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Abstract
Leptin is an adipokine that has been linked with the 
cardiovascular complications resulting from obesity such 
as hypertension and heart disease. Obese patients have 
high levels of circulating leptin due to increased fat 
mass. Clinical and population studies have correlated 
high levels of circulating leptin with the development 
of cardiac hypertrophy in obesity. Leptin has also 
been demonstrated to increase the growth of cultured 
cardiomyocytes. However, several animal studies of 
obese leptin deficient mice have not supported a role 
for leptin in promoting cardiac hypertrophy so the role 
of leptin in this pathological process remains unclear. 
Leptin is also an important hormone in the regulation of 
cardiac metabolism where it supports oxidation of glucose 
and fatty acids. In addition, leptin plays a critical role 
in protecting the heart from excess lipid accumulation 
and the formation of toxic lipids in obesity a condition 
known as cardiac lipotoxicity. This paper focuses on the 
data supporting and refuting leptin’s role in promoting 
cardiac hypertrophy as well as its important role in the 
regulation of cardiac metabolism and protection against 
cardiac lipotoxicity.
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Core tip: Leptin is a hormone derived from adipocytes 
which regulates food intake and body weight. It is 
present at high levels in obese individuals where it 
can impact organs such as the heart. Leptin has been 
shown to both promote and protect the heart against 
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obesity induced heart disease. This review examines the 
controversial role of leptin in the development of cardiac 
hypertrophy as well as its important role in regulating 
cardiac metabolism and protecting the heart against 
obesity induced lipotoxicity. 
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INTRODUCTION
Leptin is a hormone most abundantly produced by 
white adipocytes which then acts in the hypothalamus 
of the brain to decrease appetite and increase energy 
expenditure. Leptin was discovered in the early 1990’s 
after genetic mapping of a mutation in the gene found 
in a specific strain of obese mice, the ob/ob mouse, 
which was originally described in the 1950’s[1,2]. These 
mice are characterized by having no leptin which results 
in marked hyperphagia, decreased energy expenditure 
and obesity. Another strain of obese mice called db/db 
mouse was subsequently found to have a mutation 
in the ObR gene encoding the leptin receptor[3]. This 
strain of mice is characterized by having very high 
levels of circulating leptin due to lack of functional leptin 
receptors, marked hyperphagia, decreased energy 
expenditure and obesity. There are also several rat 
strains with defective leptin receptor such as the Zucker 
fatty (fa/fa) rat and the Koletsky fatty rat[4,5]. Recently, 
a zinc-finger approach was utilized to create a rat 
model of leptin receptor deficiency on a salt-sensitive 
hypertension background[6]. All of these models as well 
as development of cell type/tissue-specific knockouts 
of the ObR gene have greatly increased our knowledge 
about the physiological role of leptin[7]. 

While leptin is mainly expressed in adipose tissue, 
it is also expressed in peripheral organs such as the 
heart[8]. Leptin receptors are also highly expressed 
in the heart of several species including humans[9,10]. 
In the rat heart, the long form of the leptin receptor 
is expressed in addition to other shorter isoforms[11]. 
Reverse-transcriptase polymerase chain reaction of the 
mouse heart readily reveals expression of all isoforms 
of the leptin receptor similar to the expression pattern 
found in the brain[12] (Figure 1). The long form of the 
leptin receptor, ObRb, activates signaling through the 
Janus kinases (JAK)/ signal transducers and activators 
of transcription (STAT) pathway and other Src Homology 
2 domain containing proteins such as suppressor of 
cytokine signalling and SHP-2 (Src-like homology 2 
domain containing protein tyrosine phosphatase) and 
STAT[13]. Short leptin receptor isoforms (ObRa, ObRc, 
ObRd) contain a box 1 motif which is able to bind JAK 
and activate other signal transduction cascades[13]. The 

ObRe which is also referred to as the soluble leptin 
receptor can regulate serum leptin concentration and 
also serves as a carrier protein delivering the hormone 
to its membrane receptors[14]. Not only are leptin 
receptors expressed in the heart but they are also 
regulated by various stimuli. Cardiac ischemia has been 
reported to have varying effects on expression of 
leptin receptors, with studies demonstrating that a 
30 min ischemic period was associated with a decrease 
in leptin receptor expression and another study 
reporting that a 40 min ischemic period increased leptin 
receptor expression[11,15]. The specific role of leptin in 
cardiac ischemia was addressed in an elegant study 
utilizing cardiac-specific deletion of leptin receptors. 
Cardiac-specific deletion of leptin receptors resulted in 
a decrease in contractile function and metabolism of 
glucose and in an increase in mortality and morbidity 
following cardiac ischemia[16]. These results highlight 
the important cardio-protective function of leptin in 
cardiac ischemia due in part to its role in the regulation 
of cardiac metabolism which will be discussed in greater 
detail below. Leptin receptors in the heart are also 
regulated by pressure and stretch. It has been reported 
that pressure-overload induced cardiac hypertrophy 
resulted in a significant increase in the long form of the 
leptin receptor (ObR-B) but not the short form (ObR-A) 
in the heart[17]. The controversial role of leptin in cardiac 
hypertrophy will be addressed in the following section 
below. 

THE ROLE OF LEPTIN IN CARDIAC 
HYPERTROPHY
Leptin has several functions in the heart including stimu-
lation of fatty acid and glucose metabolism, prevention 
of steatosis, and protection against apoptosis (Figure 
2). It also can raise blood pressure and heart rate 
through central mechanisms and promotes cardiac 
inflammation (Figure 2). Although obesity is associated 
with hyperleptinemia, increased cardiac mass and left 
ventricular (LV) wall thickness, it is unclear if leptin 
can directly cause cardiac hypertrophy (Figure 2). 
Epidemiologic studies have demonstrated positive 
correlations between plasma leptin levels and LV 
hypertrophy[18]. However, most of these observations 
are confounded by the fact that increased body mass 
and plasma leptin levels are highly correlated[19]. Obesity 
is also usually accompanied by hypertension which is 
the most common cause of cardiac hypertrophy[20]. In 
addition to increased blood pressure, obesity may cause 
cardiac hypertrophy by several other mechanisms 
including neurohormonal (renin-angiotensin-aldosterone 
system) and sympathetic nervous system activation, 
insulin resistance and hyperglycemia, and increased 
blood volume[21,22]. The exact roles of leptin in regu-
lating cardiac structural changes in obesity such as 
hypertrophy are not well understood. In fact, differential 
hypertrophic and antihypertrophic effects of leptin have 
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been reported and may be related to temporal effects 
or synergistic interactions with other obesity-associated 
factors. 

Does leptin directly cause cardiac hypertrophy?
One of the earliest studies demonstrating a pro-
hypertrophic effect of leptin comes from an experiment 
by Rajapurohitam et al[23] in which cultured neonatal 
rat ventricular myocytes were treated with varying 
concentrations of leptin. The authors observed a 42% 
increase in cell surface area 24 h after administration of 
3.1 nmol/L leptin. Exposure to leptin also significantly 
increased cell size in cultured human and neonatal 
rat cardiomyocytes[24,25]. Leptin treatment increased 
matrix metalloproteinase-2 activity and collagen III 
and IV mRNA expression but resulted in no change in 
total collagen synthesis. Tajmir et al[26] demonstrated 
hyperplasia of both murine and human cardiomyocytes 
in response to leptin treatment which appeared to be 
mediated by activation of extracellular signal-regulated 
kinase (ERK) 1/2 and phosphatidylinositol-3 kinase. 
However, studies by Piñieiro et al[27] did not observe 
any effect of Leptn to increase cell size of murine HL-1 
cardiomyocytes while these in vitro results suggest 
leptin contributes to adverse cardiac remodeling and 
hypertrophy, the results from whole animal and human 
studies are not that clear regarding the direct role of 
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leptin to cause cardiac hypertrophy. 
Human patient studies have reported associations 

of plasma leptin levels with cardiac hypertrophy. In 
hypertensive insulin-resistant men, fasting plasma 
leptin levels were positively correlated with myocardial 
wall thickness, but not with LV mass. This relationship 
was significant even after controlling for BMI, waist-to-
hip ratio and blood pressure suggesting an independent 
effect of leptin on cardiac structure[28]. In another 
study, LV mass was found to be positively correlated 
with leptin levels after controlling for body mass index 
(BMI)[29]. After gastric bypass surgery and profound 
weight loss, there were significant reductions in BMI, 
insulin resistance and leptin levels, but only leptin 
levels were significantly correlated with the decrease 
in LV mass on multivariable analyses. These clinical 
findings suggest that leptin may contribute to the LV 
hypertrophic process. In a study of 36 hypertensive 
men, plasma leptin was significantly predictive of 
echocardiographic wall thickness independent of 24 h 
ambulatory blood pressure. However, other significant 
predictors in this model included insulin sensitivity and 
night-time diastolic blood pressure[18]. 

The mechanisms by which leptin may contribute 
to myocardial hypertrophy are poorly understood. In 
addition to its powerful effects to regulate appetite and 
body weight, leptin also has a powerful effect to activate 
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Figure 1  Comparison of leptin receptor isoforms 
in the mouse brain and heart. RNA was isolated from 
the brain and heart and reverse transcribed into cDNA. 
Polymerase chain reaction was then performed using 
primers specific for each mouse isoform of the leptin 
receptor as previously described[12]. All 5 of the leptin 
receptor isoforms were detected in the mouse heart as 
well as the brain.

Figure 2  Potential mechanisms by which leptin may 
mediate cardiac function. Leptin may exert cardio
protective or maladaptive effects through hemodynamic 
factors such as increased heart rate and blood 
pressure, metabolic changes including augmented fatty 
acid or glucose utilization, reduced cardiac apoptosis, 
or structural cardiac changes such reduced cardiac 
lipid accumulation and possibly attenuated myocardial 
hypertrophy. Increased inflammation may be beneficial 
in some cardiac conditions ( i.e., postmyocardial 
infarction) depending on the timing and extent of the 
inflammatory response. 
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levels, and our transgenic “rescue” mice had evidence 
of increased leptin signaling in the heart as indicated by 
elevated levels of phosphorylated STAT3. If increased 
leptin signaling directly leads to cardiac hypertrophy 
our transgenic “rescue” model would have developed 
an increase in myocardial mass and wall thickness due 
to high circulating leptin and augmented leptin receptor 
responsiveness. One limitation of this study was that we 
did not specifically evaluate myocyte sizes but instead 
measured wall thickness and heart weight[35]. 

In summary, the available data on the effects of 
leptin on cardiac growth and hypertrophy are conflicting 
and are summarized in Table 1. Hyperleptinemia is 
associated with cardiac hypertrophy but the presence of 
many confounding factors makes it difficult to establish 
a causal relationship. Furthermore, acute and chronic 
effects of leptin differentially regulate myocyte growth. 
Obesity and subsequent leptin resistance may play 
an important role in this relationship. Animal studies 
suggest that hyperleptinemia does not directly cause 
cardiac hypertrophy but may rather play an integral role 
in cardiac structural alterations that occur in response 
to obesity and the associated hemodynamic and 
metabolic changes. Additional, well controlled studies 
are warranted to better delineate the mechanisms by 
which leptin may regulate cardiac structural remodeling. 

Leptin and cardiac function
In addition to its role in regulating cardiac structural 
changes, leptin may also be an important factor in 
regulating cardiac function. Leptin has been associated 
with pathophysiologic cardiovascular conditions including 
coronary artery disease and congestive heart failure[36,37]. 
Leptin has important effects on systemic hemodynamics 
and myocardial metabolism (as discussed in detail 
below) which may also have profound effects to regulate 
cardiac function. Similar to its potential implication in 
cardiac hypertrophy, the effects of hyperleptinemia on 
cardiac function have been difficult to assess given the 
number of confounding factors associated with obesity 
that all have detrimental effects on the heart. As obesity 
and its co-morbid conditions such as hypertension and 
diabetes are increasingly prevalent, understanding the 
relationships and mechanisms by which each of these 
conditions impacts the development and progression 
of congestive heart failure has important clinical 
implications for its prevention and treatment.

Elevated leptin levels have been observed in patients 
with dilated cardiomyopathy and have been suggested 
to be a marker of heart failure progression[38]. In a 
prospective study of 4080 older men followed for 9 
years, increased BMI and circulating leptin levels were 
independent predictors of incident heart failure. After 
adjustment for BMI and other potential mediators, 
increased leptin levels remained significantly associated 
with an increased risk for heart failure in men without 
pre-existing coronary artery disease[39]. Leptin levels 
were also associated with incident congestive heart 
failure and cardiovascular disease in an elderly cohort 

the sympathetic nervous system via central nervous 
system pathways. Chronic leptin infusion increased 
arterial blood pressure which increases cardiac afterload 
and which would lead to increased cardiac hypertrophy 
over the long-term[30]. Leptin is also associated with 
increased heart rate which would also tend to increase 
myocardial workload and promote hypertrophy[31]. In 
addition to these effects, leptin may also contribute to 
endothelial dysfunction and vascular stiffness which 
could also contribute to cardiac hypertrophy[32]. It is 
important to note, however, that many of the reported 
effects of leptin are based on either short-term animal 
studies, in vitro experiments or epidemiologic data 
which makes it difficult to determine the direct role of 
leptin in regulating cardiac hypertrophy. 

While it is clear that obesity is associated with cardiac 
hypertrophy, the role of leptin as a mediator or cause is 
still under investigation. Evidence strongly supporting 
an antihypertrophic role of leptin comes from an elegant 
experiment by Barouch et al[33] in which they evaluated 
LV structure and function, including LV wall thickness 
and mass, in ob/ob and db/db mice. To differentiate 
the direct effects of leptin on cardiac hypertrophy from 
the effects of obesity, the investigators subjected ob/ob 
mice to intravenous leptin infusion or caloric restriction. 
Administration of leptin significantly reduced wall 
thickness and reduced myocyte size by approximately 
25%. While both the leptin-treated ob/ob mice and 
the calorie-restricted mice lost a similar amount of 
body weight, the pair fed group had no significant 
reduction in LV mass or wall thickness suggesting a 
leptin dependent effect in the reversal of myocardial 
hypertrophy. Additionally, the hypertrophic LV changes 
in the ob/ob mouse are not related to changes in blood 
pressure since these mice are normotensive[34]. Another 
important observation of this study was that the increase 
in myocardial wall thickness was not related to fatty 
infiltration of the heart muscle, as cardiac myocyte size 
was found to be increased in ob/ob mice[33]. 

Additional evidence for an antihypertrophic effect 
of leptin comes from experiments performed in our 
lab[35]. We evaluated the direct effect of leptin on 
myocardial lipid accumulation and LV hypertrophy in 
db/db mice and transgenic db/db “rescue” mice in 
which the normal rat leptin receptor was overexpressed 
or “rescued” in a cardiomyocyte-specific manner. After 
30 wk of study including serial metabolic parameters 
and echocardiographic assessments, both the db/db 
and “rescue” mice were morbidly obese, hyperglycemic, 
and had high plasma triglycerides compared to lean 
control mice. The db/db mice developed significant 
cardiac hypertrophy and increased LV wall thickness. 
The “rescue” mice, in which cardiac leptin signaling was 
restored, had lower heart weights and LV wall thickness 
compared to db/db mice suggesting an antihypertrophic 
effect of leptin. If leptin had a direct hypertrophic effect, 
our db/db cardiac leptin receptor rescue mice would 
be primed for an increase in myocardial mass in this 
setting. db/db mice have very elevated circulating leptin 
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cardial infarction and heart failure. McGaffin et al[16] 
induced anterior myocardial infarctions in control mice 
and in mice with cardiac-specific deletion of the leptin 
receptor. Mice lacking the leptin receptor specifically 
in the heart developed more LV dysfunction and had 
higher mortality after induction of myocardial infarction. 
The disruption of leptin signaling was associated with 
more LV dilation, hypertrophy, inflammation and ad-
verse cardiac remodeling post-myocardial infarction. 
These investigators also demonstrated that many of 
the beneficial effects of leptin in this setting may be 
mediated via the AMP-activated protein kinase (AMPK) 
pathway. 

We have studied the acute protective effects of leptin 
in a model of heart failure induced by Cre-recombinase 
activation[42]. Activation of Cre-recombinase is a wides-
pread molecular tool used to conditionally delete or 
express genes in a tissue-specific and temporal manner. 
This technique has been somewhat limited due to 
observations by our lab and others that induction of Cre-
recombinase activity in the heart can lead to transient LV 
dysfunction and a dramatic drop in ejection fraction[43,44]. 
Specifically, we reported that conditional deletion of the 
cardiac leptin receptor resulted in severe cardiogenic 
shock and death of the animals which was most likely 
related to impaired myocardial energy metabolism[42]. 

from the Framingham Heart Study. However, after 
adjustment for BMI the association with congestive 
heart failure was negated[40]. More recently, investigators 
from the Multi-Ethnic Study of Atherosclerosis demon-
strated that leptin levels were not associated with 
incident cardiovascular events after adjustment for 
cardiovascular risk factors and BMI[41]. Based on these 
epidemiologic data, it remains unclear whether leptin is 
associated with development of heart failure, and if so, 
whether it plays a causal or compensatory role?

Leptin exerts physiologic effects that may be 
detrimental in states of cardiac dysfunction or heart 
failure. Leptin’s hemodynamic effects generally increase 
myocardial workload via activation of the sympathetic 
nervous system. These effects include increasing 
resting heart rate and blood pressure[30]. Leptin may 
therefore act synergistically with other factors associated 
with obesity such as hyperglycemia, inflammation, 
and oxidative stress to accelerate the development of 
cardiovascular disease. However, it is possible that the 
chronic effects of leptin may have adverse consequences 
on myocardial function and the acute effects may 
provide a compensatory response to cardiac insults such 
as ischemia or heart failure. 

Evidence for an acute beneficial effect of leptin 
comes from studies in experimentally-induced myo-

Ref. Findings Effect of leptin on 
LVH

  In vitro 
  experiments

Rajapurohitam et al[23] Exposure of cultured neonatal rat ventricular myocytes to leptin (0.31 to 31.4 nmol/L) 
increased cell area by 42%

Pro-hypertrophic

Xu et al[25] Exposure of cultured neonatal rat cardiomyocytes to leptin (1-1000 ng) for 4 h increased 
cell surface area

Pro-hypertrophic

Piñieiro et al[27] Exposure of murine HL-1 cells to leptin did not increase cell size of cardiomyocytes Neutral
Madani et al[24] Treatment of human pediatric cardiomyocytes with 6 nmol/L leptin increased cell size by 60% Pro-hypertrophic
Tajmir et al[26] Treatment of HL-1 cells with 60 nmol/L leptin increased cell numbers 2.3-fold Pro-hypertrophic

  In vivo 
  experiments

Barouch et al[33] 6-mo-old leptin deficient ob/ob mice had increased myocyte diameters compared with wild-
type mice. Leptin (iv) treatment in ob/ob mice completely reversed LVH and normalized 

wall thickness as well as reduced cellular hypertrophy by approximately 25%. Pair-feeding 
did not significantly reduce LV mass despite similar weight loss

Anti-hypertrophic

Hall et al[35] db/db mice developed LVH (increased wall thickness and heart weights). Transgenic db/db 
mice with cardiomyocyte-specific leptin receptor rescue did not cause LVH; in fact the 

heart weights were reduced

Anti-hypertrophic

  Epidemiologic 
  studies

Paolisso et al[28] Plasma leptin level was correlated (n = 55 males) with interventricular wall (r = 0.34) and 
posterior wall (r = 0.38) thicknesses after adjusting for BMI and waist/hip ratio

Pro-hypertrophic

Paolisso et al[18] Study of 36 hypertensive patients demonstrating increased LV wall thickness (but not LV 
mass) measured by echo was associated with plasma leptin independent of BMI or waist/

hip ratio (P = 0.001)

Pro-hypertrophic

Perego et al[29] Study of 31 obese subjects undergoing gastric bypass surgery demonstrated leptin was 
independently associated with LV mass (β = 10.66, P = 0.001). One year after surgery, 

decrease in LV mass only correlated with the decrease in leptin levels (P = 0.01)

Pro-hypertrophic

Lieb et al[40] Cross-sectional analysis of 432 aged (> 70 yr) participants in the Framingham Heart Study 
demonstrated leptin concentrations were inversely correlated with LV mass (β = -0.134, 
P = 0.02), left atrial size (β = -0.131, P = 0.04) and LV wall thickness (β = -0.134, P = 0.02) 

measured by echo 

Anti-hypertrophic

Martin et al[41] In 1464 MESA Study participants who underwent cardiac magnetic resonance imaging, a 
1-SD increment in leptin was associated with smaller LV mass (β = -4.66%, P < 0.01), LV 
volume (β = -5.87, P < 0.01), and reduced odds ratio for presence of LVH (OR = 0.65,  P < 

0.01) after adjustment for age, gender, race, height, and weight 

Anti-hypertrophic

 Table 1  Effects of leptin on cardiac mass and left ventricular hypertrophy

LVH: Left ventricular hypertrophy; BMI: Body mass index.
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3). However, variations in the age or strain of animals, 
and in the experimental conditions employed, have 
made it difficult to identify with certainty the molecular 
regulatory pathways involved. It should also be noted 
that most studies used male animals only. Consequently, 
it is unknown whether the metabolic actions of leptin on 
the heart are characterized by a sexual dimorphism. This 
part of the review will focus first on the cardiometabolic 
effects mediated by leptin signaling in the brain. The 
metabolic consequence of leptin signaling activation in 
cardiac muscle will then be reviewed. Lastly, the effects 
of leptin on cardiac metabolism in disease states, and 
their impact on contractile function, will be discussed.

Centrally mediated effects of leptin on cardiac 
metabolism
Pioneering work performed with the leptin-deficient 
ob/ob mice demonstrated that chronic intraperitoneal 
leptin injection at a sub-active dose for the reduction of 
body weight gain or hyperinsulinemia was sufficient to 
normalize blood glucose levels[48]. It was later demon-
strated in the same animal model that acute intra-
venous infusion of leptin increased glucose turnover and 
stimulated the uptake of glucose in peripheral organs, 
including the heart. The 6-fold increase in myocardial 
glucose uptake did not significantly impact heart 
rate[49]. Both intravenous and intracerebroventricular 
(icv) infusions of leptin were found to similarly increase 
glucose turnover in C57BL/6J wild-type mice[50]. A 
single bolus injection of leptin in the ventromedial 

These results emphasize the important role that leptin 
plays in cardiac metabolism which will be discussed in 
further detail in the next section. 

Further evidence for a beneficial effect of leptin on 
cardiac function comes from experiments showing aged 
ob/ob and db/db mice have increased cardiac myocyte 
apoptosis and decreased survival compared with wild-
type controls[45]. Leptin treatment significantly reduced 
apoptosis in ob/ob mice as well as in isolated myocytes. 
Although ob/ob and db/db mice generally have normal 
LV systolic function, they appear to have LV diastolic 
functional abnormalities[35,46]. These studies suggest that 
intact cardiac leptin signaling is important for normal 
cardiac function and may be protective against cardiac 
insults such as ischemia. 

ROLE OF LEPTIN IN THE REGULATION 
OF CARDIAC METABOLISM
The role of leptin in the control of whole body energy 
homeostasis in humans is well established[47]. The 
effects of leptin on myocardial metabolism, and the 
consequences for cardiac adaptation in disease states, 
are far less well understood. Our knowledge in that 
area comes from studies performed on live rodents and 
isolated heart preparations. These studies have focused 
on the metabolism of glucose and free fatty acids, 
the main substrates for energy provision of the heart. 
Altogether, the investigations have revealed a dichotomy 
between central and peripheral actions of leptin (Figure 
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Figure 3  Cardiometabolic effects of leptin in health and 
obesity. Triangular and flat arrowheads represent stimulatory 
and inhibitory effects on the designed targets, respectively. 
Dotted lines indicate acute leptin effects (appearing between 
less than an hour and several hours of treatment), while plain 
lines represent chronic leptin effects (reported after several 
days or weeks of treatment). ACC: AcetylCoA carboxylase; 
AMPK: AMPactivated protein kinase; βAR: Betaadrenergic 
receptor; FAO: Fatty acid oxidation; FAT/CD36: Fatty acid 
translocase/cluster of differentiation 36; FATP1: Fatty acid 
transport protein 1; FAU: Fatty acid uptake; GO: Glucose 
oxidation; GU: Glucose uptake; MAPK: Mitogenactivated 
protein kinase; MCD: MalonylCoA decarboxylase; NO: Nitric 
oxide; ObR: Leptin receptor; PAkt: Phosphorylated Akt kinase; 
PDH: Pyruvate dehydrogenase; PJAK2: Phosphorylated 
Janus kinase 2; PPARα: Peroxisome proliferator-activated 
receptor alpha; SNS: Sympathetic nervous system; STAT3: 
Signal transducer and activator of transcription 3; VMH: 
Ventromedial hypothalamus. Horizontal black line demarcates 
differences between the healthy heart and the heart in obesity/
diabetes.
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an increase in AMP-activated protein kinase activity and 
to the subsequent inhibition of malonyl-CoA production 
(a potent endogenous inhibitor of mitochondrial fatty 
acid uptake), this mechanism was not induced in the 
isolated rat heart[55]. Instead, in the intact heart, leptin 
was found to stimulate fatty acid oxidation by a STAT-
3-nitric oxide-p38 MAPK-dependent mechanism (Figure 
3)[56]. In conclusion, based on experimental settings 
where both glucose and fatty acids were present, 
the activation of myocardial leptin signaling rapidly 
stimulates fatty acid uptake and oxidation without 
affecting glucose oxidation. In the long term, leptin 
may also promote fatty acid oxidation through the 
upregulation of PPARa.

Metabolic effects of leptin in disease states
Obesity and diabetes are characterized by an increased 
reliance of the heart on fatty acid oxidation for energy 
provision. Sustained high rates of fatty acid uptake and 
oxidation inhibit both basal rates of glucose oxidation 
and insulin-stimulated glucose utilization, leading to a 
dramatic reduction in cardiac mechanical efficiency (work 
performed per unit of oxygen consumed)[59,60]. This 
metabolic remodeling has been observed in ob/ob mice, 
and persists even when the isolated hearts are perfused 
under low fatty acid condition[61]. However, this metabolic 
remodeling is reversible, and glucose intolerant patients 
undergoing a modest weight loss present with reduced 
myocardial fatty acid uptake and with improved cardiac 
mechanical function[62]. Sloan and colleagues elegantly 
demonstrated the importance of hypothalamic leptin 
signaling in the regulation of the balance of myocardial 
substrate selection during weight loss. By combining 
calorie restriction with leptin treatments in ob/ob mice, 
they showed that the hormone is necessary to normalize 
basal myocardial palmitate oxidation and to restore 
the insulin-mediated switch to glucose utilization[63]. 
The authors attributed their results to the leptin-medi-
ated inhibition of the rise in circulating free fatty acids 
caused by calorie restriction, thereby leading to the 
normalization of myocardial fatty acid oxidation gene 
expression and to the improvement of myocardial insulin 
sensitivity. In accordance with these results, Keung et 
al[53] observed that chronic central leptin treatment (via 
intracerebroventricular infusion) of C57BL mice inhibited 
the increase in myocardial fatty acid oxidation caused 
by high-fat feeding. The effect was also linked to an 
improvement in insulin sensitivity and to a decrease in 
circulating lipid levels, with a subsequent reduction in the 
expression of cardiac malonyl-CoA decarboxylase, the 
enzyme that degrades malonyl-CoA (Figure 3). Although 
the absolute rates of myocardial glucose oxidation were 
unaffected, this resulted in an increased contribution of 
glucose metabolism to Krebs cycle activity[53]. Lastly, in 
a rat model of insulin-dependent diabetes, increased 
glucose uptake in cardiac muscle as well as in several 
other organs, together with the suppression of hepatic 
glucose output, is part of the mechanism by which 
the activation of central leptin signaling normalizes gly-

hypothalamus of young Sprague Dawley rats also 
resulted in a 4-fold increase in myocardial glucose 
uptake[51]. This increase in glucose uptake was shown 
to be additive to the one induced by an intravenous 
administration of insulin[42]. Based on these observations 
it was concluded that this rapid increase in peripheral 
glucose utilization is governed by a central mechanism, 
independent from insulin, and involving the activation 
of sympathetic nerves and the local activation of 
β-adrenergic receptors on target tissues[52]. A week 
of daily icv leptin administration in C57BL mice on a 
low-fat diet also resulted in an increase in myocardial 
glucose oxidation that was associated with increased 
phosphorylation of JAK2 and Akt kinases, and with 
increased pyruvate dehydrogenase activity (Figure 
3). Rates of palmitate oxidation were not significantly 
altered, and here again, the switch toward higher 
glucose utilization did not modify mechanical function 
of the heart[53]. Thus, in rodents with normal leptin 
sensitivity, both acute and chronic activation of central 
leptin signaling favor myocardial glucose utilization 
through mechanisms stimulating the uptake and the 
oxidation of this substrate. Although the involvement of 
other hormonal signals cannot be ruled out, the effect 
seems to be independent from insulin secretion or from 
a change in insulin sensitivity.

Peripheral effects of leptin on cardiac metabolism
Unlike the reports on its central actions, there is little 
evidence to support a stimulatory effect of peripheral 
leptin on myocardial glucose metabolism: While a 
small but significant increase in glucose uptake was 
reported when hearts of Wistar rats were perfused 
in the Langendorff mode with a low dose of leptin 
(1 ng/mL), the effect may have been caused by the 
absence of fatty acids in the perfusate[54]. Indeed, in 
hearts of male Sprague Dawley rats perfused in the 
working mode with both glucose and palmitate, rates of 
glucose oxidation were unaffected by the presence of a 
pharmacological dose of leptin (60 ng/mL). Conversely, 
the total oxidation of fatty acids, from both exogenous 
(palmitate) and endogenous (triacylglycerol stores) 
origin, increased by 82%[55]. Using similar experimental 
conditions, Sharma and colleagues confirmed the 
existence of a leptin-mediated increase in exogenous 
palmitate oxidation that occurred in absence of changes 
for the rates of glucose oxidation[56]. Experiments 
performed with HL-1 cardiomyocytes partly corroborate 
these results: while a 1 h incubation with leptin failed 
to modify basal or insulin-stimulated glucose uptake 
and oxidation, it resulted in increased palmitate uptake 
and oxidation[57]. The increase in palmitate uptake was 
linked to the upregulation of the fatty acid transporters 
FATP1 and CD36. It is noteworthy that the incubation 
of neonatal rat ventricular myocytes with leptin for 72 
h induced the expression of peroxisome proliferator-
activated receptor alpha (PPARa), a key activator of 
fatty acid metabolism in the heart[58]. However, while 
increased fatty acid oxidation in HL-1 cells was traced to 
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Role of lipotoxicity in heart disease
Descriptions of fat storage in the heart date all the 
way back to the 1800’s and were thoroughly described 
by Smith et al[75] in the 1930’s. Over 10 years ago 
Sharma and colleagues described intramyocardial lipid 
accumulation in human heart failure that was identical 
to that found in the zucker diabetic fatty (ZDF) rat[76]. 
These studies clearly demonstrated that increased 
myocardial lipid accumulation was associated with an 
upregulation of PPARa responsive genes and an increase 
in the inflammatory marker tumor necrosis factor-a 
(TNF-a) both of which are thought to contribute to the 
cardiac contractile dysfunction observed in both ZDF 
rats and human patients[76]. Recent advances in cardiac 
imaging techniques has resulted in the measurement of 
cardiac triglyceride levels in various patient populations 
with mixed results regarding the significance of incre-
ased cardiac triglyceride accumulation on cardiac 
function. Several studies in overweight and insulin 
resistant patients have positively correlated increased 
myocardial triglyceride levels with alterations in cardiac 
structure and function[77,78]. Myocardial triglyceride 
accumulation has also been found to contribute to the 
pathology of severe aortic stenosis[79]. While these 
studies have implicated cardiac triglyceride accumulation 
to alterations in cardiac function several studies have 
not reported such a correlation. McGavock et al[80] 
reported increased myocardial triglyceride accumulation 
in the absence of any changes in cardiac function in 
patients with type II diabetes. Likewise studies by 
Nyman correlated increased epicardial and pericardial 
fats but not intramyocardial triglyceride accumulation 
with alterations of cardiac function in male patients 
with metabolic syndrome[81]. Lastly, studies by Liu et 
al[82] reported that although myocardial triglyceride 
levels correlated with increases in BMI, they failed to 
correlate with alterations in cardiac function in healthy 
African-American males. Although increases in cardiac 
triglyceride levels have been documented in several 
pathological conditions as well as in the metabolic 
syndrome and type II diabetes, their specific role in 
altering cardiac function in these conditions is still 
unresolved. 

There are several experimental models of cardiac 
lipotoxicity in rats and mice. The most studied are 
the models of leptin signaling deficiency such as the 
ZDF rat and the ob/ob and db/db mouse models[83]. 
Several other models of cardiac lipotoxicity have been 
developed in which myocardial fatty acid uptake is 
increased above normal by overexpression of fatty 
acid transport protein 1 (FATP1) or cardiac specific 
expression of long chain acyl CoA synthase 1 (ACS1)[84,85]. 
Models of cardiac lipotoxicity have also been created by 
overexpression of enzymes CPT1 and the transcription 
factor PPAR-a stimulating the β-oxidation of fatty 
acids. Interestingly, both cardiac specific deletion 
and overexpression of PPAR-a result in cardiac lipid 
accumulation with the deletion of PPAR-a decreasing 
expression of critical enzymes involved in β-oxidation 

cemia[64]. 
Heart failure also elicits disturbances in the balance 

between fatty acid and glucose oxidation. Severe heart 
failure has generally been associated with increased 
glucose oxidation and decreased fatty acid oxidation, 
a switch in substrate meant to improve mechanical 
efficiency of the stressed heart[65]. The expression of 
leptin and of its receptor increases more than 4-fold in 
the failing human heart, suggesting increased activity 
of this signaling pathway as the condition progresses[66]. 
In a murine model with heart failure from ischemic 
origin, cardiomyocyte-specific deletion of the leptin 
receptor exacerbated the deterioration of myocardial 
structure and function. While myocardial metabolism 
was normal in the unstressed heart, cardiac specific 
loss of leptin receptors completely inhibited the switch 
toward increased glycolysis and glucose oxidation post 
myocardial infarction and enhanced the development of 
heart failure[16,67]. These results indicate that both central 
and cardiac leptin signaling play an important role in 
metabolic adaptation of the heart in heart failure. The 
beneficial effects of leptin are achieved either by favoring 
the return to a normal energy balance in dysregulated 
metabolic states, or by facilitating the transition toward a 
state of improved mechanical efficiency. 

What is lipotoxicity?
Excess fatty acids as occurs in individuals who consume 
too many calories or expend too few calories are 
normally stored as triglycerides in white adipose tissue. 
However, when there is a defect in the amount of 
adipose tissue as seen in lipodystrophy or an excessive 
amount of fatty acids are consumed which exceed the 
ability of white adipose tissue to expand as seen in 
obesity, fatty acids can start to accumulate in organs 
such as the heart. With obesity, the substrate preference 
and utilization of the heart becomes altered such that 
substrate utilization is shifted towards fatty acids. This 
switch towards fatty acid metabolism is promoted by 
the increased expression of proteins involved in fatty 
acid oxidation such as carnitine palmitoyltransferase-1 
(CPT1). These alterations in normal fatty acid oxidation 
can promote the formation of toxic lipids like ceramide 
and contribute to cardiac dysfunction observed in 
obesity[68-71]. Several studies have demonstrated that 
increases in ceramide production which arises by 
condensation of unoxidized palmitoyl-CoA and serine 
causes cells including cardiac myocytes to undergo 
apoptosis and die[72,73]. Diacylglycerol (DAG) is another 
lipid that can mediate fatty acid-induced toxicity. DAG 
acyl transferase (DGAT) is the enzyme responsible for 
the addition of the final fatty acid onto DAG to convert 
it to triglyceride. Transgenic mice which overexpress 
DGAT in the heart have increased lipid accumulation 
in the form of increased triglyceride levels but they are 
protected from lipotoxic induced cardiac dysfunction[74]. 
Thus, the specific role of increased triglyceride accumu-
lation in the development of cardiac lipotoxicity remains 
controversial.
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levels are a protective mechanism preventing steatosis 
of organs such as the liver, pancreas, and heart in 
obesity[94].

Much of what is known about the role of leptin in 
protecting against lipotoxicity is derived from strains of 
leptin and leptin receptor deficient rodents. For example, 
leptin receptor deficient rats and mice are characterized 
by marked steatosis of peripherial organs such as the 
heart. Previous studies by Sharma et al[76] have reported 
that intracardial lipid accumulation and subsequent 
alterations in cardiac function and gene expression seen 
in the ZDF rat are remarkably similar to that observed 
in human patients with heart failure. Likewise studies in 
leptin receptor deficient db/db mice have also reported 
increased cardiac triglyceride accumulation that is 
associated with the development of cardiomyopathy and 
alteration of cardiac metabolism[95-97]. The leptin deficient 
ob/ob mouse also displays severely increased cardiac 
triglyceride levels associated with diastolic dysfunction[46]. 
Interestingly, the alterations in cardiac metabolism 
and cardiac lipid accumulation characterizing the ob/
ob mouse appear to be totally dependent on leptin 
insufficiency as calorie restriction used to normalize 
body weight does not improve the increase in plasma 
fatty acid levels, the enhanced uptake of fatty acids by 
the heart or the increase in cardiac lipid accumulation[63]. 
Both central and peripheral administration of leptin 
restored myocardial insulin sensitivity and decreased 
myocardial fatty acid transport and lipid accumulation 

of fatty acids and overexpression of PPAR-a resulting in 
increased transport of fatty acids into the heart[86,87]. 

While the mechanism of cardiac lipid accumulation in 
these various models may differ, the end result by which 
lipids cause cardiac dysfunction is similar in these various 
models. The accumulation of lipids such as ceramide and 
DAG to toxic levels promotes cardiomyocyte apoptosis 
via increases in reactive oxygen species production 
which induces non-coding RNAs such as growth arrested 
DNA-damage inducible gene (GADD)[88,89]. Accumulation 
of these toxic lipids also promotes endoplasmic reticulum 
stress which induces eukaryotic elongation factor and 
leads to cell death[90]. Excess lipid accumulation in the 
heart also interferes with insulin signaling resulting in 
cardiac insulin resistance and down-regulation of the 
IRS1/PI3K/Akt pathway which is a protective pathway 
in the heart[91].

Role of leptin in protection against cardiac lipotoxicity
Plasma leptin levels are elevated in individuals with 
obesity due to expansion of white adipose tissue mass. 
In obesity, it is hypothesized that there is central resis-
tance to the effects of leptin on appetite and energy 
expenditure which results in increased adiposity and an 
increase in plasma leptin levels[7]. The increase in plasma 
leptin levels is also believed by some investigators to 
be an underlying cause for cardiovascular pathology 
in obesity[92,93]. However, an alternative hypothesis put 
forth by Unger proposes that increased plasma leptin 
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(FABPpm) in skeletal muscle; whereas, it has been 
reported to increase both FAT/CD36 as well as FATP1 
in cultured mouse cardiomyocytes[57]. These results 
from cultured cells are in opposition to studies in leptin 
deficient ob/ob mice in which the levels of expression of 
genes that stimulate fatty acid uptake were increased in 
the heart[46]. Although the exact mechanism(s) need to 
be worked out, it is more than likely that the stimulation 
of fatty acid oxidation by leptin in the heart reduces the 
amount of lipid intermediates such as ceramide and 
DAG below toxic levels[104]. This in turn decreases lipid 
mediated apoptosis and protects cardiac function in 
obesity (Figure 4). 

CONCLUSION
Leptin is a hormone derived from adipose tissue which 
undoubtedly plays an essential role in the regulation of 
body weight and appetite. However, emerging studies 
have demonstrated that leptin is also a critical hormone 
for the cardiovascular system which can regulate 
metabolism and function of the heart. It is clear that 
leptin exerts diverse functions in the heart (Figure 2). 
While some of leptin’s effects can be deleterious to 
cardiac function primarily through its central actions 
on blood pressure and heart rate, its potential growth 
effects on the heart to promote cardiac hypertrophy 
are not clear. Leptin does have beneficial actions on 
myocardial fatty acid and glucose metabolism and the 
loss of cardiac leptin signaling can adversely affect 
the heart’s response to stresses such as transient 
ischemia. Leptin may also directly protect the heart 
against excessive lipid accumulation in obesity. The 
development of leptin receptor antagonists has resulted 
in some investigators suggesting that blockade of leptin 
signaling in the heart may be beneficial in obesity to 
attenuate cardiac hypertrophy and improve cardiac 
function[105-107]. However, given leptin’s beneficial actions 
on cardiac metabolism and lipid accumulation, any 
intervention on leptin’s action in the heart must be 
considered very carefully. Clearly, more animal studies 
are needed to unravel the biological roles and mechani-
stic actions of leptin before any interventional studies 
specifically targeting leptin in the heart are undertaken. 
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