
Citation: Wang, Y.; Hu, C. Leptin and

Asthma: What Are the Interactive

Correlations? Biomolecules 2022, 12,

1780. https://doi.org/10.3390/

biom12121780

Academic Editor: Sang-Han Lee

Received: 25 October 2022

Accepted: 28 November 2022

Published: 29 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 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 (https://

creativecommons.org/licenses/by/

4.0/).

biomolecules

Review

Leptin and Asthma: What Are the Interactive Correlations?
Yang Wang 1,2 and Chengping Hu 1,*

1 Department of Respiratory Medicine (Department of Respiratory and Critical Care Medicine), Xiangya
Hospital, Central South University, Changsha 410008, China

2 National Clinical Research Center for Geriatric Disorders, Xiangya Hospital, Central South University,
Changsha 410008, China

* Correspondence: huchengp28@csu.edu.cn

Abstract: Leptin is an adipokine directly correlated with the proinflammatory obese-associated phe-
notype. Leptin has been demonstrated to inhibit adipogenesis, promote fat demarcation, promote a
chronic inflammatory state, increase insulin sensitivity, and promote angiogenesis. Leptin, a regulator
of the immune response, is implicated in the pathology of asthma. Studies involved in the key cell
reaction and animal models of asthma have provided vital insights into the proinflammatory role of
leptin in asthma. Many studies described the immune cell and related cellular pathways activated
by leptin, which are beneficial in asthma development and increasing exacerbations. Subsequent
studies relating to animal models support the role of leptin in increasing inflammatory cell infiltration,
airway hyperresponsiveness, and inflammatory responses. However, the conclusive effects of leptin
in asthma are not well elaborated. In the present study, we explored the general functions and the
clinical cohort study supporting the association between leptin and asthma. The main objective of
our review is to address the knowns and unknowns of leptin on asthma. In this perspective, the
arguments about the different faces of leptin in asthma are provided to picture the potential directions,
thus yielding a better understanding of asthma development.
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1. Introduction

Asthma is a chronic heterogeneous inflammatory airway disease with various cellular
component recruitments associated with reversible airway obstruction and respiratory
symptoms, such as wheezing, cough, and shortness of breath [1,2]. Multiple pathogenic
mechanisms of asthma were poorly elucidated [3]. Obesity, considered to be with a stan-
dard body mass index (BMI) of ≥30 kg/m2, has shown an increasing prevalence in recent
years [4]. The low-degree state of systemic inflammation in obesity, involving the activation
of M1 macrophages, and CD8+ T lymphocytes, could produce multiple inflammatory
agents, including IL-1β, IL-6, IFN-γ, and TNF-α [5]. Previous studies have implicated
that obesity is related to asthma severity, and most obese patients with asthma respond
poorly to conventional treatment (corticosteroids) [6,7]. Obesity has been correlated with
the severity of asthma [8,9], the multiple mechanisms of which are relevant to genetic,
hormonal, environmental, mechanical, and immunological factors [10]. There are two hy-
potheses about the relationship between obesity and asthma: one is diaphragm excursion
due to fat deposit and limited thoracic compliance [10], and one is the immunological and
inflammatory adipokines derived from adipose tissue, such as leptin and adiponectin [11].
It is well established that chronic obesity shifts M2-polarized macrophages to M1-polarized
macrophages in adipose tissue [12]. It was proposed that airway hyperresponsiveness
(AHR) in an obese asthma mouse model was mediated by adipokines and inflammatory
cytokines (TNF-α, TGF-β, IL-1β, and IFN-γ), which had a poor response to dexamethasone.
While AHR in a lean asthma mouse model was mediated by eosinophils, Th2 cells, and Th2-
related cytokines (IL-5, IL-4, and IL-13), which could be reversed by dexamethasone [13].
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Among the numerous adipokines secreted by adipocytes, the level of leptin in the serum of
obese people is significantly higher than that in non-obese population [14,15]. Leptin is a
16KD product of the obese gene (ob), which acts as a factor contributing to inhibiting adi-
pogenesis, promoting fat demarcation, promoting a chronic inflammatory state, increasing
insulin sensitivity, and promoting angiogenesis [16–18]. Obesity was reported to aggravate
the severity of asthma accompanied by several comorbidities, such as obstructive sleep
apnea (OSA) and hypertension [19]. OSA, a kind of obesity-related sleep and breathing
disorder, is known to be associated with increased leptin secretion [20,21]. OSA is usually
accompanied by asthma, and they have many common risk factors, such as intermittent
hypoxia, inflammation, leptin, and obesity [22]. Apart from obesity, OSA can also influence
airway inflammation in asthma due to complex oxidative stress induced by repetitive
hypoxia [23,24]. The use of continuous positive airway pressure (CPAP) is a preferred treat-
ment for OSA [25]. CPAP treatment could improve hypoxemia and decrease inflammatory
markers of OSA, such as CRP and IL-6 [26]. However, the effect of CPAP on leptin levels is
controversial. Some studies indicated that the effect of CPAP therapy on leptin levels of
OSA patients is limited [27–29]. While another study showed that hyperleptinemia of OSA
patients could be normalized by the therapy with nasal CPAP [30]. Thus, more studies
are required to explore the interaction between CPAP and leptin levels in OSA patients.
Remarkably, weight loss is the effective therapy way for OSA and asthma [31].

Compared with the studies that referred to leptin and diabetes or obesity, very few
studies were associated with leptin and asthma, and the mechanistic basis for the role
of leptin in asthma has not been established completely. The objective of our study is to
review the present data supporting the pathological role of leptin in asthma, including
studies from clinical cohort studies and animal models.

2. Physiological Role
2.1. Main Roles of Leptin

Leptin, a protein composed of 167 amino acids, is primarily produced by fat cells and
macrophages in adipocytes [32]. Leptin is distributed in the lung, including alveoli Type
II pneumocytes, macrophages, and so on [33,34]. Leptin has several faces as a hormone
with the function of regulating food intake and energy expenditure and producing pro-
inflammatory cytokines [35]. Leptin has structural homology with such cytokines as
interleukin-6 and interleukin-11, implying an effect of immunomodulating [36]. The cis-
elements, with sequences distributing between −22 kb and +150 kb, were reported to
be required for leptin gene expression [37]. NF-Y is a CCAAT-box binding transcription
factor consisting of three subunits (NF-YA, NF-YB, and NF-YC). These three subunits
are identified to have DNA binding activity, and the CCAAT sequence is recognized by
NF-Y through the conserved C-terminus [38]. It was suggested that the corresponding
sequences of the leptin gene were recognized by NF-Y enhancer at −16.5 kb, and loss of
NF-Y contributed to hypoleptinemia and lipodystrophy [39]. Previous papers reported
that leptin could promote adipocytes to secret pro-inflammatory cytokines, such as TNF-α,
IL-6, and IL-12 [17,40,41]. Several studies indicated that inflammatory cytokines (tumor
necrosis factor (TNF), IL-1, and LPS) and hypoxia could induce leptin production from
adipocytes [42–45] and promote allergic airway responses in mice [22,46,47].

Obesity is related to the high level of leptin, as well as the anorectic resistance of
leptin [48,49]. The level of serum leptin in obese people is 4–6 times higher than that of
non-obese people [50], especially in women [51]. Besides, obese patients develop leptin
resistance. Thus the increased leptin levels no longer regulate satiety, and the hypothalamus
showed insensitivity to leptin [52,53], the mechanism of which may be the direct action of
leptin [54,55]. It was shown that compared with non-obese asthmatic mice, higher leptin
levels were observed in obese asthmatic mice [56]. Leptin was reported to be related to
body weight-gain-related asthma by regulating lung injury [57,58]. OVA-treated mice
have been shown to elevate serum leptin levels, whereas exogenous leptin administration
increased OVA-induced AHR and serum IgE levels [59]. Besides, leptin exerts distinct



Biomolecules 2022, 12, 1780 3 of 18

effects on viral infection. The ob/ob mice (leptin deficiency mice) infected with the en-
cephalomyocarditis virus resulted in a more severe myocardial injury via elevating TNF-α
expressions in comparison with wild-type mice [60]. Similarly, db/db mice (leptin receptor
deficiency mice) were more susceptible to the infection of Coxsackie virus B4 than wild-
type mice [61]. In RSV-infected human bronchial epithelial cells, the oversecreted leptin
facilitated Th17 cell differentiation but inhibited Th2 cell differentiation via modulating
ERK1/2 phosphorylation [62]. Viral infections have been implicated in asthma development.
Obese mice with low survival rates had low cytotoxicity of the natural killer cells after the
infection of the influenza virus [63]. In this regard, there may be a vital role of leptin in asthma
with virus infection.

2.2. Mechanism of Action

Leptin exerts its function by binding to the leptin receptor (Ob-R), a product of the
diabetes (db) gene [64]. Ob-R, which is widely expressed in immune cells, is a member of
the superfamily of class I cytokine receptors (gp130) [65]. There are at least six isoforms
produced by alternative splicing of ob-R, containing the same N-terminal binding domain
but different cytoplasmic domain lengths of ob-R isoforms: ob-Ra, ob-Rb, ob-Rc, ob-Rd, ob-
Rf, and ob-Re [66,67]. Ob-Rb was reported to be the isoform that transduces the downstream
signaling [68]. Besides, four splice variants of obR have been identified in humans: a long
isoform responsible for most functions of leptin and three short isoforms [69,70]. The
short isoforms cannot transduce hormone signals. Only the long isoform (ob-Rb) can
signal correctly [71]. Leptin and ob-Rs are expressed in epithelial cells, type II alveolar
cells, and macrophages of the lung [33,34,72–74]. Leptin, bound to the leptin receptor,
could produce cytokines and enhance proliferative responses by activating the pathways
of MAPK, JAK2-STAT3, and PI3K-AKT [17,75–79]. In another study, it was mentioned
that LEP polymorphism of the leptin 5′-UTR (rs13228377) was related to high leptin levels
in asthma, while polymorphisms of leptin receptors (K109R and Q223R) did not show a
significant correlation with serum level of leptin receptors [72]. In a logistic regression
analysis, rs13228377 polymorphism of leptin and leptin level showed good predictive
accuracy, indicating increased asthma risk [72]. Moreover, a previous study showed that
the Gln223Gln genotype of the leptin receptor was implicated in lower binding capacity to
leptin, which may be the mechanism of leptin resistance [80,81].

Leptin was involved in the activation, differentiation, and proliferation of immune
cells [75,76]. It has been reported that leptin could promote Th1 responses in vivo but
displayed discrepant effects on Th2 responses [78,82,83]. Several studies have demonstrated
that leptin/IL6 signaling plays a critical role in inflammatory responses through activating
STAT3, ultimately resulting in the pathogenesis of asthma [58,84]. It was reported that
exogenous administration of leptin increased the airway hyperresponsive of the asthma
mouse model [59]. OVA challenge elevated serum leptin production in mice, particularly
in leptin-infused mice, while leptin has no significant effect on airway responsiveness and
IgE production without allergic airway challenge [59]. Leptin increased the lung resistance,
tissue damping, and fibrosis markers in HDM-treated mice, but not leptin or HDM alone,
with more effects observed in female mice than in male mice [85]. In line with the previous
studies, leptin acts on macrophages or lymphocytes activated by other moieties; the effect
is absent with leptin alone [17,59,78,79].

3. Leptin and Asthma
3.1. Epidemiological Studies

Among these studies, high leptin was identified frequently in patients with asthma [72,86–89].
Some studies have reported inverse correlations between leptin and lung function [88,90–92]
as well as weight loss [88,91,93]. There were positive associations between leptin and
symptomatic atopy [89] and BMI [86,94]. While, some studies reported that there was no
relationship between leptin and lung function [93,95] and BMI [96].
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One longitudinal study followed pulmonary inflammatory markers, lung function,
and asthma activity of obese asthma patients undergoing bariatric surgery. In a popu-
lation of 19 patients with asthma, the study manifested a reduction in systemic levels
of leptin and an improvement in asthma activity scores after bariatric surgery through
1-year follow-up [93]. Another longitudinal study followed leptin levels, lung function,
exercise-induced bronchospasm, and asthma-related symptoms of post pubertal obese
adolescents undergoing weight loss of interdisciplinary intervention. In a population of 84
obese adolescents, the study showed a reduction in leptin levels and asthma symptoms
after weight loss through 1-year therapy [91]. However, the above-mentioned studies did
not include a control group, limiting further extrapolations.

Systemic leptin levels were found to be increased after the systemic exogenous glu-
cocorticoid administration [97,98]. At the same time, a longitudinal study indicated that
higher serum leptin was observed in asthmatic children before budesonide treatment than
after budesonide treatment or control group. The difference in leptin levels between pa-
tients with asthma and without asthma was not significant after budesonide treatment
in 4 weeks. Moreover, serum leptin levels correlated with body mass indices after budes-
onide treatment rather than before budesonide treatment [99]. The inhaled corticosteroids
exhibited few systemic bioavailabilities, and leptin decreased after budesonide treatment
may attribute to reduced airway inflammation and T-cell responses due to inhaled steroids
rather than body weight and lipid metabolism [99].

The cross-sectional studies manifested some findings, from high levels of leptin in
overweight patients with asthma compared to normal weight patients with asthma or in
asthma patients of obese compared to non-obese asthma patients [86] to high levels of
leptin related to BMI and severe lung function [86,88,90,94]. While some studies revealed
no differences in leptin between overweight patients with asthma and without asthma [94]
or no differences between leptin and lung function or BMI [93,95,96]. There were a series of
studies revealing the positive correlations between leptin and asthma severity [72,90,96,100],
suggesting leptin could be used as a pro-inflammatory biomarker in severe asthma. An
interesting study of the leptin level after calorie restriction and weight loss was carried
out by James et al. [101]. Nine of the subjects lost an average of 8% weight during an
alternate day restricted calorie (ADCR) dietary regimen, including eating ad libitum (AL)
and alternate day restricted calorie (CR) dietary regimen. It was revealed that lower leptin
levels were observed on CR days compared with AL days, and leptin levels showed
a decreasing level on AL days at 8 weeks. Moreover, the asthma symptoms and PEF
improved through the study [101]. The correlations between leptin level and BMI or
uncontrolled asthma score were more evident among female patients with asthma [86].
The controversial results between these findings may be associated with the variation of
age, race, and gender in leptin. Ten cross-sectional studies and five longitudinal studies
were searched by reviewing the PubMed database (Table 1).

3.2. Mechanistic Studies

From the extensive literature about the cellular role of leptin, we reported studies to
address the pathophysiology of asthma.
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Table 1. Correlations of leptin and asthma in clinical cohort studies, ↑ = increased level; ↓ = decreased level.

Study Type Study Population Directionality of
Asthma-Leptin Relation Main Results

[72] Case-control 25 asthmatic pediatric patients
and 10 controls aged from 6 to 18

Higher leptin in patients with
asthma

↑ leptin in serum in asthmatic
subjects vs. healthy controls

↑ leptin parallel to asthma
exacerbation

↑ leptin in asthma exacerbation
period vs. in the asymptomatic

period

[89] Cross-sectional

62 symptomatic seasonal allergic
rhinitis (SAR) patients in season

direct direction with allergy
symptoms

Higher leptin in symptomatic
female patients compared to

normal subjects

41 symptomless SAR patients
out season, and 34 controls

Higher leptin in symptomatic
male patients compared to
symptomless and normal

subjects

[88] Cross-sectional

21 obese (OA) and 14 with
non-obese asthma (NOA) Indirect direction with weight

loss and lung function
Leptin showed a negative
relationship with FEV1 (%)35 obese (O) patients, and 33

controls (HC)

[87] Cross-sectional 30 women with asthma Higher leptin in overweight
patients with asthma

↑ leptin in serum in
overweight asthma patients
compared to normal weight

patients

[86] Cross-sectional
41 obese women with asthma

and 40 non-obese women with
asthma

Higher leptin in obese patients
with asthma

↑ leptin in serum in obese
patients with asthma

compared to nonobese patients
with asthma

In correlation with BMI
Positive relationship between
body mass index (BMI) and

serum leptin levels

[90] Cross-sectional 90 asthmatic women

↑ leptin parallel to asthma
severity

Serum leptin correlated
positively with asthma severity

Inverse direction with lung
function

Serum leptin correlated
inversely with FEV1 and FVC

[94] Cross-sectional

28 patients with asthma
(BMI ≥ 25 kg/m2), 26 controls

(BMI ≥ 25 kg/m2)

↑ leptin parallel to BMI and
waist circumference

A significant relation between
leptin concentration with BMI

and waist circumference

26 patients with asthma
(BMI < 25 kg/m2) No correlation of asthma

No significant difference of
leptin level between

overweight asthma patients
and overweight healthy

controls

[95] Cross-sectional 80 women with obesity (grade II
and III) asthma

No association between leptin
and lung function

No difference between leptin
in sputum or blood and FVC,

FEV1, FEV1/FVC

[96] Cross-sectional
65 patients with asthma,

aged 2 to 14 yrs

↑ leptin parallel to asthma
severity

Leptin levels positively
correlated with the asthma

severity

No relationship with BMI No correlation between leptin
and BMI

[100] Cross-sectional 122 children with asthma ↑ leptin parallel to asthma
severity grades

Leptin was positively
correlated with the disease
grades in asthma children
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Table 1. Cont.

Study Type Study Population Directionality of
Asthma-Leptin Relation Main Results

[92] Longitudinal 35 female patients with asthma Indirect direction with lung
function

The serum level of leptin was
positively correlated with

asthma symptom score

The serum level of leptin was
negatively associated with

lung function

[91] Longitudinal 84 postpubertal obese
adolescents

Indirect relation with lung
function

↓ leptin in parallel with
improvements in FVC, FEV1

and PEF

Indirect association with
weight loss

↓ leptin in serum after weight
loss

[93] Longitudinal
19 asthma patients with bariatric

surgery (Roux-en-Y gastric
bypass)

no association of lung function
with leptin

Significant reductions in the
serum levels of leptin in

bariatric surgery over time

reducing leptin over time
No significant correlation
between leptin and lung

function.

[99] Longitudinal
23 children with

mild-to-moderate, newly
diagnosed asthma

Higher leptin before
budesonide treatment

↑ leptin before budesonide
treatment after budesonide
treatment and vs. control

group

Serum leptin levels correlate
positively with body mass
indices after budesonide

treatment

[101] Longitudinal
10 asthma patients with

BMI > 30 and less than 300
pounds

↓ leptin after calorie restriction
days

↓ serum leptin after calorie
restriction days compared to

ate ad libitum days

3.2.1. Airway Epithelial Cell Dysfunction and Mucus Secretion

It is important to keep the integrity of the bronchial epithelial natural barrier against
allergens or pathogens [102]. The dysfunction of airway epithelial cells could promote
the evolution of asthma exacerbation. It has been proposed that Ob-R was present in
human bronchial and alveolar epithelial cells [103,104]. Leptin, binding to obR, directly
activates the migration of human airway epithelial cells, inhibits apoptosis, promotes
proliferation, and enhances the production of CCL11, VEGF, G-CSF, and IL-6 in a dose-
dependent manner. However, the administration of Ob-R siRNA abolished the expressions
of CCL11, and ICAM-1 induced by leptin [105]. Leptin has been shown to augment
VEGF production, which is the key substance in airway remodeling [106,107]. Leptin
inhibited the proliferation, migration, and eotaxin production in IL-13-induced human
airway smooth muscle, while leptin did not promote airway smooth muscle cells to produce
proinflammatory cytokines [104,108]. Besides, leptin regulates the secretion of MUC5AC
in IL-13-induced human bronchial epithelial cells, which is a vital component of airway
mucus [109].

3.2.2. Immune Cell Responses

Immune cell activation is of great significance in asthma development. The obese
OVA mouse group showed a higher neutrophil number at 48 h and higher macrophage
numbers at any time, a higher arginase-positive rate of macrophages at 24 h, a higher rate
of iNOS-positivity at 48 h, lower eosinophil numbers in the pulmonary tissue, lower levels
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of IgE, higher numbers of mast cells, and higher goblet cell hyperplasia in comparison with
the lean-with-OVA group after the last OVA challenge [110]. Leptin has also been found
to play a regulatory role in the immune system [111]. High leptin level was reported to
inhibit neutrophil death by activating MEK1/2 and NF-κB pathways, produce neutrophil
chemotaxis by activating ERK1/2 and p38-MAPK pathways; stimulate natural killer cells
and macrophages to release inflammatory factors, and promote epithelial cells and smooth
muscle cells in the airway to proliferate in asthma [112,113]. As mentioned above, exploring
the correlations between leptin and immune cells is a prerequisite for a better understanding
of the downstream mechanisms of asthma.

Lymphocyte Cells

Previous studies have indicated that leptin promotes T-cell proliferation and activa-
tion [14,114]. High levels of serum leptin increased immune cell activation in the obese state,
thereby activating pro-inflammatory Th1 cells [115,116]. Leptin promotes Th1 cell activation
while suppressing the Th2-related cytokine levels (IL-4, IL-5, and IL-10) [77,78,115,117]. Lep-
tin modulates T cells to a Th1 immune response by increasing IFN-γ production [118,119].
When leptin is deficient, the Th1 phenotype is shifted to the Th2 phenotype, followed by the
reduction in the total number of CD4+T cells was reduced [120,121]. Leptin, via binding to
leptin receptors, was found to convert CD4+ T lymphocytes into Th1 cells [77,78,118]. While
another study showed that leptin promoted Th2 cell proliferation but not Th1 cells under
the condition of type 2 responses [122]. A recent report indicated that STAT3 activated by
leptin was required for the IL-6-mediated anti-apoptotic T cell function [123]. Leptin also
activates pro-inflammatory Th17 cells [124]. Leptin elevated Th17 cytokine levels while
reducing the function of Treg cells in the culture of CD4+ T cells from lean allergic-asthma
patients [121,125]. Leptin shifts T-helper (Th) cells to Th1 cells by producing IFN-γ [126].
Moreover, Th1/Th17 lymphocytes could secrete leptin, which in turn potentiates its effects
on Th1/Th17 differentiation [78]. Besides, leptin promotes naive T cell and memory T
cell proliferation and inhibits the proliferation of CD4+ CD25+ regulatory T cells [64,127].
Leptin promotes naïve T cells or effector T cells proliferation while suppressing memory T
cells and Tregs [127,128].

Macrophages

It was suggested that macrophages in the sputum of obese patients with asthma
were increased, as compared with non-obese patients with asthma. The markers of M2
macrophages were reduced in the sputum of obese patients with asthma, the mechanisms
of which may be increasing oxidative stress and impaired response to corticosteroids [129].
In comparison, it was noted that M1 macrophages were elevated in an obese asthma mouse
model compared to a nonobese mouse model [130]. While few studies have indicated the
associations between leptin and M1 macrophages in an obese asthma mouse model. It
has been shown that leptin is a chemoattractant for monocytes/macrophages by activat-
ing the obR long-form receptor and PI3K signaling [131]. Leptin elevates the phagocytic
function of macrophages/monocytes and leukotriene synthesis production in pulmonary
K. pneumoniae infection [132]. Leptin could stimulate monocytes and macrophages to
produce inflammatory cytokines (TNF-α, IL-6) and reactive oxygen species via activating
the Ob-Rb [76]. In addition, leptin was suggested to elevate the production of TNF-α and
IL-6 in LPS or ozone-stimulated macrophages [133,134]. Leptin could promote human
peripheral blood mononuclear cell (PBMC) proliferation, increasing the response of mono-
cyte to LPS and stimulating cytokine secretion (IL-6 and TNF-α) [135,136]. Leptin could
enhance leukotriene synthesis in alveolar macrophages, which may lead to bronchocon-
striction [137]. An in vitro study revealed that leptin could induce the production of IL-6
and TNF-α in PBMC in a dose-dependent manner [138]. However, it was indicated that
leptin acted on macrophages and lymphocytes only when leptin and other substances
worked together, not alone [17,78,79].
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Neutrophils and Eosinophils

It has been suggested that neutrophils are related to the severity of asthma [139],
especially in obese asthma patients with severe symptoms [140,141]. Neutrophils are
critical immune cells leading to asthma development and glucocorticoid resistance by
producing chemokines, cytokines, and MPO granules [142]. Leptin can exacerbate air-
way inflammation by recruiting eosinophils and neutrophils [112,143]. Leptin contributes
to neutrophil accumulation at the sites of inflammation [144] and modulates neutrophil
chemotaxis [145,146]. Besides, leptin has been noted to induce eosinophil and neutrophil
chemotaxis through activating ERK1/2 and p38-MAPK signaling, to inhibit neutrophil
death through activating of MEK1/2 and NF-κB signaling pathway, resulting in advanced
airway inflammation and remodeling [112,147]. Leptin cannot directly activate neutrophils
but could be a chemoattractant for neutrophils, and recent studies have shown that phys-
iological concentrations of leptin are not sufficient to induce the effects of leptin in neu-
trophils [130,131,137,148]. Besides, recent reports indicated the LEPR short receptor (ob-Ra)
expressed in polymorphonuclear neutrophils (PMNs) activated the MAPK pathway and
ROS production [69,145]. Besides, leptin delays neutrophil apoptosis at high concentrations
in vivo and in vitro [131,149]. The bacterial phagocytic function of neutrophils is impaired
when leptin is absent, and the administration of leptin could reverse the response, which is
mediated by the complement receptors [150].

Leptin appeared to be a survival cytokine for human eosinophils [151]. Leptin could in-
duce eosinophil chemotaxis, which is associated with increased calcium mobilization [112].
Conus et al. reported that leptin delayed eosinophil spontaneous apoptosis via acting on
ob-Rb [151], and leptin increases the antiapoptosis survivin and baculoviral IAP repeat con-
taining 5 (BIRC5) might be the underlying mechanism [152,153]. Johnston et al. reported a
lower level of eosinophils in the bronchoalveolar lavage fluid was observed in an ob/ob
mice asthmatic model compared with the wild-type asthmatic model [154]. Recently, Wong
et al. indicated that leptin promoted eosinophil migration by activating the MAPK pathway
and induced eosinophils to produce inflammatory cytokines (IL-1β, IL-6, IL-8, GRO-α, and
MCP-1) [155]. However, the role of leptin in neutrophil and eosinophil activation remains
to be explained in obese asthma mice.

Other Immune Cells

Dendritic cells (DCs) have the function of antigen-presenting in the immune systems.
Leptin could upregulate the markers of activated human DCs, such as TNF-α, IL-1β, IL-6,
and MIP-1α, and prepares them for Th1 differentiation [156,157], the mechanism of which
may be inhibiting apoptosis [158]. It was reported that leptin-activated DCs by promoting
glycolytic metabolism and the STAT3-HK2 pathway [159]. DCs showed higher efficiency
in inducing Treg or Th17 cells in the absence of leptin than in the presence of leptin [160].

Type 2 innate lymphocytes (ILC2s) have been demonstrated to be the responders in the
early stage of the experimental asthma mouse model induced by various agents [161,162].
The numbers of ILC2 were decreased under the condition of leptin deficiency, ultimately
resulting in the alleviation of asthma [122].

Mast cell influx is involved in allergic airway inflammation of obesity, resulting in
delayed immune response and promoting asthma severity [110]. Leptin was reported to
promote pro-inflammatory mast cells to degranulation and secrete histamine by inducing
the release of intracellular Ca2+ and chemokine CCL3 [163].

In general, several immune cells are involved in leptin-mediated immune responses.
The conflicting modulation of Th2 cells implies the effect of leptin is probably influenced
by some extrinsic and intrinsic factors. Related mechanisms should be further explored in
obesity-related asthma with some experimental studies. Besides, more experimental data are
required to validate the effects of leptin on dendritic cells and mast cells in obesity-related
asthma. The correlations between leptin and immune cells are summarized in Table 2.
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Table 2. Cellular mechanisms of leptin in immune responses, ↑ = increased level; ↓ = decreased level.

Cell Cellular Mechanism
of Leptin Cellular Effect General Effecct Reference

LymphocyteTh1

↑ IFN-γ production proinflammatory [119]

shifts T-helper (Th) cells to Th1 cells, ↑
IFN-γ proinflammatory [126]

LymphocyteTh2

↑ IL-4 and IL-10 Anti-inflammatory [120,121]

↑ IL-4, IL-5, and IL-13 under a type 2
condition proinflammatory [122]

Treg cells ↓ Foxp3 (+) CD4 (+) CD25 (+) ↓ Treg cells [121]

Th17 cells
RORγt ↑ IL-17 Th17 responses↑ [124]

↑ IL-4−IL-17+IFN-γ- [125]

monocytes/
macrophages

obR long-form receptor
and PI3K

chemoattract
monocytes/macrophages proinflammatory [131]

↑ phagocytic function of
macrophages/monocytes, and ↑

leukotriene synthesis in pulmonary K.
pneumoniae infection

proinflammatory [132]

↑ inflammatory cytokines (TNF-α,
IL-6), ↑ reactive oxygen species proinflammatory [76]

↑ TNF-α and IL-6 proinflammatory [133,134]

↑ proliferation, ↑ cytokine secretion
(IL-6 and TNF-α). proinflammatory [135,136]

↑ IL-6 and TNF-α in PBMC proinflammatory [138]

neutrophils

↑ neutrophil chemotaxis ↑ neutrophil at
inflammatory foci [144]

ERK1/2 and
p38-MAPK ↑ neutrophil chemotaxis ↑ neutrophil at

inflammatory foci [112]

MEK1/2 and NF-κB ↓ neutrophil death ↑ neutrophil at
inflammatory foci [147]

obR short-form
receptor

↓ neutrophil apoptosis at high
concentrations in vivo and in vitro

↑ neutrophil at
inflammatory foci [131,149]

↑ bacterial phagocytic function proinflammatory [150]

eosinophils

calcium mobilization ↑ eosinophil chemotaxis ↑ eosinophil at allergic
inflammatory foci [112]

ob-Rb ↓ eosinophil spontaneous apoptosis ↑ eosinophil at allergic
inflammatory foci [151]

MAPK ↑ eosinophil migration, ↑ IL-1β, IL-6,
IL-8, GRO-α and MCP-1 Proinflammatory [155]

dendritic cells
↑ TNF-α, IL-1β, IL-6, and MIP-1α Proinflammatory [157]

STAT3-HK2 ↑ glycolytic metabolism Proinflammatory [159]

ILC2s ↑ proliferation ↑ ILC2s in the lung [122]

mast cells intracellular Ca2+ and
chemokine CCL3

↑ degranulation and histamine proinflammatory [163]

4. Obesity-Associated Asthma

Several studies indicated that obese asthma patients occurred more frequently in mild
to severe, female, non-allergic, late-onset asthma patients, with symptoms difficult to be
controlled, impaired lung function, and frequent exacerbations than non-obese patients
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with asthma [164–166]. Obesity increases systemic inflammatory cytokines and immune
cell recruitment [167]. Moderate obesity is accompanied by weight and fat gain, metabolic
disturbances, and low-grade systemic inflammation [168]. The underlying mechanisms of
the association between asthma and obesity have not been fully elucidated. There were sev-
eral hypothesized possibilities for the pathogenesis of obesity and asthma [169], including
genetic and environmental factors [170], lung volume and airway diameter reduction in
obese individuals [171], obesity comorbidities such as sleep-disordered breathing [172], and
last but not least, chronic obesity systemic low-grade inflammation [173]. Meanwhile, some
reports showed that the status of obesity systemic low-grade inflammation was reported
to elevate the levels of cytokines, chemokines, and leptin in the serum [174,175]. Obese
mice with ovalbumin sensitized and challenged exhibited lower eosinophil numbers in
BAL fluid at 24 h and 48 h, while higher eosinophil numbers at 72 h, higher eosinophil
infiltration in the bronchiolar segments, and higher levels of interleukin (IL)-5, TNF-α,
and IL-10 in BAL fluids than modeled lean mice [176]. Total numbers of macrophage and
eosinophil in BALF, AHR, and eosinophilic inflammation in the histopathological analysis
were increased in the OVA-obese group compared with the OVA-lean group. However, no
significant differences were observed in the unmodeled obese and lean groups [59,177].

Recently, several studies showed that leptin was related to advanced asthma symptoms
and airway hyperresponsiveness. However, few studies have demonstrated the effects of
leptin on obese asthmatic patients regarding airway inflammation [91,92]. Previous studies
about animal experiments have tried to decipher the relationship between leptin and obese
asthma. The high-fat-fed mice showed increased body weight, lipid profile alterations,
and high serum leptin compared with the lean mice [176]. The expressions of leptin and
leptin receptors in obese mice were enhanced compared to mice in the control group but
had no difference between obese mice and obese asthma mice [178]. Leptin elevated the
airway resistance in OVA-sensitized/challenged mice but had no apparent influence on
unmodeled mice, suggesting that leptin synergized with other substances to act rather
than alone [59]. It has been revealed that obesity-associated hyperleptinemia enhanced
the levels of the unfolded protein response factor XBP1s to elevate Th2 responses, leading
to asthma exacerbation [179]. Obese asthmatic mice sensitized and challenged by OVA
showed higher serum leptin levels, a higher number of neutrophils and lower numbers of
macrophages in BALF, and more severe inflammation of the airway in comparison with
non-obese asthmatic mice. At the same time, simvastatin could reverse the changes in
obese mice. Moreover, the neutrophil percentage in BALF had a positive correlation with
serum leptin levels [56].

Notably, a recent study has reported that OVA challenge in ob/ob mice (leptin-deficient
obese mice) elevated the infiltrated eosinophil in the lung and enhanced the levels of TNF-α
and IL-10 in BAL fluids while emigrating lower eosinophil in BAL fluids, and reduced
IL-6 levels in comparison with OVA challenge WT mice [180]. Obese-OVA mice showed
more severe airway inflammation, higher eosinophils in BALF, and higher leptin level than
non-obese OVA mice [177]. Roflumilast (a PDE-4 inhibitor) was reported to ameliorate
the eosinophil proliferation of BALF cells and serum levels of leptin in obese OVA mouse
models [13]. At the same time, the administration of IL-17 inhibitor reduced airway
inflammation and the leptin/adiponectin ratio in the obese-OVA mice [177]. Eosinophil
airway inflammation induced by IL-33 was decreased in ob/ob-modeled mice compared
with WT-modeled mice. In comparison, the administration of exogenous leptin reversed
the changes of IL-33-induced in ob/ob modeled mice [181].

Studies relating to animal models support the role of leptin in obesity asthma. How-
ever, most animal studies are based on eosinophil asthma, and few studies explored the
role of leptin in neutrophil asthma mouse models, although obese asthma was seen more
frequently in non-atopic asthma. Furthermore, future studies are suggested to demonstrate
the role of leptin with more regulatory mechanisms in obese-associated airway inflamma-
tion in the asthma mouse model, and whether there is a regulatory feedback mechanism
remains unclear.
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Weight loss was reported to reduce circulating leptin concentration [182,183] and
improve the symptoms of asthma [184,185]. Reduced levels of leptin after moderate or mas-
sive weight loss were a predictor for lung function improvements in obese adolescents [91].
Bariatric surgery (BS) led to a significant weight loss at 12 months. FEV1, total lung capacity,
functional residual capacity, asthma control, and systemic inflammation markers (CRP and
leptin) were improved in the asthma group with BS [186]. Maniscalco et al. found that
asthma control was improved after weight loss in women patients undergoing bariatric
surgery [187]. Johnson et al. reported oxidative stress markers were reduced after the
caloric restriction in asthma patients [101]. While another study reported that dietary-
induced weight loss failed to improve airway hyperreactivity in patients [188]. Altogether,
these results indicate that weight control needs to be considered in the treatment of asthma
with obesity.

5. Conclusions

Leptin is implicated in the pathophysiological and cellular mechanisms of the devel-
opment of asthma. Studies involved in the cellular immune responses and asthma animal
models have provided vital insights into the deleterious role of leptin in asthma. Epidemio-
logical studies mainly demonstrated the correlation of leptin with asthma development
from some perspectives. There is no doubt that leptin plays a pro-inflammatory role in
obese asthma. Certain investigations are needed to explore the mechanisms of leptin in the
complex process of asthma development and other phenotypes of asthma.

Author Contributions: Conceptualization, Y.W. and C.H.; Literature search, Y.W. and C.H.; writing—
original draft preparation, Y.W.; writing—review and editing, C.H.; visualization, Y.W. and C.H. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (No. 81873406).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Papi, A.; Brightling, C.; Pedersen, S.E.; Reddel, H.K. Asthma. Lancet 2018, 391, 783–800. [CrossRef] [PubMed]
2. Matsuda, K.; Nishi, Y.; Okamatsu, Y.; Kojima, M.; Matsuishi, T. Ghrelin and leptin: A link between obesity and allergy? J. Allergy

Clin. Immunol. 2006, 117, 705–706. [CrossRef] [PubMed]
3. Bel, E.H. Clinical phenotypes of asthma. Curr. Opin. Pulm. Med. 2004, 10, 44–50. [CrossRef] [PubMed]
4. Harwood, H.J., Jr. The adipocyte as an endocrine organ in the regulation of metabolic homeostasis. Neuropharmacology 2012, 63, 57–75.

[CrossRef] [PubMed]
5. Lackey, D.E.; Olefsky, J.M. Regulation of metabolism by the innate immune system. Nat. Rev. Endocrinol. 2016, 12, 15–28.

[CrossRef]
6. Zhang, X.; Zheng, J.; Zhang, L.; Liu, Y.; Chen, G.P.; Zhang, H.P.; Wang, L.; Kang, Y.; Wood, L.G.; Wang, G. Systemic inflammation

mediates the detrimental effects of obesity on asthma control. Allergy Asthma. Proc. 2018, 39, 43–50. [CrossRef]
7. Bantulà, M.; Roca-Ferrer, J.; Arismendi, E.; Picado, C. Asthma and Obesity: Two Diseases on the Rise and Bridged by Inflammation.

J. Clin. Med. 2021, 10, 169. [CrossRef]
8. Peters, U.; Dixon, A.E.; Forno, E. Obesity and asthma. J. Allergy Clin. Immunol. 2018, 141, 1169–1179. [CrossRef]
9. Sharma, V.; Cowan, D.C. Obesity, Inflammation, and Severe Asthma: An Update. Curr. Allergy Asthma Rep. 2021, 21, 46.

[CrossRef]
10. Sood, A. Obesity, adipokines, and lung disease. J. Appl. Physiol. 2010, 108, 744–753. [CrossRef]
11. Jartti, T.; Saarikoski, L.; Jartti, L.; Lisinen, I.; Jula, A.; Huupponen, R.; Viikari, J.; Raitakari, O.T. Obesity, adipokines and asthma.

Allergy 2009, 64, 770–777. [CrossRef] [PubMed]
12. Lumeng, C.N.; Bodzin, J.L.; Saltiel, A.R. Obesity induces a phenotypic switch in adipose tissue macrophage polarization. J. Clin.

Investig. 2007, 117, 175–184. [CrossRef] [PubMed]
13. Park, H.J.; Lee, J.H.; Park, Y.H.; Han, H.; Sim da, W.; Park, K.H.; Park, J.W. Roflumilast Ameliorates Airway Hyperresponsiveness

Caused by Diet-Induced Obesity in a Murine Model. Am. J. Respir. Cell Mol. Biol. 2016, 55, 82–91. [CrossRef] [PubMed]
14. Sideleva, O.; Suratt, B.T.; Black, K.E.; Tharp, W.G.; Pratley, R.E.; Forgione, P.; Dienz, O.; Irvin, C.G.; Dixon, A.E. Obesity and

asthma: An inflammatory disease of adipose tissue not the airway. Am. J. Respir. Crit. Care Med. 2012, 186, 598–605. [CrossRef]
15. Verrotti, A.; Basciani, F.; Morgese, G.; Chiarelli, F. Leptin levels in non-obese and obese children and young adults with type 1

diabetes mellitus. Eur. J. Endocrinol. 1998, 139, 49–53. [CrossRef] [PubMed]

http://doi.org/10.1016/S0140-6736(17)33311-1
http://www.ncbi.nlm.nih.gov/pubmed/29273246
http://doi.org/10.1016/j.jaci.2005.11.007
http://www.ncbi.nlm.nih.gov/pubmed/16522475
http://doi.org/10.1097/00063198-200401000-00008
http://www.ncbi.nlm.nih.gov/pubmed/14749605
http://doi.org/10.1016/j.neuropharm.2011.12.010
http://www.ncbi.nlm.nih.gov/pubmed/22200617
http://doi.org/10.1038/nrendo.2015.189
http://doi.org/10.2500/aap.2018.39.4096
http://doi.org/10.3390/jcm10020169
http://doi.org/10.1016/j.jaci.2018.02.004
http://doi.org/10.1007/s11882-021-01024-9
http://doi.org/10.1152/japplphysiol.00838.2009
http://doi.org/10.1111/j.1398-9995.2008.01872.x
http://www.ncbi.nlm.nih.gov/pubmed/19210351
http://doi.org/10.1172/JCI29881
http://www.ncbi.nlm.nih.gov/pubmed/17200717
http://doi.org/10.1165/rcmb.2015-0345OC
http://www.ncbi.nlm.nih.gov/pubmed/26756251
http://doi.org/10.1164/rccm.201203-0573OC
http://doi.org/10.1530/eje.0.1390049
http://www.ncbi.nlm.nih.gov/pubmed/9703378


Biomolecules 2022, 12, 1780 12 of 18

16. Ronti, T.; Lupattelli, G.; Mannarino, E. The endocrine function of adipose tissue: An update. Clin. Endocrinol. 2006, 64, 355–365.
[CrossRef]

17. Loffreda, S.; Yang, S.Q.; Lin, H.Z.; Karp, C.L.; Brengman, M.L.; Wang, D.J.; Klein, A.S.; Bulkley, G.B.; Bao, C.; Noble, P.W.; et al.
Leptin regulates proinflammatory immune responses. FASEB J. 1998, 12, 57–65. [CrossRef]

18. Shore, S.A.; Johnston, R.A. Obesity and asthma. Pharmacol. Ther. 2006, 110, 83–102. [CrossRef]
19. Lugogo, N.L.; Kraft, M.; Dixon, A.E. Does obesity produce a distinct asthma phenotype? J. Appl. Physiol. 2010, 108, 729–734.

[CrossRef]
20. Bhatt, S.P.; Guleria, R.; Kabra, S.K. Metabolic alterations and systemic inflammation in overweight/obese children with obstructive

sleep apnea. PLoS ONE 2021, 16, e0252353. [CrossRef]
21. He, Y.; Zhou, L.Q.; Hu, Y.; Cheng, Q.; Niu, X. Serum leptin differs in children with obstructive sleep apnea: A meta-analysis and

PRISMA compliant article. Medicine 2022, 101, e30986. [CrossRef] [PubMed]
22. Qiao, Y.X.; Xiao, Y. Asthma and Obstructive Sleep Apnea. Chin. Med. J. 2015, 128, 2798–2804. [CrossRef] [PubMed]
23. Wang, R.; Mihaicuta, S.; Tiotiu, A.; Corlateanu, A.; Ioan, I.C.; Bikov, A. Asthma and obstructive sleep apnoea in adults and

children—An up-to-date review. Sleep Med. Rev. 2022, 61, 101564. [CrossRef] [PubMed]
24. Ip, M.S.; Lam, B.; Ng, M.M.; Lam, W.K.; Tsang, K.W.; Lam, K.S. Obstructive sleep apnea is independently associated with insulin

resistance. Am. J. Respir. Crit. Care Med. 2002, 165, 670–676. [CrossRef] [PubMed]
25. Drager, L.F.; Brunoni, A.R.; Jenner, R.; Lorenzi-Filho, G.; Benseñor, I.M.; Lotufo, P.A. Effects of CPAP on body weight in patients

with obstructive sleep apnoea: A meta-analysis of randomised trials. Thorax 2015, 70, 258–264. [CrossRef]
26. Karamanlı, H.; Özol, D.; Ugur, K.S.; Yıldırım, Z.; Armutçu, F.; Bozkurt, B.; Yigitoglu, R. Influence of CPAP treatment on airway

and systemic inflammation in OSAS patients. Sleep Breath 2014, 18, 251–256. [CrossRef]
27. Drummond, M.; Winck, J.C.; Guimarães, J.T.; Santos, A.C.; Almeida, J.; Marques, J.A. Autoadjusting-CPAP effect on serum leptin

concentrations in obstructive sleep apnoea patients. BMC Pulm. Med. 2008, 8, 21. [CrossRef]
28. Garcia, J.M.; Sharafkhaneh, H.; Hirshkowitz, M.; Elkhatib, R.; Sharafkhaneh, A. Weight and metabolic effects of CPAP in

obstructive sleep apnea patients with obesity. Respir. Res. 2011, 12, 80. [CrossRef]
29. Zhang, P.; Liu, J.; Long, S.; Xie, X.; Guo, Y. Association between continuous positive airway pressure and changes in serum leptin

in patients with obstructive sleep apnoea: A meta-analysis. Sleep Breath 2014, 18, 695–702. [CrossRef]
30. Ip, M.S.; Lam, K.S.; Ho, C.; Tsang, K.W.; Lam, W. Serum leptin and vascular risk factors in obstructive sleep apnea. Chest 2000,

118, 580–586. [CrossRef]
31. Grandi Silva, A.; Duarte Freitas, P.; Ferreira, P.G.; Stelmach, R.; Carvalho-Pinto, R.M.; Salge, J.M.; Arruda Martins, M.; Carvalho,

C.R.F. Effects of weight loss on dynamic hyperinflation in obese women asthmatics. J. Appl. Physiol. 2019, 126, 413–421. [CrossRef]
[PubMed]

32. de Luis, D.A.; Perez Castrillón, J.L.; Dueñas, A. Leptin and obesity. Minerva. Med. 2009, 100, 229–236. [PubMed]
33. Bruno, A.; Pace, E.; Chanez, P.; Gras, D.; Vachier, I.; Chiappara, G.; La Guardia, M.; Gerbino, S.; Profita, M.; Gjomarkaj, M. Leptin

and leptin receptor expression in asthma. J. Allergy Clin. Immunol. 2009, 124, 230–237.e4. [CrossRef] [PubMed]
34. Vernooy, J.H.; Drummen, N.E.; van Suylen, R.J.; Cloots, R.H.; Möller, G.M.; Bracke, K.R.; Zuyderduyn, S.; Dentener, M.A.;

Brusselle, G.G.; Hiemstra, P.S.; et al. Enhanced pulmonary leptin expression in patients with severe COPD and asymptomatic
smokers. Thorax 2009, 64, 26–32. [CrossRef] [PubMed]

35. Kelesidis, T.; Kelesidis, I.; Chou, S.; Mantzoros, C.S. Narrative review: The role of leptin in human physiology: Emerging clinical
applications. Ann. Intern. Med. 2010, 152, 93–100. [CrossRef] [PubMed]

36. Zhang, F.; Basinski, M.B.; Beals, J.M.; Briggs, S.L.; Churgay, L.M.; Clawson, D.K.; DiMarchi, R.D.; Furman, T.C.; Hale, J.E.; Hsiung,
H.M.; et al. Crystal structure of the obese protein leptin-E100. Nature 1997, 387, 206–209. [CrossRef] [PubMed]

37. Birsoy, K.; Soukas, A.; Torrens, J.; Ceccarini, G.; Montez, J.; Maffei, M.; Cohen, P.; Fayzikhodjaeva, G.; Viale, A.; Socci, N.D.; et al.
Cellular program controlling the recovery of adipose tissue mass: An in vivo imaging approach. Proc. Natl. Acad. Sci. USA 2008,
105, 12985–12990. [CrossRef]

38. Mantovani, R. The molecular biology of the CCAAT-binding factor NF-Y. Gene 1999, 239, 15–27. [CrossRef]
39. Lu, Y.H.; Dallner, O.S.; Birsoy, K.; Fayzikhodjaeva, G.; Friedman, J.M. Nuclear Factor-Y is an adipogenic factor that regulates

leptin gene expression. Mol. Metab. 2015, 4, 392–405. [CrossRef]
40. Umetsu, D.T. Mechanisms by which obesity impacts upon asthma. Thorax 2017, 72, 174–177. [CrossRef]
41. Bastard, J.P.; Maachi, M.; Lagathu, C.; Kim, M.J.; Caron, M.; Vidal, H.; Capeau, J.; Feve, B. Recent advances in the relationship

between obesity, inflammation, and insulin resistance. Eur. Cytokine Netw. 2006, 17, 4–12. [PubMed]
42. Grunfeld, C.; Zhao, C.; Fuller, J.; Pollack, A.; Moser, A.; Friedman, J.; Feingold, K.R. Endotoxin and cytokines induce expression of

leptin, the ob gene product, in hamsters. J. Clin. Investig. 1996, 97, 2152–2157. [CrossRef] [PubMed]
43. Sarraf, P.; Frederich, R.C.; Turner, E.M.; Ma, G.; Jaskowiak, N.T.; Rivet, D.J., 3rd; Flier, J.S.; Lowell, B.B.; Fraker, D.L.; Alexander,

H.R. Multiple cytokines and acute inflammation raise mouse leptin levels: Potential role in inflammatory anorexia. J. Exp. Med.
1997, 185, 171–175. [CrossRef] [PubMed]

44. Netzer, N.; Gatterer, H.; Faulhaber, M.; Burtscher, M.; Pramsohler, S.; Pesta, D. Hypoxia, Oxidative Stress and Fat. Biomolecules
2015, 5, 1143–1150. [CrossRef] [PubMed]

45. Trayhurn, P. Hypoxia and adipose tissue function and dysfunction in obesity. Physiol. Rev. 2013, 93, 1–21. [CrossRef] [PubMed]

http://doi.org/10.1111/j.1365-2265.2006.02474.x
http://doi.org/10.1096/fsb2fasebj.12.1.57
http://doi.org/10.1016/j.pharmthera.2005.10.002
http://doi.org/10.1152/japplphysiol.00845.2009
http://doi.org/10.1371/journal.pone.0252353
http://doi.org/10.1097/MD.0000000000030986
http://www.ncbi.nlm.nih.gov/pubmed/36254000
http://doi.org/10.4103/0366-6999.167361
http://www.ncbi.nlm.nih.gov/pubmed/26481749
http://doi.org/10.1016/j.smrv.2021.101564
http://www.ncbi.nlm.nih.gov/pubmed/34902822
http://doi.org/10.1164/ajrccm.165.5.2103001
http://www.ncbi.nlm.nih.gov/pubmed/11874812
http://doi.org/10.1136/thoraxjnl-2014-205361
http://doi.org/10.1007/s11325-012-0761-8
http://doi.org/10.1186/1471-2466-8-21
http://doi.org/10.1186/1465-9921-12-80
http://doi.org/10.1007/s11325-014-0941-9
http://doi.org/10.1378/chest.118.3.580
http://doi.org/10.1152/japplphysiol.00341.2018
http://www.ncbi.nlm.nih.gov/pubmed/30521428
http://www.ncbi.nlm.nih.gov/pubmed/19182739
http://doi.org/10.1016/j.jaci.2009.04.032
http://www.ncbi.nlm.nih.gov/pubmed/19539983
http://doi.org/10.1136/thx.2007.085423
http://www.ncbi.nlm.nih.gov/pubmed/18835960
http://doi.org/10.7326/0003-4819-152-2-201001190-00008
http://www.ncbi.nlm.nih.gov/pubmed/20083828
http://doi.org/10.1038/387206a0
http://www.ncbi.nlm.nih.gov/pubmed/9144295
http://doi.org/10.1073/pnas.0805621105
http://doi.org/10.1016/S0378-1119(99)00368-6
http://doi.org/10.1016/j.molmet.2015.02.002
http://doi.org/10.1136/thoraxjnl-2016-209130
http://www.ncbi.nlm.nih.gov/pubmed/16613757
http://doi.org/10.1172/JCI118653
http://www.ncbi.nlm.nih.gov/pubmed/8621806
http://doi.org/10.1084/jem.185.1.171
http://www.ncbi.nlm.nih.gov/pubmed/8996253
http://doi.org/10.3390/biom5021143
http://www.ncbi.nlm.nih.gov/pubmed/26061760
http://doi.org/10.1152/physrev.00017.2012
http://www.ncbi.nlm.nih.gov/pubmed/23303904


Biomolecules 2022, 12, 1780 13 of 18

46. Nakae, S.; Komiyama, Y.; Yokoyama, H.; Nambu, A.; Umeda, M.; Iwase, M.; Homma, I.; Sudo, K.; Horai, R.; Asano, M.; et al. IL-1
is required for allergen-specific Th2 cell activation and the development of airway hypersensitivity response. Int. Immunol. 2003,
15, 483–490. [CrossRef] [PubMed]

47. Kanehiro, A.; Lahn, M.; Mäkelä, M.J.; Dakhama, A.; Joetham, A.; Rha, Y.H.; Born, W.; Gelfand, E.W. Requirement for the p75
TNF-alpha receptor 2 in the regulation of airway hyperresponsiveness by gamma delta T cells. J. Immunol. 2002, 169, 4190–4197.
[CrossRef]

48. Wauman, J.; Tavernier, J. Leptin receptor signaling: Pathways to leptin resistance. Front. Biosci. 2011, 16, 2771–2793. [CrossRef]
49. Jung, C.H.; Kim, M.S. Molecular mechanisms of central leptin resistance in obesity. Arch. Pharm. Res. 2013, 36, 201–207. [CrossRef]
50. Considine, R.V.; Caro, J.F. Leptin and the regulation of body weight. Int. J. Biochem. Cell Biol 1997, 29, 1255–1272. [CrossRef]
51. Childs, G.V.; Odle, A.K.; MacNicol, M.C.; MacNicol, A.M. The Importance of Leptin to Reproduction. Endocrinology 2021, 162,

bqaa204. [CrossRef] [PubMed]
52. Cui, H.; López, M.; Rahmouni, K. The cellular and molecular bases of leptin and ghrelin resistance in obesity. Nat. Rev. Endocrinol.

2017, 13, 338–351. [CrossRef] [PubMed]
53. Klok, M.D.; Jakobsdottir, S.; Drent, M.L. The role of leptin and ghrelin in the regulation of food intake and body weight in humans:

A review. Obes. Rev. 2007, 8, 21–34. [CrossRef] [PubMed]
54. Alcazar, M.A.; Boehler, E.; Rother, E.; Amann, K.; Vohlen, C.; von Hörsten, S.; Plank, C.; Dötsch, J. Early postnatal hyperali-

mentation impairs renal function via SOCS-3 mediated renal postreceptor leptin resistance. Endocrinology 2012, 153, 1397–1410.
[CrossRef] [PubMed]

55. Galic, S.; Oakhill, J.S.; Steinberg, G.R. Adipose tissue as an endocrine organ. Mol. Cell Endocrinol. 2010, 316, 129–139. [CrossRef]
56. Han, W.; Li, J.; Tang, H.; Sun, L. Treatment of obese asthma in a mouse model by simvastatin is associated with improving

dyslipidemia and decreasing leptin level. Biochem. Biophys. Res. Commun. 2017, 484, 396–402. [CrossRef] [PubMed]
57. Yuksel, H.; Sogut, A.; Yilmaz, O.; Onur, E.; Dinc, G. Role of adipokines and hormones of obesity in childhood asthma. Allergy

Asthma Immunol. Res. 2012, 4, 98–103. [CrossRef]
58. Jain, M.; Budinger, G.R.; Lo, A.; Urich, D.; Rivera, S.E.; Ghosh, A.K.; Gonzalez, A.; Chiarella, S.E.; Marks, K.; Donnelly, H.K.; et al.

Leptin promotes fibroproliferative acute respiratory distress syndrome by inhibiting peroxisome proliferator-activated receptor-γ.
Am. J. Respir. Crit. Care Med. 2011, 183, 1490–1498. [CrossRef]

59. Shore, S.A.; Schwartzman, I.N.; Mellema, M.S.; Flynt, L.; Imrich, A.; Johnston, R.A. Effect of leptin on allergic airway responses in
mice. J. Allergy Clin. Immunol. 2005, 115, 103–109. [CrossRef]

60. Takahashi, T.; Yu, F.; Saegusa, S.; Sumino, H.; Nakahashi, T.; Iwai, K.; Morimoto, S.; Kurabayashi, M.; Kanda, T. Impaired
expression of cardiac adiponectin in leptin-deficient mice with viral myocarditis. Int. Heart J. 2006, 47, 107–123. [CrossRef]

61. Webb, S.R.; Loria, R.M.; Madge, G.E.; Kibrick, S. Susceptibility of mice to group B coxsackie virus is influenced by the diabetic
gene. J. Exp. Med. 1976, 143, 1239–1248. [CrossRef] [PubMed]

62. Qin, L.; Tan, Y.R.; Hu, C.P.; Liu, X.A.; He, R.X. Leptin Is Oversecreted by Respiratory Syncytial Virus-Infected Bronchial Epithelial
Cells and Regulates Th2 and Th17 Cell Differentiation. Int. Arch. Allergy Immunol. 2015, 167, 65–71. [CrossRef] [PubMed]

63. Smith, A.G.; Sheridan, P.A.; Harp, J.B.; Beck, M.A. Diet-induced obese mice have increased mortality and altered immune
responses when infected with influenza virus. J. Nutr. 2007, 137, 1236–1243. [CrossRef] [PubMed]

64. La Cava, A.; Matarese, G. The weight of leptin in immunity. Nat. Rev. Immunol. 2004, 4, 371–379. [CrossRef]
65. Watowich, S.S.; Wu, H.; Socolovsky, M.; Klingmuller, U.; Constantinescu, S.N.; Lodish, H.F. Cytokine receptor signal transduction

and the control of hematopoietic cell development. Annu. Rev. Cell Dev. Biol. 1996, 12, 91–128. [CrossRef]
66. Wang, M.Y.; Zhou, Y.T.; Newgard, C.B.; Unger, R.H. A novel leptin receptor isoform in rat. FEBS Lett. 1996, 392, 87–90. [CrossRef]
67. Houseknecht, K.L.; Baile, C.A.; Matteri, R.L.; Spurlock, M.E. The biology of leptin: A review. J. Anim. Sci. 1998, 76, 1405–1420.

[CrossRef]
68. Vernooy, J.H.; Ubags, N.D.; Brusselle, G.G.; Tavernier, J.; Suratt, B.T.; Joos, G.F.; Wouters, E.F.; Bracke, K.R. Leptin as regulator of

pulmonary immune responses: Involvement in respiratory diseases. Pulm. Pharm. 2013, 26, 464–472. [CrossRef]
69. Bjørbaek, C.; Uotani, S.; da Silva, B.; Flier, J.S. Divergent signaling capacities of the long and short isoforms of the leptin receptor.

J. Biol. Chem. 1997, 272, 32686–32695. [CrossRef]
70. Dam, J.; Jockers, R. Hunting for the functions of short leptin receptor isoforms. Mol. Metab. 2013, 2, 327–328. [CrossRef]
71. Baumann, H.; Morella, K.K.; White, D.W.; Dembski, M.; Bailon, P.S.; Kim, H.; Lai, C.F.; Tartaglia, L.A. The full-length leptin

receptor has signaling capabilities of interleukin 6-type cytokine receptors. Proc. Natl. Acad. Sci. USA 1996, 93, 8374–8378.
[CrossRef] [PubMed]
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