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Key points

� Leptin, is a 16 kDa pleiotropic peptide not only primarily secreted by adipocytes, but also
produced by other tissues, including the heart.

� Controversy exists regarding the adverse and beneficial effects of leptin on the heart
� We analysed the effect of a non-hypertensive dose of leptin on cardiac function, [Ca2+]i

handling and cellular electrophysiology, which participate in the genesis of pump failure and
related arrhythmias, both in control mice and in mice subjected to chronic pressure-overload
by transverse aorta constriction.

� We find that leptin activates mechanisms that contribute to cardiac dysfunction under physio-
logical conditions. However, after the establishment of pressure overload, an increase in leptin
levels has protective cardiac effects with respect to rescuing the cellular heart failure phenotype.

� These beneficial effects of leptin involve restoration of action potential duration via
normalization of transient outward potassium current and sarcoplasmic reticulum Ca2+

content via rescue of control sarcoplasmic/endoplasmic reticulum Ca2+ ATPase levels
and ryanodine receptor function modulation, leading to normalization of Ca2+ handling
parameters.

Abstract Leptin, is a 16 kDa pleiotropic peptide not only primary secreted by adipocytes, but
also produced by other tissues, including the heart. Evidence indicates that leptin may have
either adverse or beneficial effects on the heart. To obtain further insights, in the present study,
we analysed the effect of leptin treatment on cardiac function, [Ca2+]i handling and cellular
electrophysiology, which participate in the genesis of pump failure and related arrhythmias,
both in control mice and in mice subjected to chronic pressure-overload by transverse aorta
constriction (TAC). Three weeks after surgery, animals received either leptin (0.36 mg kg–1 day–1)
or vehicle via osmotic minipumps for 3 weeks. Echocardiographic measurements showed that,
although leptin treatment was deleterious on cardiac function in sham, leptin had a cardio-
protective effect following TAC. [Ca2+]i transient in cardiomyocytes followed similar pattern.
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Patch clamp experiments showed prolongation of action potential duration (APD) in TAC
and leptin-treated sham animals, whereas, following TAC, leptin reduced the APD towards
control values. APD variations were associated with decreased transient outward potassium
current and Kv4.2 and KChIP2 protein expression. TAC myocytes showed a higher incidence of
triggered activities and spontaneous Ca2+ waves. These proarrhythmic manifestations, related
to Ca2+/calmodulin-dependent protein kinase II and ryanodine receptor phosphorylation, were
reduced by leptin. The results of the present study demonstrate that, although leptin treatment was
deleterious on cardiac function in control animals, leptin had a cardioprotective effect following
TAC, normalizing cardiac function and reducing arrhythmogeneity at the cellular level.
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Introduction

Leptin is a 16 kDa adipokine that regulates food intake
and energy metabolism at a central level. It is produced
and secreted not only by adipose tissue, but also by
other tissues, including the heart. Leptin acts via the
leptin-receptor (ObR), which is present on cells of kidney,
pancreas, liver, muscle and heart, as well as the vasculature
(Abel et al. 2008; Sweeney, 2010).

Obese patients usually present high circulating leptin
levels that are generally consequence of a status of
leptin resistance and a down-regulation of ObRs in the
hypothalamus. However, there is experimental evidence
showing that leptin resistance does not occur in the cardiac
tissue of obese individuals. Several studies have reported
that ObRs are not down-regulated in cardiomyocytes
and that they preserve full responsiveness to leptin (Abe
et al. 2007; Guzmán-Ruiz et al. 2010; Stucchi et al. 2011;
Leifheit-Nestler et al. 2013).

Obesity is associated with the prevalence of many
cardiovascular diseases (CVDs), including hypertension,
coronary disease and heart failure (HF) (Schaffer, 2003).
However, the link between obesity, hyperleptinaemia
and the development of CVD is not completely under-
stood. Several clinical studies (Sierra-Johnson et al. 2007;
Wannamethee et al. 2007; Liu et al. 2010), but not
all (Thøgersen et al. 2004; Brennan et al. 2007), have
supported a role of hyperleptinaemia as a risk marker
for CVDs. By contrast, disruption of the leptin signalling
pathway within the mouse heart has been reported to
cause left ventricular hypertrophy (Barouch et al. 2003)
and it has been proposed that hyperleptinaemia can play a
protective role in HF through activation of ObR signalling
in cardiomyocytes (McGaffin et al. 2008; McGaffin et al.
2009). Moreover, several studies have reported a better

prognosis and lower mortality in overweight and obese
patients with HF than in those patients with HF but
normal body mass index (Horwich et al. 2001; Oreopoulos
et al. 2008; Lavie et al. 2013).

Almost half of HF patients die from sudden
cardiac death, most probably as a result of ventricular
arrhythmias. Electrophysiological remodelling, with a
reduced expression of potassium channels and a prolonged
action potential duration (APD), shows typical features
of HF that make the heart more prone to early after-
depolarizations and fatal arrhythmias. In addition, failing
hearts show enhanced diastolic Ca2+ leak via cardiac
ryanodine receptors (RyR2s) that can generate delayed
after depolarizations (DADs) and ventricular arrhythmias.
Alteration in intracellular Ca2+ handling and reduced
expression of potassium channels have been proposed
as mechanisms involved in the genesis of HF related
arrhythmias (Nattel et al. 2007; Lehnart et al. 2009).

The aim of the present study was to assess the effect
of a non-hypertensive dose of leptin on cardiac electrical
remodelling and sarcoplasmic reticulum Ca2+ leak in a
mouse model with pre-existing pathological hypertrophy
and cardiac dysfunction induced by transverse aortic
constriction (TAC).

The results obtained demonstrate that, in the pre-
sence of a cardiac pathology, leptin treatment has a
beneficial effect by normalizing cardiac function and
reducing arrhythmogenesis. The mechanisms involved
included a significant increase of Kv4.2 and KChIP
expression that normalized transient outward potassium
current (Ito) density and APD reduction and a significant
reduction in frequency of Ca2+ waves as a consequence of
normalization of Ser-2814 RyR2 phosphorylation levels.
Although the effect of leptin on control animals cardiac
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function was deleterious, it was not accompanied by
increased arrhythmogenicity.

Methods

Ethical approval

All experiments on mice were performed with
the approval of the Bioethical Committee of the
Complutense University of Madrid, in accordance with
the recommendations of the Spanish (Proex 035-15) and
European guidelines (2010/63/EU) and also in accordance
to the ethical principles laid down by the French (Mini-
stry of Agriculture) Directives for the care of laboratory
animals (B9201901).

Animals

Mice were housed in cages of five and fed ad libitum.
Ten-week-old C57Bl/6 male mice (Jackson Laboratories,
Bar Harbor, ME, USA), under anaesthesia (50 mg kg−1

ketamine plus 8 mg kg−1 xylazine I.P) during the whole
procedure, underwent transversal aortic constriction
(TAC). The depth of anaesthesia was confirmed by toe
pinch. After thoracotomy, the aortic arch was constricted
with a thread (6-0 silk suture) together with a 27-gauge
needle (diameter 0.42 mm). The needle was then removed,
leaving a region of stenosis that partially reduced the
vascular light. The sham group underwent the same
procedure without placement of the suture. Three weeks
after surgery, before the establishment of cardiovascular
dysfunction (ejection fraction sham 76.41% ± 2.53 vs.
TAC 77.00% ± 1.84 and fractional shortening sham
39.99% ± 2.24 vs. TAC 40.29% ± 1.74), animals were
randomly divided into four groups (sham vehicle, sham
leptin, TAC vehicle and TAC leptin). A micro-osmotic
pump containing either leptin (0.36 mg kg−1 day−1) or
vehicle (20 mmol L−1 Tris, 150 nmol L−1 NaCl) was S.C.
implanted in every mouse (sham and TAC groups). Mice
were finally killed for experiments 3 weeks after osmotic
pump implantation.

Drugs and devices

Leptin was purchased from Sigma-Aldrich (St Louis, MO,
USA) and the stock solution was prepared in accordance
with the manufacturer’s instructions. Fluo-3 AM was
purchased from Molecular Probes/Life Technologies
(Eugene, OR, USA) and Collagenase type II was obtained
from Worthington Biochemical Corp. (Lakewood, NJ,
USA). Caffeine and other products were obtained from
Sigma-Aldrich.

Osmotic minipumps were obtained from Alzet
(Cupertino, CA, USA). The 5 MHz transducer Vivid 9 for
M-mode echocardiography was obtained from General
Electric Healthcare (Piscataway, NJ, USA).

We used an SP5 confocal microscope (Leica Micro-
systems, Wetzlar, Germany) for Ca2+ imaging and Ca2+
image analyses were performed using IDL software
(Research Systems, Inc., Boulder, CO, USA) and bespoke
routines. For the whole-cell, patch clamp method, we
used an Axopatch 1D amplifier with pClamp6 (Axon
Instruments, Sunnyvale, CA, USA).

Primary antibodies were: sarcoplasmic/endoplasmic
reticulum Ca2+ ATPase (SERCA) (dilution 1:1000)
(Thermo Fisher, Waltham, MA, USA), phospho-
phospholamban (dilution 1:5000) (Ser16 and Thr17),
phospholamban (dilution 1:1000) and phospho-RyR
(dilution 1:1000) (Ser2814; Badrilla Ltd, Leeds, UK),
RyR (dilution 1:1000) (Affinity Bioreagents, Golden, CO,
USA), pCaMKII (Thr286) (dilution 1:1000) and CaMKII
(dilution 1:1000) (Cell Signaling. Danvers, MA, USA),
Kv4.2 (dilution 1:500) (EMD Millipore, Darmstadt,
Germany), voltage-gated K+ channel-interacting protein
2 (dilution 1:1000) (KChIP2; Affinity Bioreagents),
sodium–calcium exchanger (dilution 1:1000) (NCX;
Swant Inc., Marly, Switzerland) and GAPDH (dilution
1:5000) (Ambion, Carlsbad, CA, USA). Specific bands
were detected using the Amersham ECL protein detection
system (General Electric Healthcare, Piscataway, NJ, USA)
and were analysed using ImageJ (NIH, Bethesda, MD,
USA).

Echocardiography

Transthoracic echocardiography was performed the day
before the experiment using a 5 MHz transducer under
3% isoflurane gas anaesthesia. Two-dimensional-guided
M-mode echocardiography was used to determine contra-
ctile parameters such as fractional shortening (FS) or
ejection fraction (EF).

Cardiomyocyte isolation

Mice were heparinized (4 IU g–1, I.P.) and anaesthetized
(sodium pentobarbital, 50 mg kg−1, I.P.). The depth of
anaesthesia was determined by assessing the loss of the
pedal reflex by toe pinch. Immediately after phase III
anaesthesia was reached, a central thoracotomy and heart
excision was performed. Ventricular myocytes were iso-
lated using a collagenase perfusion method as described
previously (Gómez-Hurtado et al. 2014; Delgado et al.
2015).

Confocal imaging

Ca2+ tolerant rod shaped myocytes were loaded with the
fluorescence Ca2+ dye Fluo-3 AM (6μmol L−1) for 30 min.
Images were obtained after at least an additional 30 min to
allow for complete de-esterification, with confocal micro-
scopy (objective w.i. 63×) fitted with a white light laser
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tuned to 500 nm. Excitation was collected at > 510 nm.
All experiments were performed at room temperature
(23°C).

To record Ca2+ transients, Fluo-3 loaded cells were field
stimulated by two Pt electrodes at 2 Hz until steady-state
before recording. Spontaneous Ca2+ sparks and waves
were obtained in quiescent cells after [Ca2+]i transients
recordings. For sarcoplasmic reticulum (SR) Ca2+ load
estimation, cardiac myocytes were rapidly perfused with
10 mmol L−1 caffeine right after field-stimulation to empty
SR. Because [Ca2+]i reached during caffeine experiments
may fall in the non-linear part of the fluorescence-Ca2+
curve of Fluo-3, significant changes in [Ca2+]i may provide
small differences in fluorescence. Thus, we calculated
[Ca2+]i levels according to the formula and diastolic
[Ca2+]i reported previously (Gómez et al. 1996), as well
as the Fluo-3 AM Kd values experimentally measured in
cardiomyocytes (Loughrey et al. 2003).

Electrophysiological measurements

APs and K+ currents were recorded using a whole-cell,
patch clamp method with solutions and protocols as
described previously (Ouvrard-Pascaud et al. 2005).
Trigger activity was defined as the number of spontaneous
AP recorded as a result of DADs sufficiently large to reach
the threshold potential for activation of a regenerative
inward current.

Western blotting

Cardiac tissue was homogenized and centrifuged at 50 g
for 1 min at 4°C to eliminate cellular debris. The super-
natants were used for immunoblotting. The extracted
proteins (15–30 μg) were separated on SDS-PAGE gels
and transferred to polyvinylidene difluoride membranes.
The membranes were blocked with 5% milk and
incubated overnight with primary antibodies.

Enzyme-linked immunosorbent assay

To analyse leptin concentration in heart homogenates,
we used a leptin mouse ELISA Kit KMC2281 Novex R©
(Life Technologies) in accordance with the manufacturer’s
instructions.

Statistical analysis

Data are presented as the mean ± SEM. Statistical analysis
was performed with Prism, version 5.0 (GraphPad, La
Jolla, CA, USA). Gaussian distribution of the samples
was assessed by a D’Agostino-Pearson test. Statistical
significance was evaluated by one-way ANOVA followed
by a Bonferroni post hoc test in those samples that
followed a normal distribution or by a Kruskal–Wallis
test followed by Dunn’s post hoc test in those samples

that did not follow a normal distribution. For statistical
comparison of abnormal diastolic Ca2+ release and
trigger activity occurrence, the chi-squared test was used
as reported previously (Ruiz-Hurtado et al. 2012) and
the data are presented as a percentage. P < 0.05 was
considered statistically significant.

Results

Chronic leptin treatment slightly impairs cardiac
function in healthy mice, but prevents cardiac
dysfunction in mice subjected to pressure overload

Analysis of cardiac leptin levels did not show significant
differences between sham and TAC mice (Table 1). After
3 weeks of treatment, we observed a 25% increase in
cardiac leptin levels either in sham or TAC animals. Neither
TAC, nor chronic leptin treatment modified mice body
weight (BW) or tibia length (TL); however, TAC induced
an increase in heart weight normalized by BW or by TL.
This cardiac hypertrophy induced by TAC was reduced by
3 weeks of leptin treatment not only at the whole organ
level, but also at the cardiomyocyte level, as confirmed by
membrane capacitance measurements (Table 1). Although
leptin treatment in sham mice impaired cardiac contra-
ctility, it improved cardiac function in TAC animals,
as measured by M-mode echocardiography (Fig. 1A).
As shown in Fig. 1B and C, on average, 3 weeks of
treatment with leptin (sham leptin) slightly but significant
reduced EF and FS, although by less amplitude than TAC.
When treated for 3 weeks with leptin, TAC mice showed
improved EF and FS compared to those TAC mice treated
only with vehicle.

Leptin treatment after TAC rescued [Ca2+]i transients
and contractile function in cardiomyocytes

Cardiac pump function is dependent on cardiomyocyte
contraction, which is activated by Ca2+. To obtain an
insight into the cellular mechanism responsible for the
modification of cardiac function, we investigated whether
leptin modulated [Ca2+]i transients in isolated cardio-
myocytes. Figure 2A shows representative line-scan images
recorded from ventricular myocytes isolated from mice
from all four experimental groups. Consistent with the
reduced cardiac function observed by echocardiography,
3 weeks of leptin treatment reduced [Ca2+]i transient
amplitude (Fig. 2B) and cell shortening (Fig. 2C). By
contrast, in mice subjected to TAC, where [Ca2+]i trans-
ient amplitude and contraction were reduced compared to
sham-operated animals (consistent with failing function),
leptin was able to restore [Ca2+]i transient amplitude and
cell shortening to levels similar to those observed in control
group. The SR Ca2+ content could be responsible for
the [Ca2+]i transient amplitude reduction. Indeed, the
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Table 1. Macroscopic parameters of mice, cell capacitances and cardiac leptin levels

Sham vehicle Sham leptin TAC vehicle TAC leptin

Body weight (g) 28.72 ± 2.75 27.65 ± 2.44 27.99 ± 0.58 26.69 ± 1.70
Tibia length (mm) 22.19 ± 0.12 22.0 ± 0.11 21.86 ± 0.04 21.63 ± 0.09
Heart weight/body weight (mg g–1) 7.84 ± 0.45 7.91 ± 0.39 10.23 ± 0.69∗ 8.78 ± 0.60†

Heart weight/tibia length (mg mm–1) 10.10 ± 2.35 9.89 ± 2.16 13.11 ± 2.85∗ 11.06 ± 1.98†

Leptin concentration in heart
homogenates (pg μg–1 protein) 376.3 ± 15.39 477.8 ± 4.95∗ 412.5 ± 37.55 463.4 ± 29.53∗

Membrane capacitance (pF) 182.4 ± 7.5 187.2 ± 12.6 220.4 ± 9.9∗∗∗ 183.4 ± 9.2†††

Data are expressed as the mean ± SEM (∗P < 0.05 and ∗∗∗P < 0.001 vs. sham vehicle; †P < 0.05 and †††P < 0.001 vs. TAC vehicle; N = 15,
n = 33 sham vehicle; N = 14, n = 23 sham leptin; N = 7, n = 34 TAC vehicle; N = 8, n = 34 TAC leptin). N, number of animals; n, number
of cells.

SR Ca2+ load was reduced in cells isolated from TAC
compared to sham animals, as is characteristic of HF. Three
weeks of leptin treatment also depressed SR Ca2+ load,
although the reduction was smaller than that induced by
TAC. The SR Ca2+ load in cells isolated from TAC animals
receiving leptin was partially restored (Fig. 2D and E). As
shown in Fig. 2F, leptin treatment after TAC prevented
SERCA2 down-regulation induced by TAC hearts. This
can contribute to restore SR Ca2+ content and [Ca2+]i

transient amplitude. Of note, we did not observed changes
either in total expression or phosphorylation (in either
residue Ser16 or Thr17) of PLB (Fig. 2G and H).

Leptin rescued electrophysiological alterations in
mice that underwent TAC

Ca2+ release from the SR, which induces contraction, is
activated during AP. Cardiac hypertrophy is accompanied
by a prolongation of AP duration, mainly as a result
of a reduction in the Ito (Beuckelmann et al. 1993;
Ravens & Cerbai, 2008). To test whether leptin had a
modulator effect with respect to these parameters, we
carried out patch clamp experiments to measure APs and
K+ currents. Figure 3A shows representative traces of APs
recorded in different cardiomyocytes isolated from sham
and TAC mice treated either with vehicle or with leptin.
Leptin treatment by itself increased APD measured at
20% (APD20) (sham vehicle 1.62 ± 0.13 ms vs. sham
leptin 2.28 ± 0.27 ms), 50% (APD50) (sham vehicle
5.12 ± 0.51 ms vs. sham leptin 7.98 ± 1.12 ms) and 90%
(APD90) of repolarization (sham vehicle 73.18 ± 8.76 ms
vs. sham leptin 107.3 ± 14.58 ms) (Fig. 3B). Following
TAC, cells isolated from vehicle-treated mice showed
the classical hypertrophic induced prolongation of APD
measured at 20% (TAC vehicle 3.44 ± 0.85 ms), 50% (TAC
vehicle 11.85 ± 1.99 ms) and 90% of repolarization (TAC
vehicle 189.12 ± 41.72 ms) (Fig. 3B). By contrast, leptin
treatment shortened the APD in TAC cardiomyocytes
(Fig. 3B) at 20% (TAC leptin 1.69 ± 0.14 ms), 50% (TAC

leptin 7.23 ± 0.85 ms) and 90% of repolarization (TAC
leptin 148.28 ± 30.03 ms).

To further analyse the mechanisms involved in
APD alteration by leptin and/or TAC, we measured
the main K+ currents responsible for the AP
repolarization phase. In the adult mouse ventricle,
outward K+ currents involved in cardiac repolarization
consist of three components distinguishable by their
specific time and voltage dependency and sensitivity
to pharmacological agents: a transient current (Ito),
a low-concentration 4-aminopyridine–sensitive current
(IKur) and a non-inactivating steady-state component (ISS)
(Brouillette et al. 2004). Three weeks of leptin treatment
of sham-operated mice reduced Ito densities (Fig. 4A,
left) without modifying IKur (Fig. 4B, left) or Iss (Fig. 4C,
left) densities. In mice subjected to TAC and treated with
vehicle (Figures 4A–C, right), densities of Ito and IKur (but
not Iss) were reduced compared to sham cells. Leptin
treatment reversed Ito density downregulation to levels
similar to those observed in control mice (Fig. 4A, right)
but did not modify the reduction of IKur densities (Fig. 4B,
right). These results are consistent with the AP wave-
forms (Fig. 3). The decrease in Ito density could be the
result of a depression in channel expression. We analysed
protein expression of the main α subunit that encodes the
Ito channel in mice (Kv4.2) and also the auxiliary sub-
unit KChIP2 (Patel & Campbell, 2005). Figures 4D and
E show that Kv4.2 and KChIP2 protein expression were
reduced in those groups presenting cardiac dysfunction
(sham leptin and TAC vehicle) compared to sham vehicle.
In TAC hearts, leptin treatment normalized Kv4.2 and
KChIP2 protein expression.

Leptin treatment prevents arrhythmic manifestations
in cardiac myocytes isolated from TAC mice by
reverting CaMKII RyR2 phosphorylation

During AP recordings, we observed oscillations in
membrane potential or DADs following completion of
the driven AP, which eventually, triggered spontaneous AP
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4232 N. Gómez-Hurtado and others J Physiol 595.13

(Fig. 5A). The occurrence of these triggered activities (TA)
was greatly enhanced by TAC (Fig. 5B) and reduced by
leptin treatment after TAC. DADs are commonly initiated
by non-electrically driven, propagating spontaneous Ca2+
release from the SR via the RyR2s, termed Ca2+ waves
(Pogwizd & Bers, 2004). Consistently, spontaneous Ca2+

wave occurrence (Fig. 5C and D) was prominent in the
TAC group. Although leptin did not promote any effect
on Ca2+ wave occurrence in healthy cells, it was able to
reduce the occurrence of Ca2+ waves in cardiomyocytes
isolated from TAC animals to control levels (Fig. 5D). In
addition, we found that NCX expression was increased
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Figure 1. Chronic leptin treatment impairs cardiac function in control but improves cardiac outcomes
after TAC mice
A, representative M-mode echocardiographic images of sham and TAC mice treated either with vehicle or with
leptin. B and C, average ejection fraction (B) and shortening fraction (C), measured by M-mode echocardiography.
Data are the mean ± SEM (n = 6–8 mice). ∗P < 0.05 and ∗∗∗P < 0.001 vs. sham vehicle; †P < 0.05 and †††P < 0.001
vs. TAC vehicle; #P < 0.05 and ##P < 0.01 vs. sham leptin.
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Figure 2. Leptin treatment depresses cellular [Ca2+]i transients and contraction in sham but restores it
in TAC cardiomyocytes
A, representative line-scan confocal images of [Ca2+]i transients obtained in Fluo-3 loaded cardiomyocytes from
sham and TAC mice treated either with vehicle or with leptin. B, average [Ca2+]i transient amplitude measured as
peak F/F0, where F is the fluorescence trace and F0 is the fluorescence in the diastolic period in each experimental
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10 mmol L−1 caffeine application. E, average SR content. F, representative immunoblots (top) and average ratio of
protein levels (bottom) expressed as a percentage of SERCA normalized by GAPDH. G, representative immunoblots
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in all experimental groups compared to the sham vehicle
group (Fig. 5E). It is widely reported that NCX expression
is elevated in hypertrophy and HF, both in humans and
animal models (Despa et al. 2002; Pieske et al. 2002;
Baartscheer et al. 2003; Louch et al. 2010). The fact that
leptin treatment of TAC animals did not prevent this
increase tends to rule out a direct NCX involvement in
leptin anti-arrhythmogenic effects.

Enhanced Ca2+ wave occurrence suggests leaky RyR2
channels (Zima et al. 2010). Several studies (Bers, 2002;
Ruiz-Hurtado et al. 2012) previously reported that an
increase in CaMKII activation (measurable by CaMKII
autophosphorylation at Thr286) and subsequent RyR2
phosphorylation at the CaMKII site (Ser2814) are involved
in this effect. To test the involvement of this mechanism
in the observed effects, we first analysed the CaMKII
autophosphorylation in our four experimental groups.
Figure 6A shows that CaMKII was more activated in TAC
mice treated with vehicle than in sham mice, and that
leptin treatment was able to reduce this effect on TAC
mice, without significantly altering CaMKII activation in
sham-operated animals. Consequently, when we analysed
RyR2 phosphorylation, we observed an increase of

Ser2814 phosphorylation levels in TAC mice, which was
significantly prevented by leptin treatment (Fig. 6B).
We then examined RyR2s activity in situ by visualizing
spontaneous Ca2+ sparks. Figure 6C shows examples
of Ca2+ sparks recorded in isolated cardiomyocytes
obtained from sham and TAC mice treated either with
vehicle or with leptin. Neither TAC, nor leptin treatment
significantly modified Ca2+ spark frequency (Fig. 6D).
However, Ca2+ spark amplitude was significantly higher in
cells isolated from TAC animals and this effect was blunted
by leptin treatment (Fig. 6E), consistent with RyR S2814
phosphorylation levels (Fig. 6B). Because RyR2 activity
and hence Ca2+ spark occurrence also depends on SR Ca2+
load, we normalized Ca2+ spark frequency by the total
amount of Ca2+ stored in the SR. Figure 6F shows that
cardiac myocytes isolated from TAC animals presented
significantly more Ca2+ sparks for a given SR Ca2+ load,
consistent with RyR2 phosphorylation. Leptin treatment
did not alter normalized Ca2+ spark frequency in the sham
group but significantly reduced it in the TAC group. Ca2+
waves originate from spontaneous openings of RyR2s as
Ca2+ sparks, which then propagate to neighbouring RyR2s
clusters. Thus, the spread in time and space of Ca2+ sparks
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is important with respect to the probability of a Ca2+
spark initiating a Ca2+ wave. Figure 7 shows that leptin
treatment diminished Ca2+ spark duration and width in
both experimental groups, thus limiting Ca2+ spread and
probability to activating an arrhythmogenic Ca2+ wave.

Discussion

In the last two decades, several studies have determined
that plasma leptin levels oscillate in the range 5–15 ng ml−1

in normal weight individuals (Sinha et al. 1996; Ahrén
et al. 1997), whereas these levels are significantly
increased in obese patients, reaching values in the range
15–500 ng ml−1 (Considine et al. 1996; Soliman et al.
2002).

Moreover, obesity [body mass index (BMI) �
30 kg m–2)] is associated with altered cardiac function.
In a follow-up study conducted over 14 years with 5881

patients from the Framingham study, a gradual increase
in HF risk related to an increase in BMI was reported
(Kenchaiah et al. 2002). However, it is important to note
that, within HF patients, elevated BMI is not a risk factor
for worse outcomes (Lavie et al. 2013). This discrepancy
between an increased CVD risk associated with obesity
and better outcomes of CVD found in obese patients has
led to the obesity paradox theory. In the present study,we
tested the hypothesis that leptin could have a deleterious
or protective effect in cardiac function depending on the
previous existence of a cardiac pathology.

Accordingly, we produced TAC in mice, which is
characterized by left ventricular hypertrophy development
3 weeks after intervention, whereas, after 6 weeks, systolic
dysfunction also occurs (Nakamura et al. 2001). The
echocardiographic results confirmed reduced cardiac EF
and FS 6 weeks after surgery, validating the model.
Leptin treatment in sham-operated animals induced a
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smaller but significant depression in cardiac function,
consistent with in vitro studies showing impaired cardio-
myocyte contractility by leptin (Dong et al. 2006).
It is important to note that, after 3 weeks of leptin
treatment (0.36 mg kg–1 day–1), we observed neither left
ventricular hypertrophy in our mice, nor an increase in
the membrane capacitance of the cardiomyocytes iso-
lated from the mice. Although the effects of leptin on
cardiac hypertrophy remain controversial, there are pre-
vious studies supporting pro-hypertrophic effects of leptin
on isolated neonatal cardiomyocytes (Rajapurohitam et al.

2003; Tajmir et al. 2004; Xu et al. 2004; Madani et al.
2006; Gan et al. 2013). However, our data are consistent
with a previous study by Abe et al. (2007) who did
not find any differences in left ventricular mass after
4 weeks of chronic leptin infusion with a non-hypertensive
dose (0.32 mg kg–1 day–1). Moreover, it was previously
shown that electrical remodelling precedes cellular hyper-
trophy after myocardial damage (Perrier et al. 2004).
Strikingly, contractile function evaluated by M-mode
echocardiography was improved by leptin treatment
after TAC, revealing a beneficial effect of leptin in the
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stressed heart. [Ca2+]i transient analysis of isolated cardio-
myocytes obtained from these mice was consistent with
the echocardiographic outcomes. Taken together, these
results support the suggestion that a rise in leptin levels
induces deleterious effects under physiological conditions
but may be cardioprotective in pathological situations.
Leptin signalling has been shown to have an important
role in maintaining ATP formation because knockout of
leptin in stressed mice is lethal (Hall et al. 2012). Thus, in
the setting of HF, leptin may help, amongst other plausible
mechanisms, to refill the SR with Ca2+, providing ATP
to the SERCA pump or by increasing SERCA expression
levels, which are known to be reduced in HF (Hobai &
O’Rourke, 2001). Indeed, HF is characterized by metabolic
alterations that contribute to contractile abnormalities.
ATP content is decreased and the main energy source
is shifted from fatty acid utilization towards glucose in
hypertrophy and HF (Sorokina et al. 2007; Ingwall, 2009).
There is experimental evidence to support the idea that
leptin shifts myocardial metabolism towards fatty acid
utilization (Atkinson et al. 2002), which could be beneficial
in the setting of HF. Indeed, 3 weeks of leptin treatment
after TAC helped preserve the intracellular Ca2+ stores
and restored the SERCA levels that were decreased in TAC
mice.

Increased arrhythmia susceptibility is a hallmark of
HF (Tomaselli & Marbán, 1999). It is well known that
alterations in APD as a result of reduced repolarizing K+
currents lead to longer cardiac AP or a long-QT inter-
val and predispose patients to ventricular arrhythmias
(Ravens & Cerbai, 2008). Therefore, patients with
impaired K+ channels function are at increased risk
for sudden cardiac death. In this regard, it is also well
documented that changes in Ito function are one of the
most important electrophysiological abnormalities related
to the left ventricular hypertrophy and HF (Benitah et al.
1993; Beuckelmann et al. 1993; Gómez et al. 1997).
Thus, we analysed the electrophysiological remodelling
that occurs in our model. We found that leptin under

physiological conditions moderately increases APD. Inter-
estingly, in TAC mice, where we observed a marked
increase of APDs, leptin treatment completely rescued the
APD20 prolongation induced by TAC, and significantly
shortened the prolongation at APD50 and APD90. In
rodents, the Ito current has a major contribution to phase
1 of ventricular repolarization and APD. Therefore, we
hypothesize that the effects of leptin in APD could be
mediated by the ability of leptin to modulate K+ currents.
We found that leptin itself reduced Ito densities without
modifying IKur and Iss, which is consistent with APD
increases, whereas TAC reduced both Ito and IKur. The AP
‘plateau phase’ is mainly Ca2+-mediated but, in rodents,
as a result of a high prevalence of multiple K+ currents,
there is no clear plateau phase and repolarization is rapid
(Nerbonne & Kass, 2005). When K+ currents are decreased
(not only Ito, but also IKur), this plateau phase become
apparent, as observed after TAC. Even if leptin in the
TAC model blunted Ito reduction, this is not associated
with the prevention of IKur reduction and the plateau
phase is still apparent. This is emphasized by the fact
that, in sham, leptin treatment induced a reduction of Ito

without any alteration in IKur and no obvious appearance
of the plateau phase. Nonetheless, we cannot exclude
the possibility that another ionic conductance might be
involved, notably Ca2+ currents, although leptin did not
alter this current in sham-operated mice (data not shown).
However, the most important finding was that Ito density
was restored by leptin in TAC mice to levels similar to those
observed in control mice via a mechanism involving the
normalization of protein expression levels of Kv4.2 and
KChIP2. Our results are consistent with a previous in vitro
study in which leptin induced an increase of Ito current and
protein expression on 48 h cultured ventricular cardio-
myocytes (Gómez-Hurtado et al. 2014), supporting the
effect of leptin with respect to modulating K+ channel
expression.

It is also well established that spontaneous Ca2+
release during diastole can trigger ventricular arrhythmias.
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When spontaneous SR Ca2+ release occurs and Ca2+
signalling propagates along the myocyte as Ca2+ waves, the
Na+/Ca2+ exchanger is activated and is able to generate
transient inward currents that result in DADs. If DADs
are sufficiently large, they may turn into spontaneous APs
and initiate an arrhythmia (Sedej et al. 2010; Galimberti
& Knollmann, 2011). In our model, we found a higher
occurrence of arrhythmogenic Ca2+ waves only in TAC
group, which was related to CaMKII activation and RyR2
hyperphosphorylation by CaMKII. Leptin by itself did not
activate CaMKII and decreased Ca2+ spark amplitude
without any alteration in frequency. Thus although
leptin-treated sham animals showed cardiac dysfunction,
leptin did not enhance arrhythmogenic Ca2+ waves. In
TAC animals, however, RyR2 hyperphosphorylation at
the CaMKII site, as reported previously (Ruiz-Hurtado
et al. 2012; Fischer et al. 2013; Bers, 2014; Fischer et al.
2014), increased the probability of the opening of RyR2s,
as manifested by the enhanced Ca2+ spark frequency
relative to the SR Ca2+ load, which contributes to a
higher propensity to present Ca2+ waves. This was also
normalized by leptin treatment, which prevented CaMKII
hyperactivation. CaMKII regulation involves a number
of different processes and a number of phosphatases
regulated both directly and indirectly by Ca2+. Among
these multiple mechanisms, it has been reported that
CaMKII autophosphorylation is sensitive to the duration,
magnitude and frequency of the calcium transients (De
Koninck & Schulman, 1998) and there is also evidence that
increased APD enhanced CaMKII activity (Grueter et al.
2007). In this regard, the prevention of increased APD by
leptin treatment might contribute to the normalization
of CaMKII phosphorylation. On the other hand, CaMKII
can also be activated by ROS (Erickson et al. 2008; Curran
et al. 2014). In this regard, leptin activation of AMPK
(Hardie, 2003) and the subsequent increased expression
of the metabolic regulator PGC-1α (Jäger et al. 2007)
might result in increased mitochondrial biogenesis, as
well as improved mitochondrial function and oxygen
consumption, and therefore reduced ROS production
(Lehman et al. 2000).

Altogether, the results of the present study show
that leptin activates mechanisms contributing to cardiac
dysfunction under physiological conditions. However
after the establishment of pressure overload, an increase in
leptin levels may have protective cardiac effects, rescuing
the cellular HF phenotype. These beneficial effects of leptin
involve restoration of APD via Ito upregulation and SR
Ca2+ content via rescue of control SERCA levels and
RyR2 function modulation, leading to normalization of
Ca2+ handling parameters. We acknowledge that more
in depth studies are needed to fully understand the
effects of leptin in the human heart, especially those
regarding Ito currents regulation, because the main α sub-
unit for Ito differs in rodent (Kv4.2) and human (Kv4.3)

hearts, although our data indicate leptin being a good
candidate involved in the pathophysiological mechanisms
related to the obesity paradox (Romero-Corral et al. 2006;
Oreopoulos et al. 2008; Rider et al. 2011; Littnerova
et al. 2015; Zamora et al. 2016). In this regard, recent
studies (Wannamethee et al. 2014; Mishra et al. 2015)
have shown that HF patients with high circulating leptin
levels were at a lower risk of mortality from cardiovascular
disease, supporting a protective role of leptin once the
pathology is established. Although not quite completely
understood, this phenomenon has been related to adipose
tissue function, and low leptin levels in HF patients
have been proposed to reflect a loss of adipose tissue
as a result of cachexia, which is associated with reduced
survival (Filippatos et al. 2000; Wannamethee et al. 2014).
However, our data show that direct effects of leptin on
ion channels and Ca2+ handling related proteins could
be also involved in the more favourable clinical outcomes
observed in overweight and obese HF patients.
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González-Ramos S, Rueda A, Benito G, Prieto P, Zaragoza C,
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Translational perspective

Our data support the idea that high leptin levels contribute to an increased risk of cardiovascular disease
under physiological conditions but may be cardioprotective in pathological situations such as heart
failure. In the failing transverse aorta constriction (TAC) mouse model, leptin prevents sarcoplasmic
reticulum Ca2+ load decline, maintaining physiological protein levels of sarcoplasmic/endoplasmic
reticulum Ca2+ ATPase 2 (SERCA2). Leptin treatment also prevents electrical TAC-remodelling
via potassium current normalization and the prevention of ventricular arrhythmia occurrence as
a result of ryanodine receptor activity normalization. These opposite effects of leptin depend on
the pathophysiological state of the heart. In conclusion, the present study contributes to a better
understanding of the ‘obesity paradox’ phenomenon at the cardiac level.
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