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Aims The obesity-related adipokine, leptin, has multiple actions on peripheral organs, including the mitigation of adverse
cardiovascular outcomes after myocardial infarction (MI). Although we recently demonstrated that leptin, its recep-
tor, and downstream signalling are up-regulated in the heart after MI, the significance of intact cardiomyoctye leptin
signalling is unknown. Therefore, our objective was to generate a cardiomyocyte-specific leptin receptor knock-out
(ObRKO) mouse to determine whether worse cardiac outcomes after MI result from impaired leptin signalling in
cardiomyocytes.

Methods and
results

Tamoxifen-inducible ObRKO mice were subjected to experimental MI or sham surgeries and studied after 1 month.
After MI, ObRKO mice displayed a loss of cardiac signal transducer and activator of transcription (STAT) 3 and ade-
nosine monophosphate-activated protein kinase (AMPK) signalling. Worse survival and cardiac morbidity were also
seen in the ObRKO mouse post-MI, including decreased contractile function and glycolytic metabolism, and increased
left ventricular dilation, hypertrophy, collagen deposition, matrix metalloproteinase activity, apoptosis, and inflam-
mation. Treatment of ObRKO mice post-MI with an ObR-independent AMPK activator improved cardiac function
and restored many of these maladaptive processes to wild-type levels.

Conclusion These data indicate that leptin signalling mitigates cardiac injury in the post-MI failing heart by acting directly on car-
diomyocytes to increase STAT3 and AMPK activation, to decrease cardiac hypertrophy, apoptosis, and inflammation,
and to limit deleterious changes in cardiac structure, function, and glycolytic metabolism.
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1. Introduction
Adipose tissue produces and secretes a number of substances that act
centrally to regulate appetite, metabolism, and cellular physiology.1

Many of these ‘adipokines’ also mediate effects directly in peripheral
tissues through membrane bound receptors. Within the heart, the
adipokine leptin and its receptor (ObR) are abundantly expressed
in cardiomyocytes.2,3 Leptin can regulate the baseline physiology of
the heart, including myocyte contractility,4 hypertrophy,5 apoptosis,6

and metabolism.7,8 During pathological states of myocardial infarction
(MI)9 and heart failure,10 circulating leptin is increased, most likely
from fat-derived sources. However, we have recently shown that
increased expression of leptin and its receptor can occur locally in
the failing human heart.3 Moreover, we demonstrated in an

experimental murine model of MI that whole-body leptin deficiency
results in impaired cardiac structure, function, and survival2,11 and
that the phenotype can be rescued by the systemic repletion of
leptin. However, the question remains as to whether the beneficial
effects of leptin repletion in the setting of MI are dependent on
leptin signalling in cardiomyocytes or secondary to the multiple
effects of leptin peripheral to the heart.

Thus, the first goal of our study was to determine whether or not
the cardiac-specific disruption of ObR expression, through the devel-
opment of a mouse with inducible excision of the ObR gene,
impacted on cardiac outcomes after MI. We hypothesized that a
loss of cardiomyocyte-specific ObR expression would lead to
greater decrements in cardiac structure and function, as well as
increased myocardial apoptosis, inflammation, and hypertrophy,
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post-MI. The second goal of our study was to establish whether or
not the disruption of cardiac ObR expression also impairs activation
of downstream signalling pathways that are known to provide cardio-
protective benefit in MI, including signal transducer and activator of
transcription (STAT) 3 and adenosine monophosphate-activated
protein kinase (AMPK). In particular, since it is known that AMPK
is a key regulator of cardiac substrate metabolism,12 we further
hypothesized that the ability of the ischaemic, failing heart to anaero-
bically metabolize glucose is dependent on an intact ObR-AMPK sig-
nalling axis.

2. Methods

2.1 Animals
All animal use conformed with the Guide for the Care and Use of Labora-
tory Animals published by the US National Institutes of Health (NIH Pub-
lication No. 85-23, revised 1996) and was approved by the Institutional
Animal Care and Use Committee at the University of Pittsburgh. Pre-
viously characterized mice harbouring the floxed ObR gene13 were a
gift of Dr Jeff Friedman (Rockefeller University, NY, USA) and were
bred into a pure C57BL/6J background for 8+ generations prior to sub-
sequent breeding with mice homozygous for the a-myosin heavy chain
promoter driven MerCreMer transgene (Jackson Laboratories, USA,
B6129SF1/J background, stock #005650). Subsequent inbreeding gener-
ated double homozygous (+/+) mice for the MerCreMer transgene
and the ObR floxed allele. To induce cardiac-specific ObR excision,
8-week-old male MerCreMer+/+ ObR floxed+/+ (ObRKO) transgenic
mice were treated with tamoxifen [tam; 20 mg/kg intraperitoneal (ip)]
daily for 7 days, whereas vehicle (oil)-treated control mice received an
equivalent volume of 95% peanut oil/5% ethanol. One week after oil or
tam treatment, mice were subjected to open thoracotomy and a suture
was placed around the left anterior descending coronary artery and left
loose (sham procedure) or tightly tied (CAL procedure) as previously
described2 and detailed in the Supplementary material online. All surviving
mice were studied at 1-month post-surgery by echocardiography and by
an in vivo conductance catheter, followed by either tissue collection for
biochemical studies, or ex vivo perfusion of the heart for glycolytic
measurements. For histological and biochemical analyses, seven groups
of mice were examined and included two groups of sham mice:
(i) vehicle (n ¼ 16)- and (ii) tam (n ¼ 16)-treated ObRKO; and five
groups of CAL mice: (iii) vehicle-treated ObRKO (n ¼ 16), (iv) tam-treated
ObRKO (n ¼ 14), (v) tam-treated parental MerCreMer+/+ (n ¼ 16), and
(vi) tam-treated parental ObR floxed+/+ (n ¼ 15) and tam-treated
ObRKO administered the leptin-independent AMPK activator, aminoimida-
zole carboxamide ribonucleotide (AICAR), at a dose of 0.5 mg/g ip daily
starting at 3 days prior to animal sacrifice (n ¼ 9). In a separate set of exper-
iments, an additional five (for sham groups) or eight (for CAL groups) mice
were examined per group for cardiac glycolytic metabolism. Finally, an
additional set of ObRKO mice were treated with oil (n ¼ 10) or tam
(n ¼ 10), subjected to CAL, and administered leptin (n ¼ 5 per tam/oil
group at a dose of 0.3 mg/kg ip) or equal volume saline (n ¼ 5 per tam/
oil group) after 1 month, followed by animal sacrifice 30 min later.

2.2 Genotyping
DNA extraction from tissue was accomplished using the Extract-N-Amp
kit (Sigma Aldrich, USA) per manufacturer’s instructions. Primers and PCR
conditions used are detailed in the Supplementary material online. PCR
products were visualized using agarose gel electrophoresis.

2.3 Echocardiography
Parasternal short-axis B- and m-mode images were obtained on mice
under 1–2% isoflurane anaesthesia using a Visualsonics echocardiography

machine as previously described2 and detailed in the Supplementary
material online.

2.4 In vivo pressure–volume loops
At 1-month post-CAL/sham surgeries, left ventricular pressure–volume
loops were recorded using Chart and Scope software version 5.4.2
(AD Instruments, USA), an MPVS-400 system (Millar Instruments, USA),
and a 1.4 F PV catheter (Millar Instruments). A minimum of five time
points per animal (6–10 loops/time point) were analysed and averaged
during steady state using PVAN version 3.6 software (Millar) as previously
described14 and detailed in the Supplementary material online.

2.5 Ex vivo cardiac perfusion
Hearts were quickly excised, aortas cannulated, and subjected to per-
fusion with a modified Krebs buffer containing 3H-glucose. 3H-water in
collected perfusate samples was separated from 3H-glucose by ion
exchange as described by Lopaschuk and Barr,15 and steady-state calcu-
lations were adjusted for the volume of perfusate collected per unit
time to determine glycolytic rate. Buffer composition and additional
experimental details are provided in the Supplementary material online.

2.6 Quantitative real-time RT–PCR analysis
Total RNA was isolated from whole heart homogenates and subjected to
quantitative PCR, as previously described,2 and detailed in the Supplemen-
tary material online.

2.7 Western blotting/zymography
Protein was extracted from whole heart homogenates in RIPA buffer and
subjected to SDS–PAGE in equal amounts as described previously.2 Anti-
bodies and incubation conditions used are detailed in the Supplementary
material online.

2.8 Immunofluorescence/histology
Mouse cardiac sections were used for ObR, TUNEL, CD45, a-actinin,
picrosirius-red, phalloidin, and H&E stains as previously described2 and
detailed in the Supplementary material online. The determination of apop-
totic and inflammatory indices, as well as collagen fractional area, was
accomplished using the image analysis software Metamorph v7.5 (Molecu-
lar Devices, USA).

2.9 Determination of infarct size,
cardiomyocyte area, and width
Mouse cardiac sections were stained with FITC-linked wheat germ agglu-
tinin (to visualize cell membranes) and DAPI (to visualize nuclei) or H&E,
and the determination of infarct area and cardiomyocyte dimensions was
accomplished using Image J software (NIH), all as previously described,2

and detailed in the Supplementary material online.

2.10 In vitro caspase-3 activity assay
Caspase-3 activity was determined using whole heart homogenates and
the caspase-3/CPP32 Colorimetric Assay kit (Biovision, USA) as pre-
viously described11 and detailed in the Supplementary material online.

2.11 Statistics
Data presented are mean+ standard error of the mean (SEM). Statistical
significance of mean changes was determined by ANOVA with post hoc
comparisons between means using Bonferrroni’s simultaneous tests.
Mathematical calculations, determination of P values, Student’s t-tests,
ANOVAs, and the Kaplan–Meier log-rank survival statistics and survival
graph were generated using the computer program Statistical Package
for the Social Sciences (SPSS) v17 (SPSS, USA).
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3. Results

3.1 Tam administration to homozygous
MerCreMer ObR floxed mice results in
cardiac-specific ObR gene excision
After 7 days of tam treatment, mice homozygous for both
MerCreMer+/+ and ObR floxed+/+ alleles (ObRKO mice) demon-
strated excision of the floxed ObR gene in cardiac tissue only
(Figure 1A). This was accompanied by a reduction in cardiac ObR
mRNA and protein expression to 14+3 and 13+1% of oil-treated
control levels, respectively (Figure 1B). Immunofluorescent examin-
ation of cardiac sections showed a marked reduction in ObR
expression in cardiomyocytes (see Supplementary material online,
Figure S1A). All mice maintained a lean phenotype and demonstrated
no confounding tam effects16 on cardiac structure and function after
tam treatment, with mean end-diastolic dimensions (EDDs), end-
diastolic volumes (EDVs), average wall thicknesses, left ventricular
ejection fractions, fractional shortenings (FSs), and developed press-
ures unchanged in sham mice after 7 days of tam treatment relative
to oil treatment (Tables 1 and 2; see Supplementary material online,
Figure S1B).

3.2 Cardiac-specific reduction in ObR
expression results in a loss of cardiac
STAT3 and AMPK signalling at 1-month
post-MI
We have previously established that cardiac ObR expression and
STAT3 signalling are increased in wild-type mice at 1-month
post-MI.2 Here, we again utilized STAT3 phosphorylation as a
read-out of leptin signalling17 and also examined the phosphorylation
state of AMPK. The cardiac expression of total (t) and phosphorylated
(p) STAT3 (Figure 2A) and AMPK (Figure 2B) was unchanged in tam-
treated sham mice relative to oil-treated controls. All groups of
CAL mice demonstrated an approximately two-fold increase in
t-STAT3 and t-AMPK expression; however, only vehicle-treated
ObRKO mice, and their corresponding tam-treated parental control
mice, demonstrated a significant increase in the ratio of p/t-STAT3
and -AMPK post-MI. With cardiac-specific reduction in ObR
expression, tam-treated ObRKO mice demonstrated a significant
reduction in p/t-STAT3 and -AMPK relative to all other groups
post-MI. Moreover, acute administration of exogenous leptin at
1-month post-MI activated cardiac STAT3 (see Supplementary
material online, Figure S2A) and AMPK (see Supplementary material

Figure 1 Cardiac-specific ObR deletion and reduction in ObR expression are seen in ObRKO mice after tam treatment. (A) Representative agarose
gel electrophoresis demonstrating PCR amplification of DNA from the tail, skeletal muscle, heart, liver, and fat from oil-treated and tam-induced
ObRKO mice using cre, floxed, and deletion primer pairs. (B) Mean+ SEM fold change in cardiac ObR mRNA (left panel) and protein (right
panel) from oil-treated and tam-induced ObRKO mice is shown, along with a representative western blot image showing two samples/group
(middle panel). *P , 0.05 vs. oil.
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Table 1 Mean+++++SEM weight and echocardiographic measurements on oil-treated and tam-induced ObRKO sham and CAL mice, and on tam-treated parental
MerCreMer1/1 and ObR flox1/1 CAL mice, at 1-month post-surgery

Group Body
weight (g)

Heart weight
(g)

Heart/body
weight
(ratio 3 103)

Lung weight
(g)

Wet/dry lung
weight (ratio)

Fractional
shortening (%)

End-diastolic
dimension (mm)

End-systolic
dimension
(mm)

Average wall
thickness
(mm)

Heart rate
(b.p.m.)

ObRKO oil sham
(n ¼ 16)

25.1+0.5 0.121+0.002 4.82+0.10 0.133+0.003 3.69+0.11 50.4+0.8 2.98+0.03 1.48+0.03 0.95+0.01 519+12

ObRKO tam sham
(n ¼ 16)

25.2+0.7 0.119+0.002 4.72+0.10 0.131+0.003 3.79+0.07 50.9+0.4 3.04+0.04 1.49+0.04 0.97+0.01 541+18

ObRKO oil CAL
(n ¼ 16)

24.7+0.5 0.135+0.004* 5.46+0.11* 0.151+0.004* 4.19+0.05* 27.2+0.6* 4.56+0.05* 3.32+0.15* 1.11+0.01* 520+12

ObRKO tam CAL
(n ¼ 14)

25.6+0.6 0.155+0.003† 6.05+0.10† 0.172+0.006† 4.63+0.11† 19.4+0.4† 4.99+0.06† 4.02+0.06† 1.21+0.02† 510+10

MerCreMer+/+ tam
CAL (n ¼ 16)

24.2+0.8 0.132+0.005* 5.45+0.11* 0.146+0.005* 4.26+0.10* 27.3+0.9* 4.38+0.15* 3.19+0.06* 1.10+0.01* 519+10

ObR floxed+/+ tam
CAL (n ¼ 15)

24.3+0.8 0.134+0.002* 5.51+0.12* 0.148+0.003* 4.11+0.09* 28.5+0.7* 4.44+0.14* 3.17+0.05* 1.10+0.01* 520+6

ObRKO tam
CAL + AICAR
(n ¼ 9)

24.5+0.7 0.141+0.003# 5.75+0.18# 0.157+0.002# 4.45+0.03# 24.3+1.3# 4.62+0.05# 3.49+0.07# 1.16+0.01# 523+9

*P , 0.05 vs. shams.
†P , 0.05 vs. all groups.
#P , 0.05 vs. ObRKO tam CAL.
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Table 2 Mean+++++SEM cardiac functional data derived from in vivo pressure–volume loops on oil-treated and tam-induced ObRKO sham and CAL mice, and on
tam-treated parental MerCreMer1/1 and ObR floxed1/1 CAL mice at 1-month post-surgery

Group Ejection
fraction (%)

Cardiac output
(mL/min)

Stroke
volume (mL)

Stroke work
(mmHg/mL)

End-diastolic
volume (mL)

End-systolic
volume (mL)

Heart rate
(b.p.m.)

dP/dtmax

(mmHg/s)
dP/dtmin

(mmHg/s)

ObRKO oil sham
(n ¼ 16)

55.3+1.3 9742+634 20.6+1.2 1763+142 36.8+2.6 16.2+1.4 473+12 11 445+504 210 625+589

ObRKO tam sham
(n ¼ 16)

55.6+1.4 9650+514 20.1+1.1 1689+85 36.5+2.7 16.4+1.7 480+10 12 026+720 210 694+547

ObRKO oil CAL
(n ¼ 16)

23.8+1.0* 8061+638* 16.9+1.3* 986+90* 70.3+4.2* 53.4+3.6* 477+12 6901+180* 26333+185*

ObRKO tam CAL
(n ¼ 14)

14.6+0.6† 5783+288† 12.3+0.6† 634+40† 81.9+3.6† 69.6+3.4† 470+12 4983+194† 24974+244†

MerCreMer+/+ tam
CAL (n ¼ 16)

23.8+0.9* 8132+382* 16.7+0.2* 932+72* 70.5+3.3* 53.8+3.2* 487+8 7008+180* 26576+155*

ObR floxed+/+ tam
CAL (n ¼ 15)

24.6+1.0* 7954+468* 16.2+1.0* 992+102* 71.0+5.0* 54.8+4.5* 491+12 6824+472* 26399+421*

ObRKO tam
CAL + AICAR
(n ¼ 9)

21.5+0.4# 7505+652# 15.8+1.4# 999+78# 73.4+1.4# 57.6+2.8# 475+9 6553+592# 25357+591#

*P , 0.05 vs. shams.
†P , 0.05 vs. all groups.
#P , 0.05 vs. ObRKO tam CAL.
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online, Figure S2B) only in oil-treated ObRKO mice. In control exper-
iments, both total and p/t-STAT3 and -AMPK in tam-treated parental
MerCreMer+/+ and ObR floxed+/+ mice were not significantly differ-
ent from oil-treated ObRKO mice post-MI (Figure 2A and B).

3.3 Cardiac-specific reduction in ObR
expression exacerbates indices of heart
failure that are rescued with AMPK
activation at 1-month post-MI
At one-month post-surgery, survival in sham mice was 100% (32/32).
With CAL, 80% survival (16/20) was seen in oil-treated ObRKO mice,
which was not different than survival in tam-treated MerCreMer+/+

(16/20) and ObR floxed+/+ (15/18) parental mice, but was signifi-
cantly better than the 46% survival (14/30) seen in tam-treated
ObRKO mice (Figure 3E). Despite equal infarct areas in oil- and tam-
treated ObRKO mice (6.35+0.26 vs. 6.31+0.28 mm2, P . 0.05; see
Supplementary material online, Figure S3), both heart and lung weights
of tam-treated ObRKO mice were significantly increased, and tam-
treated ObRKO mice subjected to CAL demonstrated the greatest
increase in EDD and end-systolic dimension, and the greatest
decrease in per cent FS, at 3-day, 1-, 2-, and 3-week, and 1-month
post-surgery (see Supplementary material online, Figure S4 and Table
S1; Table 1 and Figure 3A). These exacerbated indices of heart
failure in the tam-treated ObRKO mouse post-MI were consistent
with pressure–volume data at 1-month post-MI, which demonstrated
significant increases in EDV and end-systolic volume, and significant
decreases in cardiac output, ejection fraction, and developed press-
ures (Table 2 and Figure 3B). With each measured outcome, tam-
treated homozygous (+/+) MerCreMer (Cre+/+) and floxed
(flox+/+) parental mice demonstrated changes in cardiac structure

and function at 1-month post-MI that were no different than oil-
treated ObRKO mice post-MI (Tables 1 and 2 and Figure 3A and B).
Consistent with the literature,18,19 AICAR administration resulted in
the activation of cardiac AMPK (Figure 3C), and significant improve-
ments in both echocardiographic- and pressure–volume-determined
indices of heart failure were observed (Figure 3D, and Tables 1 and 2).

3.4 Cardiac-specific reduction in ObR
expression results in greater indices of
biochemical remodelling that are rescued
with AMPK activation at 1-month post-MI
The cardiac mRNA expression of atrial naturetic peptide (ANP), brain
naturetic peptide (BNP), b-myosin heavy chain (bMHC), interleukin
(IL)-1b, and tumour necrosis factor a (TNFa) were all increased
post-MI in tam-treated ObRKO mice, whereas IL10 mRNA was
decreased (Figure 4A, see Supplementary material online, Table S2).
Further, both myocyte width and area (Figure 4B; see Supplementary
material online, Figure S5), as well as echocardiographic determination
of wall thicknesses (Figure 3A and Table 1), were increased post-MI in
tam relative to oil-treated ObRKO mice, or tam-treated homozygous
(+/+) MerCreMer (Cre+/+) and floxed (flox+/+) parental mice.
Moreover, increased deposition of collagen was observed in cardiac
sections from tam-treated ObRKO mice (Figure 4C; see Supplemen-
tary material online, Figure S6) and correlated with increased zymogra-
phically determined matrix metalloproteinase (MMP) 2 and 9 activity
(Figure 4D). With AICAR administration, tam-treated ObRKO mice
demonstrated significant reductions in foetal gene and inflammatory
cytokine mRNA expression, myocyte hypertrophy, collagen depo-
sition, and MMP activity (Figure 4A–D, Table 1; see Supplementary
material online, Figures S5 and S6).

Figure 2 Tam-induced ObRKO mice demonstrate a loss of cardiac STAT3 and AMPK activation post-MI. *P , 0.05 vs. shams, †P , 0.05 vs. all CAL
groups. (A) Mean+ SEM fold change in cardiac p/t-STAT3 (middle panel) and t-STAT3/GAPDH (right panel) in various groups of ObRKO and homo-
zygous (+/+) parental MerCreMer (Cre+/+) and floxed (flox+/+) mice is shown, along with representative western blot showing two samples/group
(left panel). (B) As in (A), except that the data for Thr172-p/t-AMPK and t-AMPK/GAPDH are shown.
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3.5 Cardiac-specific reduction in ObR
expression results in greater cardiomyocyte
apoptosis, inflammation, and caspase-3
activity that are rescued with AMPK
activation at 1-month post-MI
Hearts from both oil- and tam-treated ObRKO mice subjected to
sham procedure demonstrated comparable rates of total apoptosis
(�0.09%), inflammation (i.e. the per cent of nuclei that are
CD45+, �4%), and TUNEL/a-actinin-positive cells (�0.05%;
Figure 5A–F). Additionally, in control experiments, rates of apoptosis,

inflammation, and TUNEL/a-actinin-positive cells in hearts from
homozygous (+/+) MerCreMer (Cre+/+) and floxed (flox+/+) par-
ental lines of mice treated with tam and subjected to CAL were not
significantly different from each other, or oil-treated ObRKO mice (all
P . 0.05; Figure 5A–F). However, increased indices of inflammation
and apoptosis were seen in both remote and infarcted myocardium
from ObRKO mice with cardiomyocyte-specific reduction in ObR
expression (Figure 5A–F). Specifically, relative to oil-treated mice,
remote tissue from tam-treated ObRKO mice subjected to CAL
demonstrated significantly greater levels of total TUNEL-positive
(�0.58 vs. �0.16%; P , 0.05), CD45-positive (�26 vs. �20%; P ,

Figure 3 Tam-induced ObRKO mice demonstrate worse survival and greater decrements in cardiac structure and function post-MI. *P , 0.05 vs.
shams and †P , 0.05 vs. all CAL groups. (A) Representative m-mode echocardiographic images from oil-treated ObRKO mice (left panel), and tam-
treated ObRKO (second panel) and homozygous (+/+) parental MerCreMer (Cre+/+) and floxed (flox+/+) mice (right two panels), with accom-
panying scale bar (1 mm) shown in white. (B) As in (A), except that the pressure–volume loops are shown. (C) Mean+ SEM fold change in cardiac p/
t-AMPK (middle panel) and t-AMPK/GAPDH (right panel) in tam-treated ObRKO CAL mice 3 days after administration of AICAR, along with repre-
sentative western blot showing two samples/group (left panel). (D) Representative echocardiographic and pressure–volume data from a tam-treated
ObRKO mouse administered AICAR post-MI. (E) Thirty-day Kaplan–Meier survival plot of sham (ObRKO oil- and tam-treated groups combined) and
CAL mice (oil- and tam-treated ObRKO, and tam-treated homozygous parental MerCreMer+/+ and ObR Flox+/+ mice).
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0.05), and TUNEL/a-actinin positive (�0.29 vs. �0.07%; P , 0.05)
cells. Similarly, infarcted tissue from tam-treated ObRKO mice sub-
jected to CAL demonstrated significantly greater levels of total
TUNEL-positive (�3 vs. �0.48%; P , 0.05), CD45-positive (�50
vs. �32%; P , 0.05), and TUNEL/a-actinin-positive cells (�1.8 vs.
�0.22%; P , 0.05). Moreover, and consistent with histological data,
a �1.7-fold increase in caspase-3 activity was seen in oil-treated
ObRKO mice subjected to CAL relative to shams (P , 0.05), with
an additional increase to approximately three-fold in tam-treated
ObRKO mice post-CAL (P , 0.05; Figure 5G; see Supplementary
material online, Figure S7). In these in vitro experiments, caspase-3
activities in tam-treated homozygous (+/+) MerCreMer (Cre+/+)
and floxed (flox+/+) parental mice subjected to CAL were not

significantly different from vehicle-treated ObRKO mice (Figure 5G).
With AICAR administration, significant reductions in total apoptosis,
inflammation, TUNEL/a-actinin-positive cells, and caspase-3 activity
were seen in tam-treated ObRKO mice at 1-month post-MI
(Figure 5A–G).

3.6 Cardiac-specific reduction in ObR
expression results in impaired glycolytic
metabolism that is rescued with AMPK
activation at 1-month post-MI
Post-MI, cardiac glycolysis was increased in oil-treated ObRKO mice
and tam-treated homozygous (+/+) MerCreMer (Cre+/+) and

Figure 4 Tam-induced ObRKO mice demonstrate greater biochemical and histological measures of cardiac remodelling post-MI. *P , 0.05 vs.
shams and †P , 0.05 vs. all CAL groups. (A) Mean+ SEM fold change in cardiac ANP, BNP, bMHC, IL-1b, IL-10, and TNFa mRNAs in various
groups of ObRKO and homozygous (+/+) parental MerCreMer (Cre+/+) and floxed (flox+/+) mice is shown. (B) Mean+ SEM myocyte width
(left panel) and cross-sectional area (right panel) are shown. (C) Mean+ SEM per cent collagen area is shown. (D) Mean+ SEM fold change in
cardiac MMP2 and 9 activities is shown (right), along with a representative zymogram (left).
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Figure 5 Tam-induced ObRKO mice demonstrate increased cardiac apoptosis, inflammation, and caspase-3 activity post-MI in both remote and
infarcted myocardium. *P , 0.05 vs. shams, †P , 0.05 vs. shams and all remote CAL groups, and ‡P , 0.05 vs. all groups. (A) Representative ×20
power immunofluorescent TUNEL (in red, examples indicated by left facing arrows) and CD45 (in blue, examples indicated by right facing
arrows) staining in infarcted tissue from ObRKO mice treated with oil, tam, and tam + AICAR. Nuclei (stained with DAPI) are shown in green,
and accompanying scale bar (10 mM) is shown in white. (B) Representative ×60 power immunofluorescent TUNEL (in red, examples indicated by
left facing arrows) and a-actinin (in blue) co-staining (top image), along with TUNEL positive/a-actinin negative staining (bottom image), in cardiac
sections from ObRKO mice. Nuclei (stained with DAPI) are shown in green, and accompanying scale bar (10 mM) is shown in white. (C ) As in
(A), except that a-actinin-positive cells (rather than CD45-positive cells) were stained and are shown in blue. (D) Mean+ SEM apoptotic index in
oil-treated and tam-induced sham and CAL ObRKO mice, and in tam-treated homozygous (+/+) parental MerCreMer (Cre+/+) and floxed
(flox+/+) mice. (E) As in (D), except that mean+ SEM inflammatory index is shown. (F) As in (D), except that the mean+ SEM per cent TUNEL-
positive/a-actinin-positive cells are shown. (G) As in (D), except that the mean+ SEM fold change in caspase-3 activity is shown.
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floxed (flox+/+) parental mice, relative to shams (Figure 6). In tam-
treated ObRKO mice, glycolytic rate was significantly impaired in
both sham and infarcted hearts, and complete rescue was seen in
CAL mice after AICAR administration (Figure 6).

4. Discussion
Here, we establish that leptin has a direct effect on the heart by
demonstrating that cardiomyocyte-restricted loss of leptin signalling
results in worse cardiac structure, function, and survival relative to
wild-type mice after experimental MI, consistent with our previous
observations in the whole-body leptin-deficient Ob/Ob mouse.2,11

We go on to demonstrate that intact cardiac leptin signalling in ischae-
mic heart failure is important for the maintenance of glycolytic metab-
olism, involves the activation of STAT3 and AMPK, and is associated
with attenuated indices of inflammation, apoptosis, and adverse
cardiac remodelling post-MI. By demonstrating improvement in
many exacerbated indices of cardiac structure and function that
occur in the tam-treated ObRKO mouse post-MI with AICAR, we
mechanistically link the cardioprotective benefit of leptin signalling
to AMPK. Taken together, these results provide potential mechanisms
by which intact leptin signalling improves outcomes in ischaemic heart
failure.

In the present study, experiments using the ObRKO mouse
demonstrate the relative importance of cardiac vs. non-cardiac
leptin signalling in the ischaemic failing heart and suggest a compensa-
tory role for the increased ObR expression that occurs in wild-type
mice post-MI2,20 and in humans with heart failure.3 Specifically, in
ObRKO mice with reduced cardiac ObR expression, a corresponding
loss of STAT3 and AMPK activation is seen in the failing heart. The
importance of this finding is that STAT3 and AMPK activation miti-
gates cardiac ischaemic injury. For example, in mice with a loss of
STAT3 activation, greater adverse left ventricular remodelling 21 and
increased apoptosis22 occur post-MI. Similarly, in mice expressing
the kinase inactive form of AMPK, ischaemic glucose uptake and

glycolysis are impaired, and post-ischaemic cardiac function and apop-
tosis are exacerbated.23 Our results using the ObRKO mouse are
consistent with these21– 23 published reports and demonstrate that
a loss of cardiac STAT3 and AMPK activation in the ischaemic failing
heart is linked to increased levels of adverse structural, functional, bio-
chemical, and metabolic remodelling.

Our data demonstrate that excision of the ObR gene has no effect
on the basal activation state of STAT3 or AMPK, or on myocardial
structure or contractile performance during a short (4 week) period
of observation. Indeed, data from Ob/Ob and Db/Db mice suggest
that longer perturbation of ObR signalling is required to see changes
in cardiac structure and function under basal conditions5 and that
ischaemic injury2,24 accelerates this process. Combined, these in vivo
data2,5,24 are in contrast to several,25–27 but not all,28 in vitro studies
reporting that leptin can induce hypertrophy in cultured rat neonatal
or human paediatric cardiomyocytes. Reasons for these varied in vivo
vs. in vitro responses may be due to a number of factors, including
the reported lack of long-form ObR expression in rat neonatal cardio-
myocytes,26 the lack of non-cardiomyocyte cells in culture preparations
that secrete factors such as angiotensin-(1–7)29 and interferon-g30 that
mediate anti-hypertrophic effects, the loss of extracellular matrix
(ECM) that provides and/or alleviates varied degrees of wall stress
in vivo,31 and the different culture conditions under which experiments
were performed. The acute effect of leptin administration may also be
different than the chronic effect of deficiency. In particular, it has been
proposed that the age-related hypertrophy observed in Ob/Ob and
Db/Db mice is a consequence of many deranged physiological par-
ameters that occur in these mice over time and is not a direct conse-
quence of leptin deficiency per se.25 Although our data do not directly
address the issue of age-related hypertrophy in states of leptin
deficiency, we do demonstrate using our cardiac-specific ObR knock-
out mouse that the mitigating effects of leptin on post-MI hypertrophy
are specific to cardiac tissue and not dependent on any systemic actions
of leptin. Thus, although final conclusions regarding leptin-mediated
cardiomyocyte hypertrophy based on in vitro data remain to be clarified,
our data suggest that impaired cardiac leptin signalling post-MI results in
a decrease in AMPK activity and an increase in cardiomyocyte
hypertrophy.

Cardiomyocyte hypertrophy can develop as a compensatory
response to increases in cardiac pressure and/or volume. However,
with time, hypertrophy leads to cardiac failure, characterized by mala-
daptive remodelling of the ECM, reduced contractile performance,
and ventricular dilation. Inflammation plays a role in regulating ECM
remodelling by contributing to alterations in cardiac MMP activity
and collagen deposition.31 Specifically, mast cells within the myocar-
dium release a variety of factors, including TNFa, that increase
MMP expression and activation,32 and evidence suggests that both
neutrophils and macrophages secrete and activate MMPs in the
post-MI heart.33 Consistent with these observations, we show
increased cardiac MMP activity, collagen deposition, inflammatory
cytokine expression (including TNFa), and increased inflammatory
cell infiltrates in tam-treated ObRKO mice post-MI. Further, we
demonstrate a reduction in these measures with AICAR adminis-
tration, suggesting the involvement of AMPK. This is consistent with
other reports34,35 demonstrating that AMPK modulates inflammatory
responses. In particular, AMPK not only suppresses pro-inflammatory
responses in macrophages,34 but it also inhibits the production and
activity of pro-inflammatory cytokines such as TNFa.35 Thus, impaired
cardiac leptin signalling post-MI is linked to decreased AMPK

Figure 6 Tam-induced ObRKO mice demonstrate reduced
steady-state rates of glycolysis that can be rescued with AICAR.
Mean+ SEM steady-state rate of glycolysis (in mmol/min/g dry
heart weight) in oil-treated and tam-induced sham and CAL
ObRKO mice, in tam-treated homozygous (+/+) parental MerCre-
Mer (Cre+/+) and floxed (flox+/+) mice, and in tam-induced CAL
ObRKO mice administered AICAR. See Section 2 for n per group.
*P , 0.05 vs. shams, ‡P , 0.05 vs. oil-treated sham, and §P , 0.05
vs. oil sham and all other CAL groups.
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activation and increased maladaptive cardiac remodelling character-
ized by exacerbated inflammation, collagen deposition, and MMP
activity.

In addition to increased inflammation, we also show increased cardi-
omyocyte apoptosis post-MI in tam-treated ObRKO mice that is
rescued with AICAR. Our findings complement reported rates of
cardiac apoptosis seen in Ob/Ob and Db/Db mice with ageing6 and
extend the results of our previous study which demonstrated increased
cardiac apoptosis post-MI in both lean and obese Ob/Ob mice.11

Specifically, we now not only show the increased apoptotic cell
number in mice with impaired cardiac leptin signalling post-MI, but
also demonstrate that the majority of cells undergoing apoptosis in
both remote and infarcted regions stain with the cardiomyocyte-
specific marker a-actinin. Mechanistically, our experiments with
AICAR demonstrate the involvement of AMPK and are consistent
with studies showing AMPK-mediated protection from hypoxia/
reoxygenation-,36 TNFa-,37 and ischaemia/reperfusion23-induced
cardiac apoptosis. We speculate that complete normalization of apop-
totic rates was not achieved in our study, however, due to either
the relatively short duration of AICAR administration, and/or the invol-
vement of additional leptin-dependent, but AMPK-independent, anti-
apoptotic factors and pathways. For example, in addition to AMPK,36

evidence suggests that leptin attenuates apoptosis in cardiac cells
through the activation of p38 mitogen-activated kinase,36 phosphoino-
sitide 3-kinase,38 and STAT3.11 Nevertheless, our experiments using
AICAR confirm a mechanistic link and demonstrate a unique AMPK-
dependent anti-apoptotic role for leptin in the ischaemic failing heart.

Our data demonstrate that leptin impacts hypertrophy, collagen
deposition, MMP activity, inflammation, and apoptosis in the ischae-
mic failing heart and thereby plays an important role in mitigating
adverse structural remodelling post-MI. Another major finding in
this study is that leptin also mediates metabolic remodelling in
ischaemic heart failure. Specifically, we demonstrate increased gly-
colysis post-MI only in hearts with intact leptin signalling and
reduced glycolytic rates in mice with impaired leptin signalling that
can be rescued with AICAR. These results are in agreement with
findings in Ob/Ob and Db/Db mice that show a reduction in
cardiac glucose utilization and contractile function that precede
the development of obesity and hyperglycaemia.7,39 Given these
observations, it is likely that the reduction in anaerobic metabolism
we see in hearts with impaired leptin signalling is a major contribut-
ing factor to the accentuated impairments we see in LV systolic
function, cardiac output, stroke work, and contractility (dP/dtmax)
in the tam-treated ObRKO mouse post-MI. Indeed, independent
of leptin, studies consistently demonstrate a significant reduction
in cardiac mechanical efficiency when free fatty acids are used pre-
ferentially over glucose for energy production in the failing heart.40

Our data demonstrating restoration of glycolysis and significant
improvements in cardiac function with AICAR treatment suggest a
direct link between leptin-mediated glycolytic metabolism and
cardiac function post-MI, and highlight the dependence on AMPK
in the process.

In conclusion, our data show that leptin mitigates heart failure
post-MI by acting directly on the cardiomyocyte to increase ObR sig-
nalling and decrease cardiac hypertrophy, apoptosis, and inflam-
mation. Further, our results demonstrate that intact cardiac leptin
signalling is an important mediator of anaerobic metabolism which
occurs in the ischaemic failing heart and is associated with less
severe decrements in cardiac function and apoptosis post-MI.

Together, these observations complement studies reporting increased
circulating leptin acutely after MI9 and increased cardiac ObR
expression3 and circulating leptin10 in human heart failure, by estab-
lishing a cardiomyocyte-specific role for leptin to improve outcomes
in cardiac ischaemic injury.
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