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Abstract: Inflammation is an essential immune response for the maintenance of tissue homeostasis.
In a general sense, acute and chronic inflammation are different types of adaptive response that
are called into action when other homeostatic mechanisms are insufficient. Although considerable
progress has been made in understanding the cellular and molecular events that are involved in the
acute inflammatory response to infection and tissue injury, the causes and mechanisms of systemic
chronic inflammation are much less known. The pathogenic capacity of this type of inflammation
is puzzling and represents a common link of the multifactorial diseases, such as cardiovascular
diseases and type 2 diabetes. In recent years, interest has been raised by the discovery of novel
mediators of inflammation, such as microRNAs and adipokines, with different effects on target
tissues. In the present review, we discuss the data emerged from research of leptin in obesity as
an inflammatory mediator sustaining multifactorial diseases and how this knowledge could be
instrumental in the design of leptin-based manipulation strategies to help restoration of abnormal
immune responses. On the other direction, chronic inflammation, either from autoimmune or
infectious diseases, or impaired microbiota (dysbiosis) may impair the leptin response inducing
resistance to the weight control, and therefore it may be a cause of obesity. Thus, we are reviewing
the published data regarding the role of leptin in inflammation, and the other way around, the role of
inflammation on the development of leptin resistance and obesity
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1. Introduction

Acute inflammation is a protective response that is engaged to defend and restore physiological
functions and homeostasis. Acute inflammation is actually an essential part of the healing process.
It starts rapidly, and symptoms may last for a short time, a few days at most. The inflammatory
response can only achieve this goal by overriding or suppressing incompatible homeostatic controls.
However, in its attempts to restore homeostasis, inflammation may enforce and propagate homeostatic
changes, which results in chronic inflammation, a slow condition caused by a misactivation of the
immune system that keeps the organism in a long-term state of high alert, which is detrimental and
can result in chronic pathological states, even in the case of low-grade chronic inflammation [1,2].
In this context, pathways of systemic inflammation have been recognized as an essential component
in the pathogenesis of different multifactorial diseases (type 2 diabetes and gestational diabetes,
cardiovascular diseases, cancer, obesity, etc.) encompassing chronic inflammatory diseases [3,4].
Moreover, the inflammatory response observed in these pathophysiological conditions does not seem
to be triggered by the classical signals of acute inflammation, infection and injury, but it appears to be
supported by tissue malfunction or homeostatic imbalance. In recent years, interest has been captured
by the discovery of novel mediators of inflammation, such as adipokines. Several inflammatory stimuli,
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such as cytokines and Toll-like receptor (TLR) ligands, induce or inhibit their expression, although this
system is not fully understood. Adipokines are soluble proteins secreted by the white adipose tissue,
a highly dynamic organ with a huge number of functions in physiological and metabolic processes.
In fact, apart from its known roles regulating energy balance and metabolism, the white adipose tissue
also modulates inflammatory and immune responses, through the secretion of adipokines. Adipokines
comprise of a very heterogeneous group of mediators, some of which proinflammatory proteins,
such as leptin.

Leptin, the product of the LEP gene, is a 16 kDa peptide hormone secreted mainly from adipose
tissue, which plays an integral role in the regulation of body weight and energy expenditure [5].
Circulating leptin levels (physiological range approximately 16 ng/mL) reflect the amount of energy
stored in the adipose tissue and are correlated with the degree of obesity. Thus, obese individuals
typically produce higher leptin than leaner individuals [6–9]. Initially, the effects of leptin were thought
to be only centrally mediated. However, leptin plays a role in a quite diverse range of physiological
functions both in the central nervous system and at the periphery. The past 20 years of research on
leptin have provided important insights into the intricate network that links nutrition, metabolism,
reproduction as well as immune functions [7–10] and inflammation. These actions of leptin are
consistent with its production by various tissues and organs, such as the stomach, skeletal muscle,
pituitary cells and the placenta [6,11].

This pleiotropic nature of leptin is supported by the universal distribution of leptin receptor
(LEPR), which shows structural similarity to the class I cytokine receptor family [12–16]. At least six
alternatively spliced forms have been identified, differing in the lengths of their cytoplasmic regions,
known as LEPRa, LEPRb, LEPRc, LEPRd, LEPRe and LEPRf [12,16]. The short isoform is distributed in
almost all peripheral tissues and seems to mediate the transport and degradation of leptin and besides,
it show distinct signaling capabilities that include the activation of mitogen-activated protein kinase
(MAPK) pathway [17]. The long form isoform of LEPR (LEPRb) predominates in the hypothalamus
in areas that are responsible for the secretion of neuropeptides and neurotransmitters that regulate
appetite, body weight [14,15,18] and bone mass [19]. Finally, the product of the cleavage process,
the so-called soluble leptin receptor, is the main binding protein for circulating leptin and modulates
its bioavailability.

Leptin resistance (impaired signaling) is present in obesity, producing hyperleptinemia.
Since leptin acts as a proinflammatory adipokine, the hyperleptinemia may contribute to the chronic
inflammatory state of obesity. On the other hand, chronic inflammation may impair leptin action
producing leptin resistance by interfering in leptin receptor signaling. The leptin resistance in the
hypothalamus impairs the weight control that may lead to obesity.

In the present review, we focus on the role of leptin as a mediator of inflammation in the
pathogenesis of several chronic disorders and how this knowledge could be instrumental in the design
of leptin-based manipulation strategies to help restoration of abnormal responses. In addition, the role
of chronic inflammation in the development of leptin resistance, which may lead to obesity is also
reviewed in the present work.

2. Leptin Signaling in Immune Cells

The LEPR is ubiquitously expressed on the surface of immune cells both peripheral (such as
monocytes/macrophages, and T and B cells) and CD34+ hematopoietic bone-marrow precursors [20,21].
Similar to other receptors of the family, LEPR lacks intrinsic tyrosine kinase activity and requires the
activation of receptor associated kinases of the Janus family (JAKs). While the short-form contains only
the JAK2 intracellular signaling site, the LEPRb contains an extracellular domain and an intracellular
domain that bears a JAK2 signaling site, as well as three tyrosines (Tyr) that can be phosphorylated.
This suggests that the binding of JAK2 is particularly important downstream of leptin.

The JAK (Janus kinases)/STAT (signal transducers and activators of transcription) pathway is one
of the main signaling cascades activated by leptin in LEPRb promoting the complete activation [22–24].
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After ligand binding, JAKs autophosphorylate and tyrosine phosphorylate various STATs. Activated
STATs then dimerize and translocate to the nucleus, where specific gene responses are elicited [15,25].
Different pathways in addition to STATs are known to be involved in LEPR signaling. Thus, the
mitogen-activated protein kinase (MAPK) family and the phosphatidylinositol 3-kinase (PI3K) signaling
cascade become also activated by leptin, as we have previously found in peripheral blood mononuclear
cells [26,27]. Therefore, the JAK2–PI3K, JAK2-Tyr 985–ERK1/2 (extracellular signal-regulated kinases
or also called mitogen-activated protein kinases) and JAK2-Tyr 1138–STAT3 pathways have emerged
as examples of pathways by which leptin can induce immune cell activation.

2.1. Leptin and Innate Immunity

The innate immune system is affected by leptin, and recent research has uncovered important
mechanisms of functional regulation. Innate immune cells respond to infection and also influence the
adaptive response. Leptin receptors have been found in monocytes, polymorphonuclear and natural
killer (NK) cells.

2.1.1. In Monocytes and Macrophages

Both the long (LEPRb) and short isoforms have been found to be expressed, if in fact, constitutive
association of JAK2 and JAK3 with LEPRb has been reported, with the subsequent activation by
tyrosine phosphorylation of STAT3 [28], the MAPK family and the PI3K signaling cascade [26,27,29].
It is well-established the role of leptin as a growth factor for the monocytes, promoting phagocytic
function and proliferation of circulating monocytes, inducing the production of proinflammatory
cytokines (TNF-α, IL-6 and IL-12) and stimulating the oxidative burst as well as the chemotactic
responses mediating the inflammatory infiltrate [30,31]. On the other hand, the ROS production in
HIV infected patients is an indicator of programmed cell-death in monocytes [32]. In this sense, leptin
stimulation of these monocytes partially inhibited the production of ROS [33], suggesting that the
antiapoptotic role of leptin may be partly mediated by the inhibition of an oxidative burst, in addition
to other signaling pathways, such as MAPK in HIV-positive monocytes [27].

2.1.2. Polymorphonuclear Cells

Polymorphonuclear cells have been found to express the leptin receptor in vitro and in vivo [34,35].
Particularly, in neutrophils, it has been found only in the short form of LEPR [36], which is enough
to signal inside the cell through MAPK signaling pathways. In these cells, leptin seems to behave as
a survival cytokine, similar to G-CSF and promotes chemotaxis [37,38] and the secretion of oxygen
radicals, through direct and indirect mechanisms [34]. In eosinophils and basophils leptin also seems
to be a potent activator through its positive role in chemotaxis, cytokines release and cell survival.
For instance, in eosinophils, human leptin plays a key role in the host defense system against parasitic
infections [39] and, thus, the level of eosinophilia might indicate the relative severity of the infection
due to the invasion by the parasites [40].

2.1.3. Human NK Cells

Human NK cells constitutively express both long and short forms of LEPR. In fact, leptin signaling
is necessary for normal NK cell immune function. Leptin actions in NK cells include cell maturation,
differentiation, activation and cytotoxicity [41,42], as well as increased secretion of IL-12 [43]. Therefore,
the main role of leptin in this context is the ability to increase immune activity and cell proliferation
and to decrease the apoptotic rate of NK cells.

2.1.4. Other Immune Cells

The expression of leptin and leptin receptors has also been demonstrated on mast cells, suggesting
paracrine and/or autocrine immunomodulatory effects of leptin on mast cells [44]. Finally, although



Int. J. Mol. Sci. 2020, 21, 5887 4 of 24

leptin acts as an activator, chemoattractant and survival factor (via NF-κB and PI3K-AKTsignalling),
it may also be implicated in maturation and migration of dendritic cells (DCs) [45]. In this context,
some studies have shown that immature DCs primed with leptin were licensed to skew the immune
response toward the Th1-type and, moreover, it was also able to induce the activity of autologous
CD8+ T cells in terms of perforin and IFN-γ production [46].

2.2. Leptin and Adaptive Immunity

Although the mechanisms of leptin regulation of the T cell function are not fully understood,
leptin has also been demonstrated to modulate the adaptive immune response, which is classically
divided into T helper 1 and 2 immune responses on the basis of the produced cytokine pattern.
T helper 1 lymphocytes produce mainly proinflammatory cytokines that are necessary for macrophage
activation and the cell-mediated response, whereas T helper 2 lymphocytes secrete modulatory and
anti-inflammatory peptides that are important factors for the activation of B cells and basophils.
Evidence indicates the role of the leptin in the maintenance of thymic maturation of double positive
CD4+/CD8+ cells, reducing thymic apoptosis [47] as well as preventing glucocorticoids-induced
apoptosis in thymocytes. In fact, chronic leptin replacement in mutant mice lacking leptin expression
(ob/ob mice) restores the T-cell function, increasing the secretion of the proinflammatory cytokines.
Thus, the effect of leptin polarizing T cells towards a Th1 response seems to be mediated by stimulating
the synthesis of IL-2, IL-12 and IFN-γ and the inhibition of the production of IL-10 and IL-4 [29,30].

Besides, leptin receptor signaling in T cells is required for Th17 differentiation [48], which has a
paramount role in the promotion and maintenance of inflammation and autoimmunity [49,50]. Leptin
is also able to modulate the regulatory T cells (Treg) function. In this sense, leptin can act as a negative
signal for the proliferation of human Treg via the mTOR pathway [51]. This supports the possibility of
new antileptin-based approaches for the immunotherapy of conditions characterized by low numbers
of Tregs, such as obesity, type 2 diabetes mellitus (T2D) and metabolic syndrome.

Therefore, leptin actions in T cell populations involve different processes leading to increase the
immune activity by enhancing the polarization of naive T helper cells to a Th1 phenotype. Moreover,
leptin increases Th17 cell proliferation while decreases Treg cell proliferation through mTOR activation.

B cells have emerged as crucial players in regulating inflammation in murine visceral adipose
tissue, by presenting antigens to T cells, secreting proinflammatory cytokines, and secreting pathogenic
antibodies [52], contributing to local and systemic inflammation [53]. In contrast to macrophages and T
cells, little is known about the role of B cells in response to leptin. However, leptin seems to play a central
role also in the modulation of B cell compartment. In fact, B cells express the long form of LEPR on the
cell surface and leptin induces the secretion of proinflammatory cytokines (such as TNF and IL-6) and
the anti-inflammatory and immunoregulatory cytokine IL-10 via JAK–STAT and p38MAPK–ERK1/2
signaling in B lymphocytes [54]. Moreover, leptin is necessary for B cell development and can augment
the B cell population by increasing proliferation and decreasing apoptotic rate. Therefore, a role of
leptin in B-cells generation and activation has been reported [55].

3. Leptin as a Mediator of Inflammation

3.1. Leptin Deficiency and Infection Diseases

Malnutrition affects around 800 million people of the world population [56]. Malnutrition
and fasting are associated with nutrients insufficiency and affects both innate and acquired
immunity [57,58]. That is why, people with nutrients insufficiency are vulnerable to infections
because of immunosuppression [59] and defective cytokine production [60]. For example, malnutrition
induces anti-inflammatory cytokines IL-4 and IL-10 and impairs proinflammatory cytokines IL-2
and IFN-γ production from CD4+ and CD8+ T cells in children. Intriguingly, the systemic leptin
levels are reduced in malnutrition and in starvation, suggesting that leptin bridges a link between
the nutritional status and immune system of individuals. In fact, leptin-deficiency is associated
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with increased susceptibility to several infections, but moreover, certain infections also caused the
downregulation of systemic leptin levels and mimic a malnutrition like situation. In this context,
it has been reported that a drastic fall in leptin levels during starvation increases susceptibility to
lipopolysaccharide (LPS) and tumor-necrosis factor alpha (TNF-α) induced toxicity in mice. However,
leptin replacement therapy markedly reverses these deleterious effects and protects the mice from
fasting-induced lymphopenia [59].

Phagocytosis is a key event executed by certain immune cells to internalize the foreign pathogen
inside the cell and subsequent killing. As mentioned-above, leptin induces phagocytic activity of
macrophages and prevents the apoptosis of a variety of immune cells involved in both innate and
adaptive immunity. In this sense, a large body of evidence has demonstrated that leptin supplementation
reduced the infections of some pathogens; such as bacteria (Listeria monocytogenes, Klebsiella pneumonia,
Escherichia coli, Mycobacterium tuberculosis, etc. . . . ) [61–64] virus, fungus and parasite infections as well
as their pathogenicity by increasing the phagocytic activity of macrophages. Even more important is the
sepsis, which is a systemic inflammatory response responsible for multiple organ failure and high rate
of mortality [65]. In this sense, it has also been reported that leptin replacement and leptin signaling is
necessary to induce an adequate antiseptic immune response [66]. In leptin-deficient mice exogenous
leptin modulated the immune response against sepsis and tremendously improved the survival rates
by reducing IL-6 levels in serum and thereby controlled systemic inflammation [66]. In humans,
the patients’ recovered from sepsis had higher leptin levels compared to that of non-survivors [67].
Thus, these observations reveal the neuroendocrine regulation of systemic immunity and therapeutic
potential of leptin in an infectious disease [68].

The low systemic leptin levels in HIV patients [69] due to reduced adiposity might contribute to
immunodeficiency [70].

As mentioned above both low systemic leptin or leptin-deficiency and impaired leptin signaling
conditions are associated with increased susceptibility to infections. The impaired leptin signaling could
be a cause of defective immunity due to the loss of interdisciplinary regulation among immunologic,
metabolic and neuro endocrinological aspects. In this respect, LEPR mutation (Q223R) or polymorphism
(rs1137101), which is a homozygous allelic mutation that results in impaired STAT3 signaling is likely
to increase the susceptibility for dissemination of infection. Leptin was shown to be protective against
C. difficile colitis by inducing STAT3 inflammatory pathway, which is impaired in the LEPR Q223R
mutation [71].

Suppressor of cytokine signaling 3 (SOCS3) is a protein involved in the negative regulation of
cytokines that signal through the JAK/STAT pathway including leptin receptors. SOCS3 typically
inhibits T cells proliferation and activation by directly targeting CD28. This is the mechanism of viruses
such as hepatitis-B, influenza, HIV, and Epstein Barr virus [72,73], which induce SOCS3 expression to
ensure their survival and evade the host immunity by inhibiting IFN-α/β JAK/STAT signaling [74–77].
It has been described that a mutation (Tyr 1138 Ser) in tyrosine 1138 residue located in the intracellular
domain of LEP-Rb isoform mediates STAT3/SOCS3 signaling, which results in decreased chemokine
production and immune cells recruitment at the site of infection in mucosal gut tissue.

Parasite infections are reported to cause damage to intestinal mucosal epithelial cells by inducing
the activation of mesenteric lymph nodes and perturbations in the adjacent adipose tissue to secrete
leptin [78]. Thus, parasites may induce the malnutrition state, which is the hall mark of low systemic
leptin levels [79] and disturb the host immunity. However, high serum leptin levels were reported in
several parasitic infections [80], possibly due to acute inflammation and production of IL-1β, TNF-α
and IL-6 caused by the gut infections [81]. This is important as leptin functions as an eosinophil survival
factor in humans [39], which plays a key role in the host defense system. In addition, it promotes
regeneration and intestinal integrity as well as inhibition of apoptosis in intestinal epithelium [82,83].
In fact, an integral leptin signaling via MAPK, STAT3 and AKT pathways was found to be protective
against parasites in intestinal epithelial cells in response to leptin [84]. For instance, leptin was able to
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maintain the defense against the L. donovani infection through the classical activation of macrophages
by inducing the phosphorylation of Erk1/2 and Akt kinase [63].

It has also been suggested that leptin might be a potential adjuvant tool in vaccination strategies
as the lack of appropriate immuno-adjuvant could be one of the potential reasons for a lack of
efficacy of some vaccines in preclinical studies. In this sense, leptin could restore an inflammatory
response without eliciting adverse side-effects since it is produced endogenously [85,86]. However, the
immunostimulatory potential of leptin cannot be neglected in vaccines development, as an adjuvant
alone [87]. The co-immunization of leptin in conjugation with a vector expressing virulence have
shown to be able to produce protective immunity, indicating the importance of leptin and its signaling
in the generation of a host protective immune response [88].

Therefore, leptin could be a novel approach for protection against the infections in human
population susceptible under certain pathological conditions such as malnutrition, diabetes mellitus or
HIV infection [89–92].

3.2. Leptin as an Inflammatory Mediator in the Obesity-Associated Immuno-Metabolic Disorders: Diabetes,
Cardiovascular Disease, Autoinmune Diseases and Cancer

The incidence of obesity and its associated disorders is increasing worldwide. It is known
that obesity predisposes individuals to an increased risk of developing many diseases, including
atherosclerosis, diabetes, certain cancers and some immune-mediated disorders [93–95]. This is because
obesity is associated with a chronic inflammatory response, which is characterized by abnormal cytokine
production, increased synthesis of acute-phase reactants, such as C-reactive protein (CRP), and the
activation of proinflammatory signaling pathways [93]. Figure 1 summarizes these pathophysiological
conditions associated with obesity and the possible role of leptin.
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Figure 1. Leptin action contributes to chronic inflammation in obesity. Obesity is associated with
increased leptin levels, which at the local or systemic level activate the cells of the innate and
adaptive immune system. In this context, leptin can directly promote environmental conditions that
in turn promote the loss of immune self-tolerance and priming immune cells for Th1 phenotype
(proinflammatory). The elevated circulating leptin levels in obesity contribute to the low-grade
inflammatory background, which makes obese individuals more susceptible to an increased risk
of developing metabolic diseases such as cardiovascular diseases, T2D, as well as, degenerative
disease including autoimmunity diseases (multiple sclerosis, thyroiditis, rheumatoid arthritis, intestinal
inflammatory disease and knee arthrosis among others) and cancer.

Research in the past few years has identified important pathways that link metabolism with
the immune system and vice versa. Many of these interactions between the metabolic and immune



Int. J. Mol. Sci. 2020, 21, 5887 7 of 24

systems seem to be orchestrated by a complex network of soluble mediators derived from immune
cells and adipocytes. In this sense, in addition to adipocytes, which are the most abundant cell type
in white adipose tissue, adipose tissue also contains preadipocytes (which are adipocytes that have
not yet been loaded with lipids), endothelial cells, fibroblasts, leukocytes and, most importantly,
macrophages. These macrophages are bone-marrow derived and the number of these cells present in
white adipose tissue correlates directly with obesity. In fact, the adipose tissue of obese individuals
also contains a large number of macrophages compared to lean individuals [96,97]. Certain cytokines
such as, CC-chemokine ligand 2 (CCL2) produced by adipocytes, has recently been identified as a
potential factor contributing to macrophage infiltration into adipose tissue. Once macrophages are
present and active in the adipose tissue, they, together with adipocytes and other cell types present
in the adipose tissue, might perpetuate a vicious cycle of macrophage recruitment and production
of proinflammatory cytokines. In fact, macrophages in adipose tissue seem to be the main source of
TNFα, however, adipocytes contribute almost one third of the IL-6 concentration in the circulation
of patients who are obese. In addition, other products of adipose tissue such as, leptin, are thought
to provide an important link between obesity, insulin resistance and related inflammatory disorders.
Therefore, in obesity-related high plasma leptin conditions, inflammation would occur when signal
transduction pathways was activated, such as the activation of NFκβ, by the binding of leptin to its
receptor and subsequent release of the inflammation factors, for instance TNFα [98]. In this sense,
the elevated ERK1/2 phosphorylation by leptin is followed by increased NFκB activation and TNFα
secretion, which is in agreement with a previous report that indicated leptin has proinflammatory
action, involving proinflammatory cytokines TNFα through NFκB regulation [99].

3.2.1. Type 2 Diabetes Mellitus

Type 2 diabetes mellitus or non-insulin dependent diabetes mellitus is a disease of chronic
hyperglycemia that leads to severe and sometimes fatal complications such as kidney failure, heart
disease and death [100]. The natural history of T2D in humans leads from insulin resistance to
compensatory hyperinsulinemia, and pancreatic cell dysfunction [101]. It has been reported that
subclinical, low-grade inflammation might have an important role in the pathogenesis of obesity related
insulin resistance and T2D [102]. Biomarkers of inflammation, such as TNF, IL-6 and CRP, are present at
higher concentrations in individuals who are insulin resistant and obese, and decreased expression are
observed after weight loss [103]. Therefore, the presence of these proinflammatory mediators may be
biomarkers to predict the development of T2D. They might also lead to a state of vascular endothelial
dysfunction and vascular inflammation, all of which promote the development of atherosclerotic
cardiovascular disease. In addition, insulin resistance might be partly accelerated by an acute-phase
reaction as part of the innate immune response, in which large amounts of proinflammatory mediators
are released from adipose tissue. Moreover, since plasma leptin levels are positively correlated with
body mass index (BMI) and obesity is a risk factor for T2D, the relationship between leptin and T2D
has being extensively studied.

In searching for the mechanisms involved in inflammation-induced insulin resistance, SOCS
proteins [104,105], endoplasmic-reticulum (ER) stress [106], the inhibitor of nuclear factor-κB (NF-κB)
kinase-β (IKKβ) of NF-κB activation and the JUN N-terminal kinase (JNK) signaling pathways have
been all associated with the development of insulin resistance. Intriguingly, activation of these
pathways is regulated by leptin, the proinflammatory mediator released mainly by adipocytes that
link the immune system with obesity-related insulin and leptin resistance. For instance, leptin
signaling is inhibited by the overexpression of SOCS3 [107], which affects JAK/STAT pathway by
binding to the phosphorylated Tyrosine-985 (pTyr985) of LEPR and induces dephosphorylation of
JAK2 [108]. Protein tyrosine phosphatases (PTPs), the phosphatase and tensin homolog (PTEN),
receptor-type PTPe (RPTPe) and PTP1B also induce dephosphorylation of JAK2 and inhibit leptin
signaling. The expression of PTP1B and T cell PTP (TCPTP) is upregulated in a high-fat diet and
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obesity, and inhibits leptin-mediated STAT3 phosphorylation [109]. This is important as the PTP1B
mediated ER stress induces leptin resistance [110,111], possibly by inhibiting STAT3 phosphorylation.

An activated JNK pathway by ligation of TLRs is also an important regulator of insulin resistance
in mouse models of obesity. In this sense, TLRs are a family of receptors in the innate immune system
that mediate signal transduction pathways through the activation of transcription factors that regulate
the expression of proinflammatory cytokines in several cell types and tissues [112]. More specifically,
it has been reported that TLR4, involved in modulating the innate immunity (proinflammatory
macrophages) [113,114], is an important mediator of insulin resistance and inflammation through
its activation both by elevated exogenous ligands (e.g., dietary fatty acids) and endogenous ligands
(e.g., free fatty acids), which are elevated in obesity. Moreover, TLR4 activation also leads to increased
transcription of proinflammatory genes, resulting in the elevation of cytokine, chemokine as well as
reactive oxygen species and eicosanoid levels that promote further insulin-desensitization.

Taken together, several proinflammatory cytokines, SOCS proteins, ER stress, the IKKβ pathway
of NF-κB activation and JNK signaling pathways are all associated with the development of insulin
resistance, indicating that various proinflammatory mediators released by adipocytes, in addition to
the initially described proinflammatory cytokine TNF, link the immune system with obesity-related
insulin resistance.

Therefore, increased understanding of theses signaling pathways-mediated effects on insulin action
present the opportunity and challenge of developing related therapeutic approaches for improving
insulin sensitivity.

3.2.2. Cardiovascular Diseases

It has been suggested that leptin is one of the mediators of atherosclerosis by favoring an
inflammatory state that promotes the recruiting of monocytes to the arterial intima, and inducing
proinflammatory cytokines [115,116]. Moreover, LEPR is present in atherosclerotic lesions, and ob/ob
mice, which are leptin deficient, are protected from atherosclerosis in spite of obesity [117]. On the other
hand, it is not clear whether increased leptin or leptin resistance is the mediator of atherosclerosis [118],
and clinical prospective studies are needed to further clarify the role of leptin in cardiovascular disease.

3.2.3. Autoimmune Diseases

The prevalence of autoimmune diseases, such as systemic lupus erythematosus (SLE), rheumatoid
arthritis (RA), multiple sclerosis (MS) and type 1 diabetes mellitus (T1D), is increasing in affluent
countries and associates with serum leptin levels [119]. Consistently, it has been demonstrated
that leptin-deficient mice showed resistance or less susceptibility to the development autoimmune
diseases [120]. Serum leptin levels are higher in RA patients with high disease activity, correlate well
with disease activity and decrease significantly when disease is well controlled [121]. In fact, the leptin
concentrations are significantly higher in patients with active erosive RA [122]. Even though an inverse
correlation between leptin concentrations and inflammation exists in patients with active RA, plasma
leptin concentrations did not significantly differ from those in healthy controls. This suggests that
active chronic inflammation may lower plasma leptin concentrations.

High leptin levels are also related with a higher prevalence of other immune diseases, such as
SLE [123], and also with increased susceptibility to the development of osteoarthritis (OA) [124]. In fact,
it has been hypothesized that the increased predisposition of females to develop OA could be due
to the higher circulating leptin levels observed in females [124] in comparison with males. Recently,
leptin has been found to promote SLE by increasing autoantibody production and inhibiting immune
regulation [125,126].

Obesity is also associated with other inflammatory autoimmune diseases, such as ulcerative
colitis, Crohn’s disease and psoriasis [127,128], and increased leptin expression has also been reported
in Behcet´s disease, psoriasis, thyroiditis and during the acute phase of ulcerative colitis [129–132].
Besides, in inflammatory bowel disease patients, systemic leptin levels are increased compared to
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normal healthy donors [133]. Concerning experimental autoimmune encephalomyelitis (EAE), it has
been shown that ob/ob mice are resistant to the development of this model of multiple sclerosis.
This resistance is abolished by the administration of leptin, which is accompanied by a switch from a
Th2 to Th1 pattern of cytokine release [134]. In addition, and in concordance with these reports, it
has been noticed that the onset of the disease is preceded by an increase of circulating leptin [135].
Furthermore, it has been demonstrated that acute starvation, which is accompanied by a decrease in
circulating leptin levels, delays the onset of the disease and attenuates the symptoms. Recently, it has
been shown that leptin levels are negatively correlated with CD4+ CD25+ regulatory T-cells during
multiple sclerosis [134], suggesting that this negative association may have major implications in the
pathogenesis of multiple sclerosis, as well as in the development of different autoimmune diseases
characterized by Th1 auto-reactivity [134]. This interesting report indicates that leptin is produced
by immune cells during acute EAE, and suggests that this hormone could be participating in the
development of CNS-inflammatory diseases not only in an endocrine fashion but also by an autocrine
or paracrine mechanism. In summary, regulation of leptinemia is complex and additional studies are
necessary to clarify whether leptin is a real actor or a simple mediator in the inflammatory process of
these autoimmune diseases.

3.2.4. Cancer

Finally, increasing evidence also indicates that obesity is associated with tumor development and
progression. Thus, in the context of obesity, the convergence of chronic inflammation, insulin signaling
dysregulation, altered availability of lipids and other macromolecules as well as changes in adipokine
signaling appear to be involved in the pathogenesis of cancer [136].

Leptin associated to the excess of adiposity influences the risk, prognosis and progression of
cancer. Although the underlying mechanisms are still unclear, both leptin and its receptor expression
and function have been positively correlated with cancer progression in some endocrine-related
cancers [137] and this effect seems to be mainly mediated by LEPR activation of PI3K, ERK1/2
and Jak2/Stat3 signaling pathways [138–141]. These pathways regulate the expression of several
cancers related genes such as cyclin D1, COX-2, VEGF and potentiates several procarcinogenic
processes including angiogenesis, antiapoptosis, cell proliferation, migration and mesenchymal
transformation [142–144]. This contributes to various steps of tumor progression, from cancer stem
cell activity, survival, growth and proliferation to metastatic invasion in different types of cancer
cells [145–150]. In the inflammatory context, leptin may promote molecular changes capable of
modulating the behavior of tumor cells and the surrounding microenvironment, which include cancer
and adipose-derived stem cells, cancer-associated adipocytes, epithelial cancer cells, fibroblasts and
also immune cells. Leptin modulates both innate and adaptive immunity through its action in different
cell types [151]. In this sense, leptin may contribute to the local proinflammatory mechanisms. As an
example, it was shown that leptin increases IL-18 expression and secretion in TAMs, leading to
increased migration and invasion of breast cancer cells [152].

In addition, leptin has a key role in the antitumor immune defense. This immunomodulatory
action of leptin has been demonstrated on NK function, which is crucial for an effective antitumor
response [153]. However, the exact role of leptin as a negative or positive modulator could be dependent
on the dose or time effect [154,155]. Obesity has recently been found to be favorable for the response to
immune checkpoint inhibitors in different tumors [156] so cytokine homeostasis, and more specifically,
leptin homeostasis, could also be an important factor considered as both the modulated and modulator
of the future efficacy of therapies in cancer.

A causative link between inflammation and carcinogenesis has been demonstrated. Chronic
inflammation is a well-established risk factor for cancers, where genetic instability and epigenetic
modification could be induced through cytokine signaling or through the generation of reactive nitrogen
and oxygen species [157,158]. However, there exists a more complex crosstalk among inflammation,
immune cells and cancer cells throughout the phases of elimination, equilibrium and escape in cancer
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immunoediting. While cancer-related inflammation confers at first the immunosuppressive activity to
the tumor microenvironment (TME), it is also responsible for the epithelial-to-mesenchymal transition
(EMT), tumor invasion and also the generation of a premetastatic environment in the context of
immunological tolerance [159].

Adipose expansion and inflammation associated to obesity promote the cells from adipose tissue
to become part of this cancer microenvironment, thus enhancing protumoral effects. Increased levels
of growth factors and cytokines like leptin, decrease proinflammatory TH1 cells and increase TH2
cells and Tregs. Under these conditions, the recruitment of monocytes from the circulation leads to
increased tumor-associated macrophages (TAMs) in the tumor microenvironment [157].

There is clear evidence on the association of various adipokines and obesity-related cancers [160].
In this sense, either as an independent factor or by mediating estrogens action, leptin has been proposed
as a key link between obesity and different types of cancer. Thus, several data strongly support
the involvement of leptin in common endocrine related cancer in women [161], especially, breast
cancer [145,162,163]. Additionally, leptin have been suggested as part of the mechanisms involved in
the development of obesity-related carcinogenesis in pancreatic [164], prostate [165] and colorectal
cancer [166].

3.2.5. Leptin as a Therapeutic Target

Even though leptin was cloned from the obesity animal model ob/ob, which has a mutated leptin
gene [167] and therefore obesity may be treated with leptin administration [168], very soon obese
humans were found to have increased expression of leptin in adipose tissue [169] and leptin defects
are actually rare in human obesity [170]. Thus, only a few families have been identified with leptin
deficiency, where leptin replacement restores the normal weight [171,172]. Another pathophysiological
leptin deficient state that can benefit from leptin replacement is lipodystrophy [173,174] with good
results improving glycemic control and decreasing triglyceride levels. Leptin treatment has also been
found to be effective for hypothalamic amenorrhea [175].

4. Inflammation as a Mediator of Leptin Resistance and Obesity

Inflammation is an adaptive response that is triggered by a wide variety of physiological and
pathological processes, such as infection and tissue injury, “the classic instigators” [176]. However,
these are at one end of a large range of adverse conditions that induce inflammation, and they trigger the
recruitment of leukocytes and plasma proteins to the affected tissue site. Once recruited, these cells can
initiate many different activities, such as increasing vascularization, recruiting additional immune cells
via proinflammatory signaling and initiating the phagocytosis of debris and pathogens. The mediators
involved in the onset of systemic immune responses are proinflammatory and include cytokines (IL-1β,
IL-6, IL-18, TNF-α and IFN-γ), transcriptional factors (e.g., NF-κB), peptides, chemokines, enzymes,
lipids and coagulation factors. When the trigger of the response is successfully neutralized, immune
cells shift their activity towards a pro-resolution phenotype via anti-inflammatory signaling, including
lipoxins and cytokines (e.g., IL-10, IL-37 and TGF-β).

Tissue stress or malfunction similarly induces an adaptive response, which relies mainly
on tissue-resident macrophages and is intermediate between the basal homeostatic state and a
classic inflammatory response [176]. Therefore, although the pathological aspects of many types of
inflammation are well appreciated, their physiological functions are mostly unknown.

One of the most intriguing aspects of studying inflammation is that the pathways of systemic
inflammation have been recognized as an essential component in the pathogenesis of different
multifactorial diseases encompassing chronic inflammatory rheumatic disorders, as well as a wide
variety of conditions including obesity, T2D, atherosclerosis, autoimmunity and allergy [177,178].
However, these last diseases (obesity, T2D, atherosclerosis and autoimmunity allergy), different to
rheumatic disorders, seem to have in common that they involve the disruption of homeostasis of
one of several physiological systems that are not directly related to the host defense or tissue repair.
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Moreover, in these, the types of inflammatory response are likely more common but of lower magnitude
than the classic inflammatory responses induced by infection or injury. Regardless the cause of the
inflammatory response, its ‘purpose’ is to remove the source of the disturbance, to allow the host
to adapt to the abnormal conditions and, ultimately, to restore [179,180]. In this sense, the adaptive
change often provides short-term benefits; however, in a chronic phase, it can become maladaptive,
as exemplified by a sustained increase in leptin levels. More specifically, a transient increase in the
leptin level during acute inflammation can have a short-term benefit by helping leukocytes and other
cell types during infection and tissue repair. However, sustained leptin resistance could lead to
obesity [181,182], cancer and autoimmune diseases. Indeed, many chronic inflammatory diseases
that are not caused by infection or injury seem to be associated with conditions that were not present
during the early evolution of humans, including the continuous availability of high-calorie nutrients.
More specifically, hypothalamic inflammation seems to mediate leptin resistance in these chronic
inflammatory conditions [183,184] or as a consequence of a fat rich diet [185]. The role of leptin in the
development, pathophysiology, acceleration or complications of many diseases as a consequence of
obesity seems clear [186–188]. Actually, leptin has been considered a therapeutic target in autoimmune
diseases using leptin antagonists [189]. We propose that the chronic inflammation in autoimmune
diseases may also contribute to leptin resistance in a vicious circle, as previously hypothesized in
animal models, were depletion of perforin-positive dendritic cells, which control inflammatory T cells,
leads to weight gain and metabolic syndrome [190]. Figure 2 summarizes the role of inflammation in
leptin resistance and obesity.
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Figure 2. Inflammation contributes to leptin resistance in the brain at the hypothalamic arcuate
nucleus, and as a result, alters food intake and energy expenditure leading to obesity. Adipocytes and
central nervous system (CNS) cells interact via several secreted factors. In obesity, the adipose tissue
is characterized by hypertrophy and increased infiltration of macrophages and other immune cells.
The metabolic consequences of adipose tissue dysfunction are an increased synthesis of proinflammatory
cytokines and adipokines, such as leptin, which impair adipocyte function. This adipose tissue
dysfunction leading to chronic inflammation, not only at the local level but also at the brain level.
Moreover, inflammation produced by chronic infection and autoimmune diseases contribute to leptin
resistance. Recruitment and activation of NF-KB signaling molecules by proinflammatory cytokines
induce SOCS3 and protein tyrosine phosphatases-1B (PTP1B), which are involved in a negative
feed-back loop to block LEPR signaling via the JAK/STAT pathway and promoting leptin resistance.
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4.1. Infectious Diseases

4.1.1. Viral Infection

In addition to inflammatory diseases some infectious diseases have been related with the
development of obesity, coining the new term “Infectobesity” or the obesity of infectious origin [191].
Different viral infections have been associated with obesity, including members of Adenoviridae,
Herpesviridae, phages, transmissible spongiform encephalopathies (slow virus) and hepatitides [192].
The mechanisms may include the reprogramming of host metabolism, the exchange of microbiota
components, and the adaptation of host immune and metabolic system in the presence of chronic viral
infection, which produces changes in cytokine and interferons that may play a role in the development
of obesity [193,194]. In the other way around obesity has been found to be an important risk factor
for the severity of some viral infections such as severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) [195] and leptin has also been proposed as the possible link [196].

4.1.2. Bacterial Infection

Mediation of the host defense mechanisms against bacterial infection occurs by an innate
immune response as the primary defense and by the adaptive immune response as the secondary
defense [197,198]. One of the mechanisms of bacterial escape from host defenses is the upregulation
of inhibitory molecules of cytokine signaling, especially the JAK-STAT pathway [199] such as
SOCS proteins [200]. The bacterial endotoxin alone can induce adipose tissue expansion [201].
The relationship of microbes and obesity has previously been reviewed [202], and the pathways
involved in microbe-induced obesity have also been summarized [203]. Therefore the infectobesity
hypothesis seems to be supported by much evidence [204]. The relationship also takes place in the
opposite direction. Thus, obesity by excess adiposity can increase the susceptibility to infections [202].

4.2. Microbiota

Interest in the role that the gut microbiota plays in disease has increased in recent years, as evidence
of its importance in maintaining normal physiology. It is widely accepted that this consortium of
cells provides important biological and metabolic functions that cannot be performed by our human
metabolism [205]. A growing body of evidence suggests the gut microbiota participates in whole-body
metabolism by affecting energy balance [206–208], glucose metabolism [208–210] and low-grade
inflammation [208,210–212] associated with obesity and related metabolic disorders. Therefore,
changes in the composition of this complex ecosystem “gut microbiota” have been associated with
the development of inflammatory disorders, such as obesity. For example, it has been reported that
a high-fat diet profoundly affects gut microbiota composition by reducing Bifidobacterium spp. and
Bacteroides-related bacteria, Eubacterium rectale–Blautia coccoides group content [208,213], as well as,
Lactobacillus spp. and Roseburia spp. [214]. In this context, TLRs could play a critical role in innate
immunity by integrating signals from microbiota–host interactions (e.g., proinflammatory signals).
The innate immune system detects LPS via its interaction with specific proteins that complex with TLR4
(CD14/TLR4 complex) [215]. Therefore, it can be proposed that fatty acids stimulate the innate immune
system, but probably in conjunction with initial stimulation by LPS of the TLR-4/CD14 complex and
subsequent TLR-2 stimulation. Moreover, both TLR5 [216] and TLR2 [217] knock out mice exhibited
altered gut microbiota composition and these receptors could play a central role in the development of
obesity and associated disorders.

Among the putative mechanisms linking the gut microbiota with the development of obesity,
growing evidence suggests that the gut microbiota contributes to host metabolism through
communication with adipose tissue, which influences the development of metabolic alterations
associated with obesity. However, the exact molecular mechanisms underlying this regulation are still
under investigation.
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Leptin resistance is a hallmark of obesity [9] and it has been demonstrated that gut microbiota
control leptin action [211]. More precisely, the altered gut microbiota composition by prebiotics
improves leptin sensitivity in diet-induced obese and type 2 diabetic mice [211], suggesting the gut
microbiota modulations could be a novel therapeutic target to reset leptin sensitivity during obesity.

4.3. The Paradox of Leptin Sensitization by Inflammatory Cytokines

Similarly to leptin or leptin receptor deficiency, leptin resistance leads to morbid obesity and
interleukin-1 receptor 1 (IL1R1) deficiency and the major receptor mediating the biological function of
the IL-1 cytokine family (activates inflammatory signaling pathways) also leads to a higher degree of
obesity and metabolic disturbance [218–220]. Moreover, it has been demonstrated that LEPR and IL1R1
might physically interact [221]. In fact, IL1R1 has been identified as a mediator that increases leptin
sensitization secondary to the action of celastrol, an effective drug treatment of obesity [222]. This effect
of the IL1R1 in increasing leptin sensitivity is against the general dogma that cytokine/inflammatory
signaling pathways have a key role in aggravation of obesity and associated metabolic diseases [1,223]
and support the idea that cytokine signaling could be useful for beneficial metabolic purposes. Thus,
the development of cytokine resistance could be one of the mechanisms underlying development of
endoplasmic reticulum stress and obesity [222,224].

5. Conclusions

Inflammation is classically recognized as an essential step for the control of microbial invasion.
However, now it especially represents an important process for maintenance of biological homeostasis.
An aberration of these mechanisms may favor the development of various diseases, in which a relevant
role is mediated by the molecular and cellular components of the innate immune system. Moreover, it
is well known how the host nutritional status and metabolism can affect also the immune response.
In this context, leptin, the adipose tissue-derived cytokine, has been shown to participate in a wide
range of biological functions that include the activation of the immune system in the innate-adaptive
frontier, underlining the link among immune function/homeostasis, metabolism and nutritional state.
Thus, leptin may be one of the mediators of inflammation responsible not only in autoimmune diseases
but also in other inflammatory disorders. In the opposite direction, chronic inflammatory states
due to metabolic, autoimmune or infectious diseases may lead to leptin resistance at the central
level, which is a known cause of obesity, therefore increasing leptin levels and further fueling the
inflammation state. However, many aspects concerning leptin’s interactions with the inflammation and
immune system remain unclear. Novel elements belonging to the innate immunity are continuously
discovered (microRNAs, inflammasomes and the danger signals, NK cells), which synergistically
enhance inflammatory responses through the integration of a multiplicity of pathways [225]. All of
them have allowed us to establish unexpected links among seemingly different chronic diseases,
which seems to have inflammation as the “common soil” [225]. That is why the investigation of the role
of leptin in the regulation of the immune response remains a challenge for the future. The discovery
of common biochemical pathways, which link metabolism and immune tolerance, could be possibly
exploited to harness beneficial potential in the modulation of these pathologies.
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122. Targońska-Stepniak, B.; Majdan, M.; Dryglewska, M. Leptin serum levels in rheumatoid arthritis patients:
Relation to disease duration and activity. Rheumatol. Int. 2008, 28, 585–591. [CrossRef] [PubMed]

123. Garcia-Gonzalez, A.; Gonzalez-Lopez, L.; Valera-Gonzalez, I.C.; Cardona-Muñoz, E.G.; Salazar-Paramo, M.;
González-Ortiz, M.; Martínez-Abundis, E.; Gamez-Nava, J.I. Serum leptin levels in women with systemic
lupus erythematosus. Rheumatol. Int. 2002, 22, 138–141. [CrossRef] [PubMed]

124. Teichtahl, A.J.; Wluka, A.E.; Proietto, J.; Cicuttini, F.M. Obesity and the female sex, risk factors for knee
osteoarthritis that may be attributable to systemic or local leptin biosynthesis and its cellular effects.
Med. Hypotheses 2005, 65, 312–315. [CrossRef] [PubMed]

125. Lourenço, E.V.; Liu, A.; Matarese, G.; La Cava, A. Leptin promotes systemic lupus erythematosus by
increasing autoantibody production and inhibiting immune regulation. Proc. Natl. Acad. Sci. USA 2016,
113, 10637–10642. [CrossRef]

126. Barranco, C. Leptin linked to SLE. Nat. Rev. Rheumatol. 2016, 12, 623. [CrossRef]
127. Harpsøe, M.C.; Basit, S.; Andersson, M.; Nielsen, N.M.; Frisch, M.; Wohlfahrt, J.; Nohr, E.A.; Linneberg, A.;

Jess, T. Body mass index and risk of autoimmune diseases: A study within the Danish National Birth Cohort.
Int. J. Epidemiol. 2014, 43, 843–855. [CrossRef]

128. Hutcheson, J. Adipokines influence the inflammatory balance in autoimmunity. Cytokine 2015, 75, 272–279.
[CrossRef]

129. Evereklioglu, C.; Inalöz, H.S.; Kirtak, N.; Doganay, S.; Bülbül, M.; Ozerol, E.; Er, H.; Ozbek, E. Serum leptin
concentration is increased in patients with Behçet’s syndrome and is correlated with disease activity. Br. J.
Dermatol. 2002, 147, 331–336. [CrossRef]

http://dx.doi.org/10.1074/jbc.M007439200
http://dx.doi.org/10.1016/j.cmet.2012.02.004
http://dx.doi.org/10.1016/j.cmet.2008.12.004
http://dx.doi.org/10.1124/mol.108.050070
http://dx.doi.org/10.1038/ni.1863
http://www.ncbi.nlm.nih.gov/pubmed/20404851
http://dx.doi.org/10.1016/j.numecd.2008.12.016
http://www.ncbi.nlm.nih.gov/pubmed/19356913
http://dx.doi.org/10.1074/jbc.M706762200
http://www.ncbi.nlm.nih.gov/pubmed/17916553
http://dx.doi.org/10.1007/s11883-017-0644-3
http://dx.doi.org/10.1038/s41574-019-0230-6
http://dx.doi.org/10.1016/j.ijcard.2007.03.126
http://www.ncbi.nlm.nih.gov/pubmed/17482294
http://dx.doi.org/10.1038/nrcardio.2009.224
http://dx.doi.org/10.1007/s00125-005-0033-2
http://dx.doi.org/10.1016/j.febslet.2004.11.024
http://dx.doi.org/10.1007/s00296-006-0253-x
http://dx.doi.org/10.1007/s00296-007-0480-9
http://www.ncbi.nlm.nih.gov/pubmed/17968549
http://dx.doi.org/10.1007/s00296-002-0216-9
http://www.ncbi.nlm.nih.gov/pubmed/12172951
http://dx.doi.org/10.1016/j.mehy.2005.02.026
http://www.ncbi.nlm.nih.gov/pubmed/15922106
http://dx.doi.org/10.1073/pnas.1607101113
http://dx.doi.org/10.1038/nrrheum.2016.161
http://dx.doi.org/10.1093/ije/dyu045
http://dx.doi.org/10.1016/j.cyto.2015.04.004
http://dx.doi.org/10.1046/j.1365-2133.2002.04703.x


Int. J. Mol. Sci. 2020, 21, 5887 20 of 24

130. Karrasch, T.; Schaeffler, A. Adipokines and the role of visceral adipose tissue in inflammatory bowel disease.
Ann. Gastroenterol. 2016, 29, 424–438. [CrossRef]

131. Marzullo, P.; Minocci, A.; Tagliaferri, M.A.; Guzzaloni, G.; Di Blasio, A.; De Medici, C.; Aimaretti, G.;
Liuzzi, A. Investigations of thyroid hormones and antibodies in obesity: Leptin levels are associated with
thyroid autoimmunity independent of bioanthropometric, hormonal, and weight-related determinants.
J. Clin. Endocrinol. Metab. 2010, 95, 3965–3972. [CrossRef]

132. Toussirot, E.; Aubin, F.; Dumoulin, G. Relationships between Adipose Tissue and Psoriasis, with or without
Arthritis. Front. Immunol. 2014, 5, 368. [CrossRef] [PubMed]

133. Tuzun, A.; Uygun, A.; Yesilova, Z.; Ozel, A.M.; Erdil, A.; Yaman, H.; Bagci, S.; Gulsen, M.; Karaeren, N.;
Dagalp, K. Leptin levels in the acute stage of ulcerative colitis. J. Gastroenterol. Hepatol. 2004, 19, 429–432.
[CrossRef] [PubMed]

134. Matarese, G.; Di Giacomo, A.; Sanna, V.; Lord, G.M.; Howard, J.K.; Di Tuoro, A.; Bloom, S.R.; Lechler, R.I.;
Zappacosta, S.; Fontana, S. Requirement for leptin in the induction and progression of autoimmune
encephalomyelitis. J. Immunol. 2001, 166, 5909–5916. [CrossRef] [PubMed]

135. Matarese, G.; Carrieri, P.B.; La Cava, A.; Perna, F.; Sanna, V.; De Rosa, V.; Aufiero, D.; Fontana, S.; Zappacosta, S.
Leptin increase in multiple sclerosis associates with reduced number of CD4(+)CD25+ regulatory T cells.
Proc. Natl. Acad. Sci. USA 2005, 102, 5150–5155. [CrossRef]

136. Khandekar, M.J.; Cohen, P.; Spiegelman, B.M. Molecular mechanisms of cancer development in obesity.
Nat. Rev. Cancer 2011, 11, 886–895. [CrossRef]

137. Lin, T.-C.; Huang, K.-W.; Liu, C.-W.; Chang, Y.-C.; Lin, W.-M.; Yang, T.-Y.; Hsiao, M. Leptin signaling
axis specifically associates with clinical prognosis and is multifunctional in regulating cancer progression.
Oncotarget 2018, 9, 17210–17219. [CrossRef]

138. Saxena, N.K.; Taliaferro-Smith, L.; Knight, B.B.; Merlin, D.; Anania, F.A.; O’Regan, R.M.; Sharma, D.
Bidirectional crosstalk between leptin and insulin-like growth factor-I signaling promotes invasion and
migration of breast cancer cells via transactivation of epidermal growth factor receptor. Cancer Res. 2008,
68, 9712–9722. [CrossRef]

139. Haque, I.; Ghosh, A.; Acup, S.; Banerjee, S.; Dhar, K.; Ray, A.; Sarkar, S.; Kambhampati, S.; Banerjee, S.K.
Leptin-induced ER-α-positive breast cancer cell viability and migration is mediated by suppressing
CCN5-signaling via activating JAK/AKT/STAT-pathway. BMC Cancer 2018, 18, 99. [CrossRef]

140. Newman, G.; Gonzalez-Perez, R.R. Leptin–cytokine crosstalk in breast cancer. Mol. Cell. Endocrinol. 2014,
382, 570–582. [CrossRef]

141. Pérez-Pérez, A.; Sánchez-Jiménez, F.; Vilariño-García, T.; de la Cruz, L.; Virizuela, J.A.; Sánchez-Margalet, V.
Sam68 Mediates the Activation of Insulin and Leptin Signalling in Breast Cancer Cells. PLoS ONE 2016,
11, e0158218. [CrossRef]

142. Kim, H.G.; Jin, S.W.; Kim, Y.A.; Khanal, T.; Lee, G.H.; Kim, S.J.; Rhee, S.D.; Chung, Y.C.; Hwang, Y.J.;
Jeong, T.C.; et al. Leptin induces CREB-dependent aromatase activation through COX-2 expression in breast
cancer cells. Food Chem. Toxicol. 2017, 106, 232–241. [CrossRef] [PubMed]

143. Zheng, Q.; Hursting, S.D.; Reizes, O. Leptin regulates cyclin D1 in luminal epithelial cells of mouse
MMTV-Wnt-1 mammary tumors. J. Cancer Res. Clin. Oncol. 2012, 138, 1607–1612. [CrossRef] [PubMed]

144. Gonzalez-Perez, R.R.; Xu, Y.; Guo, S.; Watters, A.; Zhou, W.; Leibovich, S.J. Leptin upregulates VEGF in
breast cancer via canonic and non-canonical signalling pathways and NFκB/HIF-1α activation. Cell. Signal.
2010, 22, 1350–1362. [CrossRef] [PubMed]

145. Sánchez-Jiménez, F.; Pérez-Pérez, A.; de la Cruz-Merino, L.; Sánchez-Margalet, V. Obesity and Breast Cancer:
Role of Leptin. Front Oncol. 2019, 18, 596. [CrossRef]

146. Park, J.; Morley, T.S.; Kim, M.; Clegg, D.J.; Scherer, P.E. Obesity and cancer–mechanisms underlying tumour
progression and recurrence. Nat. Rev. Endocrinol. 2014, 10, 455–465. [CrossRef]

147. Kato, S.; Abarzua-Catalan, L.; Trigo, C.; Delpiano, A.; Sanhueza, C.; García, K.; Ibañez, C.; Hormazábal, K.;
Diaz, D.; Brañes, J.; et al. Leptin stimulates migration and invasion and maintains cancer stem-like properties
in ovarian cancer cells: An explanation for poor outcomes in obese women. Oncotarget 2015, 6, 21100–21119.
[CrossRef]

148. Giordano, C.; Chemi, F.; Panza, S.; Barone, I.; Bonofiglio, D.; Lanzino, M.; Cordella, A.; Campana, A.;
Hashim, A.; Rizza, P.; et al. Leptin as a mediator of tumor-stromal interactions promotes breast cancer stem
cell activity. Oncotarget 2016, 7, 1262–1275. [CrossRef]

http://dx.doi.org/10.20524/aog.2016.0077
http://dx.doi.org/10.1210/jc.2009-2798
http://dx.doi.org/10.3389/fimmu.2014.00368
http://www.ncbi.nlm.nih.gov/pubmed/25161652
http://dx.doi.org/10.1111/j.1440-1746.2003.03300.x
http://www.ncbi.nlm.nih.gov/pubmed/15012781
http://dx.doi.org/10.4049/jimmunol.166.10.5909
http://www.ncbi.nlm.nih.gov/pubmed/11342605
http://dx.doi.org/10.1073/pnas.0408995102
http://dx.doi.org/10.1038/nrc3174
http://dx.doi.org/10.18632/oncotarget.24966
http://dx.doi.org/10.1158/0008-5472.CAN-08-1952
http://dx.doi.org/10.1186/s12885-018-3993-6
http://dx.doi.org/10.1016/j.mce.2013.03.025
http://dx.doi.org/10.1371/journal.pone.0158218
http://dx.doi.org/10.1016/j.fct.2017.05.058
http://www.ncbi.nlm.nih.gov/pubmed/28571770
http://dx.doi.org/10.1007/s00432-012-1252-9
http://www.ncbi.nlm.nih.gov/pubmed/22692856
http://dx.doi.org/10.1016/j.cellsig.2010.05.003
http://www.ncbi.nlm.nih.gov/pubmed/20466060
http://dx.doi.org/10.3389/fonc.2019.00596
http://dx.doi.org/10.1038/nrendo.2014.94
http://dx.doi.org/10.18632/oncotarget.4228
http://dx.doi.org/10.18632/oncotarget.6014


Int. J. Mol. Sci. 2020, 21, 5887 21 of 24

149. Ghasemi, A.; Saeidi, J.; Azimi-Nejad, M.; Hashemy, S.I. Leptin-induced signaling pathways in cancer cell
migration and invasion. Cell. Oncol. 2019. [CrossRef]

150. Feldman, D.E.; Chen, C.; Punj, V.; Tsukamoto, H.; Machida, K. Pluripotency factor-mediated expression of
the leptin receptor (OB-R) links obesity to oncogenesis through tumor-initiating stem cells. Proc. Natl. Acad.
Sci. USA 2012, 109, 829–834. [CrossRef]

151. La Cava, A.; Matarese, G. The weight of leptin in immunity. Nat. Rev. Immunol. 2004, 4, 371–379. [CrossRef]
152. Li, K.; Wei, L.; Huang, Y.; Wu, Y.; Su, M.; Pang, X.; Wang, N.; Ji, F.; Zhong, C.; Chen, T. Leptin promotes breast

cancer cell migration and invasion via IL-18 expression and secretion. Int. J. Oncol. 2016, 48, 2479–2487.
[CrossRef] [PubMed]

153. Huebner, L.; Engeli, S.; Wrann, C.D.; Goudeva, L.; Laue, T.; Kielstein, H. Human NK Cell Subset Functions
Are Differentially Affected by Adipokines. PLoS ONE 2013, 8, e75703. [CrossRef] [PubMed]

154. Wrann, C.D.; Laue, T.; Hubner, L.; Kuhlmann, S.; Jacobs, R.; Goudeva, L.; Nave, H. Short-term and
long-term leptin exposure differentially affect human natural killer cell immune functions. Am. J. Physiol.
Endocrinol. Metab. 2012, 302, E108–E116. [CrossRef] [PubMed]

155. Lamas, B.; Goncalves-Mendes, N.; Nachat-Kappes, R.; Rossary, A.; Caldefie-Chezet, F.; Vasson, M.P.;
Farges, M.C. Leptin modulates dose-dependently the metabolic and cytolytic activities of NK-92 cells. J. Cell.
Physiol. 2013, 228, 1202–1209. [CrossRef] [PubMed]

156. Cortellini, A.; Bersanelli, M.; Buti, S.; Cannita, K.; Santini, D.; Perrone, F.; Giusti, R.; Tiseo, M.; Michiara, M.;
Di Marino, P.; et al. A multicenter study of body mass index in cancer patients treated with anti-PD-1/PD-L1
immune checkpoint inhibitors: When overweight becomes favorable. J. Immunother. Cancer 2019, 7, 57.
[CrossRef] [PubMed]

157. Grivennikov, S.I.; Greten, F.R.; Karin, M. Immunity, inflammation, and cancer. Cell 2010, 140, 883–899.
[CrossRef]

158. Colotta, F.; Allavena, P.; Sica, A.; Garlanda, C.; Mantovani, A. Cancer-related inflammation, the seventh
hallmark of cancer: Links to genetic instability. Carcinogenesis 2009, 30, 1073–1081. [CrossRef]

159. Vesely, M.D.; Kershaw, M.H.; Schreiber, R.D.; Smyth, M.J. Natural Innate and Adaptive Immunity to Cancer.
Annu. Rev. Immunol. 2011, 29, 235–271. [CrossRef]

160. Yoon, Y.S.; Kwon, A.R.; Lee, Y.K.; Oh, S.W. Circulating adipokines and risk of obesity related cancers:
A systematic review and meta-analysis. Obes. Res. Clin. Pract. 2019, 13, 329–339. [CrossRef]

161. Nyasani, E.; Munir, I.; Perez, M.; Payne, K.; Khan, S. Linking obesity-induced leptin-signaling pathways to
common endocrine-related cancers in women. Endocrine 2019, 63, 3–17. [CrossRef]

162. Pan, H.; Deng, L.-L.; Cui, J.-Q.; Shi, L.; Yang, Y.-C.; Luo, J.-H.; Qin, D.; Wang, L. Association between
serum leptin levels and breast cancer risk: An updated systematic review and meta-analysis. Medicine 2018,
97, e11345. [CrossRef] [PubMed]

163. Andò, S.; Gelsomino, L.; Panza, S.; Giordano, C.; Bonofiglio, D.; Barone, I.; Catalano, S. Obesity, Leptin and
Breast Cancer: Epidemiological Evidence and Proposed Mechanisms. Cancers 2019, 11, 62. [CrossRef]

164. Harbuzariu, A.; Oprea-Ilies, G.M.; Gonzalez-Perez, R.R. The Role of Notch Signaling and Leptin-Notch
Crosstalk in Pancreatic Cancer. Medicines 2018, 5, 68. [CrossRef] [PubMed]

165. Alshaker, H.; Sacco, K.; Alfraidi, A.; Muhammad, A.; Winkler, M.; Pchejetski, D. Leptin signalling, obesity
and prostate cancer: Molecular and clinical perspective on the old dilemma. Oncotarget 2015, 6, 35556–35563.
[CrossRef]

166. Riondino, S.; Roselli, M.; Palmirotta, R.; Della-Morte, D.; Ferroni, P.; Guadagni, F. Obesity and colorectal
cancer: Role of adipokines in tumor initiation and progression. World J. Gastroenterol. 2014, 20, 5177–5190.
[CrossRef]

167. He, Y.; Chen, H.; Quon, M.J.; Reitman, M. The mouse obese gene: Genomic organization, promoter activity,
and activation by ccaat/enhancer-binding protein α. J. Biol. Chem. 1995, 270, 28887–28891. [CrossRef]
[PubMed]

168. Halaas, J.L.; Gajiwala, K.S.; Maffei, M.; Cohen, S.L.; Chait, B.T.; Rabinowitz, D.; Lallone, R.L.; Burley, S.K.;
Friedman, J.M. Weight-reducing effects of the plasma protein encoded by the obese gene. Science 1995,
269, 543–546. [CrossRef] [PubMed]

169. Hamilton, B.S.; Paglia, D.; Kwan, A.Y.M.; Deitel, M. Increased obese mRNA expression in omental fat cells
from massively obese humans. Nat. Med. 1995, 1, 953–956. [CrossRef]

http://dx.doi.org/10.1007/s13402-019-00428-0
http://dx.doi.org/10.1073/pnas.1114438109
http://dx.doi.org/10.1038/nri1350
http://dx.doi.org/10.3892/ijo.2016.3483
http://www.ncbi.nlm.nih.gov/pubmed/27082857
http://dx.doi.org/10.1371/journal.pone.0075703
http://www.ncbi.nlm.nih.gov/pubmed/24098717
http://dx.doi.org/10.1152/ajpendo.00057.2011
http://www.ncbi.nlm.nih.gov/pubmed/21952038
http://dx.doi.org/10.1002/jcp.24273
http://www.ncbi.nlm.nih.gov/pubmed/23129404
http://dx.doi.org/10.1186/s40425-019-0527-y
http://www.ncbi.nlm.nih.gov/pubmed/30813970
http://dx.doi.org/10.1016/j.cell.2010.01.025
http://dx.doi.org/10.1093/carcin/bgp127
http://dx.doi.org/10.1146/annurev-immunol-031210-101324
http://dx.doi.org/10.1016/j.orcp.2019.03.006
http://dx.doi.org/10.1007/s12020-018-1748-4
http://dx.doi.org/10.1097/MD.0000000000011345
http://www.ncbi.nlm.nih.gov/pubmed/29979411
http://dx.doi.org/10.3390/cancers11010062
http://dx.doi.org/10.3390/medicines5030068
http://www.ncbi.nlm.nih.gov/pubmed/30004402
http://dx.doi.org/10.18632/oncotarget.5574
http://dx.doi.org/10.3748/wjg.v20.i18.5177
http://dx.doi.org/10.1074/jbc.270.48.28887
http://www.ncbi.nlm.nih.gov/pubmed/7499416
http://dx.doi.org/10.1126/science.7624777
http://www.ncbi.nlm.nih.gov/pubmed/7624777
http://dx.doi.org/10.1038/nm0995-953


Int. J. Mol. Sci. 2020, 21, 5887 22 of 24

170. Carlsson, B.; Lindell, K.; Gabrielsson, B.; Karlsson, C.; Bjarnason, R.; Westphal, O.; Karlsson, U.; Sjöström, L.;
Carlsson, L.M.S. Obese (ob) gene defects are rare in human obesity. Obes. Res. 1997, 5, 30–35. [CrossRef]

171. Farooqi, I.S.; Jebb, S.A.; Langmack, G.; Lawrence, E.; Cheetham, C.H.; Prentice, A.M.; Hughes, I.A.;
McCamish, M.A.; O’Rahilly, S. Effects of recombinant leptin therapy in a child with congenital leptin
deficiency. N. Engl. J. Med. 1999, 341, 879–884. [CrossRef]

172. Strobel, A.; Issad, T.; Camoin, L.; Ozata, M.; Strosberg, A.D. A leptin missense mutation associated with
hypogonadism and morbid obesity. Nat. Genet. 1998, 18, 214–215. [CrossRef] [PubMed]

173. Oral, E.A.; Simha, V.; Ruiz, E.; Andewelt, A.; Premkumar, A.; Snell, P.; Wagner, A.J.; DePaoli, A.M.;
Reitman, M.L.; Taylor, S.I.; et al. Leptin-replacement therapy for lipodystrophy. N. Engl. J. Med. 2002,
346, 570–578. [CrossRef] [PubMed]

174. Meehan, C.A.; Cochran, E.; Kassai, A.; Brown, R.J.; Gorden, P. Metreleptin for injection to treat the
complications of leptin deficiency in patients with congenital or acquired generalized lipodystrophy.
Expert Rev. Clin. Pharmacol. 2016, 9, 59–68. [CrossRef] [PubMed]

175. Chou, S.H.; Chamberland, J.P.; Liu, X.; Matarese, G.; Gao, C.; Stefanakis, R.; Brinkoetter, M.T.; Gong, H.;
Arampatzi, K.; Mantzoros, C.S. Leptin is an effective treatment for hypothalamic amenorrhea. Proc. Natl.
Acad. Sci. USA 2011, 108, 6585–6590. [CrossRef]

176. Medzhitov, R. Origin and physiological roles of inflammation. Nature 2008, 454, 428–435. [CrossRef]
177. Gluckman, P.; Beedle, A.; Buklijas, T.; Low, F.; Hanson, M. Principles of Evolutionary Medicine; Oxford

University Press: Oxford, UK, 2016.
178. Stearns, S.; Koella, J. Evolution in Health and Disease; Oxford University Press: Oxford, UK, 2008.
179. Fullerton, J.N.; Gilroy, D.W. Resolution of inflammation: A new therapeutic frontier. Nat. Rev. Drug Discov.

2016, 15, 551–567. [CrossRef]
180. Selye, H. Stress and distress. Compr. Ther. 1975, 1, 9–13. [CrossRef]
181. Dietrich, M.O.; Horvath, T.L. Hypothalamic control of energy balance: Insights into the role of synaptic

plasticity. Trends Neurosci. 2013, 36, 65–73. [CrossRef]
182. Pan, W.W.; Myers, M.G. Leptin and the maintenance of elevated body weight. Nat. Rev. Neurosci. 2018,

19, 95–105. [CrossRef]
183. de Git, K.C.G.; Adan, R.A.H. Leptin resistance in diet-induced obesity: The role of hypothalamic inflammation.

Obes. Rev. 2015, 16, 207–224. [CrossRef]
184. Martin, S.S.; Qasim, A.; Reilly, M.P. Leptin Resistance. A Possible Interface of Inflammation and Metabolism

in Obesity-Related Cardiovascular Disease. J. Am. Coll. Cardiol. 2008, 52, 1201–1210. [CrossRef] [PubMed]
185. Kleinridders, A.; Schenten, D.; Könner, A.C.; Belgardt, B.F.; Mauer, J.; Okamura, T.; Wunderlich, F.T.;

Medzhitov, R.; Brüning, J.C. MyD88 Signaling in the CNS Is Required for Development of Fatty Acid-Induced
Leptin Resistance and Diet-Induced Obesity. Cell Metab. 2009, 10, 249–259. [CrossRef] [PubMed]

186. Mantzoros, C.S. The role of leptin in human obesity and disease: A review of current evidence. Ann. Intern.
Med. 1999, 130, 671–680. [CrossRef] [PubMed]

187. Lord, G. Role of leptin in immunology. In Proceedings of the Nutrition Reviews; International Life Sciences
Institute: Washington, DC, USA, 2002; Volume 60.

188. Hasenkrug, K.J. The Leptin Connection: Regulatory T Cells and Autoimmunity. Immunity 2007, 26, 143–145.
[CrossRef] [PubMed]

189. Peelman, F.; Iserentant, H.; Eyckerman, S.; Zabeau, L.; Tavernier, J. Leptin, Immune Responses and
Autoimmune Disease. Perspectives on the Use of Leptin Antagonists. Curr. Pharm. Des. 2005, 11, 539–548.
[CrossRef] [PubMed]

190. Zlotnikov-Klionsky, Y.; Nathansohn-Levi, B.; Shezen, E.; Rosen, C.; Kagan, S.; Bar-On, L.; Jung, S.; Shifrut, E.;
Reich-Zeliger, S.; Friedman, N.; et al. Perforin-Positive Dendritic Cells Exhibit an Immuno-regulatory Role in
Metabolic Syndrome and Autoimmunity. Immunity 2015, 43, 776–787. [CrossRef]

191. Pasarica, M.; Dhurandhar, N.V. Infectobesity: Obesity of Infectious Origin. Adv. Food Nutr. Res. 2007,
52, 61–102.

192. Tian, Y.; Jennings, J.; Gong, Y.; Sang, Y. Viral infections and interferons in the development of obesity.
Biomolecules 2019, 9, 726. [CrossRef]

193. Voss, J.D.; Dhurandhar, N.V. Viral Infections and Obesity. Curr. Obes. Rep. 2017, 6, 28–37. [CrossRef]

http://dx.doi.org/10.1002/j.1550-8528.1997.tb00280.x
http://dx.doi.org/10.1056/NEJM199909163411204
http://dx.doi.org/10.1038/ng0398-213
http://www.ncbi.nlm.nih.gov/pubmed/9500540
http://dx.doi.org/10.1056/NEJMoa012437
http://www.ncbi.nlm.nih.gov/pubmed/11856796
http://dx.doi.org/10.1586/17512433.2016.1096772
http://www.ncbi.nlm.nih.gov/pubmed/26465174
http://dx.doi.org/10.1073/pnas.1015674108
http://dx.doi.org/10.1038/nature07201
http://dx.doi.org/10.1038/nrd.2016.39
http://dx.doi.org/10.1177/0022002185016004003
http://dx.doi.org/10.1016/j.tins.2012.12.005
http://dx.doi.org/10.1038/nrn.2017.168
http://dx.doi.org/10.1111/obr.12243
http://dx.doi.org/10.1016/j.jacc.2008.05.060
http://www.ncbi.nlm.nih.gov/pubmed/18926322
http://dx.doi.org/10.1016/j.cmet.2009.08.013
http://www.ncbi.nlm.nih.gov/pubmed/19808018
http://dx.doi.org/10.7326/0003-4819-130-8-199904200-00014
http://www.ncbi.nlm.nih.gov/pubmed/10215564
http://dx.doi.org/10.1016/j.immuni.2007.02.002
http://www.ncbi.nlm.nih.gov/pubmed/17307702
http://dx.doi.org/10.2174/1381612053382070
http://www.ncbi.nlm.nih.gov/pubmed/15725070
http://dx.doi.org/10.1016/j.immuni.2015.08.015
http://dx.doi.org/10.3390/biom9110726
http://dx.doi.org/10.1007/s13679-017-0251-1


Int. J. Mol. Sci. 2020, 21, 5887 23 of 24

194. Wu, D.; Sanin, D.E.; Everts, B.; Chen, Q.; Qiu, J.; Buck, M.D.; Patterson, A.; Smith, A.M.; Chang, C.H.;
Liu, Z.; et al. Type 1 Interferons Induce Changes in Core Metabolism that Are Critical for Immune Function.
Immunity 2016, 44, 1325–1336. [CrossRef]

195. Iacobellis, G.; Malavazos, A.E.; Ferreira, T. COVID-19 rise in Younger adults with Obesity: Visceral Adiposity
can predict the Risk. Obesity 2020, oby.22951. [CrossRef] [PubMed]

196. Rebello, C.J.; Kirwan, J.P.; Greenway, F.L. Obesity, the most common comorbidity in SARS-CoV-2: Is leptin
the link? Int. J. Obes. 2020, 1, 1–8. [CrossRef] [PubMed]

197. Chaplin, D.D. Overview of the immune response. J. Allergy Clin. Immunol. 2010, 125, S3–S23. [CrossRef]
[PubMed]

198. Ren, K.; Dubner, R. Interactions between the immune and nervous systems in pain. Nat. Med. 2010,
16, 1267–1276. [CrossRef] [PubMed]

199. Chen, W.; Daines, M.O.; Khurana Hershey, G.K. Turning off signal transducer and activator of transcription
(STAT): The negative regulation of STAT signaling. J. Allergy Clin. Immunol. 2004, 114, 476–489. [CrossRef]

200. Duncan, S.A.; Baganizi, D.R.; Sahu, R.; Singh, S.R.; Dennis, V.A. SOCS proteins as regulators of inflammatory
responses induced by bacterial infections: A review. Front. Microbiol. 2017, 8, 2431. [CrossRef]

201. Cani, P.D.; Amar, J.; Iglesias, M.A.; Poggi, M.; Knauf, C.; Bastelica, D.; Neyrinck, A.M.; Fava, F.; Tuohy, K.M.;
Chabo, C.; et al. Metabolic endotoxemia initiates obesity and insulin resistance. Diabetes 2007, 56, 1761–1772.
[CrossRef]

202. Hegde, V.; Dhurandhar, N.V. Microbes and obesity-interrelationship between infection, adipose tissue and
the immune system. Clin. Microbiol. Infect. 2013, 19, 314–320. [CrossRef]

203. Cox, L.M.; Blaser, M.J. Pathways in microbe-induced obesity. Cell Metab. 2013, 17, 883–894. [CrossRef]
204. Dhurandhar, N.V. A framework for identification of infections that contribute to human obesity. Lancet Infect.

Dis. 2011, 11, 963–969. [CrossRef]
205. Jia, W.; Li, H.; Zhao, L.; Nicholson, J.K. Gut microbiota: A potential new territory for drug targeting. Nat. Rev.

Drug Discov. 2008, 7, 123–129. [CrossRef] [PubMed]
206. Bäckhed, F.; Ding, H.; Wang, T.; Hooper, L.V.; Koh, G.Y.; Nagy, A.; Semenkovich, C.F.; Gordon, J.I. The

gut microbiota as an environmental factor that regulates fat storage. Proc. Natl. Acad. Sci. USA 2004,
101, 15718–15723. [CrossRef] [PubMed]

207. Turnbaugh, P.J.; Bäckhed, F.; Fulton, L.; Gordon, J.I. Diet-Induced Obesity Is Linked to Marked but Reversible
Alterations in the Mouse Distal Gut Microbiome. Cell Host Microbe 2008, 3, 213–223. [CrossRef] [PubMed]

208. Cani, P.D.; Delzenne, N.M. The role of the gut microbiota in energy metabolism and metabolic disease.
Curr. Pharm. Des. 2009, 15, 1546–1558. [CrossRef] [PubMed]

209. Cani, P.D.; Dewever, C.; Delzenne, N.M. Inulin-type fructans modulate gastrointestinal peptides involved in
appetite regulation (glucagon-like peptide-1 and ghrelin) in rats. Br. J. Nutr. 2004, 92, 521–526. [CrossRef]

210. Li, L.; Messina, J.L. Acute insulin resistance following injury. Trends Endocrinol. Metab. 2009, 20, 429–435.
[CrossRef]

211. Everard, A.; Lazarevic, V.; Derrien, M.; Girard, M.; Muccioli, G.G.; Muccioli, G.M.; Neyrinck, A.M.;
Possemiers, S.; Van Holle, A.; François, P.; et al. Responses of gut microbiota and glucose and lipid
metabolism to prebiotics in genetic obese and diet-induced leptin-resistant mice. Diabetes 2011, 60, 2775–2786.
[CrossRef]

212. Cani, P.D.; Bibiloni, R.; Knauf, C.; Waget, A.; Neyrinck, A.M.; Delzenne, N.M.; Burcelin, R. Changes in
gut microbiota control metabolic endotoxemia-induced inflammation in high-fat diet-induced obesity and
diabetes in mice. Diabetes 2008, 57, 1470–1481. [CrossRef]

213. Cani, P.D.; Neyrinck, A.M.; Fava, F.; Knauf, C.; Burcelin, R.G.; Tuohy, K.M.; Gibson, G.R.; Delzenne, N.M.
Selective increases of bifidobacteria in gut microflora improve high-fat-diet-induced diabetes in mice through
a mechanism associated with endotoxaemia. Diabetologia 2007, 50, 2374–2383. [CrossRef]

214. Dewulf, E.M.; Cani, P.D.; Neyrinck, A.M.; Possemiers, S.; Van Holle, A.; Muccioli, G.G.; Deldicque, L.;
Bindels, L.B.; Pachikian, B.D.; Sohet, F.M.; et al. Inulin-type fructans with prebiotic properties counteract
GPR43 overexpression and PPARγ-related adipogenesis in the white adipose tissue of high-fat diet-fed mice.
J. Nutr. Biochem. 2011, 22, 712–722. [CrossRef]

215. Bäckhed, F.; Normark, S.; Schweda, E.K.H.; Oscarson, S.; Richter-Dahlfors, A. Structural requirements for
TLR4-mediated LPS signalling: A biological role for LPS modifications. Microbes Infect. 2003, 5, 1057–1063.
[CrossRef]

http://dx.doi.org/10.1016/j.immuni.2016.06.006
http://dx.doi.org/10.1002/oby.22951
http://www.ncbi.nlm.nih.gov/pubmed/32619294
http://dx.doi.org/10.1038/s41366-020-0640-5
http://www.ncbi.nlm.nih.gov/pubmed/32647360
http://dx.doi.org/10.1016/j.jaci.2009.12.980
http://www.ncbi.nlm.nih.gov/pubmed/20176265
http://dx.doi.org/10.1038/nm.2234
http://www.ncbi.nlm.nih.gov/pubmed/20948535
http://dx.doi.org/10.1016/j.jaci.2004.06.042
http://dx.doi.org/10.3389/fmicb.2017.02431
http://dx.doi.org/10.2337/db06-1491
http://dx.doi.org/10.1111/1469-0691.12157
http://dx.doi.org/10.1016/j.cmet.2013.05.004
http://dx.doi.org/10.1016/S1473-3099(11)70274-2
http://dx.doi.org/10.1038/nrd2505
http://www.ncbi.nlm.nih.gov/pubmed/18239669
http://dx.doi.org/10.1073/pnas.0407076101
http://www.ncbi.nlm.nih.gov/pubmed/15505215
http://dx.doi.org/10.1016/j.chom.2008.02.015
http://www.ncbi.nlm.nih.gov/pubmed/18407065
http://dx.doi.org/10.2174/138161209788168164
http://www.ncbi.nlm.nih.gov/pubmed/19442172
http://dx.doi.org/10.1079/BJN20041225
http://dx.doi.org/10.1016/j.tem.2009.06.004
http://dx.doi.org/10.2337/db11-0227
http://dx.doi.org/10.2337/db07-1403
http://dx.doi.org/10.1007/s00125-007-0791-0
http://dx.doi.org/10.1016/j.jnutbio.2010.05.009
http://dx.doi.org/10.1016/S1286-4579(03)00207-7


Int. J. Mol. Sci. 2020, 21, 5887 24 of 24

216. Vijay-Kumar, M.; Aitken, J.D.; Carvalho, F.A.; Cullender, T.C.; Mwangi, S.; Srinivasan, S.; Sitaraman, S.V.;
Knight, R.; Ley, R.E.; Gewirtz, A.T. Metabolic syndrome and altered gut microbiota in mice lacking Toll-like
receptor 5. Science 2010, 328, 228–231. [CrossRef] [PubMed]

217. Caricilli, A.M.; Picardi, P.K.; de Abreu, L.L.; Ueno, M.; Prada, P.O.; Ropelle, E.R.; Hirabara, S.M.; Castoldi, Â.;
Vieira, P.; Camara, N.O.S.; et al. Gut microbiota is a key modulator of insulin resistance in TLR 2 knockout
mice. PLoS Biol. 2011, 9, e1001212. [CrossRef] [PubMed]

218. García, M.C.; Wernstedt, I.; Berndtsson, A.; Enge, M.; Bell, M.; Hultgren, O.; Horn, M.; Ahrén, B.; Enerback, S.;
Ohlsson, C.; et al. Mature-onset obesity in interleukin-1 receptor I knockout mice. Diabetes 2006, 55, 1205–1213.
[CrossRef] [PubMed]

219. Glaccum, M.B.; Stocking, K.L.; Charrier, K.; Smith, J.L.; Willis, C.R.; Maliszewski, C.; Livingston, D.J.;
Peschon, J.J.; Morrissey, P.J. Phenotypic and functional characterization of mice that lack the type I receptor
for IL-1. J. Immunol. 1997, 159, 3364–3371.

220. O’Neill, L.A.J. The interleukin-1 receptor/Toll-like receptor superfamily: 10 years of progress. Immunol. Rev.
2008, 226, 10–18. [CrossRef]

221. Feng, X.; Guan, D.; Auen, T.; Choi, J.W.; Salazar Hernández, M.A.; Lee, J.; Chun, H.; Faruk, F.; Kaplun, E.;
Herbert, Z.; et al. IL1R1 is required for celastrol’s leptin-sensitization and antiobesity effects. Nat. Med. 2019,
25, 575–582. [CrossRef]

222. Liu, J.; Lee, J.; Salazar Hernandez, M.A.; Mazitschek, R.; Ozcan, U. Treatment of obesity with celastrol. Cell
2015, 161, 999–1011. [CrossRef]

223. Saltiel, A.R.; Olefsky, J.M. Inflammatory mechanisms linking obesity and metabolic disease. J. Clin. Investig.
2017, 127, 1–4. [CrossRef]

224. Lee, J.; Sun, C.; Zhou, Y.; Lee, J.; Gokalp, D.; Herrema, H.; Park, S.W.; Davis, R.J.; Ozcan, U. p38
MAPK-mediated regulation of Xbp1s is crucial for glucose homeostasis. Nat. Med. 2011, 17, 1251–1260.
[CrossRef]

225. Scrivo, R.; Vasile, M.; Bartosiewicz, I.; Valesini, G. Inflammation as “common soil” of the multifactorial
diseases. Autoimmun. Rev. 2011, 10, 369–374. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1126/science.1179721
http://www.ncbi.nlm.nih.gov/pubmed/20203013
http://dx.doi.org/10.1371/journal.pbio.1001212
http://www.ncbi.nlm.nih.gov/pubmed/22162948
http://dx.doi.org/10.2337/db05-1304
http://www.ncbi.nlm.nih.gov/pubmed/16644674
http://dx.doi.org/10.1111/j.1600-065X.2008.00701.x
http://dx.doi.org/10.1038/s41591-019-0358-x
http://dx.doi.org/10.1016/j.cell.2015.05.011
http://dx.doi.org/10.1172/JCI92035
http://dx.doi.org/10.1038/nm.2449
http://dx.doi.org/10.1016/j.autrev.2010.12.006
http://www.ncbi.nlm.nih.gov/pubmed/21195808
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Leptin Signaling in Immune Cells 
	Leptin and Innate Immunity 
	In Monocytes and Macrophages 
	Polymorphonuclear Cells 
	Human NK Cells 
	Other Immune Cells 

	Leptin and Adaptive Immunity 

	Leptin as a Mediator of Inflammation 
	Leptin Deficiency and Infection Diseases 
	Leptin as an Inflammatory Mediator in the Obesity-Associated Immuno-Metabolic Disorders: Diabetes, Cardiovascular Disease, Autoinmune Diseases and Cancer 
	Type 2 Diabetes Mellitus 
	Cardiovascular Diseases 
	Autoimmune Diseases 
	Cancer 
	Leptin as a Therapeutic Target 


	Inflammation as a Mediator of Leptin Resistance and Obesity 
	Infectious Diseases 
	Viral Infection 
	Bacterial Infection 

	Microbiota 
	The Paradox of Leptin Sensitization by Inflammatory Cytokines 

	Conclusions 
	References

