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Introduction
Obesity is recognized by the World Health Organization as the 
pandemic of the 21st century.1 It is characterized by the excessive 
accumulation and dysfunction of adipose tissue, as well as system-
ic-grade inflammation with potentially negative health outcomes. 
This dysfunction involves imbalanced adipokine secretion and dis-
rupted cellular communication mediated by extracellular vesicles 
like exosomes.2 Continuous deviation of biological parameters 

(infra- or supraphysiological responses) due to prolonged stress-
ors leads to wear and tear on the regulatory systems. This bur-
den, or cost of adaptation, reflects the prevalence of the allostatic 
state, commonly known as allostatic load. If the over-activation 
of allostatic responses persists over time, it can result in illness 
and become life-threatening, a condition referred to as allostatic 
overload.3 This leads to the onset and development of chronic dis-
eases and increases mortality risk. In the context of this article, 
these disruptions detrimentally affect metabolic equilibrium and 
are closely tied to metabolic diseases, including chronic inflamma-
tion, insulin resistance (IR), lipid overload, organelle stress, and 
subsequent modulation of gene expression. Consequently, obesity 
increases susceptibility to cardiovascular diseases, type 2 diabetes 
mellitus (T2DM), chronic kidney disease, and various cancers.4–7 
Adipose tissue releases adipokines such as tumor necrosis factor-
alpha, which drives cellular and systemic inflammation, and leptin, 
which regulates appetite and sympathetic nervous activity. Para-
doxically, obese individuals exhibit leptin resistance, possibly due 
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to blood-brain barrier (BBB) saturation, rendering exogenous lep-
tin administration ineffective in treating obesity.8

Preliminary data show that reduced sensitivity to leptin leads 
to diet-induced obesity.9 Hyperleptinemia serves as a marker of 
leptin resistance (LR); however, the precise diagnosis or explana-
tion of LR remains elusive.10 Despite this, LR is closely associated 
with obesity and is directly correlated with the amount of adipose 
tissue an individual possesses.11 This, in turn, influences the devel-
opment of metabolic diseases, whose pathophysiology converges 
in obesity and IR.12,13 Thus, there is a correlation between genet-
ics, dietary habits, and leptin deficiency in metabolic syndrome 
(MS).14 This review aimed to discuss the intricate molecular rela-
tionships between leptin, obesity, and IR.

Procedure of the review

Protocol and registration
This bioinformatics-assisted review was conducted and reported 
according to previously published procedures.15,16 The study is 
part of “The Project ATA”, a multicenter study developed by the 
DBSS Research Division (ClinicalTrials.gov ID NCT05758311) 
in cooperation with several universities and research centers across 
America and Europe. Procedures were published and made freely 
available to avoid unnecessary duplication.17

Search strategy and information sources
The PubMed/MEDLINE, ScienceDirect, and Google Scholar da-
tabases were searched using the keywords “leptin”, “insulin resist-
ance”, and “obesity”.

Manual curation and bioinformatics-assisted review
The bioinformatics-assisted review addresses the lack of systema-
tization in reviews that aimed at updating and/or analyzing phe-
nomena at the molecular level. To overcome the subjective and 
time-consuming manual extraction of information, this approach 
utilizes experimentally validated, high-level, manually curated, 
and reproducible data (open-source bioinformatics tools). The 
prioritization of biological elements was based on pathways and 
the regulation of leptin metabolism and signaling. In this study, 
several public databases and repositories were accessed to retrieve 
manually curated biological information, including UniProtKB 
(https://www.uniprot.org/),18 PDB (https://www.rcsb.org/),19 En-
sembl (https://www.ensembl.org/index.html),20 Gene Ontology 
Resource (http://geneontology.org/),21 The Human Protein Atlas 
(https://www.proteinatlas.org/),22 and BioGPS–Gene Portal Sys-
tem (http://biogps.org/).23 Readers may refer to our recent article 
for a selection of widely used online bioinformatics databases and 
an accompanying website that includes additional information 
(https://sites.google.com/view/compgenomtools/).24

Findings presentation
The functional annotations were discussed within the literature 
review and expert clinical interpretation as follows: i) Obesity, 
leptin resistance, and metabolic syndrome; ii) Relevant molec-
ular mechanisms of leptin resistance; iii) Convergence of mo-
lecular pathways between leptin and insulin resistance; and iv) 
Conclusions.

Obesity, leptin resistance, and metabolic syndrome
MS comprises a group of conditions that collectively increase the 

risk of cardiovascular diseases and T2DM.25 In 2009, the Interna-
tional Diabetes Federation, in partnership with the American Heart 
Association and the National Heart, Lung, and Blood Institute, 
established the criteria for diagnosing MS. These criteria include 
abdominal girth (based on population/regional cut-off points), 
low levels of high-density lipoprotein cholesterol, elevated fast-
ing glucose, elevated triglycerides, and increased blood pressure. 
A diagnosis requires the presence of at least three out of these five 
components, providing a comprehensive framework for identify-
ing individuals at risk.26

Obesity emerges as a significant precursor to MS, resulting 
from complex interactions among genetic, behavioral, and en-
vironmental factors.27 Unhealthy lifestyle habits, such as inad-
equate sleep, physical inactivity, and excessive food intake, con-
tribute to weight gain,28 leading to increased blood leptin levels. 
This elevation prompts IR, which aligns with oxidative stress and 
mitochondrial dysfunction, both central to the pathophysiology 
of T2DM.29

It is now clear that obesity contributes to MS, further exacer-
bated by LR.30 Hyperleptinemia, which serves as a biomarker, 
is associated with MS due to the abundance of leptin receptors 
(LEPR, also known as OB-R) in pancreatic tissue. Dysfunction 
of these receptors can lead to diabetes.31 Moreover, hyperleptine-
mia has been associated with various cardiac diseases, hyperten-
sion, and stroke, thereby exacerbating MS.32 Although limited 
evidence initially reported promising results,33,34 the treatment 
with exogenous leptin for weight management has proven inef-
fective.35,36 Currently, the use of glucagon-like peptide-1 recep-
tor agonists, such as Wegovy®, is a clinical option approved by 
the U.S. Food and Drug Administration, but further research is 
warranted to confirm its utility and identify side effects.37 Avail-
able data suggest that increased visceral fat, rather than obesity 
per se, induces MS by triggering cytokine release from mac-
rophages, activating inflammatory signaling cascades, and caus-
ing the accumulation of reactive oxygen species (ROS) resulting 
from endoplasmic reticulum (ER) dysfunction.4,38,39 Interest-
ingly, several studies have demonstrated positive results for MS 
management through physical activity, emphasizing exercise as a 
form of medicine.40–42

Relevant molecular mechanisms of leptin resistance
Table 1 summarizes the characteristics and expression patterns of 
all proteins discussed in this bioinformatics-assisted review for 
functional annotation and cross-referencing.

LR is depicted as a self-perpetuating cycle in which elevated 
leptin levels in the bloodstream contribute to heightened resist-
ance, while an adequate amount of leptin is essential for its role 
as an anorexigenic hormone. In certain instances, diet-induced 
obesity is initiated by preexisting reductions in leptin sensitiv-
ity.9 The secretion of adipokines, such as leptin, induces hyper-
leptinemia in the central nervous system, leading to insensitivity 
to LEPR, which favors LR and consequently promotes further 
obesity.9,43

Various underlying mechanisms of central and peripheral LR 
are known. Dysregulation of signaling in the hypothalamus can 
result from different causes, such as genetic mutations affecting 
not only the receptors but also protein complexes and secondary 
messengers, disrupting proper leptin signaling. For example, the 
SEL1L-HRD1 complex specific to proopiomelanocortin (POMC) 
neurons can trap LEPR in the ER by affecting its folding and matu-
ration.44 Additionally, increases in blood leptin concentration may 
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trigger downregulation and desensitization through the degrada-
tion of LEPR.8 Indeed, the primary determinant of LR is impaired 
responsiveness or reduced sensitivity of the brain to leptin, which 
is attributed to altered function in BBB transport mediated by 
short isoforms of LEPR (i.e., LEPR-a, LEPR-b, LEPR-c). These 
isoforms are involved in the cerebral uptake of leptin, mainly 
in brain areas related to energy and adipose tissue metabolism, 
thereby contributing to the development of obesity.45 Elevated 
blood triglyceride levels from the diet may also influence the 
low permeability of the BBB, hindering proper leptin transport 
to the brain and thus impeding its anorexigenic effect.46,47 How-
ever, leptin transport to the brain can be modulated. Evidence 
shows that high dietary salt intake and fasting can induce obesity 
by promoting hyperphagia and endogenous fructose production, 
which in turn trigger LR.48 Although LR via the BBB is widely 
acknowledged, Harrison et al.49 demonstrated through fluores-
cence labeling of leptin in obese rats that leptin passage through 
the BBB remains intact.

Upon binding to LEPR, leptin initiates a signaling cascade by 
activating the Janus kinase (JAK) 2 tyrosine kinase family, lead-
ing to physical interaction with Rho-kinase 1. This interaction pro-
motes the phosphorylation of tyrosine residues Y985, Y1077, and 
Y1138.50 Subsequently, tyrosine Y1138 binds to the Src homology 
2 domain of signal transducer and activator of transcription (STAT) 
3, initiating STAT3 phosphorylation. This phosphorylation induces 
the dimerization of STAT3 and STAT5, facilitating their transloca-
tion to the nucleus, where they act as gene regulators for neuropep-
tides such as POMC, agouti-related protein, and neuropeptide Y. 
Furthermore, to regulate LEPR signaling, STAT3 phosphorylation 
establishes a negative feedback mechanism by promoting the tran-
scription of suppressor of cytokine signaling 3.50

The presence of LR in obese individuals can also be attributed 
to other factors, including the direct inhibition of leptin bind-
ing to its receptors by C-reactive protein. This phenomenon is 
directly correlated with increased leptin bioavailability in obese 
individuals, leading to heightened C-reactive protein binding to 
LEPR at multiple sites, thereby modifying the pleiotropic ef-
fects of leptin.6–16,18–29 Additionally, overexpression of cytosolic 
suppressor of cytokine signaling 3 may block the downstream 
signaling pathway of LEPR, potentially induced by obesity-in-
duced hyperleptinemia.51,52 In LR, ER stress also affects leptin 
signaling, blocking the JAK2/STAT3 pathway triggered by leptin 
present in POMC neurons, potentially contributing to metabolic 
disturbances in the peripheral tissues of obese phenotypes (Fig. 
1a).53,54

Convergence of molecular pathways between leptin and 
insulin resistance
LEPR proteins are localized in pancreatic β cells, where leptin di-
rectly influences insulin gene expression, leading to a reduction in 
insulin secretion. This inhibitory effect operates through various 
pathways, including the blockade of glucose transport, reorganiza-
tion of the actin cytoskeleton, and activation of phosphodiesterase 
3B via the phosphatidylinositol 3-kinase pathway. The activation 
of phosphodiesterase 3B results in decreased cAMP levels, which 
affects the protein kinase A pathway, a crucial regulator of calcium 
channels and exocytosis. These intricate mechanisms collectively 
limit insulin release.31 However, recent studies by Zhang et al.55 
have revealed a novel aspect of this regulatory network. In vitro 
experiments conducted on pancreatic β-cells (INS-1E) demon-
strated that tumor necrosis factor-alpha, in conjunction with lep-

tin, reduces the phosphorylation level of forkhead box protein O1 
(FoxO1). FoxO1 is a pivotal player in insulin regulation and may 
function as a transcriptional regulator of LEPR expression. This 
regulatory action affects insulin stimulation by glucose and pro-
motes hyperinsulinemia (Fig. 2).56

In the brain, elevated levels of circulating leptin can lead to 
dysregulation by overactivation of the LEPR receptor, inducing 
ER stress and generating high levels of ROS.53 This surge in ROS 
may, in turn, trigger overactivation of the GTPase cell division 
control protein 42 homolog (Cdc42). Recent studies have linked 
dysregulation of the Rho GTPase Cdc42 to various diseases, in-
cluding cancer and IR. Under physiological conditions, Cdc42 
toggles between its inactive GDP-bound form and its active 
GTP-bound form, regulating signaling pathways involved in cel-
lular functions such as cell morphology, cell cycle control, actin 
cytoskeleton dynamics, vesicle trafficking, and cell polarity.57 
Additionally, Cdc42 participates in the second phase of glucose-
stimulated insulin secretion in the pancreas via the serine/thre-
onine-protein kinase PAK 1/RAF proto-oncogene serine/threo-
nine-protein kinase, Mitogen-activated protein kinase kinase 1/
extracellular signal-regulated kinase (MEK/ERK) axis,58,59 po-
tentially enhancing insulin expression through ERK1/2-mediated 
promotion of NeuroD1 nuclear translocation.60 In this bioinfor-
matics-assisted review, a plausible molecular pathway is suggest-
ed whereby ROS-induced activation of Cdc42, in conjunction 
with Rac1 protein, initiates inflammatory signaling pathways, 
particularly RAC-alpha serine/threonine-protein kinase (Akt), 
and serine/threonine-protein kinase PAK 1/mitogen-activated 
protein kinases (MAPKs) such as ERK1/2, MAPK 8 (JNK), 
and p38 MAPK. Upon activation, LEP/LEPR signaling upregu-
lates 72 kDa type IV collagenase (MMP2) expression through 
the activation of JNK within the MAPK pathway mediated by 
Cdc42. This dysregulation inhibits LEPR’s signal transduction 
ability by cleaving its extracellular domain via MMP2.61 This 
potential signaling pathway provides insights into the impact of 
adipokines originating from adipose tissue on pancreatic β cells, 
offering a possible explanation for the development of T2DM. 
However, experimental validation of this proposed pathway 
is required. Xie et al.62 observed activation of pMEK, pERK, 
pSTAT3, Rac1/Cdc42, pFAK, and vinculin in Sca-1+ progenitor 
cells. Additional research in neuronal cells is warranted to eluci-
date other molecular pathways (Fig. 1b).

Conclusions
Obesity, a widespread condition affecting individuals across di-
verse demographics, primarily results from an imbalance between 
calorie intake and energy expenditure. However, its development 
is multifactorial, involving complex interactions between genetic 
predisposition, environmental factors, and lifestyle habits. In this 
bioinformatics-assisted review, we summarize the close relation-
ship between obesity and metabolic disorders, with IR serving 
as an early indicator of potential MS. This link operates through 
complex molecular pathways, prominently featuring FoxO1/
LEPR and JAK/STAT3 signaling, and possibly involving Cdc42. 
Nevertheless, a comprehensive understanding of LR requires fur-
ther experimental validation to uncover the intricately associated 
molecular pathways. Such insights are crucial for devising novel 
therapeutic strategies for obesity management, such as glucagon-
like peptide-1 receptor agonists, beyond conventional approach-
es like leptin administration, which has proven challenging and 
ineffective. This review provides researchers and practitioners 
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with an up-to-date perspective and outlines future directions that 
will aid in refining our understanding and exploring innovative 
interventions for combating obesity.
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Fig. 1. Molecular mechanisms of leptin resistance-mediated endoplasmic reticulum stress in the hypothalamus. (a) In mammals without excess adiposity, 
leptin binds normally to LEPR, initiating the phosphorylation cascade of JAK2 and tyrosine residues within the intracellular domain of LEPR (Y985, Y1077, 
and Y1138). This phosphorylation event further leads to STAT3/5 activation. Negative feedback mechanisms from SOCS3 and PTP1B act to inhibit the re-
ceptor, ensuring that LEPR is not excessively activated. (b) In obese mammals, increased circulating leptin results in reduced LEPR expression across the 
blood-brain barrier. This overactivation of LEPR initiates an inflammatory signaling cascade that promotes LR possibly via the activation of the PI3K/Akt/
IκB/NF-κB pathway and the plausible activation of Cdc42, which in turn activates MAPKs like ERK1/2, JNK, and p38. The activation of JNK promotes the 
overexpression of MMP2. Created by the authors with BioRender (https://biorender.com/). AgRP, agouti-related protein; Akt, RAC-alpha serine/threonine-
protein kinase; BBB, blood-brain barrier; Cdc42, cell division control protein 42 homolog; ER, endoplasmic reticulum; ERK1/2, extracellular signal-regulated 
kinase 1/2; GRB2, growth factor receptor-bound protein 2; GTP, guanosine triphosphate; IκB, inhibitor of nuclear factor kappa-B kinase; JAK2, janus kinase 
2; JNK, mitogen-activated protein kinase 8 (also known as c-Jun N-terminal kinase); LEPR, leptin receptor; LR, leptin resistance; MAPK, mitogen-activated 
protein kinase; MMP2, 72 kDa type IV collagenase; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; NPY, neuropeptide Y; PAK, serine/
threonine-protein kinase PAK 1; PI3K, phosphatidylinositol 3-kinase; POMC, proopiomelanocortin; PTP1B, tyrosine-protein phosphatase non-receptor type 
1; Rac1, Ras-related C3 botulinum toxin substrate 1; ROCK, Rho-associated protein kinase 1; ROS, reactive oxygen species; SOCS3, suppressor of cytokine 
signaling 3; SOS, son of sevenless homolog; STAT 3/5, signal transducer and activator of transcription 3/5.

https://doi.org/10.14218/GE.2024.00039
https://biorender.com/


DOI: 10.14218/GE.2024.00039  |  Volume 00 Issue 00, Month Year6

Gómez W.A. et al: Leptin & obesity-induced insulin resistanceGene Expr

are available in the bioinformatics repositories. All identifier num-
bers are listed in Table 1.

References
[1]	 Bray GA. Obesity: a 100 year perspective. Int J Obes (Lond) 2024. 

doi:10.1038/s41366-024-01530-6, PMID:38714830.
[2]	 Cannataro R, Abrego-Guandique DM, Caroleo MC, Bonilla DA, Cione 

E. MicroRNAs and Diet-induced Weight Loss: What’s the Link? Micro-
rna 2023;12(3):205–209. doi:10.2174/012211536625795023092109
5548, PMID:37815176.

[3]	 Bobba-Alves N, Juster RP, Picard M. The energetic cost of allostasis 
and allostatic load. Psychoneuroendocrinology 2022;146:105951. 
doi:10.1016/j.psyneuen.2022.105951, PMID:36302295.

[4]	 Hayden MR. Overview and New Insights into the Metabolic Syn-
drome: Risk Factors and Emerging Variables in the Development 
of Type 2 Diabetes and Cerebrocardiovascular Disease. Medicina 
(Kaunas) 2023;59(3):561. doi:10.3390/medicina59030561, PMID: 

36984562.
[5]	 Fahed G, Aoun L, Bou Zerdan M, Allam S, Bou Zerdan M, Boufer-

raa Y, et al. Metabolic Syndrome: Updates on Pathophysiology and 
Management in 2021. Int J Mol Sci 2022;23(2):786. doi:10.3390/
ijms23020786, PMID:35054972.

[6]	 Paneru BD, Hill DA. The role of extracellular vesicle-derived miRNAs 
in adipose tissue function and metabolic health. Immunometabolism 
(Cobham) 2023;5(3):e00027. doi:10.1097/IN9.0000000000000027, 
PMID:37501663.

[7]	 An SM, Cho SH, Yoon JC. Adipose Tissue and Metabolic Health. Dia-
betes Metab J 2023;47(5):595–611. doi:10.4093/dmj.2023.0011, 
PMID:37482656.

[8]	 Izquierdo AG, Crujeiras AB, Casanueva FF, Carreira MC. Leptin, Obe-
sity, and Leptin Resistance: Where Are We 25 Years Later? Nutrients 
2019;11(11):2704. doi:10.3390/nu11112704, PMID:31717265.

[9]	 de Git KCG, Peterse C, Beerens S, Luijendijk MCM, van der Plasse G, 
la Fleur SE, et al. Is leptin resistance the cause or the consequence 
of diet-induced obesity? Int J Obes (Lond) 2018;42(8):1445–1457. 
doi:10.1038/s41366-018-0111-4, PMID:29789721.

Fig. 2. β-cell dysfunction through the FOXO1/LEPR signaling pathway. Under normal conditions, leptin effectively regulates insulin metabolism in pancre-
atic β-cells through the JAK2/STAT3 and Akt/FoxO1 signaling pathways. However, in obese mammals, pancreatic β-cell dysregulation occurs. When the cell 
receives combined stimuli of TNF-α and leptin, it might stimulate the GSIS pathway, interfering with leptin-mediated negative regulation. TNF dephosphoryl-
ates FoxO1, which is then translocated directly to the nucleus, negatively inhibiting the LEPR promoter and inducing leptin resistance. Overactivation of LEPR 
might increase the levels of Cdc42, which is directly related to the secretion of insulin granules, as well as the activation of Cdc42 through the MEK/ERK/Neu-
roD1 axis, which induces insulin expression. This mechanism could promote leptin and insulin resistance. Created by the authors with BioRender (https://
biorender.com/) based on artwork published by Casado et al.56 – Creative Commons Attribution 4.0 International License (https://creativecommons.org/
licenses/by/4.0/). Akt, RAC-alpha serine/threonine-protein kinase; Cdc42, cell division control protein 42 homolog; ERK1/2, extracellular signal-regulated 
kinase 1/2; FoxO1, forkhead box protein O1; GRB2, growth factor receptor-bound protein 2; GTP, guanosine triphosphate; GSIS, glucose-stimulated insulin 
secretion; IRS 1/2, insulin receptor substrate 1/2; JAK2, janus kinase 2; LEPR, leptin receptor; MEK 1/2, Mitogen-activated protein kinase kinase 1/2; Neu-
roD1, neurogenic differentiation factor 1; PI3K, phosphatidylinositol 3-kinase; PTP1B, tyrosine-protein phosphatase non-receptor type 1; Rac1, Ras-related 
C3 botulinum toxin substrate 1; RIP, Receptor-interacting serine/threonine-protein kinase 1; ROCK, Rho-associated protein kinase 1; ROS, reactive oxygen 
species; SOCS3, suppressor of cytokine signaling 3; SOS, son of sevenless homolog; STAT 3/5, signal transducer and activator of transcription 3/5; TF, tran-
scription factor; TNF-α, tumor necrosis factor alpha; TNFR, tumor necrosis factor receptor.

https://doi.org/10.14218/GE.2024.00039
https://doi.org/10.1038/s41366-024-01530-6
http://www.ncbi.nlm.nih.gov/pubmed/38714830
https://doi.org/10.2174/0122115366257950230921095548
https://doi.org/10.2174/0122115366257950230921095548
http://www.ncbi.nlm.nih.gov/pubmed/37815176
https://doi.org/10.1016/j.psyneuen.2022.105951
http://www.ncbi.nlm.nih.gov/pubmed/36302295
https://doi.org/10.3390/medicina59030561
http://www.ncbi.nlm.nih.gov/pubmed/36984562
https://doi.org/10.3390/ijms23020786
https://doi.org/10.3390/ijms23020786
http://www.ncbi.nlm.nih.gov/pubmed/35054972
https://doi.org/10.1097/IN9.0000000000000027
http://www.ncbi.nlm.nih.gov/pubmed/37501663
https://doi.org/10.4093/dmj.2023.0011
http://www.ncbi.nlm.nih.gov/pubmed/37482656
https://doi.org/10.3390/nu11112704
http://www.ncbi.nlm.nih.gov/pubmed/31717265
https://doi.org/10.1038/s41366-018-0111-4
http://www.ncbi.nlm.nih.gov/pubmed/29789721
https://biorender.com/
https://biorender.com/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


DOI: 10.14218/GE.2024.00039  |  Volume 00 Issue 00, Month Year 7

Gómez W.A. et al: Leptin & obesity-induced insulin resistance Gene Expr

[10]	 Anche P, Maiya GA, Kamath SU, Shastry BA. Influence of a 12-week 
physical activity program on leptin resistance in metabolic syndrome: 
A preliminary study. Int J Diabetes Dev Ctries 2021;41:600–606. 
doi:10.1007/s13410-021-00928-6.

[11]	 Obradovic M, Sudar-Milovanovic E, Soskic S, Essack M, Arya S, 
Stewart AJ, et al. Leptin and Obesity: Role and Clinical Implication. 
Front Endocrinol (Lausanne) 2021;12:585887. doi:10.3389/fen-
do.2021.585887, PMID:34084149.

[12]	 Katsiki N, Mikhailidis DP, Banach M. Leptin, cardiovascular diseases 
and type 2 diabetes mellitus. Acta Pharmacol Sin 2018;39(7):1176–
1188. doi:10.1038/aps.2018.40, PMID:29877321.

[13]	 Owecki M, Nikisch E, Miczke A, Pupek-Musialik D, Sowiński J. Lep-
tin, soluble leptin receptors, free leptin index, and their relationship 
with insulin resistance and BMI: high normal BMI is the threshold for 
serum leptin increase in humans. Horm Metab Res 2010;42(8):585–
589. doi:10.1055/s-0030-1253422, PMID:20455195.

[14]	 Saklayen MG. The Global Epidemic of the Metabolic Syndrome. Curr 
Hypertens Rep 2018;20(2):12. doi:10.1007/s11906-018-0812-z, 
PMID:29480368.

[15]	 Bonilla DA, Kreider RB, Stout JR, Forero DA, Kerksick CM, Roberts MD, 
et al. Metabolic Basis of Creatine in Health and Disease: A Bioinfor-
matics-Assisted Review. Nutrients 2021;13(4):1238. doi:10.3390/
nu13041238, PMID:33918657.

[16]	 Bonilla DA, Moreno Y, Petro JL, Forero DA, Vargas-Molina S, Odriozola-
Martínez A, et al. A Bioinformatics-Assisted Review on Iron Metabo-
lism and Immune System to Identify Potential Biomarkers of Exercise 
Stress-Induced Immunosuppression. Biomedicines 2022;10(3):724. 
doi:10.3390/biomedicines10030724, PMID:35327526.

[17]	 Bonilla DA. PROTOCOL - Leptin Signaling and its Relationship with 
Obesity-Induced Insulin Resistance: A Bioinformatics-assisted Review 
[The Project ATA]. figshare. doi:10.6084/m9.figshare.26300440.

[18]	 The UniProt Consortium. UniProt: the universal protein knowledge-
base. Nucleic Acids Res 2017;45(D1):D158–D169. doi:10.1093/nar/
gkw1099, PMID:27899622.

[19]	 Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, Weissig H, 
et al. The Protein Data Bank. Nucleic Acids Res 2000;28(1):235–242. 
doi:10.1093/nar/28.1.235, PMID:10592235.

[20]	 Birney E, Andrews TD, Bevan P, Caccamo M, Chen Y, Clarke L, et 
al. An overview of Ensembl. Genome Res 2004;14(5):925–928. 
doi:10.1101/gr.1860604, PMID:15078858.

[21]	 Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et al. 
Gene ontology: tool for the unification of biology. The Gene Ontol-
ogy Consortium. Nat Genet 2000;25(1):25–29. doi:10.1038/75556, 
PMID:10802651.

[22]	 Thul PJ, Lindskog C. The human protein atlas: A spatial map of the 
human proteome. Protein Sci 2018;27(1):233–244. doi:10.1002/
pro.3307, PMID:28940711.

[23]	 Wu C, Jin X, Tsueng G, Afrasiabi C, Su AI. BioGPS: building your 
own mash-up of gene annotations and expression profiles. Nucle-
ic Acids Res 2016;44(D1):D313–D316. doi:10.1093/nar/gkv1104, 
PMID:26578587.

[24]	 Forero DA, Bonilla DA, González-Giraldo Y, Patrinos GP. An overview 
of key online resources for human genomics: a powerful and open 
toolbox for in silico research. Brief Funct Genomics 2024;elae029. 
doi:10.1093/bfgp/elae029, PMID:38993146.

[25]	 Davies MJ, Aroda VR, Collins BS, Gabbay RA, Green J, Maruthur 
NM, et al. Management of Hyperglycemia in Type 2 Diabetes, 2022. 
A Consensus Report by the American Diabetes Association (ADA) 
and the European Association for the Study of Diabetes (EASD). 
Diabetes Care 2022;45(11):2753–2786. doi:10.2337/dci22-0034, 
PMID:36148880.

[26]	 Alberti KG, Eckel RH, Grundy SM, Zimmet PZ, Cleeman JI, Donato KA, 
et al. Harmonizing the metabolic syndrome: a joint interim state-
ment of the International Diabetes Federation Task Force on Epide-
miology and Prevention; National Heart, Lung, and Blood Institute; 
American Heart Association; World Heart Federation; International 
Atherosclerosis Society; and International Association for the Study 
of Obesity. Circulation 2009;120(16):1640–1645. doi:10.1161/CIR-
CULATIONAHA.109.192644, PMID:19805654.

[27]	 Catalán V, Avilés-Olmos I, Rodríguez A, Becerril S, Fernández-
Formoso JA, Kiortsis D, et al. Time to Consider the “Exposome Hy-

pothesis” in the Development of the Obesity Pandemic. Nutrients 
2022;14(8):1597. doi:10.3390/nu14081597, PMID:35458158.

[28]	 Bonilla DA, Peralta-Alzate JO, Bonilla-Henao JA, Cannataro R, Cardozo 
LA, Vargas-Molina S, et al. Insights into Non-Exercise Physical Activity 
on Control of Body Mass: A Review with Practical Recommendations. 
J Funct Morphol Kinesiol 2023;8(2):44. doi:10.3390/jfmk8020044, 
PMID:37092376.

[29]	 Mosavat M, Mirsanjari M, Arabiat D, Smyth A, Whitehead L. The 
Role of Sleep Curtailment on Leptin Levels in Obesity and Diabetes 
Mellitus. Obes Facts 2021;14(2):214–221. doi:10.1159/000514095, 
PMID:33756469.

[30]	 Patel SB, Reams GP, Spear RM, Freeman RH, Villarreal D. Leptin: link-
ing obesity, the metabolic syndrome, and cardiovascular disease. 
Curr Hypertens Rep 2008;10(2):131–137. doi:10.1007/s11906-008-
0025-y, PMID:18474180.

[31]	 Marroquí L, Gonzalez A, Ñeco P, Caballero-Garrido E, Vieira E, Ripoll 
C, et al. Role of leptin in the pancreatic β-cell: effects and signaling 
pathways. J Mol Endocrinol 2012;49(1):R9–17. doi:10.1530/JME-12-
0025, PMID:22448029.

[32]	 Bochar OM, Sklyarova HY, Abrahamovych KY, Hromnats’ka NM, 
Bochar VT, Sklyarov EY. Metabolic syndrome, overweight, hyper-
leptinemia in children and adults. Wiad Lek 2021;74(2):313–316. 
PMID:33813493.

[33]	 Magkos F, Brennan A, Sweeney L, Kang ES, Doweiko J, Karchmer AW, 
et al. Leptin replacement improves postprandial glycemia and insulin 
sensitivity in human immunodeficiency virus-infected lipoatroph-
ic men treated with pioglitazone: a pilot study. Metabolism 
2011;60(7):1045–1049. doi:10.1016/j.metabol.2010.10.002, PMID: 
21081243.

[34]	 Vatier C, Gautier JF, Vigouroux C. Therapeutic use of recombi-
nant methionyl human leptin. Biochimie 2012;94(10):2116–2125. 
doi:10.1016/j.biochi.2012.03.013, PMID:22464954.

[35]	 Mittendorfer B, Horowitz JF, DePaoli AM, McCamish MA, Patterson 
BW, Klein S. Recombinant human leptin treatment does not im-
prove insulin action in obese subjects with type 2 diabetes. Diabetes 
2011;60(5):1474–1477. doi:10.2337/db10-1302, PMID:21411512.

[36]	 Chrysafi P, Perakakis N, Farr OM, Stefanakis K, Peradze N, Sala-Vila A, 
et al. Leptin alters energy intake and fat mass but not energy expend-
iture in lean subjects. Nat Commun 2020;11(1):5145. doi:10.1038/
s41467-020-18885-9, PMID:33051459.

[37]	 Simental-Mendía LE, Sánchez-García A, Linden-Torres E, Simental-
Mendía M. Effect of glucagon-like peptide-1 receptor agonists on 
circulating levels of leptin and resistin: A meta-analysis of rand-
omized controlled trials. Diabetes Res Clin Pract 2021;177:108899. 
doi:10.1016/j.diabres.2021.108899, PMID:34098057.

[38]	 Myers MG Jr, Leibel RL, Seeley RJ, Schwartz MW. Obesity and lep-
tin resistance: distinguishing cause from effect. Trends Endocrinol 
Metab 2010;21(11):643–651. doi:10.1016/j.tem.2010.08.002, 
PMID:20846876.

[39]	 Pérez-Pérez A, Vilariño-García T, Fernández-Riejos P, Martín-González 
J, Segura-Egea JJ, Sánchez-Margalet V. Role of leptin as a link between 
metabolism and the immune system. Cytokine Growth Factor Rev 
2017;35:71–84. doi:10.1016/j.cytogfr.2017.03.001, PMID:28285098.

[40]	 Rezaeeshirazi R. Aerobic Versus Resistance Training: Leptin and Met-
abolic Parameters Improvement in Type 2 Diabetes Obese Men. Res 
Q Exerc Sport 2022;93(3):537–547. doi:10.1080/02701367.2021.187
5111, PMID:34383632.

[41]	 Chomiuk T, Niezgoda N, Mamcarz A, Śliż D. Physical activity in 
metabolic syndrome. Front Physiol 2024;15:1365761. doi:10.3389/
fphys.2024.1365761, PMID:38440349.

[42]	 Paley CA, Johnson MI. Abdominal obesity and metabolic syndrome: 
exercise as medicine? BMC Sports Sci Med Rehabil 2018;10:7. 
doi:10.1186/s13102-018-0097-1, PMID:29755739.

[43]	 Seoane-Collazo P, Martínez-Sánchez N, Milbank E, Contreras C. Incen-
diary Leptin. Nutrients 2020;12(2):472. doi:10.3390/nu12020472, 
PMID:32069871.

[44]	 Mao H, Kim GH, Qi L. SEL1L-HRD1 ER-associated degradation regu-
lates leptin receptor maturation and signaling in POMC neurons in 
diet-induced obesity. Res Sq 2024:rs. doi:10.21203/rs.3.rs-3768472/
v1, PMID:38260335.

[45]	 Hileman SM, Pierroz DD, Masuzaki H, Bjørbaek C, El-Haschimi K, 

https://doi.org/10.14218/GE.2024.00039
https://doi.org/10.1007/s13410-021-00928-6
https://doi.org/10.3389/fendo.2021.585887
https://doi.org/10.3389/fendo.2021.585887
http://www.ncbi.nlm.nih.gov/pubmed/34084149
https://doi.org/10.1038/aps.2018.40
http://www.ncbi.nlm.nih.gov/pubmed/29877321
https://doi.org/10.1055/s-0030-1253422
http://www.ncbi.nlm.nih.gov/pubmed/20455195
https://doi.org/10.1007/s11906-018-0812-z
http://www.ncbi.nlm.nih.gov/pubmed/29480368
https://doi.org/10.3390/nu13041238
https://doi.org/10.3390/nu13041238
http://www.ncbi.nlm.nih.gov/pubmed/33918657
https://doi.org/10.3390/biomedicines10030724
http://www.ncbi.nlm.nih.gov/pubmed/35327526
https://doi.org/10.6084/m9.figshare.26300440
https://doi.org/10.1093/nar/gkw1099
https://doi.org/10.1093/nar/gkw1099
http://www.ncbi.nlm.nih.gov/pubmed/27899622
https://doi.org/10.1093/nar/28.1.235
http://www.ncbi.nlm.nih.gov/pubmed/10592235
https://doi.org/10.1101/gr.1860604
http://www.ncbi.nlm.nih.gov/pubmed/15078858
https://doi.org/10.1038/75556
http://www.ncbi.nlm.nih.gov/pubmed/10802651
https://doi.org/10.1002/pro.3307
https://doi.org/10.1002/pro.3307
http://www.ncbi.nlm.nih.gov/pubmed/28940711
https://doi.org/10.1093/nar/gkv1104
http://www.ncbi.nlm.nih.gov/pubmed/26578587
https://doi.org/10.1093/bfgp/elae029
http://www.ncbi.nlm.nih.gov/pubmed/38993146
https://doi.org/10.2337/dci22-0034
http://www.ncbi.nlm.nih.gov/pubmed/36148880
https://doi.org/10.1161/CIRCULATIONAHA.109.192644
https://doi.org/10.1161/CIRCULATIONAHA.109.192644
http://www.ncbi.nlm.nih.gov/pubmed/19805654
https://doi.org/10.3390/nu14081597
http://www.ncbi.nlm.nih.gov/pubmed/35458158
https://doi.org/10.3390/jfmk8020044
http://www.ncbi.nlm.nih.gov/pubmed/37092376
https://doi.org/10.1159/000514095
http://www.ncbi.nlm.nih.gov/pubmed/33756469
https://doi.org/10.1007/s11906-008-0025-y
https://doi.org/10.1007/s11906-008-0025-y
http://www.ncbi.nlm.nih.gov/pubmed/18474180
https://doi.org/10.1530/JME-12-0025
https://doi.org/10.1530/JME-12-0025
http://www.ncbi.nlm.nih.gov/pubmed/22448029
http://www.ncbi.nlm.nih.gov/pubmed/33813493
https://doi.org/10.1016/j.metabol.2010.10.002
http://www.ncbi.nlm.nih.gov/pubmed/21081243
https://doi.org/10.1016/j.biochi.2012.03.013
http://www.ncbi.nlm.nih.gov/pubmed/22464954
https://doi.org/10.2337/db10-1302
http://www.ncbi.nlm.nih.gov/pubmed/21411512
https://doi.org/10.1038/s41467-020-18885-9
https://doi.org/10.1038/s41467-020-18885-9
http://www.ncbi.nlm.nih.gov/pubmed/33051459
https://doi.org/10.1016/j.diabres.2021.108899
http://www.ncbi.nlm.nih.gov/pubmed/34098057
https://doi.org/10.1016/j.tem.2010.08.002
http://www.ncbi.nlm.nih.gov/pubmed/20846876
https://doi.org/10.1016/j.cytogfr.2017.03.001
http://www.ncbi.nlm.nih.gov/pubmed/28285098
https://doi.org/10.1080/02701367.2021.1875111
https://doi.org/10.1080/02701367.2021.1875111
http://www.ncbi.nlm.nih.gov/pubmed/34383632
https://doi.org/10.3389/fphys.2024.1365761
https://doi.org/10.3389/fphys.2024.1365761
http://www.ncbi.nlm.nih.gov/pubmed/38440349
https://doi.org/10.1186/s13102-018-0097-1
http://www.ncbi.nlm.nih.gov/pubmed/29755739
https://doi.org/10.3390/nu12020472
http://www.ncbi.nlm.nih.gov/pubmed/32069871
https://doi.org/10.21203/rs.3.rs-3768472/v1
https://doi.org/10.21203/rs.3.rs-3768472/v1
http://www.ncbi.nlm.nih.gov/pubmed/38260335


DOI: 10.14218/GE.2024.00039  |  Volume 00 Issue 00, Month Year8

Gómez W.A. et al: Leptin & obesity-induced insulin resistanceGene Expr

Banks WA, et al. Characterizaton of short isoforms of the leptin 
receptor in rat cerebral microvessels and of brain uptake of leptin 
in mouse models of obesity. Endocrinology 2002;143(3):775–783. 
doi:10.1210/endo.143.3.8669, PMID:11861497.

[46]	 Banks WA, Coon AB, Robinson SM, Moinuddin A, Shultz JM, Na-
kaoke R, et al. Triglycerides induce leptin resistance at the blood-
brain barrier. Diabetes 2004;53(5):1253–1260. doi:10.2337/diabe-
tes.53.5.1253, PMID:15111494.

[47]	 Banks WA, Farr SA, Salameh TS, Niehoff ML, Rhea EM, Morley JE, et 
al. Triglycerides cross the blood-brain barrier and induce central lep-
tin and insulin receptor resistance. Int J Obes (Lond) 2018;42(3):391–
397. doi:10.1038/ijo.2017.231, PMID:28990588.

[48]	 Kastin AJ, Akerstrom V. Fasting, but not adrenalectomy, reduces 
transport of leptin into the brain. Peptides 2000;21(5):679–682. 
doi:10.1016/s0196-9781(00)00195-9, PMID:10876050.

[49]	 Harrison L, Schriever SC, Feuchtinger A, Kyriakou E, Baumann P, Pfuh-
lmann K, et al. Fluorescent blood-brain barrier tracing shows intact 
leptin transport in obese mice. Int J Obes (Lond) 2019;43(6):1305–
1318. doi:10.1038/s41366-018-0221-z, PMID:30283080.

[50]	 Liu J, Lai F, Hou Y, Zheng R. Leptin signaling and leptin resistance. 
Med Rev (2021) 2022;2(4):363–384. doi:10.1515/mr-2022-0017, 
PMID:37724323.

[51]	 Park SJ, Yu Y, Zides CG, Beyak MJ. Mechanisms of reduced leptin-mediat-
ed satiety signaling during obesity. Int J Obes (Lond) 2022;46(6):1212–
1221. doi:10.1038/s41366-022-01079-2, PMID:35241786.

[52]	 Sahin GS, Dhar M, Dillon C, Zhu M, Shiina H, Winters BD, et al. Leptin 
stimulates synaptogenesis in hippocampal neurons via KLF4 and SOCS3 
inhibition of STAT3 signaling. Mol Cell Neurosci 2020;106:103500. 
doi:10.1016/j.mcn.2020.103500, PMID:32438059.

[53]	 Liu H, Du T, Li C, Yang G. STAT3 phosphorylation in central leptin 
resistance. Nutr Metab (Lond) 2021;18(1):39. doi:10.1186/s12986-
021-00569-w, PMID:33849593.

[54]	 Schneeberger M, Dietrich MO, Sebastián D, Imbernón M, Castaño C, 

Garcia A, et al. Mitofusin 2 in POMC neurons connects ER stress with 
leptin resistance and energy imbalance. Cell 2013;155(1):172–187. 
doi:10.1016/j.cell.2013.09.003, PMID:24074867.

[55]	 Zhang Y, Jin W, Zhang D, Lin C, He H, Xie F, et al. TNF-α Antagonizes the 
Effect of Leptin on Insulin Secretion through FOXO1-Dependent Tran-
scriptional Suppression of LepRb in INS-1 Cells. Oxid Med Cell Longev 
2022;2022:9142798. doi:10.1155/2022/9142798, PMID:35198097.

[56]	 Casado ME, Collado-Pérez R, Frago LM, Barrios V. Recent Advances 
in the Knowledge of the Mechanisms of Leptin Physiology and Ac-
tions in Neurological and Metabolic Pathologies. Int J Mol Sci 
2023;24(2):1422. doi:10.3390/ijms24021422, PMID:36674935.

[57]	 Melendez J, Grogg M, Zheng Y. Signaling role of Cdc42 in regulat-
ing mammalian physiology. J Biol Chem 2011;286(4):2375–2381. 
doi:10.1074/jbc.R110.200329, PMID:21115489.

[58]	 Huang QY, Lai XN, Qian XL, Lv LC, Li J, Duan J, et al. Cdc42: A Novel 
Regulator of Insulin Secretion and Diabetes-Associated Diseases. Int J 
Mol Sci 2019;20(1):179. doi:10.3390/ijms20010179, PMID:30621321.

[59]	 Rorsman P, Braun M. Regulation of insulin secretion in human pan-
creatic islets. Annu Rev Physiol 2013;75:155–179. doi:10.1146/an-
nurev-physiol-030212-183754, PMID:22974438.

[60]	 He XQ, Wang N, Zhao JJ, Wang D, Wang CJ, Xie L, et al. Specific deletion 
of CDC42 in pancreatic β cells attenuates glucose-induced insulin ex-
pression and secretion in mice. Mol Cell Endocrinol 2020;518:111004. 
doi:10.1016/j.mce.2020.111004, PMID:32871224.

[61]	 Umbayev B, Saliev T, Safarova Yantsen Y, Yermekova A, Olzhayev F, 
Bulanin D, et al. The Role of Cdc42 in the Insulin and Leptin Pathways 
Contributing to the Development of Age-Related Obesity. Nutrients 
2023;15(23):4964. doi:10.3390/nu15234964, PMID:38068822.

[62]	 Xie Y, Potter CMF, Le Bras A, Nowak WN, Gu W, Bhaloo SI, et al. Lep-
tin Induces Sca-1(+) Progenitor Cell Migration Enhancing Neointimal 
Lesions in Vessel-Injury Mouse Models. Arterioscler Thromb Vasc 
Biol 2017;37(11):2114–2127. doi:10.1161/ATVBAHA.117.309852, 
PMID:28935755.

https://doi.org/10.14218/GE.2024.00039
https://doi.org/10.1210/endo.143.3.8669
http://www.ncbi.nlm.nih.gov/pubmed/11861497
https://doi.org/10.2337/diabetes.53.5.1253
https://doi.org/10.2337/diabetes.53.5.1253
http://www.ncbi.nlm.nih.gov/pubmed/15111494
https://doi.org/10.1038/ijo.2017.231
http://www.ncbi.nlm.nih.gov/pubmed/28990588
https://doi.org/10.1016/s0196-9781(00)00195-9
http://www.ncbi.nlm.nih.gov/pubmed/10876050
https://doi.org/10.1038/s41366-018-0221-z
http://www.ncbi.nlm.nih.gov/pubmed/30283080
https://doi.org/10.1515/mr-2022-0017
http://www.ncbi.nlm.nih.gov/pubmed/37724323
https://doi.org/10.1038/s41366-022-01079-2
http://www.ncbi.nlm.nih.gov/pubmed/35241786
https://doi.org/10.1016/j.mcn.2020.103500
http://www.ncbi.nlm.nih.gov/pubmed/32438059
https://doi.org/10.1186/s12986-021-00569-w
https://doi.org/10.1186/s12986-021-00569-w
http://www.ncbi.nlm.nih.gov/pubmed/33849593
https://doi.org/10.1016/j.cell.2013.09.003
http://www.ncbi.nlm.nih.gov/pubmed/24074867
https://doi.org/10.1155/2022/9142798
http://www.ncbi.nlm.nih.gov/pubmed/35198097
https://doi.org/10.3390/ijms24021422
http://www.ncbi.nlm.nih.gov/pubmed/36674935
https://doi.org/10.1074/jbc.R110.200329
http://www.ncbi.nlm.nih.gov/pubmed/21115489
https://doi.org/10.3390/ijms20010179
http://www.ncbi.nlm.nih.gov/pubmed/30621321
https://doi.org/10.1146/annurev-physiol-030212-183754
https://doi.org/10.1146/annurev-physiol-030212-183754
http://www.ncbi.nlm.nih.gov/pubmed/22974438
https://doi.org/10.1016/j.mce.2020.111004
http://www.ncbi.nlm.nih.gov/pubmed/32871224
https://doi.org/10.3390/nu15234964
http://www.ncbi.nlm.nih.gov/pubmed/38068822
https://doi.org/10.1161/ATVBAHA.117.309852
http://www.ncbi.nlm.nih.gov/pubmed/28935755

