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Fig. 5. Typical microscopic images of immunohistochemical staining for LOX-1 (A), macrophages (B), smooth muscle cells (C), and MCP-1 (D), and TUNEL
staining (E) in the lipid core area of unstable plaque. Panel (F) showed a higher magnification image of the area indicated as a square in panel (E). Arrows
indicate TUNEL-positive nuclei. Bar = 100 p.m, magnifications = 150 (A-E), = 450 (F).

LOX-1 was reported to be expressed in endothelial cells
and macrophages in early atherosclerotic lesions of aor-
tas from 2-month-old WHHL rabbits [18]. In the present
study, however, we used the aortas of mature rabbits to
examine advanced atherosclerotic plaques. LOX-1 in these
advanced plaques was colocalized with smooth muscle cells
in fibromuscular caps, macrophages, endothelial cells and

Azan-positive areas. Smooth muscle cells and macrophages
in advanced atherosclerotic plaques in humans similarly
express LOX-1 [19], thus indicating the histological simi-
larity of atherosclerotic plaques between humans and this
animal model. In this study, LOX-1 expression was also
observed in Azan-positive areas. This might result from sol-
uble LOX-1 bound to extracellular matrix proteins [26]. In
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destabilized plaques, smooth muscle cells might disappear
by apoptosis after expressing abundant LOX-1 and releasing
large amounts of soluble LOX-1.

We also compared LOX-1 expression with other two cru-
cial factors in the destabilization of atherosclerotic plaques,
such as MCP-1 expression and apoptotic events. MCP-
1 appears to be a key molecule regulating atherosclerotic
plaque instability by recruiting monocytes/macrophages into
the plaques and thus eliciting proinflammatory responses. It
has been reported that LOX-1-mediated uptake of Ox-LLDL
induces MCP-1 expression in cultured cells [7]; however, it
remained unknown whether LOX-1 expression is associated
with MCP-1 expression in vivo. In the present study, we pro-
vide evidence, for the first time, that LOX-1 expression is
co-localized with MCP-1 in the lipid core area. Furthermore,
TUNEL-positive apoptotic cells were also co-localized with
LOX-1 expression in the lipid core area. Apoptosis of foam
cells and macrophages is thought to contribute to the forma-
tion of the acellular lipid core {27]. Taken together, LOX-1
is suggested to be involved in atherosclerotic plaques rup-
ture by regulating MCP-1 expression and apoptotic events,
in addition to MMP expression.

Animal models suitable for studying the spontaneous
rupture of unstable plaques have yet to be established.
In this hypercholesterolemic rabbit model, the rupture of
atherosclerotic plaques was reported to be undetectable in
aortic lesions and most coronary lesions [28]. However,
rupture-prone unstable plaques characterized in humans
as those consisting of thin fibromuscular caps and large
lipid cores with numerous macrophages were similarly
observed in both aortic (Fig. 2) and coronary lesions in
this animal model [28]. Atherosclerotic plaques with these
histological characteristics appear to be causative of acute
coronary syndrome in humans [4.29,30]. In the present study,
therefore, we utilized atherosclerotic plaques consisting of
fibromuscular caps and lipid cores in this rabbit aortas as a
model to analyze plaque instability, focusing on the compo-
nents of plaques and expression of LOX-1 and MMP-9. The
relationship between LLOX-1 expression and histological
instability may also be observed in human coronary plaques,
although this point should be clarified in the future. In fact,
Ox-LDL, the ligand of 1.OX-1, has been shown to be more
abundantly accumulated in coronary atherosclerotic plaques
of patients with acute coronary syndrome than stable angina
pectoris [31].

Aikawa et al. demonstrated the stabilization of atheroscle-
rotic lesions resulting from lipid lowering on cessation
of cholesterol-feeding and statin administration, using the
aortas of rabbits with diet-induced hypercholesterolemia
and ballon-injury {32], as well as genetically hypercholes-
terolemic WHHL rabbits [33]. In the present study, we did not
include any interventions, such as lipid lowering or balloon
injury; however, atherosclerotic plaques with a variety of his-
tological characteristics were observed in the same individual
WHHLMI rabbits. Therefore, we compared these histologi-
cal characteristics with the expression of LOX-1 and MMP-9,

both of which appear to be key molecules regulating plaque
instability.

In addition, lipid lowering may also stabilize atheroscle-
rotic plaques and may reduce LOX-1 expression in this
model, as well as in humans, because lipid lowering can
reduce the accumulation of Ox-LDL in arterial walls which
induces LOX-1 expression [11]. Furthermore, statins directly
suppress LOX-1 expression in cultured vascular cells {34];
therefore, statins can also reduce LOX-1 expression in vivo
independently of Ox-LDL levels. These points, which could
provide clinically important and intriguing insights, should
be clarified in the future.

In summary, the present study demonstrated that LOX-1
expression is associated with the instability of atheroscle-
rotic plaques in a hypercholesterolemic animal model. Thus,
LOX-1 may be a therapeutic target to prevent the rupture
of atherosclerotic plaques, since the serum level of soluble
LOX-1 has recently been shown to have diagnostic value for
acute coronary syndrome [35].
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Abstract

One of the major manifestations of obesity is an increased production of the
adipocyte-derived 16-kDa peptide leptin, which acts mainly on hypothalamic leptin
receptors. Leptin receptors are widely distributed in various tissues, including the heart.
While increased plasma leptin levels have been reported in patients with congestive heart
failure, systemic alterations induced by obesity can affect cardiac hypertrophy and the
direct effects of leptin on cardiac structure and function still remain to be determined. We
first exposed primary cardiac myocytes from neonatal rats to leptin for 48 hours. This
resulted in a significant increase in myocyte long-axis length (p<0.05 at 50ng/mL), but
not in the short-axis width. Leptin induced the rapid phosphorylation of STAT3 and its
DNA binding in cardiac myocytes. Administration of a JAK2 inhibitor, AG490,
completely inhibited all of these effects by leptin. Furthermore, we examined the effect of
continuous infusion of leptin for four weeks following myocardial infarction (MI) in mice.
Echocardiography demonstrated that left ventricular fractional shortening in the
leptin-infused group (28.4+2.8%) was significantly higher than that in the PBS-infused
group (18.442.2%) following ML Interestingly, LV diastolic dimension in the
leptin-infused group (4.56+0.12 mm) was also higher than that in the PBS-infused group
(4.13+0.09 mm). These results demonstrate that leptin induces the elongation of cardiac
myocytes via a JAK/STAT pathway and chronic leptin infusion causes eccentric
dilatation with augmented systolic function after myocardial infarction.

Key Words: leptin, obesity, hypertrophy, heart failure, signal transduction
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Introduction

A growing epidemic of overweight and obesity is affecting many countries
worldwide. Obesity, even when uncomplicated by hypertension or diabetes, is frequently
associated with left ventricular (LV) hypertrophy as assessed through ECG criteria or
echocardiography [6,7,11,12]. Previous reports have strongly suggested that LV
hypertrophy associated with obesity is eccentric in nature [3,5,30]. In moderate to severe
cases of obesity, this may lead to LV diastolic dysfunction. LV systolic dysfunction may
also occur if wall stress remains high because of inadequate hypertrophy [2]. Therefore,
identifying the key mechanism for the development of cardiac hypertrophy in obese
patients may offer unique insights into the understanding of obesity-induced changes in
cardiovascular function.

One of the major manifestations of obesity is an increased production of the
adipocyte-derived 16-kDa peptide leptin. Leptin regulates cellular homeostasis and
glycemic control [31]. While leptin was mitially described as an adipocyte-derived
protein with expression and secretion restricted to adipose tissue, recent reports have
demonstrated that 1t is also locally expressed in other tissues [8, 15]. Leptin receptor
isoforms have been shown to be expressed in the myocardium and in isolated cardiac
myocytes [19]. This suggests that leptin has specific effects on the heart. Several recent
studies have supplied evidence that leptin directly induces hypertrophy in
cardiomyocytes in culture [13, 20, 26, 29]. The observation that elevated plasma leptin
levels are found in patients with LV hypertrophy or congestive heart failure suggests that
leptin may play a role in human cardiac hypertrophy [17, 18, 21]. On the other hand, one
report suggested that leptin mediates ‘antihypertrophic’ effects [4]. Therefore, the direct
effects of leptin on myocardial cell morphology and cardiac function still remain to be
determined.

In this report we provide evidence for a potential link between leptin and LV
eccentric hypertrophy by demonstrating that leptin induces cardiac myocyte elongation in
vifro and eccentric dilatation with augmented systolic function after myocardial

infarction (MI) in vivo.
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Materials and Methods

Immnmnocytochemistry and measurement of cell size The investigation conformed
to the Guide for the Care and Use of Laboratory Animals published by the US National
Institutes of Health (NIH Publication No. 85-23, revised 1996). Pnimary neonatal rat
ventricular cardiac myocytes were prepared from SD rats as previously described [9]. The
cardiac myocytes were grown on flask-style chambers with glass slides (Nalgen Nunc,
Naperville, IL) and then stimulated with saline or 5-500 ng/ml of leptin in serum-free
medium for 48 h. The cells were then fixed with 3% formaldehyde in phosphate-buffered
saline for 15 min at room temperature. Immunocytochemical staining for B-MHC
(myosin heavy chain) was performed using the indirect immunoperoxidase method. The
anti-cardiac B-MHC polyclonal antibody (NovoCastra Laboratories Ltd., Newcastle,
UK) was used at a dilution of 1:50. A total of 50 myocardial fibers were selected
randomly from cardiac myocytes stained with anti-B-MHC antibody, and the surface
areas of these cells were measured semi-automatically with the aid of an image analyzer
(LUZEX 3U; Nikon, Tokyo, Japan) as previously described [10]. Cell long-axis length
was defined as the maximum longitudinal extension of individual cells. Maximum
short-axis width was measured perpendicular to the axis that defined cell length.
Immunocytochemical staining for STAT3 was performed using the indirect
immunofluorescence method. The cells were fixed with Bouin’s solution for 10 min at
room temperature and subsequently autoclaved for 10 min at 121 °C in 10 mM citrate,
pH 6.0. The cells were incubated with anti-STAT3 monoclonal antibody (Santa Cruz
Biotechnology) at a dilution of 1:100. STAT3 signals were detected with anti-mouse
FITC-conjugated secondary antibody at a dilution of 1: 75 for 45 min.

Analysis of the phosphorylation state of STAT3, ERK1/2, p38 and JNKs Cells were
lysed with 2x Laemmli loading buffer (2% SDS, 20% glycerol, 0.04 mg/ml bromophenol

blue, 0.12 M Tris-HCI, pH 6.8, and 0.28 M B-mercaptoethanol) (150 pul/35-mm dish).
Filters were probed with anti-phosphospecific STAT3, ERK1/2, p38 and JNK antibody
(New England Biolabs, Beverly, MA). To normalize for protein loading after

immunoprecipitation, blots were stripped by incubation in 62.5 mM Tris-HCl, pH
6.8, 100 mM B-mercaptoethanol, and 2% SDS for 30 min at 50 °C, washed twice with

4
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phosphate-buffered saline and 0.05% Tween, and then probed with an antibody that
recognizes both phosphorylated and non-phosphorylated forms of STAT3, ERK1/2, p38
and JNK (New England Biolabs, Beverly, MA). The mean of the integrated density

obtained from three independent files was used as a representative value for each band.

RT-PCR RT-PCR was used to analyse the expression of rat isoform-specific Ob-Ra
and Ob-Rb as described previously [23]. For real-time PCR, the reaction was performed
with a SYBR® Green PCR master mix (Applied Biosystems), and the products were
analyzed with a thermal cycler (ABI Prism®7900HT sequence detection system). Levels
of GAPDH transcript were used to normalize cDNA levels. Gene-specific primers were
as follows;

Rat Ob-Rasense : 5" TGGCCCATGAGTAAAGTGAATGCTGS’,

Rat Ob-Ra antisense: 5’ TCAAAGAGTGTCCGCTCTCTTTTGGS,
Rat Ob-Rb sense: 5 TGGCCCATGAGTAAAGTGAATGCTG3,

Rat Ob-Rb antisense: 5 TCTTCTGAAACTGGTTCAGGCTCCA3’.
ANF sense; 5’CGTGCCCCGACCCACGCCAGCATGGGCTCC3?
ANF antisense; 5°GGCTCCGAGGGCCAGCGAGCAGAGCCCTCAY
Mouse Ob-Ra and Ob-Rb sense; S TGTTTTGGGACGATGTITCCA3’
Mouse Ob-Ra antisense: 5’ ATTGGGTTCATCTGTAGTGGTCATG3’,
Mouse Ob-RbD antisense: 5° GCTTGGTAAAAAGATGCTCAATG3’.
GAPDH sense; SSTTGCCATCAACGACCCCTTCY’

GAPDH antisense; S"TTGTCATGGATGACCTTGGC3’

Electrophoretic mobility shift assays (EMSAs) We used double-stranded
oligonucleotides (purchased from Santa Cruz Biotechnology, Inc.) that contained STAT3
binding sites and mutant STAT3 binding motif for the assay. We also used
oligonucleotides with an SP1 binding site as a control probe. EMSAs were carried out at
4°C for 20 min in 15-ul reaction mixtures contaiﬁing 10 ug of nuclear extract, 0.25 ng
(>20,000 cpm) of radiolabeled double-stranded oligonucleotide, 500 ng of poly(dI-dC), 5
mM Tris-HCI (pH 7.5), 1 mM EDTA, 0.5 mM dithiothreitol, 37.5 mM KCl, and 4%
Ficoll 400. For cold competition experiments, a 100-fold excess of unlabeled competitor

oligonucleotide was included in the binding reaction mixture. Protein-DNA complexes
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were separated by electrophoresis on 4% nondenaturing polyacrylamide gels in 0.25x
TBE (1x TBE is 100 mM Tris, 100 mM boric acid, and 2 mM EDTA) at 4°C.

Experimental MI, implantation of micro-osmotic pumps and transthoracic
echocardiography C57/BL6 mice were anesthetized with 1.0 to 1.5% isoflurane and
open-chest coronary artery ligation was performed. MI was induced by ligating the left
anterior descending coronary artery. During this procedure, micro-osmotic pumps
(DURECT Co.) were implanted subcutaneously in the intrascapular region of each mouse.
The pumps infused solutions at a rate of 2.5 pl/h for 28 days. The reservoir of each pump
was preloaded with 2000 pl of either sterile PBS or recombinant mouse leptin (R&D
Systems) (1.54 pg/ul), to give a leptin infusion rate of approximately 0.32 pg/g/day. The
dose of leptin was chosen to not increase blood pressure. The cardiac functions of mice
were evaluated non-invasively by echocardiography after 4 weeks. The animals were
anesthetized with ketamine (50 pg/g of body weight) and xylazine (2.5 mg/g).
Transthoracic echocardiography was performed with a cardiac ultrasound recorder
(Toshiba Power Vision, Tokyo, Japan) using a 7.5-MHz transducer. After the acquisition
of high-quality two-dimensional images, M mode images of the left ventricle were
recorded. LV end diastolic (LVDD) and end systolic (LVESD) internal dimensions were
measured according to the leading edge-to-leéding edge convention adopted by the
American Society of Echocardiography. Percent fractional shortening (%FS) was
calculated as follows: %FS = [(LVDD - LVESD)/LVDD] x 100. At least three
independent M mode measurements were obtained per animal by an examiner who was
blinded to the genotype of the animal. Plasma leptin concentration was measured by a

mouse leptin immunoassay kit (R&D Systems).

Statistical analysis Data are presented as means + S.E. Statistical comparisons were
performed using unpaired two-tailed Student's # tests or an analysis of variance with
Scheffe's test where appropriate, with a probability value of less than 0.05 taken to

indicate significance.
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Results

Effect of leptin on primary cardiomyocytes We exposed primary cardiac myocytes
from neonatal rats to leptin at concentrations of 0, 5, 50, and 500ng/ml for 48 hours. As
shown in Fig. 1A, brown signals, which indicated the presence of f-MHC, were observed
in both saline- and leptin-stimulated cardiac myocytes. Cardiac myocytes that had been
stimulated with leptin at a concentration of 50ng/ml, which is usually observed in obese
patients [14], showed increases in cell size and myofibrillar organization compared with
saline-stimulated cells. As shown in Fig. 1B, leptin stimulation (50ng/ml) resulted in a
significant increase in the myocyte surface area (/eff panel) and long-axis length (middle
panel), but not in the short-axis length (right panel). An increase in the leptin
concentration from 50ng/ml to 500ng/ml resulted in a slight but not significant increase in
the myocyte cell surface area. Thus, a physiological concentration of leptin (50ng/ml)
was sufficient to induce the elongation of cardiac myocytes in culture. We also measured
the mRNA levels of atrial natriuretic factor (ANF), which is closely associated with
cardiomyocyte hypertrophy, and GAPDH after leptin treatment. As shown in Fig. 1C,
leptin stimulation (50ng/ml and 500ng/mL) resulted in a significant increase in the

relative expression level of ANF/GAPDH.

Leptin induces STAT3 activation in cardiac myocytes To investigate the
intracellular pathway for leptin signaling in cardiac myocytes, we first examined the
expression of two leptin receptor isoforms, short (Ob-Ra) and long (Ob-Rb) forms, by
RT-PCR. A previous study in neonatal rat ventricular myocytes demonstrated the
predominant expression of Ob-Ra and leptin-induced activation of ERK1/2 and p38 at 5
minutes after stimulation [20]. In contrast to that study, we observed mRINA expression
of Ob-Rb, which is linked to JAK/STAT signaling, in addition to that of Ob-Ra under our
experimental conditions (Fig. 2A). Next, we examined the phosphorylation (activation)
of MAP kinases (ERK1/2, p38, and JNKs) and STAT3 in cardiac myocytes by Western
blotting. We did not recognize the significant activation of ERK1/2, p38, or JNKs at 10
minutes after treatment with 50ng/ml of leptin (Fig. 2B). As shown in Fig. 2C, the
phosphorylated form of STAT3 was increased in leptin-stimulated cardiac myocytes

(lanes 2-4) compared to saline-stimulated cells (/ane 1), compatible with the expression
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of Ob-Rb. Activation was evident as early as 5 minutes after stimulation (/ane 2). These
findings suggest that leptin stimulation predominantly activated the JAK/STAT pathway

in cardiac myocytes.

Leptin induces nuclear translocation of STAT3 in cardiac myocytes To further
examine the activation of STAT3 by leptin in cardiac myocytes, we performed an
immunofluorescence microscopic analysis. As shown in Fig. 3, STAT3, which is
indicated by the green signal of FITC, was detected in the cytoplasm of nearly all
saline-stimulated cardiac myocytes (upper left panel). However, stimulation of cardiac
myocytes with leptin for 15 minutes markedly changed this localization and caused the
nuclear translocation of STAT3 (upper right panel). By double staining with an antibody
against cardiac B-MHC, we confirmed that these cells are myocytes (middle panels).
These findings provide further evidence for the leptin-induced activation of the

JAK-STAT pathway in cardiac myocytes.

Leptin increases the DNA-binding activity of STAT3 To determine whether leptin
modulates the DNA-binding activity of STAT3 in cardiac myocytes, EMSAs were
performed. Nuclear extracts were prepared from neonatal cardiac myocytes that had been
stimulated with leptin in the absence or presence of AG490 (1 uM), a specific inhibitor of
JAK2, or that had been treated with saline as a control. These extracts were probed with a
radiolabeled double-stranded oligonucleotide containing the consensus STAT3 site. As
shown in Fig. 4A, competition EMSAs revealed that a retarded band represented specific
binding, as evidenced by the fact that it was competed out by an excess of unlabeled
STATS3 oligonucleotide (lane 4), but not by the same amount of an oligonucleotide
containing the STAT3 site with a mutation (Jane 5). The amount of the specific complex
containing STAT3 was markedly increased in nuclear extracts from leptin-stimulated
myocytes (lane 2) compared to those from saline-treated cells (lane 1). Notably, the
leptin-stimulated increase in STAT3-binding activity was almost completely blocked by
1 uM AG490 (Fig. 4A, lane 3 and Fig. 4C). In contrast, SP1-binding activities were not
altered by either leptin or leptin plus AG490 (Fig. 4B).

Copy_ri?gi ?Eformation
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AG490 inhibits cardiomyocyte hypertrophy induced by leptin We tested whether
AG490 affects leptin-induced myocardial cell hypertrophy. Neonatal rat ventricular
myocytes were preincubated with or without 1uM AG490 for 1 h. Activation of STAT3
was evaluated by Western blot analysis as described above. As shown in Fig. SA, AG490
inhibited leptin-induced activation of STAT3 (compare /anes 1, 3 and 4), but did not
affect the phosphorylation status in the basal state (compare /anes 1 and 2). As shown in
Fig. 5B, the same dose of AG490 completely inhibited the increase in the myocardial cell
surface area induced by leptin. AG490 alone did not affect the area in saline-stimulated
cardiac myocytes. These data demonstrate that AG490 can selectively suppress the

hypertrophic response induced by leptin.

Effect of chronic leptin infusion on cardiac structure and function following MI
To determine the effect of chronic leptin infusion on cardiac structure and function
following M, 12-week-old mice were subjected to MI or sham operation. Each mouse
was then subcutaneously fitted with an Alzet mini-osmotic pump that delivered either
PBS or 400 ng/hr (0.32 pg/g/day) of leptin for 4 weeks. The plasma leptin concentration
significantly reduced after myocardial infarction in mice infused with PBS. Chronic
infusion of leptin significantly increased the plasma leptin level in both sham-operated
and MI mice (Fig. 6A). At this concentration, leptin infusion did not affect food intake or
body weight during examination. The heart weight (HW)/ body weight (BW) ratio and
the relative expression level of ANF were significantly enhanced after myocardial
infarction. The relative expression level of ANF/GAPDH in infarcted hearts in
leptin-infused mice was significantly higher than that in PBS-infused mice following MI
(Fig. 6C). Blood pressure and heart rate were similar between the PBS- and leptin-infused
groups (Fig 7A). As shown in Fig 7B, echocardiography demonstrated that there was no
difference in LV dimensions or systolic functions between leptin- and PBS-infused mice
with sham-operation (white bars). In MI-mice (black bars), however, both LV chamber
diameter in end-diastole (LVEDD, lefi panel) and fractional shortening (FS, right panel)
were significantly higher in the leptin-infused group compared with the PBS-infused
group. Thus, chronic leptin infusion resulted in eccentric dilatation with augmented

systolic function following ML To identify a possible link between leptin infusion and
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LV dilatation, we measured the expression levels of Ob-Ra and Ob-Rb in these mouse
hearts. Interestingly, while Ob-Rb expression was significantly enhanced after

myocardial infarction (Fig. 7C), there was no change in the level of Ob-Ra.
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Discussion

Leptin is an adipocyte-derived peptide, the production of which is increased in
patients with obesity. In addition to its action as a neuropeptide, it has become clear that
leptin plays many roles as a growth factor in several cell types including cardiac
myocytes [19, 20, 26, 29]. Clinical evidence has implicated an increased plasma leptin
level as a potential independent risk factor for coronary heart disease, and leptin has been
associated with cardiac hypertrophy and heart failure [17, 18, 21, 27]. Therefore, it has
become increasingly important to understand the effect of obesity-associated
hyperleptinemia on cardiovascular systems.

Leptin exerts its effects through short (Ob-Ra) and long (Ob-Rb) receptor 1soforms.
It has been suggested that these two isoforms are coupled with distinct downstream
signaling cascades; Ob-Ra is associated with MAP kinases, and Ob-Rb is coupled with
JAK/STAT. A previous study demonstrated the predominant expression of Ob-Ra in
neonatal rat cardiomyocytes and the leptin-induced activation of MAP kinases [20].
Another study in human ventricular myocytes showed the leptin-induced activation of
both MAP kinases and JAK/STAT as well as the expression of both Ob-Ra and Ob-Rb in
these cells. The present study demonstrated that leptin induced activation of the
JAK/STAT pathway in neonatal rat cardiac myocytes and that this pathway is required
for elongation of these cells. Although we detected both Ob-Ra and Ob-Rb by RT-PCR,
we did not detect the significant activation of MAP kinases after exposure to leptin for 10
minutes. Differences in the technique for preparing primary cardiac myocytes and their
culture conditions might explain the discrepancy in the in vitro experimental results
regarding receptor subtype expression and signaling cascades.

It has been shown that the gp130/ leukemia inhibitory factor (LIF) receptor
B-dependent cytokines, cardiotrophin-1 and LIF, induce an increase in myocyte size
characterized by a marked increase in cell length, but little or no change in cell width [24,
28]. Compatible with the fact that Ob-Rb is considerably similar to gp130 and LIF
receptor, leptin had a more pronounced effect on cardiomyocyte length than on
cardiomyocyte width. Myocytes from heart with eccentric hypertrophy, which is often
induced by volume overload, exhibit the assembly of sarcomeric units in series, while

those from heart with pressure overload-induced concentric hypertrophy show the
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parallel assembly of sarcomeric units [1, 16, 25]. Our results in vitro also suggest that
obesity-induced hyperleptinemia is, at least in part, attributable to eccentric hypertrophy.
This finding prompted us to study the in vivo effect of leptin on cardiac morphology and
function.

Previously, it was reported that infusion with leptin at 1 pg/kg/min caused sustained
increases in blood pressure [22]. Since hypertension can induce cardiac hypertrophy by
itself, we examined the effects of leptin on cardiac function at a lower concentration
(400ng/ hour = 0.32 pg/kg/min) than that used in the previous report. Chronic infusion of
leptin at this concentration did not cause any changes in food intake, blood pressure or
heart rate, suggesting that activation of the sympathetic nervous system did not occur
under our conditions. We demonstrated here that, in MI-mice, both LV diastolic
dimension and fractional shortening in the leptin-infused group were significantly higher
than those in the PBS-infused group. Therefore, leptin induces the enhancement of LV
systolic function as well as LV eccentric dilatation after MI without increase in HW/BW
ratio in vivo. In this experiment, we also demonstrated that the expression level of Ob-Rb
is augmented in hypertrophied heart after MI. Therefore, it is possible that the JAK/STAT
pathway may be especially enhanced through Ob-Rb after ML

A previous study suggested that leptin mediates ‘antihypertrophic’ effects [4]. In this
study, infusion of leptin into ob/ob mice, which lack leptin and exhibit left ventricular
hypertrophy, reversed the increase in left ventricular wall thickness. However, there is a
possibility that the original hypertrophy in these mice may be the result of systemic
alterations caused by a chronic lack of leptin. Moreover, the ability of leptin to reverse
hypertrophy most likely reflects the correction of whole-body physiological parameters
that influence cardiac structure rather than a direct effect on myocytes. Therefore, based
on a consideration of our data together with those in previous works [13, 20, 26, 29], we
believe that the acute direct effects of leptin on cardiac myocytes may be
pro-hypertrophic.

Although the present study suggests that leptin may contribute to the development of
eccentric LV dilation in obese patients, it is unlikely that a single cytokine or growth
factor can explain all of the changes in cardiac morphology and function in these patients.

However, clarifying the precise roles of leptin in the regulation of cardiac function may
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aid in the development of new therapeutic strategies for heart failure, especially in obese

patients.

Copyright]l%formation
— 139 —



Page 14 of 2

Acknowledgments
This study was supported in part by grants (to T.K., K.H. and K.O.) from the Ministry of
Education, Science, and Culture of Japan. The authors thank N. Sowa, S. Nagata, and M.

Nishikawa for providing technical assistance.

Cop;_/“ricl;% 1l?1_1‘ormation



Page 15 of 27

References

1:

10:

11:

12:

13:

14:

Aikawa R, Komuro I, Yamazaki T, Zou Y, Kudoh S, Zhu W, Kadowald T, and
Yazaki Y. Rho family small G proteins play critical roles in mechanical
stress-induced hypertrophic responses in cardiac myocytes. Circ Res. 84: 458-66,
1999.

Alpert MA. Obesity cardiomyopathy: pathophysiology and evolution of the clinical
syndrome. Am J Med Sci. 321: 225-36, 2001.

Alpert MA, Terry BE, and Kelly DL. Effect of weight loss on cardiac chamber size,
wall thickness and left ventricular function in morbid obesity. Am J Cardiol. 55:
783-6, 1985.

Barcouch LA, Berkowitz DE, Harrison RW, O'Donnell CP, and Hare JM.
Disruption of leptin signaling contributes to cardiac hypertrophy independently of
body weight in mice. Circulation. 2003;108:754-9.

Cueto Garcia L, Laredo C, Arriaga J, and Gonzalez Barrance J.
Echocardiographic findings in obesity. Rev Invest Clin. 34: 235-42, 1982.

de Simone G, Devereux RB, Roman MJ, Alderman MH, and Laragh JH.
Relation of obesity and gender to left ventricular hypertrophy in normotensive and
hypertensive adults. Hypertension. 23: 600-6, 1994,

de Simone G, Pasanisi F, and Contaldo F. Link of nonhemodynamic factors to
hemodynamic determinants of left ventricular hypertrophy. Hypertension. 38: 13-8,
2001.

Faggioni R, Fantuzzi G, Fuller J, Dinarello CA, Feingold KR, and Grunfeld C.
[L-1 beta mediates leptin induction during inflammation. Am J Physiol 274: R204-8,
1998.

Hasegawa K, Lee SJ, Jobe SM, Markham BE, and Kitsis RN. cis-Acting
sequences that mediate induction of beta-myosin heavy chain gene expression during
left ventricular hypertrophy due to aortic constriction. Circulation. 96: 3943-53,
1997.

Inada T, Fujiwara H, Hasegawa K, Araki M, Yamauchi-Kohno R, Yabana H,
Fujiwara T, Tanaka M, and Sasayama S. Upregulated expression of cardiac
endothelin-1 participates in myocardial cell growth in Bio14.6 Syrian
cardiomyopathic hamsters. J Am Coll Cardiol. 33: 565-71, 1999.

Kannel WB, Gordon T, and Offutt D. Left ventricular hypertrophy by
electrocardiogram. Prevalence, incidence, and mortality in the Framingham study.
Ann Intern Med. 71: 89-105, 1969.

Kenchaiah S, Evans JC, Levy D, Wilson PW, Benjamin EJ, Larson MG,
Kannel WB, and Vasan RS. Obesity and the risk of heart failure. N Engl J Med.
347:305-13, 2002.

Madani S, De Girolamo S, Munoz DM, Li RK, and Sweeney G. Direct effects of
leptin on size and extracellular matrix components of human pediatric ventricular
myocytes. Cardiovasc Res. 69: 716-25, 2006.

Minocci A, Savia G, Lucanteni R, Berselli ME, Tagliaferri M, Calo G, Petroni
ML, de Medici C, Viberti GC, and Liuzzi A. Leptin plasma concentrations are
dependent on body fat distribution in obese patients. Int J Obes Relat Metab Disord.
2000;24:1139-44.

Copyright Il?n‘ormation
— 141 —



15:

16:

17

18:

19:

20:

21

22:

23:

24:

25:

26:

27

28:

Page 16 of 2

Murad A, Nath AK, Cha ST, Demir E, Flores-Riveros J, and
Sierra-Henigmann MR. Leptin is an autocrine/paracrine regulator of wound
healing. FASEB J. 13: 1895-7, 2003.

Narumiya S. The small GTPase Rho: cellular functions and signal transduction. J
Biochem. 120: 215-28, 1996.

Paolisse G, Tagliamonte MR, Galderisi M, Zite GA, Petrocelli A, Carella C, de
Divitiis O, and Varricchio M. Plasma leptin level is associated with myocardial
wall thickness in hypertensive insulin-resistant men. Hypertension. 34: 1047-52,
1999.

Perego L, Pizzocri P, Corradi D, Maisano F, Paganelli M, Fiorina P, BarbieriM,
Morabite A, Paclisso G, Folli F, and Pontireli AE. Circulating leptin correlates
with left ventricular mass in morbid (grade III) obesity before and after weight loss
induced by bariatric surgery: a potential role for leptin in mediating human left
ventricular hypertrophy. J Clin Endocrinol Metab. 90: 4087-93, 2005.

Purdham DM, Zou MX, Rajapurchitam V, and Karmazyn M. Rat heart is a site
of leptin production and action. Am J Physiol Heart Circ Physiol. 287: H2877-84,
2004.

Rajapurchitam V, Gan XT, Kirshenbaum LA, and Karmazyn M. The
obesity-associated peptide leptin induces hypertrophy in neonatal rat ventricular
myocytes. Circ Res. 93: 277-9, 2003.

Schulze PC, Kratzsch J, Linke A, Schoene N, Adams V, Gielen S, Erbs S,
Moebius-Winkler S, and Schuler G. Elevated serum levels of leptin and soluble
leptin receptor in patients with advanced chronic heart failure. EurJ Heart Fail. 5:
33-40, 2003.

Shek EW, Brands MW, and Hall JE. Chronic leptin infusion increases arterial
pressure. Hypertension. 31: 409-14, 1998.

Shioi T, Matsumori A, and Sasayama S. Persistent expression of cytokine in the
chronic stage of viral myocarditis in mice. Circulation. 94: 2930-7, 1996.

Subauste MC, Von Herrath M, Benard V, Chamberlain CE, Chuang TH, Chu
K, Bokoch GM, and Hahn KM. Rho family proteins modulate rapid apoptosis
induced by cytotoxic T lymphocytes and Fas. J Biol Chem. 2775: 9725-33, 2000.
Symons M. Rho family GTPases: the cytoskeleton and beyond. Trends Biochem Sci.
21:178-81, 1996.

Tajmir P, Ceddia RB, Li RK, Coe IR, and Sweeney G. Leptin increases
cardiomyocyte hyperplasia via extracellular signal-regulated kinase- and
phosphatidylinositol 3-kinase-dependent signaling pathways. Endocrinology. 145:
1550-5, 2004.

Wallace AM, McMahon AD, Packard CJ, Kelly A, Shepherd J, Gaw A, and
Sattar N, Plasma leptin and the risk of cardiovascular disease in the west of Scotland
coronary prevention study (WOSCOPS). Circulation. 104: 3052-6, 2001.

Wollert KC, Taga T, Saite M, Narazaki M, Kishimote T, Glembotski CC,
Vernallis AB, Heath JK, Pennica D, Wood W1, and Chien KR. Cardiotrophin-1
activates a distinct form of cardiac muscle cell hypertrophy. Assembly of sarcomeric
units in series VIA gp130/leukemia inhibitory factor receptor-dependent pathways. J
Biol Chem. 271: 9535-45, 1996.

Copgi?élbtl ]Igformation



Page 17 of 27

29:

30:

31:

Xu FP, Chen MS, Wang YZ, Yi Q, Lin SB, Chen AF, and Luo JD. Leptin
induces hypertrophy via endothelin-1-reactive oxygen species pathway in cultured
neonatal rat cardiomyocytes. Circulation. 110: 1269-75, 2004.

Zema MJ and Caccavano M. Feasibility of detailed M-mode echocardiographic
examination in markedly obese adults: prospective study of 50 patients. J Clin
Ultrasound. 10: 31-4, 1982.

Zhang Y, Proenca R, Maffei M, Barone M, Leopold L, and Friedman JM.
Positional cloning of the mouse obese gene and its human homologue. Nature 372:
425-32, 1994,

Copyright Vlformation
— 143 —



