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Leptin, An Adipokine With Central Importance
in the Global Obesity Problem
Jeffrey I. Mechanick*,y, Shan Zhaoz, W. Timothy Garveyx,k
New York, NY, USA; Redondo Beach, CA, USA; and Birmingham, AL, USA
ABSTRACT
Leptin has central importance in the global obesity and cardiovascular disease problem. Leptin is principally
secreted by adipocytes and acts in the hypothalamus to suppress appetite and food intake, increase energy
expenditure, and regulate body weight. Based on clinical translation of speciﬁc and networked actions,
leptin affects the cardiovascular system and may be a marker and driver of cardiometabolic risk factors
with interventions that are actionable by cardiologists. Leptin subnetwork analysis demonstrates a
statistically signiﬁcant role for ethnoculturally and socioeconomically appropriate lifestyle intervention in
cardiovascular disease. Emergent mechanistic components and potential diagnostic or therapeutic targets
include hexokinase 3, urocortins, clusterin, sialic acid-binding immunoglobulin-like lectin 6, C-reactive
protein, platelet glycoprotein VI, albumin, pentraxin 3, ghrelin, obestatin prepropeptide, leptin receptor,
neuropeptide Y, and corticotropin-releasing factor receptor 1. Emergent associated symptoms include
weight change, eating disorders, vascular necrosis, chronic fatigue, and chest pain. Leptin-targeted
therapies are reported for lipodystrophy and leptin deﬁciency, but they are investigational for leptin
resistance, obesity, and other chronic diseases.
Obesity and cardiovascular disease (CVD) are global
problems that are intertwined with high levels of
complexity [1]. Using the GBD (Global Burden of Disease)
study data, more than two-thirds of deaths in patients with
overweight/obesity were due to CVD [2]. Successful strategies to decipher key mechanistic drivers of obesity and
tactics for management based on molecular targeting
generally parse out genetic and environmental risk factors.
The ﬁndings of Castillo et al. [3] afﬁrm this interaction
between genetics and the environment, wherein selection
patterns for certain obesity gene risk variants depend on
the ambient obesogenic environment (based on comparisons between ancestral hunter-gatherers before migration
from Africa versus agriculturalists after migration from
Africa). Key environmental components of the obesity
problem across the globe and inﬂuenced-by-ethnocultural
factors include food supply and stressors (particularly in
economically disadvantaged populations), governing allostatic load and behavior [4,5]. Thus, food-seeking behavior
is a principal determinant of body composition and
consequent cardiometabolic risk.
Leptin is a central physiological component of foodseeking behavior and will be discussed in the context of
the global obesity epidemic and prevention of CVD. Hence,
the strategy of this review is to present a physiological
model of food consumption and leptin signaling, primarily
based on experimental results from animal studies, and an
interpretation using network analysis of complex relationships. Results of this network analysis will be translated in the context of cardiometabolic risk to enrich
complicated clinical decision making when confronted
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with different geographic and ethnocultural presentations
of obesity.

LEPTIN BASICS
In the context of cardiometabolic risk, food consumption
plays a critical role that needs to be teased out from a
complex network of interactions, feedback loops, varying
time scales, and subtle endpoints. Among the numerous
players, leptin stands out as among the most important and
deserving of focused analysis. Leptin ﬁgures prominently
in an adipocyte-cardiovascular-lifestyle network [6] and
merits more detailed analysis, especially as it relates to
appetite and energy balance. In a plenary lecture, Dr. Jeffrey Friedman—ﬁrst to identify the leptin gene in 1994—
commented that “mutations in leptin or other components
of the neural circuit controlling body weight account for z
10e15% of morbid human obesity” [7].
Evolutionary biology helps the understanding of
complex pathophysiology, particularly feeding behaviors.
On a macrophysiological scale [8], humans evolved in an
adverse environment with scarce food and a metabolic
imperative for efﬁciency, consequently developing an upregulated appetite during periods of starvation. However,
across the globe, leptin physiology varies as different environments have exerted different evolutionary pressures
on obesity gene risk variants. Though most surveillance
studies draw correlative information using body mass index (BMI), this anthropometric has many ﬂaws, which
have led to proposals for new diagnostic terms, such as
adiposity-based chronic disease (ABCD) [9]. For example,
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TABLE 1. Major historical events in leptin research
Date [Reference]
1950 [29]
1966 [30]
1969 [31], 1973 [32]
1994 [33]
1997 [34]
1998 [35]
1999 [36]
2001 [37]
2005 [38]
2010 [39]

Event
ob/ob (Lepob) mouse: obese, hyperphagia, mild
diabetes symptoms
db/db (Leprdb) mouse: obese, hyperphagia, severe
diabetes symptoms
Murine leptin deﬁciency (ob/ob) and resistance (db/db)
Leptin cloned and found to be produced in white
adipose tissue
Leptin expressed in many tissues
Leptin produced by chief cells in stomach
Beneﬁcial effects of leptin therapy to child with
congenital leptin deﬁciency
Primary neuronal leptin targets identiﬁed
Pleiotropic effect on immune system
Other peripheral leptin targets identiﬁed

in Southeast Asians, there are higher leptin levels for a
given BMI (presumed to reﬂect a “leptin-resistant” state)
compared with other ethnicities [10]. In another study on
Asians, leptin receptor polymorphisms are associated with
cancer susceptibility (dominant genetic model) [11]. In
the Buryat (a Mongol subpopulation of Southern Siberia),
leptin is associated with reduced fat oxidation [12]. In
Iran, Esteghamati et al. [13] found inverse relationships
between leptin and physical activity, independent of
adiposity. In Japanese women with higher depression
scores, compared with those with lower depression scores,
leptin levels were lower [14]. In another study of Japanese
subjects (men and women), leptin was inversely related to
the consumption of a Westernized breakfast pattern
(increased confectionaries, bread, milk, and yoghurt, with
lower rice and alcohol content) [15]. Also, leptin is
elevated in Japanese adults with early atherosclerosis (by
aortic ﬂuorodeoxyglucose F 18 uptake [16]) and in those
who gain weight independently of BMI [17]. In Europe,
among the Romani subpopulation in Eastern Slovakia,
leptin levels were positively correlated with BMI [18]. In
elderly Italians, leptin was associated with cognitive
decline [19]. In the CARDIA (Coronary Artery Risk
Development in Young Adults) study, various associations
were identiﬁed among adipokine gene variants and
obesity-related phenotypes, with the most prominent
involving the LEP gene in African Americans [20]. In the
METS (Modeling the Epidemiologic Transition Study) of 5
cohorts of African descent in various levels of epidemiologic transition (rural Ghana, periurban South Africa, the
Seychelles, urban Jamaica, and metropolitan Chicago, IL,
USA), leptin was not correlated with indices of glucose
metabolism [21]. However, in Tanzanian pregnant
women, low leptin levels (leptin is also produced by the
placenta) were associated with intrauterine growth restriction [21]. In an impoverished Mexican American
community in Starr County, TX, USA, with uncontrolled
type 2 diabetes, lifestyle changes (healthy eating, weight
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loss, and physical activity) did not have a signiﬁcant
overall effect on leptin [22].
Food consumption is determined by goal-directed
behaviors based on pleasure/reward, especially in terms
of “learning,” “liking,” and “wanting,” and mediated in large
part by mesolimbic dopaminergic neurotransmission and
hypothalamic triglyceride sensing [23]. The endocrine
system has been implicated in a variety of evolutionary
theories of obesity, including the thrifty gene, drifty gene,
and thrifty phenotype hypotheses [24]. Hormones are well
suited to mediate both behavioral and physiological components of energy balance, but this also implicates unwanted, maladaptive, or nonadaptive functions that are
“dragged along” as pleiotropic gene actions coevolve [25].
Leptin is a pleiotropic stress-responsive hormone serving as
an ancient anorexigen, immunomodulator, and growth
factor, with signaling pathways and neural substrates
conserved over 350 million years, having a key physiologic
role during starvation, and now situated as a central player
in cardiometabolic networking research [6,26-28].
In short, governed by a physiological set point (“adipostat”), rising leptin levels decrease energy intake, increase
energy use, and result in decreased energy stores, or
adiposity. Inversely, reductions in circulating leptin
augment caloric intake and diminish energy expenditure,
resulting in positive energy balance. Despite natural and
intuitive extrapolations that leptin would be a useful antiobesity medication, accumulating scientiﬁc knowledge
over time has led to a more detailed model of leptin
signaling and clinical targeting (Table 1) [29-39]. The
majority of knowledge about the molecular actions of
leptin derives from animal studies. Although there are
substantial differences between rodent and human leptin
physiology, leptin is primarily expressed in white adipose
tissue [33], acts primarily in the central nervous system
[40], and has pleiotropic effects in all species.
Leptin levels exhibit a nocturnal peak and multiple
smaller ultradian pulses over 24 h [41,42]. During periods
of overfeeding or underfeeding, diurnal leptin levels will
rise and fall, reﬂecting the cumulative energy balance over a
period of several days [43,44]. Thus, leptin regulates energy intake in response to cumulative alterations in energy
balance and not in a manner that acutely affects caloric
intake or satiety within the course of single meals.
Serum leptin levels increase with progressive obesity in
both men and women. For any given measure of obesity,
leptin levels are higher in women than in men, perhaps
reﬂecting a higher percentage of body fat in female subjects. However, there appear to be additional sex-speciﬁc
effects because leptin levels increase at a more rapid rate
in female subjects as a function of increasing BMI or percentage of body fat [45]. Because higher leptin levels
physiologically act to reduce adipose mass, the increase in
leptin levels with progressive obesity reﬂects a state of
leptin resistance. But unlike rodents, there is no clear
relationship between circulating leptin levels and energy
expenditure in humans [45]. Therefore, in the regulation of
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human adipose tissue mass, leptin resistance primarily
involves reduction of energy intake (i.e., decreased appetite
and food consumption).
The hyperleptinemia that accompanies human obesity
is predictably the result of a primary defect in leptin receptor (LepR) signaling and/or downstream effector systems that impair hormone action. LepR is primarily found
in the cytoplasm; high receptor speciﬁcity is conferred by
constitutive internalization of membrane-bound receptors
coupled with multiple regulatory steps controlling recycling rates and ectodomain shedding [46]. LepR trafﬁcking
is regulated in part by endospanin 1 (from alternative
splicing of the db gene) and the ubiquitin ligase ring ﬁnger
protein 41 [46,47]. Another contributor to hyperleptinemia is saturation of blood brain barrier (BBB)
transporters, which are up-regulated by epinephrine,
glucose, ethanol, and insulin, and down-regulated by triglycerides [48-50]. Moreover, tanycytes (specialized glial
cells) regulate BBB plasticity via nutrient-dependent release
of vascular endothelial growth factor A [51].
Leptin is a 4-helix bundle cytokine that binds to LepR, a
single membrane spanning class-1 cytokine receptor with
multiple isoforms resulting from alternative splicing
[37,52,53]. Among the 6 LepR isoforms (secreted, short, and
long forms), the long-form LepRb is unique by having a large
intracellular domain with putative Janus kinase/signal
transducer and activator of transcription (JAK/STAT) binding sites, conferring strong intracellular signal transduction
and responses [52,54]. The secreted LepRe form does not
exert an intracellular signal, but it serve as a plasma leptinbinding protein [55]. The short LepRa, -c, -d, and -f forms
exert weak intracellular signal transduction and transfer
leptin through the BBB to the hypothalamus [52,56].

LEPTIN EFFECTS ON THE BRAIN
Generally speaking, energy stores (represented as
adiposity) are regulated by a classic negative feedback loop,
wherein increased leptin from adipose tissue acts in the
hypothalamus to inhibit appetite and increase metabolic
rate, leading to a reduction in adiposity. This is accomplished through changes in leptin production, leptin action, and modulating signals, particularly those leading to a
leptin-resistance state. Over time, these processes, left unchecked, can evolve into an ABCD state of excess energy
storage: a contemporary diagnostic framework to identify
obesity in less-stigmatizing, but more pathophysiologically
relevant terms of fat mass, fat distribution, and adipocyte
function [9]. Key drivers in the context of ABCD and leptin
include food overconsumption (driven by both environmental factors and pathophysiological hormonal regulation), insulin resistance, leptin resistance, and
inﬂammation. Contributory drivers include mood and
behavior, various abnormalities in intermediary metabolism, physical inactivity, abnormal sleep, and certain
eating patterns. The mechanisms by which all these drivers
interact can be represented on a molecular scale.
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FIGURE 1. Leptin actions in key hypothalamic nuclei. Green arrows indicate
stimulation; purple lines indicate inhibition. AgRP, agouti gene-related protein;
CART, cocaine- and amphetamine-related transcript; GABA, g-aminobutyric acid;
GSHR1a, growth hormone secretagogue receptor 1a; IR, insulin receptor; LepRb,
leptin receptor b; MC4R, melanocortin 4 receptor; MSH, melanocyte-stimulating
hormone; NPY, neuropeptide Y; POMC, pro-opiomelanocortin.
The principal targets of leptin are in various hypothalamic regions: arcuate nucleus (ARC); dorsomedial nucleus; lateral hypothalamic area; medial basal
hypothalamus; paraventricular nucleus (PVN); periventricular nucleus; supraoptic nucleus; and ventromedial
nucleus of the hypothalamus. In the ARC nucleus of the
hypothalamus, there are 2 functionally distinct leptindependent neuronal populations involved with appetite
and projecting to other hypothalamic and limbic system
areas:
1. Anorexigenic.
These
neurons
express
proopiomelanocortin (POMC) and cocaine- and
amphetamine-related transcript (CART) and are stimulated by leptin to secrete a-melanocyte-stimulating
hormone, which binds surface melanocortin 4 receptor
on PVN neurons. This initiates anorexigenic neurotransmission to higher cortical centers. POMC/CART
neurons are also stimulated by other anorexigenic
hormones, such as insulin, amylin, glucagon-like peptide 1 (GLP-1), and peptide YY (PYY) to amplify the
anorexigenic effect.
2. Orexigenic. These neurons express agouti gene-related
protein (AgRP) and neuropeptide Y (NPY) and are stimulated by ghrelin to release NPY, which binds cognate
receptors on PVN neurons to promulgate orexigenic
neurotransmission to higher cortical centers. AgRP is also
released by these neurons and then acts on POMC/CART
neurons to inhibit a-melanocyte-stimulating hormone
release and amplify the orexigenic effect. Importantly,
leptin inhibits release of both NPY and AgRP, which, when
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combined with leptin-stimulated POMC/CART neurons,
even further ampliﬁes this anorexigenic effect.
Overall, leptin provides strong integrative metabolic
input to the core feeding neuraxis, primarily at the level of
the ARC: leptin activates anorexigenic POMC/CART; inhibits orexigenic AgRP/NPY; opposes ghrelin signaling;
synergizes with insulin signaling; and subsequently modulates PVN anorexigenic melanocortin 4 receptor neurons
(Figure 1) [57].
However, leptin also affects the mesolimbic dopaminergic reward/motivation system, which is responsible for
locomotor activity, food-seeking behavior, and drugseeking behavior [58]. LepRb expressing neurons in the
ventromedial nucleus of the hypothalamus express steroidogenic factor 1 and pituitary adenyl cyclase activating
protein that mediate weight gain with high-fat diets
through effects on compensatory increases in energy
expenditure [59]. Ventromedial nucleus of the hypothalamus, in addition to ARC LepR neurons, also inﬂuence
glucose homeostasis [60]. Moreover, LepR-positive lateral
hypothalamic area neurons, mediating cognitive and
arousal inputs, project to the mesolimbic system subpopulation containing neurotensin, which inhibits neighboring
hypocretin (orexin)- and galanin-expressing neurons [61].
Signiﬁcantly, this leptin-dependent lateral hypothalamic
area -mesolimbic network modulates the hypothalamicpituitary-adrenal stress response [62].
Leptin also activates neuronal centers in the brainstem.
This includes the dorsal motor nucleus of the vagus nerve
and the nucleus tractus solitarius, which receive interoceptive satiety signals from the gastrointestinal tract (such
as GLP-1 and cholecystokinin modulation of vagal afferent
neurons) [63,64]. Other regions such as the caudal brain
stem also express LepR and contribute to the inhibitory
effect of leptin on food intake [65]. Based on functional
magnetic resonance imaging, leptin may be responsible for
integration and enhanced functional connectivity of these
various neural pathways involved with food cues and
weight maintenance [66]. Evidence also indicates that
leptin action in the brain stem may help regulate autonomic nervous system activity [67] and may contribute to
baroreﬂex suppression during aging [68].

LEPTIN SIGNAL TRANSDUCTION IN THE BRAIN
There are several key pathways for LepRb signal transduction with crosstalk among biochemical and molecular
markers, adaptor proteins, and other regulatory mechanisms (Figure 2). The principal pathway is JAK/STAT
[52,69-71]; however, leptin action involves many other
interdigitating pathways that modulate the LepRb-JAK/
STAT-POMC/AgRP/NPY axis.
JAK2 tyrosine kinase phosphorylates LepRb (via
Tyr1138), leading to STAT1/3/5/6 activation and most
importantly, STAT3 dimerization [52,72,73]. Other JAKmediated pathways include protein tyrosine phosphatase,
nonreceptor type 1/11, mitogen-activated protein
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kinaseeextracellular signal-regulated kinases (ERK),
growth factor receptor-bound protein 2 (via Tyr985), Src
homology-2 domain B1 adaptor protein (SH2B1) (via
Tyr813 and Tyr985), and insulin receptor substrate (IRS)e
phosphoinositide 3-kinase (PI3K)eprotein kinase
Beforkhead box protein 01 [52,73-77]. In addition, rho
kinase 1 activates JAK2 and consequently increases STAT3
and forkhead box protein 01 activation [78]. Factors in
these pathways (e.g., forkhead box protein 01, ERK, and
STAT3) translocate to the nucleus, bind deoxyribonucleic
acid, and inﬂuence target genes (e.g., AgRP, POMC, and
NPY) that modulate food consumption, energy homeostasis, and even fertility, growth, and glucose metabolism
[52,79,80]. Leptin also inhibits 50 adenosine
monophosphate-activated protein kinase (AMPK) (an
important factor that regulates insulin secretion), leading to
decreased appetite [81]. Physiologically, AMPK is inﬂuenced
by upstream liver kinase B1, Caþþ/calmodulin-dependent
protein kinase b, and energy/fuel (adenosine monophosphateeadenosine triphosphate ratio) signals (activated
by fasting; deactivated by feeding), but AMPK is also
inhibited by leptin-induced mechanistic target of rapamycin/
S6 kinase signaling [82-85]. Leptin also increases SOCS3
gene expression via LepRb Tyr1138, which through negative feedback, inhibits leptin-STAT3 signaling and ﬁne-tunes
this important hypothalamic network [52,86]. Hypothalamic leptin-STAT3 signaling is also modulated by lowdensity lipoprotein receptor-related protein 1 and 2,
which mediate leptin-LepR complex endocytosis [52,87,88].
Although there is another POMC neuron population in the
nucleus tractus solitarius, there is no demonstrable leptinSTAT3 signaling in this population [89].
IRS and PI3K are molecular components of an
important hypothalamic pathway involving insulin receptor signal transduction and mediation of acute leptin
effects. Speciﬁcally, leptin increases PI3K signaling in
POMC neurons (producing an anorectic effect via amelanocyte-stimulating hormone) and decreases PI3K
signaling in AgRP neurons (also producing an anorectic
effect via a decreased orectic effect of AgRP) [52,80,90].
SH2B1 increases JAK2-mediated IRS phosphorylation
and PI3K activity, thus integrating the physiological
messages from leptin and insulin [74,91,92]. Moreover,
leptin and adiponectin act synergistically through PI3K
activation, independent of AMPK, to activate ARC
POMC neurons [93]. Other factors that modulate hypothalamic leptin signaling and affect energy balance
and fat mass are the tumor suppressor phosphate and
tensin homolog [94] and ciliary gene products: BardetBeidel syndrome proteins forming the Bardet-Beidel
syndrome complex and retinitis pigmentosa guanosine
triphosphatase regulator interacting protein 1 like
(regulated by cut-line homeobox 1 and the FTO gene)
[95-97]. It is very interesting that primary hypothalamic
cilia sense metabolic signals and also that leptin promotes ciliary elongation via intraﬂagellar transport gene
transcription and F-actin rearrangement [98].
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FIGURE 2. Four functional levels and multiple key hypothalamic ARC pathways for LepR signaling. Level 1eclinical circumstances and systemic
circulation; level 2ecirculating signals gaining entry to the central nervous system; level 3ehypothalamic arcuate nucleus LepR signaling and
other regulatory factors; and level 4ecentral nervous system and peripheral and clinical sequelae. Afferent pathways are incoming with respect
to the LepR. Efferent pathways are outgoing with respect to the LepR. Various colors of adaptor proteins indicate signaling pathways, which are
described in text. ACC, acetyl-CoA carboxylase; Akt, protein kinase B; ADP, adenosine diphosphate; AMP, adenosine monophosphate; AMPK, 50
adenosine monophosphate-activated protein kinase; ATP, adenosine triphosphate; BBB, blood brain barrier; BBSome, Bardet-Biedl syndrome
complex; CaMKKb, Caþþ/calmodulin-dependent protein kinase kinase b; CoA, coenzyme A; CPT1, carnitine/palmitoyl-transferase 1; CUX1, cutline homeobox 1; DMN, dorsomedial nucleus; EGF, epidermal growth factor; ER, endoplasmic reticulum; ERK, extracellular signal-regulated
kinases; Fox01, forkhead box protein 01; FTO, fat mass and obesity-associated protein; GRB2, growth factor receptor-bound protein 2; IKK,
inhibitor of k-light-chain enhancer of activated B kinase; IL, interleukin; IRS2, insulin receptor substrate 2; JAK2, Janus kinase 2; LCFA, long-chain
fatty acid; LH, lateral hypothalamus; LKB1, liver kinase B1; LMO4, LIM domain only 4; LRP1, low-density lipoprotein receptor-related protein 1;
MFN, mitofusin; mTORC1, mechanistic target of rapamycin complex (complex 1) 1; NFkB, nuclear factor k-light-chain enhancer of activated B
cells; P, phosphate; PI3K, phosphoinositide 3-kinase; PKB, protein kinase B; PPARg, peroxisome proliferator-activated receptor g; PTEN,
phosphatase and tensin homolog; PTP, protein tyrosine phosphatase; PTPN11, protein tyrosine phosphatase, nonreceptor type 11; PVN, paraventricular nucleus; RPGRIPIL, retinitis pigmentosa guanosine triphosphatase regulator interacting protein-1 like; RPTPε, receptor-like protein
tyrosine phosphatase ε; S6K1, S6 kinase 1; SFA, saturated fatty acid; SH2B1, Src homology-2 domain B1 adaptor protein; SOCS3, suppressor of
cytokine signaling 3; SP1, speciﬁcity protein 1; STAT, signal transducer and activator of transcription; TCPTP, T cell protein tyrosine phosphatase;
TLR4, Toll-like receptor 4; TNF-a, tumor necrosis factor a; VMH, ventromedial nucleus of the hypothalamus; Y985, tyrosine-985 motif; Y1077,
tyrosine-1077 motif; Y1138, tyrosine-1138 motif; other abbreviations as in Figure 1.
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TABLE 2. Peripheral effects of leptin
Tissue
Adipocyte

Adrenal
Bone

Immunity
Intestine
Kidney

Liver
Muscle
Pancreas
Skeletal muscle
Tumor biology

Effect
[ Insulin sensitivity (antilipolysis; beiging)
[ Oxygen consumption, thermogenesis, UCP1
and UCP2
Y Cortisol
[ Marrow adipogenesis via LepR on mesenchymal
stromal cells; [ PTH
Y Osteoblastogenesis
[ Shift T helper to Th1 and Th17 responses
([ autoimmunity)
[ Fructose/butyrate absorption
Y Glucose/galactose/amino acid absorption
[ Albuminuria via [ TGFb1—AMPK and Y megalin;
[ CKD
Y eGFR
Y Gluconeogenesis
[ UCP2 and UCP3, fatty acid oxidation
[ UCP2, fatty acid oxidation
Y Insulin
[ Increased insulin sensitivity (glucose
uptake/oxidation)
[ Endothelial cell proliferation and transformation
via VEGFR/Notch

Reference
[143]
[37,144]



[37]
[145,146]

[147,148]



[149]
[149,150]
[151,152]
[153]
[154]
[37]
[37]
[37]
[155]



[156]



[, increased; Y, decreased; AMPK, 50 adenosine monophosphate-activated protein kinase;
CKD, chronic kidney disease; eGFR, estimated glomerular ﬁltration rate; LepR, leptin receptor;
PTH, parathyroid hormone; TGFb1, transforming growth factor b1; UCP, uncoupling protein;
VEGFR, vascular endothelial growth factor receptor.

The above-mentioned principal leptin signaling pathways are further modulated by yet another layer of
complexity. Various signal transduction pathways and their
respective adaptor proteins are itemized next that, in
aggregate, produce varying degrees of leptin resistance:
 Protein tyrosine phosphatases (PTP):
B PTP-1B in ARC, dorsomedial nucleus, and ventromedial nucleus of the hypothalamus via JAK2/STAT3
and a2-AMPK signaling; inhibited by SH2B1, LIM
domain only 4, and certain cholesterol metabolites;
B Receptor-like PTPε via negative feedback with leptin
and JAK2; and
B T-cell PTP via STAT3, SH2B1, and phosphate and
tensin homolog signaling [91,99-104].
 Inhibitor of k-light-chain enhancer of B kinase—-nuclear
factor k-light-chain enhancer of activated B cells
signaling: in the medial basal hypothalamus and in
response to inﬂammatory cytokines (e.g., interleukin 1
and 6 and tumor necrosis factor a) resulting from
lipopolysaccharide or saturated fatty acid interactions
with Toll-like receptor 4 in activated hypothalamic
microglia, leading to
B discordant effects: obesity-promoting; leptin-resistant;
insulin-resistant; and obesity-inhibiting effects in
AgRP (orexigenic) neurons;
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leptin sensitivity in POMC (anorexigenic) neurons;
and
B decreased food consumption from decreased AMPK
activity [105-109].
Mitochondria-endoplasmic reticulum disruption: in
POMC neurons and produces endoplasmic reticulum
stress, associated with insulin- and leptin-resistance
(increased disruption with peroxisome proliferatoractivated receptor g; decreased disruption with mitofusin 1 and 2 [in POMC but not AgRP neurons]) [110].
Unfolded protein response signal molecules: protein
kinase R-like endoplasmic reticulum kinase, inositolrequiring enzyme 1, spliced form of X-box binding
protein 1s, glucose-regulated/binding immunoglobulin
protein 78, and CCAAT-enhancer-binding protein homology protein; resolves the effects of endoplasmic reticulum stress on STAT/protein kinase B/LepR and
insulin receptor pathways [106,111-115].
Golgi apparatus: negative regulation of post-translational
processing of LepR by leptin receptor overlapping transcript exon 2; leptin receptor overlapping transcript also
regulates growth hormone receptors and is inversely
related with type 2 diabetes [116].
c-Jun N-terminal kinase signaling pathway and protein
kinase q: in ARC AgRP/NPY and other dorsomedial
hypothalamic neurons; both of which impair insulin
receptor and LepR signaling [107,117].
Cyclic adenosine monophosphate—exchange proteins
directly activated by cyclic adenosine monophosphate—
Ras-related protein 1 cascade: impairs STAT3 and S6
kinase signaling via suppressor of cytokine signaling 3
and PTP1B-inducing leptin resistance in POMC neurons
[118,119].
B



Many of these discordant effects in leptin signal
pathways, with some overactive and others underactive,
can account for obesity-related complications, such as
hypertension [120].
Leptin promotes satiety through direct effects on
appetite suppression, but also exerts indirect effects on hedonic responses to feeding [121] and synergistic effects with
other gastrointestinal hormones, such as cholecystokinin,

TABLE 3. Cardiovascular relationships of leptin
Effect

Reference

Atherosclerotic plaque burden
Cardioprotective effects
Cardiovascular disease marker
Endothelial dysfunction
Hypertension
Left ventricular diastolic dysfunction
Low-density lipoprotein
receptor—decreased expression

[159]
[160-163]
[164,165]
[166]
[167,168]
[169]
[170]

Clinical correlates of leptin used for the adipokine-cardiovascular
network are provided in Mechanick et al. [6].
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PYY (via the NPY receptor) and GLP-1, centrally and
peripherally [122-126]. In fact, a negative feedback loop is
suggested by leptin-mediated potentiation of peripheral
insulinotropic GLP-1 effects [126] and decreased leptin
levels after GLP-1 administration [123] (though in humans,
liraglutide [a GLP-1 receptor agonist] blunts the leptin
decline with weight loss) [127]. Furthermore, leptin exerts
additional direct and indirect ameliorating actions on
dysfunctional hypothalamic-pituitary-gonadal, -somatotropic, -adrenal, and -thyroid axes [128].
Although it is clear that leptin is a critical component
in a matrix of molecular interactions regulating metabolism, leptin also appears to play a central role in the
formation of these interacting networks during growth and
development. For example, leptin has been shown to alter
development of hypothalamic pathways during fetal
development [129,130]. Neonatal leptin is a neurotrophic
factor that speciﬁcally promotes development of projections from the ARC to the PVN in the hypothalamus
[130]. These neuronal pathways regulate feeding circuits
that determine the set point around which satiety hormones regulate body weight and are primarily formed
during neonatal life [131]. Intriguingly, recent reports
suggest that neonatal ghrelin signaling also contributes to
early organization of these critical feeding circuits [132].
These early-life effects of leptin can affect body composition and lead to the development of central resistance to
leptin and insulin signaling in later life [133-139]. In a
similar manner, leptin exerts a trophic effect on the
gonadal-hypothalamic-pituitary axis helping to regulate
dynamic relationships among gonadotropins and sex steroids, ovulation, and the onset of puberty [140-142].

PERIPHERAL AND CARDIOVASCULAR EFFECTS
OF LEPTIN
Leptin has a host of actions on a variety of tissues other
than the brain and hypothalamus (Table 2) [37,143-156].
For example, leptin decreases ectopic fat, increases adipocyte insulin sensitivity and is antilipolytic, induces adipocyte beiging via PYY/NPY, increases myocyte insulin
sensitivity via insulin-like growth factor binding protein 2,
reduces hepatic gluconeogenesis, and when secreted by
gastric chief cells, interacts with intestinal LepR cells to
reduce glucose absorption (via protein kinase Cep38
mitogen-activated protein kinaseePI3KeERK activation)
[150,157,158]. These peripheral effects also participate in
networked interactions that inﬂuence hypothalamic
signaling.
Among these peripheral actions, leptin also has
important effects on the cardiovascular system (Table 3)
[6,159-170]. However, due to networking effects and an
evidence base primarily derived from observational associations instead of causal demonstrations, it is not clear
whether leptin is a major, or even minor driver of metabolic syndrome or CVD, or whether it is simply a marker
[6,164,165]. Endothelial dysfunction is associated with
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Cardiovascular and Lifestyle
Cardiovascular
Lifestyle

ASIP
IL10RB

UCN2

DLG4
MC4R

UCN3

UBC
GRB2

POMC
NPY
AGRP

SUMO2
STAT3

GHSR
GHRL

CRHR2

ZBTB17
CLU

LEPR

CORT

A2M

CRHR1
PRKAA2

CRH

UCN

LEP
HDAC4

CRHBP

MLN
CRP

MLNR

GPRASP1

j

GHRHR

SIGLEC6

HPGDS

PTGDS

GHRH

HK3

GRN

IGFBP4

FIGURE 3. The leptin-cardiovascular-lifestyle subnetwork. Enriched leptin inﬂuence subnetwork from the human interactome with lifestyle only, cardiovascular
only, and both cardiovascular- and lifestyle-related genes labeled in purple, blue,
and green, respectively. Genes were associated with cardiovascular and lifestyle
through the GeneRIF database [177]. They were enriched based on preferential
downstream inﬂuences as described in the text. All node labels are gene symbols.
Arrows denote a directed relationship; lines denote an interaction.
disturbances in leptin physiology. For instance, leptin is
positively associated with soluble intercellular adhesion
molecule 1 and soluble vascular cell adhesion molecule 1
elevations, possibly through f-actin, protein kinase
B/glycogen synthase kinase 3b, and b-catenin pathways
[166]. Thus, increased levels of leptin with chronic kidney
disease may explain subsequent development of endothelial dysfunction. Elevated leptin expression in aortic
root/coronary artery perivascular adipose tissue was
TABLE 4. Potential network effects of targeting leptin
Ranking
1
2
3
4
5
6
7
8
9
10

Symptom

Score

Ranking

Symptom

Score

Emaciation
Loss of appetite
Underweight
Failure to thrive
Cramp
Sleep disturbance
Decreased appetite
Vascular necrosis
Insomnia
Chest pain

12.61
11.32
2.29
2.06
1.92
1.91
1.84
1.36
1.30
1.17

11
12
13
14
15
16
17
18
19
20

Intestinal hemorrhage
Chronic fatigue syndrome
Delirium
Cachexia
Systemic infection
Joint pain
Wasting
Knee pain
Abnormal behavior
Anorexia

1.08
0.68
0.62
0.47
0.47
0.47
0.45
0.33
0.32
0.32

Ranked listing of symptoms based on network effects of targeting leptin from the human interactome. Symptoms were based on the Symptoms Ontology database from University of Maryland
[178]. Symptoms were associated to genes through the GeneRIF database [177] and enriched
based on preferential downstream inﬂuences as described in the text.
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associated with angiogenesis and inﬂammation and may
contribute to atherosclerotic plaque burden [159]. Leptin is
also associated with elevated sympathetic nervous system
activity and hypertension [167], left ventricular diastolic
dysfunction in patients with coronary artery disease supporting the relationship of obesity with congestive heart
failure [169], and reductions of the low-density lipoprotein
receptor via the protein convertase subtilisin/kexin type 9
pathway [170]. The relationship of leptin with hypertension appears to be highly complex with current hypotheses
focusing on stretch-induced vascular smooth muscle hypertrophy involving crosstalk among leptin synthesis, rho/
rho kinase, Ca2þ/calcineurin/nuclear factor of activated T
cells, and ERK1 and ERK2 pathways [168].
On the other hand, the longitudinal MESA (MultiEthnic Study of Atherosclerosis) demonstrated a protective
effect of leptin on left ventricular structure and function
[171]. In speciﬁc studies, leptin is negatively associated
with cardiac ischemia, reperfusion injury, cardiac hypertrophy, and cardiac lipotoxicity, together supporting a
cardioprotective effect [160-163].

array of interactions, in contrast to an approach that
informally considers many different ﬁndings from medical
publications [172]. Network analysis is hypothesisgenerating and has been used to better understand arrhythmias [173], drug side effects [174], cancer [175],
obesity [5], diabetes [5], and CVD [176]. New information
derived from network analysis can then be translated into
enhanced recommendations for clinical decision making.
By coupling network analysis with database text mining (e.g., GeneRIF [177]), genes can be associated with
speciﬁc terms, such as “cardiovascular” and “lifestyle.” In
our previous adipokine-cardiovascular-lifestyle analysis,
certain proteins within the human interactome network
were identiﬁed that differentially traversed a random walk
from leptin [6,174]. These same proteins can now be
ranked based on their degree of difference, with the top 40
proteins selected for a subnetwork and labeled by their
GeneRIF association with “cardiovascular,” “lifestyle,” or
both terms (Figure 3) [177].
It is particularly noteworthy that network analysis,
using the Fisher exact test, veriﬁed existing knowledge of
the role for leptin and also demonstrated that both “cardiovascular” (p ¼ 1.74  1010) and “lifestyle” (p ¼
1.97  106) were signiﬁcantly enriched in the leptin
subnetwork. Since “cardiovascular” and “lifestyle” also had
signiﬁcant overlaps within the leptin subnetwork (p ¼
0.0425), leptin targeting may be accomplished through
lifestyle modiﬁcations. Furthermore, other proteins—
hexokinase 3, urocortins, clusterin, and sialic acid-binding
immunoglobulin-like lectin 6ewere identiﬁed as promising targets for regulating the biological effects of leptin.
To explore potentially unrecognized but desirable clinical outcomes from leptin targeting, the Symptoms Ontology
database [178] was used to identify speciﬁc symptoms
relating to any human disease, and GeneRIF [177] was used
to associate these symptoms with speciﬁc genes. Network
analysis was applied again to identify and then rank symptoms that were differentially regulated by leptin according to
degree of involvement (Table 4) [177,178].
Symptoms related to weight change and general eating
disorders were strongly associated with the leptin subnetwork. Other associations included vascular necrosis
symptoms and chronic fatigue syndrome, which have been
previously reported with respect to mechanisms [179,180],
as well as chest pain and anorexia, for which mechanisms
have not been well deﬁned. However, in the case of chest
pain, C-reactive protein, platelet glycoprotein VI, albumin,
and pentraxin-3 emerged as particularly interesting associated proteins. In the case of anorexia, ghrelin, obestatin
prepropeptide, LepR, NPY, and corticotropin-releasing
factor receptor-1 were attractive mechanistic components.

ANALYSIS OF THE LEPTIN-CARDIOVASCULARLIFESTYLE SUBNETWORK

CLINICAL TRANSLATION FOR OBESITY AND
CARDIOMETABOLIC RISK MITIGATION

Network analysis offers a different way to understand the
effects of targeting genes and proteins within a complex

The principal clinical context of leptin pathophysiology is
the prevention of weight regain in patients with

TABLE 5. Leptin therapy in clinical conditions
Clinical Condition

Role of Leptin [Reference]

Congenital leptin
deﬁciency
Dementia
Depression
Diabetes, type-2

Rare, but consider in childhood obesity; metreleptin*
decreases appetite and fat mass [197]
Inferential effects of leptin on neural plasticity [198]
Leptin may modulate antidepressant therapy [199]
Mild A1c improvements independent of weight loss, with
saturable leptin signaling pathways [200]
Metreleptin treatment in this hypoleptinemic state restores
menstruation, improves bone formation, and normalizes
estrogen, thyroid hormone, and IGF-1 levels [201]
Metreleptin treatment in this hypoleptinemic state improves
insulin sensitivity, dyslipidemia, and reduced central fat
mass [202]
Inferential effects of leptin on insulin action and the
metabolic syndrome [203]
Metreleptin with/without pramlintide for prevention of
weight regain [204,205]
Insulin receptor mutation and extreme insulin resistance;
metreleptin improves A1c via weight loss [206]

Hypothalamic
amenorrhea
Lipodystrophyy

Nonalcoholic fatty
liver disease
Obesity
Rabson-Mendenhall
syndrome

IGF-1, insulin growth factor 1.
*Metreleptin is a methionyl human leptin; Myalept (Aegerion Pharmaceuticals, Cambridge, MA,
USA) is only US Food and Drug Administrationeapproved—under risk evaluation and mitigation
strategies—for nonhuman immunodeﬁciency virus generalized lipodystrophy and compassionate
use with congenital leptin deﬁciency.
y
Lipodystrophy is a rare condition with absent to low body fat, low leptin levels, increased appetite,
and ectopic lipid storage in muscle/liver, with serum hyperlipidemia and type 2 diabetes.
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overweight/obesity and cardiometabolic risk who are
successfully losing weight. Though serum sampling of
leptin provides a common metric of physiology, pulsatility
variables may be more predictive of eating disorders [181].
Leptin resistance, characterized by inadequate suppression
of appetite despite elevated leptin levels (compared with
lean or weight loss-maintaining counterparts), is a critical
therapeutic target and can involve decreased access of
leptin to relevant hypothalamic nuclei, impaired LepR
expression or function, and abnormal leptin signaling
[182]. Leptin resistance is associated with low-fructose,
high-fat, and leucine-replete eating patterns [183,184].
In contrast, “paleolithic” eating patterns have been noted
to decrease leptin levels in association with weight loss
[185]. Besides LepR and certain nutritional modulators of
leptin physiology, epigenetic mechanisms involving lifestyle variables have also gained recognition as therapeutic
targets. Examples include deoxyribonucleic acid hypermethylation of the leptin promoter [186], hypermethylation of the POMC promoter [187], and
hypomethylation of the NPY promoter [188], each predicting responses to calorie-restricted diets and the
implication of fetal metabolic programming [189]. Endocrine disruptors in the environment also affect leptin levels
and possibly leptin sensitivity: for example, bisphenol A, a
synthetic xenoestrogen, is positively associated with leptin
levels [190].
The timing of eating and energy expenditure has been
linked with outcomes with weight loss strategies, possibly
based on circadian misalignment of leptin or ghrelin.
However, Garaulet et al. [191] found no association of
these hormones with early versus late eating patterns.
Extended morning fasting was studied by Chowdhury
et al. [192] and found to be associated with incomplete
energy compensation and lower leptin levels (decreased
satiety) at lunchtime; however, consuming a carbohydraterich breakfast paradoxically abolished ghrelin suppression
(increased appetite), possibly due to a decreased insulin
response with the second meal (lunch). This is a signiﬁcant
ﬁnding that involves leptin and implies that afternoon
appetite is unaffected by morning feeding patterns [192].
In addition, meal size is mediated by leptin by increasing
inhibitory feedback of gastric load on the nucleus tractus
solitarius [193]. However, the pace at which a meal is
consumed does not appear to be related to leptin (though
eating slowly is associated with an increased thermic effect
of food, lower nonesteriﬁed fatty acids, and high adiponectin levels) [194].
Ghrelin exhibits orexigenic activity but was also found
to increase cue-induced urge to consume alcohol [195]. In
a prospective, randomized, double-blind proof-of-concept
study, Haass-Kofﬂer et al. [196] showed that ghrelininduced effects on alcohol consumption were mediated
by inhibition of leptin levels. These data implicate leptin
targeting as a plausible strategy to combat alcohol
dependence.
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There are several clinical states and syndromes that
prominently include leptin signaling and/or beneﬁt from
leptin (as metreleptin) therapy (Table 5) [197-206]. In
subjects with obesity, both intranasal [207] and subcutaneous [208] leptin administration were associated with
decreased body weight. In general, however, the weight
loss response to subcutaneously injected leptin in humans
with obesity has been quite modest [200,209], in part
reﬂecting leptin resistance. More robust reductions in body
weight may require the combined pharmacological targeting of multiple regulatory pathways. For example, combined treatment with metreleptin and pramlintide (an
amylin analog) produced signiﬁcantly greater weight loss
than either agent alone [210]. On the other hand, as a
single agent, metreleptin improves insulin sensitivity and
glucose tolerance and reduces serum triglycerides and hepatic steatosis in patients with generalized lipodystrophy
[211]. In addition, patients with congenital leptin deﬁciency (lacking biologically active leptin due to genetic
mutations) respond dramatically to exogenous leptin with
improvements in obesity, hypogonadism, immune function, and metabolism [212]. Thus, single-agent leptin exerts impressive therapeutic effects in patients lacking leptin
whether due to involution of fat tissue or genetic deletion.
High-energy eating patterns inhibit BBB leptin transport, giving rise to hyperleptinemia and decreased hypothalamic leptin signaling [213]. This increases NPYmediated events that lead to increased appetite, hyperphagia, fat accrual, insulin resistance, hyperinsulinemia,
diabetes, and metabolic syndrome [214]. Thus, a single
intracerebroventricular injection in rodents of a nonimmunogenic recombinant adenoassociated viral vector
that encodes the leptin gene into discrete hypothalamic
nuclei was associated with increased leptin expression,
suppressed NPY gene expression, and amelioration of
high-fat dieteinduced hyperinsulinemia and fat accrual
[215-217]. Future leptin interventions will be based on
these and other pre-clinical studies.
Other potential mechanisms that can increase hypothalamic leptin include augmenting BBB leptin transport,
particularly through the use of leptin mimetics in leptinresistant states [218-221]. Alternatively, leptin can be
more effective when used with leptin-sensitizing molecules, such as amylin, cholecystokinin, or GLP1 [222-224].
Inhibitors of leptin signaling via PTP1B have also been
studied using thiazolidinediones and trodusquemine
[225,226]. Ericson et al. [227] screened compounds and
discovered that inhibitors of the ataxia telangiectasia and
Rad3-related protein, a checkpoint kinase, increased
leptin-induced STAT3 activity, possibly through decreased
suppressor of cytokine signaling 3 negative feedback. In
short, the use of these newer pharmacologic technologies
could, at the very least, synergize with other medications,
therapeutic eating patterns, and behavioral techniques
(e.g., mindful eating) for patients with obesity and/or other
cardiometabolic risk factors.
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SUMMARY
The obesity epidemic is understood in terms of genetic
predisposition, pathophysiology, and a contextualization
based on CVD risk, the built environment, and ethnocultural behaviors, across local, national, and global scales.
This paper focuses on an integrative pathophysiological
aspect that has great potential as a therapeutic target for
cardiologists. Functionally, leptin is a critical hormone in
the network-based modulation of body weight, body
composition, appetite, and energy balance, primarily at the
hypothalamic level. But leptin also has pleiotropic effects
on the brain and peripheral organs that remain unclear.
Key messages that are relevant to the cardiologist are:
 Leptin is primarily produced/secreted by adipocytes and
acts on the hypothalamus to suppress appetite and increase energy expenditure.
 Experimental evidence in animals and humans supports
the central role of leptin in the control of adiposity and
other cardiometabolic risk factors.
 Clinical translation of results from network analysis of
complex leptin-mediated physiological and signaling
relationships supports the role for lifestyle and pharmacotherapeutic targeting to improve cardiovascular
health.
 Emergent mechanistic components of leptin networks
include hexokinase 3, urocortins, clusterin, sialic acidbinding immunoglobulin-like lectin 6, C-reactive protein, platelet glycoprotein VI, albumin, pentraxin 3,
ghrelin, obestatin prepropeptide, LepR, NPY, and
corticotropin-releasing factor receptor 1. These molecules may have roles in the clinical management of
obesity and CVD as diagnostic markers and/or therapeutic targets.
 Emergent symptoms associated with leptin physiology
include weight change, eating disorders, vascular necrosis, chronic fatigue, and chest pain.
 Successful leptin-targeted therapies are reported for lipodystrophy and leptin deﬁciency but are still investigational for leptin resistance, obesity, and other chronic
diseases.
 Network analysis of leptin physiology is a valuable
hypothesis-generating research tool for those interested
in preventive cardiology.
On a global scale, successful leptin-targeting with
lifestyle and pharmaceuticals must take into account
various transcultural factors, such as attitudes toward
health, eating patterns, socioeconomic challenges, and
resource availability. Underdeveloped nations and those
with economic transitions can demonstrate different
obesity phenotypes. Moving forward, the precise effects of
leptin on the cardiovascular system, food-seeking behaviors, and cardiometabolic health, especially among various
populations with economic, demographic, and other
transitions, merits further basic, translational, and clinical
outcomes research.
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