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Background: Leptin exerts both protective and deleterious effects on the heart; the first occurs under hypoxia- or
ischemia-associated damage, the second is a pro-hypertrophic factor on cardiomyocytes. Therefore, leptin could
represent a link between obesity and cardiovascular diseases. The study aimed to investigate the effect of leptin—
the same concentration that is frequently measured in obesity and induces cardiac hypertrophy—on murine hearts
following an episode of ischemia—-reperfusion; moreover, we evaluated the heart’s performance, hypertrophy, and
activation of apoptosis. Rat hearts were perfused continuously with or without 3.1 nM leptin for one h before and 1 h
after an episode of ischemia. Cardiac performance was evaluated, homogenates and mitochondria were prepared
for western blot analysis of cardiac actin, leptin receptor, STAT3, pSTAT3, and apoptosis-related proteins Bax, Bcl-2,

Results: Leptin worsened heart recovery after ischemia (p <0.05 Control vs IR+ Lep of Heart Perform, Fig. 2).
Although no hypertrophic response was observed, leptin induced the migration of Bax to the mitochondria and the
release of cytochrome c into the cytosol (p <0.05 Control vs IR+ Lep, Fig. 5), essential events in the intrinsic/mitochon-

Conclusions: Our results indicate that the presence of leptin for 1 h before and after the ischemic insult reduces
heart recovery and amplifies apoptotic signaling through the mitochondrial pathway.
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Background

Obesity has become an impending global health issue
because of its impact on the quality of people’s lives and
because it represents a risk factor for various health dis-
orders, including cardiovascular diseases, diabetes, and
metabolic syndrome (Yusuf et al. 2005; Poirier et al.
2006). A key factor explaining the association between
obesity and cardiovascular diseases is adipokine leptin,
an adipocyte-released hormone that regulates satiety in
the central nervous system (Zhang et al. 2005). A growing
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body of evidence has highlighted the detrimental effect of
leptin on the cardiovascular system; this includes a recent
report from our group demonstrating the deleterious
effect of a perfused high concentration of leptin on mito-
chondrial performance in isolated rat hearts (Berzaba-
Evoli et al. 2018).

Whereas thin people have less than 10 ng/mL of circu-
lating leptin, obese people can have as much as 200 ng/
mL, (Maffei et al. 1995; Perego et al. 2005) which could
have a systemic impact considering that all organs are
exposed. The cardiovascular system is a primary target
for elevated leptin, as it promotes fatty acid oxidation
and the release of pro-inflammatory cytokines that acti-
vate hypertrophic signaling (Sweeney 2010; Agrawal et al.
2011; Rajapurohitam et al. 2003) and initiate mitochon-
drial dysfunction (Karmazyn and Rajapurohitam 2014;
Martinez-Abundis et al. 2012).

Activation of leptin receptors (ObR) is associated with
several intracellular signaling pathways, including Janus
kinase 2 (JAK2)/signal transducer and activator of tran-
scription 3 (STAT3), Rho/Rho-associated protein kinase
(ROCK), and P38 mitogen-activated protein kinase
(Rajapurohitam et al. 2003). We previously described the
presence of ObR in the mitochondrial inner membrane
of cardiomyocytes, (Martinez-Abundis et al. 2015) which
is particularly interesting given that STAT3 is localized
in several cellular compartments, including the mito-
chondria, where it optimizes the function of respira-
tory complexes I and II (Wegrzyn et al. 2009). Recently,
Karmazyn’s group reported that leptin modulated mito-
chondrial dynamics in cardiomyocytes, which was asso-
ciated with its pro-hypertrophic effect (Jong et al. 2019).
Based on the above findings, it is possible that signal-
ing through the leptin receptor pathway could influence
mitochondrial function.

Despite several reports of leptin’s negative effect, the
latter also exerts a protective role, mainly in ischemia
models (Erkasap et al. 2006; Smith et al. 2010; Yang et al.
2018); however, most experimental evidence has accrued
from pathophysiological conditions that do not exist in
obese people.

Here, we aimed to analyze the effect of a high concen-
tration of leptin on cardiac performance and regulation
of mitochondrial apoptosis in a pathologic environment.
To this end, we used an ischemia—reperfusion insult and
administered leptin throughout perfusion and reperfu-
sion time.

Results

Leptin perfusion reduces contraction pressure

and worsens the response to ischemia-reperfusion

Rat hearts were subject to 45 min of ischemia and 1 h of
reperfusion after 1 h of perfusion with/without 3.1 nM
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leptin (Fig. 1 describes the experimental design). Under
these conditions, we noticed a decreased contraction
pressure in leptin-perfused hearts during perfusion and
after 45 min of global ischemia (Fig. 2A) compared with
the control group, which was perfused continuously
without leptin was not subjected to ischemia. The heart
rate was not affected during the first hour of perfusion
(Fig. 2B); however, it dropped significantly during rep-
erfusion in those hearts perfused with leptin compared
to those subjected to ischemia—reperfusion only and for
which the decrease was much slighter. These results sug-
gest an additive deleterious effect of leptin and ischemia,
which can be translated to a decreased heart performance
for the ischemia-reperfusion+leptin hearts compared
with the ischemia—reperfusion only group (Fig. 2C).

Perfusion with leptin does not modify the expression

of JAK/STAT-associated proteins

Hearts subjected to the different experimental proto-
cols were homogenized. The expression of cACT, ObR,
and total and phosphorylated STAT3 was determined by
western blotting (Fig. 3A-D). Although some of the aver-
age values suggested an increased expression, mainly in
ischemia—reperfusion hearts, statistical tests confirmed
no differences between the experimental groups (Fig. 3).
It is important to point out that these proteins are impli-
cated in the pro-hypertrophic pathways described as
activated by leptin.

Effect of leptin on the apoptosis-related proteins

Ischemia-reperfusion is an insult that induces apopto-
sis in the heart. To determine the effect of leptin in this
context, we quantified the expression of proteins associ-
ated with intrinsic (Bax and Bcl-2) or extrinsic (Caspase
3) pathways of apoptosis. Surprisingly, ischemia—reperfu-
sion did not change the expression of Bcl-2 nor caspase 3;
however, perfusion with leptin induced an increase in the
median value of Bax. Additionally, ischemia—reperfusion

Control | Continuous Perfusion 165 min |
IR Perfusion 60 min Ischemia 45 min Reperfusion 60 min
IR+Lep | Perfusion 60 min___[liSchemia4simingl  Reperfusion 60 min__|

Leptin 50 ng/ml Leptin 50 ng/ml

Fig. 1 Schematic representation of the experimental design. Hearts
from the control group were continuously perfused with Krebs
buffer; IR hearts were subjected to 45 min of ischemia before 60 min
of perfusion and after 60 min of reperfusion; IR+ Lep hearts were
subjected to the same protocol as the IR group but the Krebs buffer
contained 50 ng/mL leptin. IR ischemia-reperfusion; Lep leptin. For all
experiments, n=3
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Fig. 2 Effect of leptin on cardiac rate-pressure product (heart
performance). A Plot of heart contraction pressure of leptin-perfused
and control hearts (mmHg). B Plot of heart rate (bpm) of
leptin-perfused and control hearts. C Heart rate-pressure product

of leptin-perfused and control hearts; (n = 3). Ctrl control without
ischemia; IR ischemia-reperfusion; Lep leptin. *p < 0.05 of AUC in
reperfusion of Ctrl versus IR+ Lep

groups down-regulated the expression of p53 (Fig. 5A), a
ubiquitous regulator of apoptosis.

Leptin modifies the content of apoptosis-related proteins
in mitochondria

Analysis of isolated mitochondria indicated that the pro-
apoptotic protein Bax increased when leptin was present
in ischemia-reperfusion hearts; this phenomenon did
not occur in ischemia—reperfusion hearts (Fig. 5B). This
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result is exciting given that the movement of Bax from the
cytosol to mitochondria is considered deleterious for the
organelle’s function and promotes cytochrome c releas-
ing. Leptin also induced a higher release of cytochrome ¢
from the mitochondria into the cytosol, which is usually
associated with activating the intrinsic apoptotic pathway
(Fig. 5C).

Discussion

Leptin has been described as having both protective
and deleterious effects on the cardiovascular system
(Rajapurohitam et al. 2003; Karmazyn and Rajapuro-
hitam 2014; Erkasap et al. 2006; Smith et al. 2010; Yang
et al. 2018), depending on the experimental conditions,
the model employed (isolated, cultured cardiomyo-
cytes, isolated hearts, in vivo), and the concentrations
assayed. Most reports have adjudicated to leptin a car-
dioprotective effect against oxidative damage, associated
with ischemia at concentrations of 160 or 3000 ng/mL
(Erkasap et al. 2006; Smith et al. 2010; Yang et al. 2018);
as opposed to basal circulating levels of up to 10 ng/mL
in thin and 50-100 ng/mL in obese individuals (Maffei
et al. 1995; Perego et al. 2005). In contrast, the deleterious
pro-hypertrophic, mitochondrial dysfunction-inducing
effect was described for obesity-associated leptin concen-
trations (50 ng/mL or 3.1 nM). Our study was designed to
address this controversy by inducing cardiac ischemia—
reperfusion in the presence of 50 ng/mL of leptin using
the Langendorff system.

In obese people, hyperleptinemia is a chronic condi-
tion. In a previous study, whereby we assayed the long-
term exposure of isolated hearts to leptin (Berzaba-Evoli
et al. 2018) (over a maximum period of 4 h because
of technical limitations inherent to the experimental
model), leptin was seen to induce time-dependent mito-
chondrial dysfunction, manifested mainly as a decreased
capability for calcium management. Here, we report
that continuous perfusion with leptin 1 h before and 1 h
after an ischemic insult worsened heart performance
(Fig. 2C). These results were not associated with the pro-
hypertrophic effect of leptin because we did not observe
an increased expression of cACT or ObR and are in line
with previous reports, whereby overexpression of hyper-
trophic markers was significant only after 6 h of leptin
exposure (Martinez-Abundis et al. 2012), responding
to the intracellular signaling pathways, including Janus
kinase 2 (JAK2)/signal transducer and activator of tran-
scription 3 (STAT3), Rho/Rho-associated protein kinase
(ROCK) (Karmazyn et al. 2013). In contrast, in our
experimental design, hearts were exposed to leptin for
less than 3 h. STAT3 activation was not detected because
it is transient, with a peak in the first minutes of exposure
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Fig. 3 Leptin does not change the expression of pro-hypertrophy-associated cACT, ObR, or STAT3 in heart homogenates. A cACT content; bars
represent the median 4 SEM of three independent preparations; B ObR content. C Total STAT3 and D phosphorylated STAT3 content; values indicate
the mean 4= SEM, n=3. GAPDH was used as loading control. cACT cardiac actin (alpha-actin); ObR b isoform of the leptin receptor; STAT3 signal
transducer and activator of transcription 3 total (t) and phosphorylated (p)

B)
ObR
GAPDH

2.5
2.0
1.51

1.0

0.5
Ctrl

0.0 T T T

D)

3.51
3.0
2.5
2.0
1.5
1.0
0.5{ | Ctrl

psTars [ ——
0.0 T T

GAPDH
+ +

- +

Folds Change
pSTAT/GAPDH

(Smith et al. 2010) and a second and sustained increase
after 6 h (Martinez-Abundis et al. 2012).

Apoptosis is part of the ischemia-reperfusion dam-
age. Here, we could not confirm this mechanism’s activa-
tion in ischemia—reperfusion hearts. Indeed, none of the
commonly used markers for intrinsic or extrinsic path-
ways, such as increased expression of pro-apoptotic Bax
with decreased anti-apoptotic Bcl-2, activation of cas-
pase 3, or mitochondrial release of cytochrome c into the
cytosol gave a clear-cut answer (Figs. 4 and 5). Although
these results may be unexpected, we believe that the
long perfusion period before ischemia (1 h) could exert
a beneficial effect akin to that reported for cardiac pre-
conditioning. Most ischemia-reperfusion protocols for
the Langendorff system apply from 5 to 30 min of perfu-
sion before ischemia, once apoptosis has been activated

(Leistner et al. 2019; He et al. 2019; Stroethoff et al. 2019;
Yasuda et al. 2019; Martinez-Abundis et al. 2009; Wang
et al. 2017; Borutaite et al. 2003). Moreover, no apoptosis
has been detected in some cases following ischemia—rep-
erfusion (Klainguti et al. 2000). Our results support these
findings and indicate that 1 h perfusion before ischemia—
reperfusion decreases the levels of p53 (Fig. 5A), a phe-
nomenon associated with inhibition of apoptosis and
cardiac protection during hypoxic preconditioning (Xu
etal. 2016).

Nevertheless, the results are very illustrative in terms
of the effect of leptin. Recovery of heart performance
after 45 min of ischemia was poorest when leptin was
present in the perfusion buffer (Fig. 2C), in line with our
previous report (Martinez-Abundis et al. 2015). Activa-
tion of apoptosis is one of the potential mechanisms
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Fig. 4 Effect of leptin on the levels of apoptosis-associated proteins Bax, Bcl-2, and caspase 3 in heart homogenates. A Bax content; bars represent
the median £ SEM of three independent preparations. B Bcl-2 content. C Caspase 3 and D activated caspase 3 content; values indicate the
mean £ SEM, n=3; *p < 0.05. GAPDH was used as loading control. Ctr/ control without ischemia; IR ischemia-reperfusion; Lep leptin

explaining the deleterious effect of leptin on the heart
(Martinez-Abundis et al. 2012); however, both the
extrinsic and intrinsic apoptotic pathways may activate
this mechanism. The latter involves the participation of
mitochondria by releasing pro-apoptotic factors such as
cytochrome c; whereas the first is associated with cas-
pases activation. Our results indicate that recruitment
of Bax from the cytosol to mitochondria was stimulated
by leptin, and, as a result, cytochrome ¢ was released
from the mitochondria into the cytosol, which may
trigger apoptosis (The intrinsic pathway of apoptosis,
Fig. 5). In line with this result, Karmazyn’s group recently
reported that leptin induced the migration of Drpl, a
mitochondrial fission activator, from the cytosol to the

mitochondria (Jong et al. 2019). This event is associated,
as well as Bax recruitment, with mitochondrial apoptosis.

Interestingly, in this report, the intracellular move-
ment of Drpl was dependent on its de-phosphorylation
by the phosphatase calcineurin. The same behavior
was described for Bax, (Gardai et al. 2004) which is
retained in the cytosol in a phosphorylated form but
is de-phosphorylated by apoptotic stimuli. Our experi-
ments showed that mitochondrial Bax increased fol-
lowing exposure to leptin, even though total Bax did
not augment, indicating an elevated relocation of the
pro-apoptotic protein. The similarity between the reg-
ulation of Drpl and Bax opens up the possibility that
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Fig. 5 Effect of leptin on the mitochondrial and cytosolic levels of
apoptosis-associated proteins Bax, p53, and cytochrome c. A p53
content in heart homogenate; the image is representative. B Bax
content in isolated mitochondria using VDAC as the loading control.
C Cytochrome c content in heart mitochondrial (Mit) and cytosolic
fractions of the same heart (Cyt). Values indicate the mean & SEM,
n=3;*p < 0.05. Ctrl control without ischemia; IR ischemia—
reperfusion; Lep leptin

the mechanism by which leptin induces mitochondrial
recruitment of Bax is also the same.

Some limitations of the present study should also be
noted. First, we did not demonstrate activation of apop-
tosis following 45 min of ischemia. Second, although p53
down-regulation could provide a possible explanation
for the observed lack of apoptotic markers’ expression, it
does not preclude other options. Under our experimental
model, hearts were exposed to leptin for a limited time.
In obese subjects, a chronic exposition may induce a dif-
ferent profile of effects; however, the results obtained
from experimental models always bring important infor-
mation to the understanding of a specific problem.

Conclusions

In conclusion, our results strongly support the hypothe-
sis of a deleterious effect of a high concentration of leptin
on cardiac and mitochondrial function under pathologic
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conditions such as those elicited by ischemia—reperfu-
sion and the consequent activation of apoptosis. These
results may explain, at least in part, the prognosis of
recovery after a heart attack in obese people. The exact
mechanism by which leptin elicits activation of the mito-
chondrial apoptotic pathway remains determined.

Methods

Reagents

Primary and secondary antibodies were purchased
from Santa Cruz Biotechnology (Dallas, TX, USA) and
Bio-Rad (Hercules, CA, USA). Unless otherwise stated,
all remaining chemicals were purchased from Sigma-
Aldrich (St. Louis, MO, USA).

Ischemia-reperfusion model

Eighteen male Wistar rats weighing 300—350 g were pur-
chased from the Production, Care and Animal Experi-
mentation Unit (UPCEA), Juarez Autonomous University
of Tabasco and keep in acrylic cages with 24 h dark/light
cycles and 25 °C for acclimatization. A Langendorff Sys-
tem (Radnoti LTD, Dublin, Ireland) was used to expose
isolated hearts to 50 ng/mL (3.1 nM) leptin. Rats were
deeply anesthetized by intraperitoneal injection with
sodium pentobarbital plus heparin (anticoagulant); then,
the heart was extracted by thoracotomy and quickly can-
nulated through the aorta for retrograde perfusion at
12 mL/min with physiologic Krebs—Henseleit buffer,
pH 7.39 without leptin (Control group). The buffer was
oxygenated continuously (O, 95%/CO, 5%) and main-
tained at 37 °C along with the experiment (1 h perfusion,
45 min ischemia, 1 h reperfusion, IR group and IR+ LEP
group) as explained in Fig. 1. Cardiac performance was
measured at a left ventricular end-diastolic pressure of
10 mmHg using a latex balloon inserted into the left ven-
tricle and connected to a pressure transducer. The meas-
ured heart rate (beats per minute, bpm) and contraction
force (pressure, P) were used to calculate the rate-pres-
sure product (heart performance). For the control group
without ischemia—reperfusion, hearts were perfused con-
tinuously for 165 min. (See Fig. 1 for a better reference of
the experimental design). After hearts were used, animal
bodies were collected by a Biohazard Waste Management
company for a final disposition.

Isolation of mitochondrial and cytosolic fractions

After ischemia—reperfusion experiments, the hearts were
washed with cold STE isolation buffer (250 mM sucrose,
10 mM Tris—HCl, and 1 mM EDTA), cut into small
pieces, and incubated for 10 min with nagarse (1 mg/
heart in cold STE buffer). Nagarse was removed by cen-
trifugation at 2500xg, and the tissue was homogenized
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in a Potter—Elvehjem homogenizer before the second
centrifugation at 2500xg. A supernatant sample was
preserved as total homogenate, whereas further cen-
trifugation at 10,000xg yielded the mitochondrial frac-
tion (pellet) and a crude cytosolic fraction (supernatant).
Pellet was incubated for 10 min with 0.1% bovine serum
albumin (BSA) in cold STE buffer. Finally, the total pro-
tein concentration for each fraction was calculated with
the Bradford reagent using a standard curve with BSA.
Cytosolic proteins were concentrated by precipitation
with trichloroacetic acid (TCA) 5%.

Western blotting

Heart homogenates, mitochondria, and concentrated
cytosolic fractions were mixed with loading buffer (30%
glycerol, 10% SDS, 0.5 M Tris, 0.01% bromophenol blue,
and B-mercaptoethanol) and boiled at 95 °C for 10 min.
Proteins were resolved on 12% acrylamide/bis-acryla-
mide gels and transferred to nitrocellulose membranes.
The membranes were then blocked for 2 h with 5% fat-
free milk in washing buffer and incubated overnight at
4 °C with the following primary antibodies diluted 1:1000
with 3% BSA in washing buffer: mouse anti-cardiac
alpha-actin (cACT), chicken anti-glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH), rabbit anti-STATS3,
mouse anti-pSTAT3, mouse anti-Bax, mouse anti-cas-
pase 3, rabbit anti-voltage-dependent anion channel
(VDAC), rabbit anti-Bcl-2, and mouse anti-cytochrome
c. The next day, membranes were washed three times
and incubated with horseradish peroxidase-conjugated
secondary antibodies diluted 1:10,000 and then detected
using the Immobilon Western AP chemiluminescent
substrate (Millipore, Bedford, MA, USA).

Statistics

Values were assessed by one-way ANOVA before Dun-
nett’s post hoc or t test for comparison between groups.
Results are given as the mean=+standard error of the
mean (SEM). A p value <0 05 was considered the thresh-
old for statistical significance between the compared
groups. The area under the curve in Fig. 2 was assessed
by Mann-Whitney U test. The GraphPad Prism 6
(GraphPad Software, San Diego, CA, USA) was used for
statistical analysis and Image] (NIH, Bethesda, MD, USA)
for densitometry analysis of western blots.

Abbreviations
BSA: Bovine serum albumin; cACT: Cardiac actin or alpha-actin; min.: Minutes;
EDTA: Ethylenediamine tetraacetic acid; Fig: Figure; JAK: Janus Kinase; JAK2:

(2022) 46:213

Page 7 of 8

Janus kinase 2; ObR: Leptin receptors; ROCK: Rho/Rho-associated protein
kinase; SDS: Sodium dodecyl sulfate; SEM: Standard error of the mean; STAT3:
Signal transducer and activator of transcription 3; STE: Sucrose/Tris/EDTA
buffer; VDAC: Voltage dependent anion channel.
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