 10 (40) 8 (32)

Values are either numbers of each group, range, or mean = SEM.
Abbreviations as in Table 1.

RESULTS

After age and gender matching, as shown in Table 1, the
gender ratio and the average age of the 2 groups were
similar. There were no significant differences of the variety
of medical treatment drugs between the 2 groups. Blood
pressure, heart rate, NYHA functional class, the plasma
BNP levels, and left ventricular dimensions were smaller in
the famotidine group compared with the control group.
There were no differences between FS in the 2 groups. This
result suggests that famotidine may be beneficial for patho-
physiology of CHF.

As for the prospective randomized famotidine treatment
protocol, medications were well tolerated over the 24-week
period. The participants were recruited from September
2004 to October 2004. Participants attended clinic visits at
the time of randomization (baseline) and at 4- to 8-week
intervals for 24 weeks. All patients completed the protocol
(50 of 50). No patients died during the 24-week study. In
addition, the doses of beta-blockers, ACE inhibitors, and
diuretics were not altered during the course of the entire
study.

There were no differences in age, gender, or concurrent
medications between the control and famotidine groups
(Table 2). Blood pressure and heart rate were not different
between the groups with and without famotidine before the
treatment. Famotidine administration slightly decreased
blood pressure (systolic and diastolic blood pressure 107 *
3 mm Hg vs. 112 * 3 mm Hg, p < 0.01 and 60 = 3 mm
Hg vs. 67 = 2 mm Hg, p < 0.05) and heart rate (79 * 2
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Figure 1. Changes in the plasma B-type natriuretic peptide (BNP) levels (A) and New York Heart Association (NYHA) functional classification (B) before
and after the treatment with (the famotidine group) or without famotidine (the control group). The plasma BNP levels are statistically analyzed after the
log transformation. The p values are obtained using 2-way repeated-measures analysis of variance (A) or Wilcoxon signed rank test (B).

min~! vs. 83 * 2 min"}, p < 0.05), whereas the control
group did not exhibit changes in either blood pressure
(systolic and diastolic blood pressure 113 * 3 mm Hg vs.
113 £ 3 mm Hg and 68 * 3 mm Hg vs. 68 = 3 mm Hg)
or heart rate (81 = 3 min~! vs. 83 * 3 min~!) before and
24 weeks after the treatment. The patients who received
famotidine demonstrated improved functional capacity as-
sessed by the plasma BNP levels and NYHA functional

class (Fig. 1). Plasma BNP level and NYHA functional class
were unchanged after 24 weeks in the group without
famotidine. The functional improvement in the famotidine
group was associated with improved cardiac performance.
Compared with the group without famotidine, the patients
treated with famotidine had lower left ventricular end-
diastolic volume (LVDd) and left ventricular end-systolic
volume (LVDs) while keeping FS unchanged (Fig. 2). The
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Figure 2. Changes in left ventricular (LV) end-diastolic volume (LVDd) (A) or end-systolic volume (LVDs) (B), LV fractional shortening (FS) (C), left
atrial diameter (LAD) (D), and the pressure differences across the tricuspid valve (TR dPmax) (E) before and after 24 weeks of treatment in the control
and famotidine groups. The p values are tested using 2-way repeated-measures analysis of variance.
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Table 3. Baseline Characteristics of the Study Population

Teprenone No Treatment
Group Group
(n = 10) (n = 10)
Age (yrs) 67 % 4 683
M/F gender (%) 7/3 (70/30) 7/3 (70/30)
NYHA functional class: II/TI1 (%) 2/8 (20/80) 2/8 (20/80)
Hypertension (%) 2 (20€) 2 (20)
Duration of CHF (yrs) 12.1 £ 28 120+13
Systolic blood pressure (mm Hg) 109 + 5 114+ 4
Diastolic blood pressure (mm Hg) 64 + 4 65 + 32
Heart rate (beats/min) 75*4 752
Fractional shortening (%) 183 18x1
LV diastolic diameter (mm) 66 + 4 651
LV systolic diameter (mm) 53x3 54+1
LA diameter (mm) 45*2 45=x2
Pressure across tricuspid valve (mm Hg) 363 342
Plasma BNP levels (pg/ml) 246 x 48 248 + 26
Concomitant drugs, n (%)
Digoxin 10 (100) 10 (100)
Diuretics except spironolactone 10 (100) 10 (100)
Nitrates 2 20) 1 (10)
Beta-blockers 10 (100) 10 (100)
ACE inhibitors 9 (90) 7 (70)
ARB 00 3 (30)
Spironolactone 5 (50) 5 (50)

Values are either numbers of each group, range, or mean = SEM.
Abbreviations as in Table 1.

frequency of readmission because of worsening of CHF was
lower in the famotidine group compared with the control
group (1 [4%)] and 6 [24%)], difference [95% confidence
interval] 20% [2 to 38], p < 0.05).

As for the prospective randomized teprenone treatment
protocol, medications were well tolerated over the 24-week
period. The participants were recruited from September

2004 to October 2004. Participants attended clinic visits at’

the time of randomization (baseline) and at 4- to 8-week
intervals for 24 weeks. All patients completed the protocol
(20 of 20). No patients died during the 24-week study. In
addition, the doses of beta-blockers, ACE inhibitors, and
diuretics were not altered during the course of entire study.
There were no differences in age, gender, or concurrent
medications between the control and famotidine groups
(Table 3). We found that teprenone does not affect the
severity of CHF (the plasma BNP levels: 246 + 48 pg/ml
vs. 234 * 49 pg/ml, LVDd: 65.8 = 3.6 mm vs. 65.6 *
3.7 mm, LVDs: 53.2 * 2.9 mm vs. 53.8 = 3.6 mm, FS:
18.7 * 2.8% vs. 18.3 * 1.3% before and 24 weeks after an
administration of teprenone) in comparison with the pa-
tients without the teprenone treatment (the plasma BNP
levels: 248 * 26 pg/ml vs. 238 = 18 pg/ml, LVDd: 65.1 *+
1.3 mm vs. 66.7 = 1.5 mm, LVDs: 53.6 = 1.4 mm vs.
55.1 = 1.2 mm, FS: 17.7 = 1.3% vs. 17.2 += 1.0% at
observation time of 0 and 24 weeks). The frequency of
readmission because of worsening of CHF was identical
between the teprenone and control groups (2 [20%)] and
2 [20%)]).
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DISCUSSION

In the present study, we demonstrate that the blockade of
histamine H, receptors favors the improvements of the
pathophysiology of CHF via retrospective and prospective
clinical trials. These conclusions propose the novel findings
that histamine that stimulates histamine H, receptors is one
of the neurohumoral factors for the worsening of CHF, and
that the blockade of histamine H, receptors becomes the
novel strategy for the treatment of CHF.

Histamine in failing hearts. We have shown that hista-
mine release is augmented in the ischemic myocardium
compared with the non-ischemic myocardium in dogs
(unpublished data). When the mast cells that store hista-
mine are stimulated by ischemia or mechanical stress, mast
cells actively release histamine. There are reports that mast
cells are found in the human heart (19) and have been
implicated in cardiovascular diseases (15,20,21). Indeed, the
increase of mast cells have been observed in the hearts of
patients with hypertrophy (22), dilated cardiomyopathy,
ischemic cardiomyopathy (23), and ischemia/reperfusion
(24), and the infarction-related coronary arteries (25). Fur-
thermore, histamine is present in high concentrations in
cardiac tissues in most animal species, including humans
(10,26,27), and its release from cardiac stores and the
subsequent actions on the heart may be of importance in the
pathophysiology of heart disease. These lines of evidence
agree with the present observation that the blockade of
histamine H, receptors in failing hearts has an impact on
the pathophysiology of CHF.

The role of histamine receptors in failing hearts. The
histamine receptors (H,, H,, Hj, and H,) are all G protein-
coupled molecules, and they transduce extracellular signals
via Gq, Gs, and Gi/o, respectively (5,6,28). Specifically,
histamine H, receptors are linked to Gs proteins that
facilitate the production of cyclic adenosine monophosphate
(AMP) as beta-adrenoreceptors are (29). Histamine H,-
receptor-stimulated cAMP accumulation or adenylyl cyclase
activator has been demonstrated in a variety of tissues
including gastric cells (10,30), vascular smooth muscle cells
(31), brain (10,32), and cardiac tissue (10,33). Beta-
adrenoreceptor blockers are known to be cardioprotective in
failing hearts because the accumulation of cyclic AMP after
the activation of beta-adrenoreceptors enhances both myo-
cardial contractility and oxygen consumption, which dete-
riorates heart function in patients with CHF (34,35). In
addition, it has been reported that histamine is a powerful
vasoconstrictor in atherosclerotic coronary arteries (36),
which may locally provoke coronary spasm and thus con-
tribute to the onset of myocardial infarction (23). The
importance of beta-adrenoreceptor blockers depends on the
presence of both catecholamine and beta-adrenoreceptors in
the heart. Therefore, because histamine H, receptors and
histamine are located in failing human hearts, it is likely that
blockers of histamine H, receptors are as cardioprotective
against failing hearts as beta-adrenoreceptor blockers are.
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Because famotidine decreases both blood pressure and

heart rate, this may improve the pathophysiology of CHF.
Indeed, the reduction of afterload or preload and heart rate
seems to be an important factor in the treatment of CHF.
This is also the case in either beta-adrenoreceptor blockers
or ACE inhibitors in patients with heart failure. Either
beta-adrenoreceptor blockers or ACE inhibitors are still
effective independent of the reduction of loading condition
to the heart, because they inhibit the signal transduction for
deterioration of cardiac function. Because histamine in-
creases cyclic AMP levels in the cardiomyocytes via
histamine H, receptors, famotidine may be beneficial
through both load-reduction-dependent and -independent
mechanisms.
Clinical importance. Beta-adrenoreceptor blockers have
been shown to be effective for treating ischemic heart
diseases and heart failure (37), and histamine receptor
blockers are similar to beta-adrenoreceptor blockers. Hista-
mine plays an important role in the regulation and mal-
regulation of cardiac and coronary function. Furthermore,
the histamine receptor blockers such as famotidine that are
used for peptic ulcers or GERD all over the world could be
used for ischemic heart diseases. Furthermore, beta-
adrenoreceptor blockers ameliorate the severity of heart
failure, and histamine receptor blockers may be beneficial
for patients with CHF. However, we should note that the 3
H, receptor blockers administered for 7 days at clinical
dosages had no significant effect on left ventricular systolic
function, aerobic metabolic performance, or exercise capac-
ity in men with class II or III stable CHF (38). This
suggests that a relatively long-term administration of hista-
mine receptor blockers is necessary to mediate the cardio-
protective effects of histamine receptor blockers in patients
with CHF as a relatively long-term administration of
beta-adrenoreceptor blockers is necessary for the treatment
of CHF (37).

Moreover, because famotidine was administered in addi-

tion to the aggressive treatments with beta-adrenoreceptors
blockers, ACE inhibitors, and diuretics, and we proved that
famotidine further improves the pathophysiology of CHF,
it is possible to develop famotidine for the drug of CHF,
although we need to plan and perform a large-scale clinical
trial for the investigation of the effects of famotidine on
CHF. We also need to clarify the best dose of famotidine
for the treatment of CHF.
Study limitations. The present study has several limita-
tions that we need to pay attention to. First of all, the first
part of the data was obtained from the retrospective analysis,
and seemed to be influenced by many factors, although
Table 1 showed low BNP levels and low ventricular volumes
in the famotidine group suggested the preventive effects
of famotidine on cardiac remodeling. To strengthen the
hypothesis obtained by the retrospective study, we per-
formed the prospective analysis using either famotidine or
teprenone.
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The second limitation is that the second part of the study
was an open-labeled, randomized trial using small sampling
size. However, to decrease these weaknesses, we used the
objective end points such as the plasma BNP levels and left
ventricular dimensions, and we also tried to exclude the
subjective scope of the assessment of NYHA functional
classification.

Third, the severities of pathophysiology of CHF in the
retrospective and prospective studies were different. The
severity of CHF in enrolled patients in prospective study is
higher than that in the retrospective study. This is because
we enrolled the patients from the different protocols. Nev-
ertheless, because both studies suggest that famotidine is
effective for patients with CHF, we may be able to suggest
the beneficial effects of famotidine to treat patients with
CHF.

Fourth, if teprenone could be deleterious to the patho-
physiology of CHF, famotidine seemed to be beneficial
compared with teprenone even if famotidine has no bene-
ficial effects on CHF. Before planning the present study, we
tested the effects of pathophysiology of CHF, and we found
that teprenone_ has no beneficial or deleterious effects on
CHF in the present study.

Fifth, either famotidine or teprenone may directly affect the
plasma half-life or excretion of BNP. If this is the case, the
plasma BNP levels may be altered independent of
the improvements of CHF. We cannot deny this possibility,
however, because left ventricular dimension becomes
smaller in the famotidine group, suggesting that famotidine
is beneficial for the heart of CHF patients.

Sixth, we should notice that an interaction of gastritis
with heart failure could confound their conclusion regarding
the effect of histamine blockade. Indeed, it may be still
possible to consider that famotidine improves cardiac func-
tion via an improvement of GERD if GERD worsens
CHF, because we have no positive or negative data to link
GERD and CHF. We should investigate this possibility to
explain the effects of H, receptor blockers on CHF in
further study.

In summary, despite these limitations, we proposed the
hypothesis that H, receptor blockers are effective for the
treatment of CHF, and we need to verify the beneficial
effects of H, receptor blockers such as ranitidine or
cimetidine as well as famotidine in CHF patients with a
large-scale trial.

Reprint requests and correspondence: Dr. Masafumi Kirakaze,
Cardiovascular Division, National Cardiovascular Center, 5-7-1
Fujishirodai, Suita City, Osaka Pref. 565-8565, Japan. E-mail:
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Abstract

Objective: Insulin resistance (IR) was reported to be associated with chronic heart failure (CHF). Adiponectin, an insulin-sensitizing
hormone with anti-inflammatory activity, improves energy metabolism via AMP-activated protein kinase (AMPK). AMPK deficiency is
associated with depressed cardiac function under stress conditions. However, it is not clear whether adiponectin plays an important role in
CHF. We hypothesize that deficiency of adiponectin might result in deterioration of heart failure.

Methods: Using adiponectin null mice and their littermates, we examined the effects of adiponectin on LV pressure overload-induced
cardiac hypertrophy and failure, and investigated the mechanisms involved.

Results: Three weeks after transverse aortic constriction (TAC), cardiac hypertrophy (evaluated from the heart-to-body weight ratio:
7.62+0.27 in wild-type (WT) mice, 9.97+1.13 in knockout (KO) mice, P<0.05) and pulmonary congestion (lung-to-body weight ratio:
9.05£1.49 in WT mice, 14.95+2.36 in KO mice, P<0.05) were significantly greater in adiponectin KO mice than WT mice. LV
dimensions were also increased in KO mice. Compared with WT TAC mice, expression of AMPKa protein was lower, while IR was higher
in KO TAC mice.

Conclusion: These findings indicate that adiponectin deficiency leads to progressive cardiac remodeling in pressure overloaded condition
mediated via lowing AMPK signaling and impaired glucose metabolism.

© 2005 European Society of Cardiology. Published by Elsevier B.V. All rights reserved.

Keywords: Adiponectin; Heart failure; Myocardial hypertrophy; Metabolic syndrome

1. Introduction

The metabolic syndrome (MetS) has been identified as a
constellation of important risk factors for cardiovascular
disease (CVD) [1,2]. The Adult Treatment Panel III report
(ATP II)[3] identified insulin resistance (IR)xglucose
intolerance as an important component of MetS that is
related to CVD. Clinical evidence suggests that LV

* Corresponding author. Tel.: +81 6 6833 5012x2225; fax: +81 6 6836
1120.
E-mail address: kitakaze@zf6.so-net.ne.jp (M. Kitakaze).

hypertrophy is associated with either impaired glucose
tolerance (IGT) or an increase in IR [4]. An increase in IR
is also common in CHF patients with either ischemic heart
disease or idiopathic dilated cardiomyopathy [5—-7]. These
findings lead to the concept that a strategy targeting
improvement of IGT or IR should be beneficial for cardiac
remodeling.

To date, there is compelling evidence that an impaired
myocardial energy metabolism strongly influences cardiac
remodeling [8—11]. The important role of the AMP-
activated protein kinase (AMPK) in cardiac hypertrophy
and failure seems to be deserving of more attention. AMPK

0008-6363/$ - see front matter © 2005 European Society of Cardiology. Published by Elsevier B.V. All rights reserved.
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activity and protein expression were both reported to be
increased by pressure overload hypertrophy [8], which
should be considered a compensatory mechanism for
cardiac remodeling, because the overexpression of muta-
tions of this enzyme leads to deterioration of post-ischemic
cardiac dysfunction [10] or experimental glycogen storage
cardiomyopathy [11]. Accordingly, we considered that
AMPK might play an important role in limiting cardiac
remodeling and that an increase of AMPK in the heart might
inhibit remodeling by regulation of cellular metabolism to
maintain energy homeostasis under stress conditions.
Intriguingly, adiponectin, an endogenous adipocyte-derived
insulin-sensitizing hormone, has been shown to attenuate
inflammation, regulate glucose and lipid metabolism. In
addition, adiponectin is able to stimulate glucose utilization
and fatty acid oxidation through the activation of AMPK
[12]. Furthermore, administration of adiponectin reverses IR
in mice with lipoatrophy and diabetes [13,14]. The
importance of adiponectin has also been demonstrated by
other evidence that it may directly influence the develop-
ment of cardiovascular disease [15—17]. A recent clinical
investigation demonstrated that a high plasma adiponectin
concentration was associated with a lower risk of myocar-
dial infarction in men [17]. These lines ot evidence strongly
suggest that adiponectin might play an important role in the
inhibition of cardiac remodeling via its beneficial effects on
MetS. Interestingly, a recent experimental study shows that
1 week pressure overload in adiponectin-deficient mice
resulted in enhanced concentric cardiac hypertrophy with an
increased mortality [18]. However, to our knowledge, no
previous study has evaluated the role of AMPK or
adiponectin on chronic heart failure (CHF). Therefore, we
aimed to test the hypothesis that adiponectin might act as an
endogenous protective modulator of chronic cardiac remo-
deling via regulation of AMPK.

In this study, we evaluated the role of adiponectin in the
progression of cardiac hypertrophy and heart failure in a
model of LV pressure overload using adiponectin knockout
mice, and explored the potential mechanisms involved.

2. Methods
2.1. Adiponectin knockout (KO) mice

Adiponectin KO mice were generated as described
previously [19]. Wild-type (WT) littermates served as the
control.

2.2. TAC model

All procedures were performed in accordance with our
institutional guidelines for animal research and comply
with the Declaration of Helsinki and the NIH Guide. Mice
(male, 9-10 weeks old. wt 25—-29 g) were anesthetized
with a mixture of xylazine (5 mg/kg) and ketamine

(100 mg/kg, 1.p.), and transverse aortic constriction (TAC)

‘was created as we described previously. In order to confirm

that pressure overload was similar between the wild-type
and the KO mice, three mice in each group were selected
for measurement of the ascending aortic pressure using a
1.4 F Millar pressure catheter on the second day after TAC.
The other mice were killed after 3 weeks for morphological
analysis. Mice were divided into four groups: WT sham
(n=5), WT TAC (n=24), KO sham (n=5), and KO TAC
(n=24).

2.3. Histology

Hearts were fixed with 10% formalin. The cardiac
myocyte cross-sectional surface area was measured using
three hearts in each group after images were captured from
HE-stained sections as described elsewhere [20]. One
hundred myocytes per heart were counted, and the average
area was determined. Myocardial and perivascular fibrosis
were stained with Azan [21].

2.4, Echocardiégraph_v

Transthoracic eéhocardiography was performed with a
Sonos 4500 and a 15-6 L MHz transducer (Philips, the
Netherlands). Mice were fixed while conscious and good
two-dimensional short-axis LV views were obtained for
guided M-mode measurements of the LV posterior wall
thickness (LVPW), LV end-diastolic diameter (LVEDd), LV
end-systolic diameter (LVESd), LV fractional shortening
(LVFS), and LV ejection fraction (EF). LVFS=(LVEDd -
LVESd)/LVEDd* 100, LVEF=[(LVEDd)’—(LVESd)’]/
(LVEDA)’ * 100.

2.5 Measurement of glucose and insulin

Fasting plasma glucose was measured using a blood
glucose test meter (Glutestace GT-1640, Arkray Company,
Japan). After 14 h withdrawal of food from the cages,
whole blood sample (3 ul) was taken from mouse tails with
a glucose sensor inserted in Glutestace, and the result of
plasma glucose concentration was read-out 30 s later.
Serum insulin levels were measured according to the
protocols of the manufacturers (EIA-3440 ELISA kit
DRG, German). IR was assessed with the homeostasis
model: HOMA-IR =fasting glucose level (mg/dl) x fasting
insulin level (ng/ml)+22.5.

2.6. Western blot analvsis

SDS-PAGE was performed with 30 pg of protein
extracted from mouse hearts. Blots were incubated with a
mouse monoclonal antibody directed agajnst anti-AMPKay,
anti-AMPKa, antibodies (upstate). Signals obtained by
Western blotting were quantified using Scion Image
software.
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2.7. Statistical analysis

For all statistical tests, multiple comparisons were
performed by one-way ANOVA with the Tukey—Kramer
exact probability test. Survival analysis was performed
using the Kaplan—Meier method. Variables with skewed
; distribution were transformed to logarithmic data. Results
180 - are reported as the mean*SEM and P <0.05 was considered
statistically significant.
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30 To evaluate the role of adiponectin in cardiac remodel-
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and KO (homozygous) mice [19]. The results showed that
'LV pressure overload was similar in WT and KO mice
(Fig. 1A). The mortality after TAC was significantly higher
in KO mice than WT mice (Fig. 1B). We found that acute or
subacute heart failure was the main cause of death

E confirmed by postmortem examination (pulmonary edema
z or hemorrhage was noted in most of the dead mice. Lung-to-
@ body weight ration was 13.1+2.3 mg/g for dead mice in
adiponectin KO mice, 11.4+1.9 mg/g for dead mice in WT
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Fig. 1. Left ventricular pressure overload and survival. A) The ascending 3.2. Earlier transition from hypertrophy to heart failure in
aortic systolic pressure measured with a 1.4 F catheter was similar in KO mice
adiponectin KO and WT mice. NS: not significant vs. TAC WT. B)
Kaplan—Meier survival analysis showed a significant higher mortality in , i . L.
adiponectin KO mice after TAC (Mantel—Cox test: P=0.031. 7 =24 in both Serial ef:hocardlographlc examinations showed tha.t the
WT and KO groups). heart function evaluated by LVEF and LVFS progressively
A B C
100 704 ’ 201
801 55-] . 5 15
— —_ %
X 60+ i\i *k £
E ’3.’ 404 ; 10 -
> 404 = m
a =2 < WT % §
20 -® KO 23 -® KO w T 3
0 T T T T 10 T T T T 0
Baseline lw 2w 3w Baseline lw 2w 3w wT KO

Fig. 2. The transition from hypertrophy to heart failure. A) Left ventricular ejection fraction (LVEF) and B) lett ventricular fractional shortening (LVFS) were
progressively depressed in adiponectin KO mice after | week of TAC. and the transition to heart failure occurred at 2 weeks atter TAC in KO mice. which was
confirmed by sacrifice to show an significant increase of lung-to-body weight ratio (C, #=4 for both WT and TAC mice). The number of mice in each time
point for echocardiographic examination is indicated above or under the data poinis. *P<0.05, **P<0.01 vs. baseline. TP <0.05 vs. WT mice.
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depressed in both adiponectin KO and WT mice over the
course of 3 weeks (Fig. 2A, B). Two weeks after TAC, a
significant reduction of LVEF and LVFS was noted in KO
mice, indicating a proceeded transition to heart failure. To
confirm the occurrence of heart failure, we sacrificed four
mice in both KO and WT groups at 2 weeks after TAC and
found a marked pulmonary congestion in KO mice (Fig. 2C).

3.3. Greater cardiac hypertrophy in KO mice

Three weeks after TAC, mice were sacrificed after
echocardiographic examination. The wet heart-to-body
weight ratio (HW/BW) was increased by 53% in TAC
WT mice compared with sham WT mice, whereas HW/BW
was dramatically increased by 110% in adiponectin TAC
KO mice vs. sham KO mice. There was a significant
difference of HW/BW between WT and KO TAC mice

Ve g
%l

WT TAC

e

(Fig. 3A—C, E). The cross-sectional surface area of cardiac
myocytes was significantly larger in KO mice than WT
mice (Fig. 3F). There were no significant differences of
HW/BW and cardiac myocyte cross-sectional surface area
between WT and KO sham mice. These findings indicate
that cardiac hypertrophy was far more extensive in
adiponectin KO mice. We also examined myocardial and
perivascular fibrosis and did not find significant difference
between WT and KO TAC mice (Fig. 3D).

3.4. Worse pulmonary congestion in KO mice

We confirmed in previous studies that pulmonary edema
is a reliable index of cardiac function in this model [22—24].
Severe pulmonary congestion was found in adiponectin KO
mice. Compared with sham mice, the lung-to-body- weight
ratio (LW/BW) was increased by 170% in KO TAC mice,
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Fig. 3. Cardiac remodeling was more severe in KO mice. A) Representative pictures of cardiac hypertrophy in WT and KO mice at 3 weeks after TAC. B and
C) Represent long-axis and cross-sectional views of cardiac myocytes with HE staining. D) Represents cardiac fibrosis with Azan staining (x 100
magnification). HW/BW (E, n=5 in both sham groups, n =8 in WT TAC group, and n =6 in KO TAC group) and the cardiac myocyte cross-sectional surface
area (F, n=2 in each sham group and n=3 in each TAC group) were increased significantly in KO mice compared with their wild-type (WT) littermates.

*P<0.01, TP<0.05. Bar=20 pum for B and C.
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whereas there was only a 55% increase in WT TAC
littermates (Fig. 4A, B). There was no significant difference
in LW/BW between KO and WT sham mice. We did not
evaluate LV hemodynamics using a Millar pressure catheter
because most of the KO mice appeared to be too weak to
endure this procedure (including anesthesia) at 3 weeks after
TAC.

3.5. Echocardiography findings

Because anesthesia has a significant influence on
echocardiography data in mice [25] and most of the KO
TAC mice were too weak for anesthesia at 3 weeks after
TAC, we developed a method of performing echocardio-
graphic examination in conscious mice. Compared with
WT TAC mice, there was a significant decrease in both
LV fractional shortening (LVFS) and the LV ejection
fraction (LVEF) in KO TAC mice (Fig. 2A, B), and
marked LV chamber dilation was observed in KO TAC
mice (Fig. 4C, D). In contrast, there were no significant
differences in these parameters between WT sham and
KO sham mice. These findings indicate an increase in
cardiac remodeling under pressure overload in adiponectin
KO mice.

3.6. Myocardial AMPK expression

AMPK consists of one catalytic subunit (o) and two
noncatalytic subunits ({3 and +vy). Because AMPKa was
reported to be activated by adiponectin [12], we examined
the AMPKa, and a5 protein expression in the hearts of WT
and KO mice. As shown in Fig. 5, in the presence of LV
pressure overload, AMPKa expression increased signifi-
cantly, but the increment of AMPK« protein was less in KO
than in WT hearts. These findings suggested that adipo-
nectin deficiency means that the expression of AMPK
cannot be increased sufficiently enough to provide adequate
cardiac protection under stress conditions.

3.7. Increase of fasting glucose and IR

As IR is closely associated with cardiac remodeling [4—
7] and adiponectin deficiency can lead to diet-induced IR
[19], we determined the influence of adiponectin deficiency
on glucose metabolism and IR in mice with LV pressure
overload. As shown in Fig. 6A, fasting glucose levels
increased by 40% in KO mice at 3 weeks after TAC, but
rose by only about 20% in WT littermates. suggesting that
the glucose metabolisms were . more impaired in the
adiponectin KO mice. Meanwhile, a similar increase in
serum insulin was noted in both WT and KO TAC mice
(Fig. 6B). As an index of IR, HOMA-IR was more increased
in adiponectin KO mice than in WT mice at three weeks
after TAC (Fig. 6C). Furthermore, we found a significant
positive correlation between IR and the heart weight-to-
body weight ratio in adiponectin KO mice rather than in WT
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Fig. 5. Myocardial expression of AMPK. AMPKa; (A), a> (B) were
increased in TAC mice. but the change was smaller in KO mice (#=3 in
each group, **P<0.01 vs. responding sham mice: +P <0.05 vs. WT TAC).
S: sham. T: TAC.

mice (Fig. 6D), indicating that IR might also be involved in
cardiac remodeling in adiponectin KO mice.

4. Discussion

In this study, we found that adiponectin deficiency
worsens cardiac remodeling induced by LV pressure
overload, and this change was associated closely with a
decrease in the expression of AMPK, and an increase in IR.
These results are consistent with a recent study by Shibata et
al. [18] showing that pressure overload for one week in
adiponectin KO mice resulted in greater cardiac hypertrophy
and higher mortality. Differently, this study further inves-
tigated the potential role of adiponectin-deficiency on the
development of cardiac hypertrophy and chronic heart
failure. We demonstrated that the transition from hypertro-
phy to heart failure proceeded in adiponectin KO mice.
Additionally, we investigated the influence of adiponectin
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and n=6 in TAC groups). Linear correlation between HOMA-IR and HW/BW in both WT and KO mice groups (D) irrespective of TAC, r=0.982, P <0.0001,
n=6 for KO mice (solid circle), while no significant correlation was found for WT mice (n=9, open triangle).

on glucose metabolism and addressed the important relation
between metabolism and cardiac remodeling.

An increase in IR, glucose intolerance, and a proin-
flammatory state are among the six components of the MetS
related to CVD, which is viewed as the primary outcome of
this syndrome. In the present study, we noted that
adiponectin deficiency induced an increase in IR and fasting
glucose levels in the presence of pressure overload,
suggesting that adiponectin has a strong influence on MetS
and subsequently on cardiac remodeling. An increase in IR
appears to downregulate adiponectin receptor expression via
the phosphoinositide 3-kinase/Foxol-dependent pathway
[26]. In addition, Foxol is recognized as a negative regulator
of insulin sensitivity [27], so it is theoretically acceptable
that adiponectin knockout leads to MetS or that adiponectin
KO mice are more susceptible to MetS under pathological
stress. Although the exact relationship between MetS and
CVD is not clear, both genetic and environmental factors
may be involved. There is evidence that neurcendocrine
factors [28] or the RAS (review [29]) may play an important
role in MetS. We previously showed that plasma concentra-
tions of catecholamines and renin were increased by LV

pressure overload in mice [23]. In the present study, in
addition to endogenous adiponectin deficiency, activation of
the sympathoadrenal system and renin—angiotensin system
(RAS) may have contributed to the onset of MetS.

The impact of MetS on CVD mortality has been
investigated in several clinical studies [30-32]. It is
generally agreed that CVD mortality is higher in subjects
with MetS than in those without it. We found a positive
correlation between IR and cardiac hypertrophy in adipo-
nectin KO mice rather than in WT mice in this study, with
both IR and HW/BW higher in adiponectin KO mice than
in WT mice, suggesting that deficiency of adiponectin
contributed to enhanced cardiac remodeling. Consistent
with our results, a recent case-control study found that
abnormal LV geometry and LV dysfunction were related to
MetS [33]. Additionally, it is well known that type 2
diabetic patients are susceptible to diabetic cardiomyopathy,
and the fasting plasma insulin level was reported to be the
strongest independent predictor of LV mass in type 2
diabetes [34]. Taken together, these findings support the
concept that MetS has an impact on cardiac remodeling.
Although IR is known to be an important contributor to the
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progression of heart failure, our data reported here are not
enough to delineate the causal relationship between IR and
cardiac remodeling. In spite of an increase tendency of IR
showing in mice with cardiac hypertrophy, we did not find a
significant correlation between IR and heart-to-body weight
ratio in a relatively small sample of wild-type mice: In
accordance with this study, previous clinical observations
have shown IR to be related to the thickness of LV walls
rather than LVH [35,36].

Adiponectin was reported to reduce the production of
TNFq, and to improve both glucose metabolism and IR
via the AMPK signaling pathway [12], suggesting that it
may improve MetS. Evidence is emerging to demonstrate
a critical role of AMPK in cardiac remodeling. Mutation
of the gamma 2 subunit of AMPK has been shown to
cause glycogen storage cardiomyopathy, and the influence
of AMPKa on cardiac remodeling is another attractive
research field. Both AMPKa, and AMPKa, expression
were increased in hypertrophied hearts in the present
study, which is only partially consistent with a previous
investigation by Tian et al. [8]. They reported that «; was
increased, o, expression was decreased, whereas activity
of both AMPKa; and o, was increased in pressure
overload rats. The reasons for this discrepancy are not
clear. Generally, the activity of both AMPKa, and a5 was
reported to increase under stress conditions such as
ischemia and pressure overload [8,10,18]. The protein
expression of myocardial AMPK was seldom investigated
and the reports are inconsistent. Acute ischemia [37] or
short-term pressure overload [18] stimulates activity of
myocardial AMPK without changing the AMPK protein
expression, whereas both AMPKa- activity and expression
were decreased at three weeks following volume-overload
[38]. AMPK deficiency is reported to result in depressed
LV function, increased myocardial necrosis, and apoptosis
following ischemia/reperfusion injury [10]. The finding
that AMPKa protein expression was increased in WT
mice after TAC suggests that the augmentation of AMPKa
signaling is a compensatory mechanism that attempts to
maintain energy homeostasis in the heart under pressure
overload. This mechanism may be partly controlled by
adiponectin, because AMPK signaling was impaired in
adiponectin KO mice and there was consequent progres-
sion of cardiac remodeling. Thus, this study provided a
new link between adiponectin and AMPK in the process
of cardiac remodeling. Apart from its influence on IR,
AMPK, and TNFa. other mechanisms may also be
involved in the beneficial effect of adiponectin on cardiac
remodeling. Adiponectin has been reported to suppress
superoxide generation and enhance eNOS activity [39], to
have an antiproliferative effect [40], and to counteract beta
adrenergic stimulation [41], all of which are closely
related to cardiac remodeling (42]. Interestingly, AMPK
and eNOS co-localize in hearts and AMPK was reported
to activate eNOS [43.44]. Thus. it 1s reasonable for
adiponectin deficiency to lead to progressive cardiac
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remodeling in response to pressure overload, as we

showed in this study.
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