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Introduction
Lymphedema is a chronic, progressive disorder 
characterized by the accumulation of protein-rich 
lymphatic fluid in interstitial spaces, primarily affecting 
the limbs but potentially involving other body regions. 
This condition results from impaired lymphatic drainage 
due to dysfunctional lymphatic vessels, leading to tissue 
edema, chronic inflammation, and progressive fibrosis.1 
Over time, lymphedema induces significant structural 
and functional changes in affected tissues, driven by 
cellular alterations, including proliferation of fibroblasts, 
adipocytes, and immune cells, notably macrophages.2 The 
cytobiological environment of lymphedema is closely tied 
to chronic low-grade inflammation, mediated by pro-

inflammatory cytokines such as tumor necrosis factor-
alpha (TNF-α), interleukin-6 (IL-6), and interleukin-1β 
(IL-1β).3 These cytokines promote extracellular matrix 
(ECM) remodeling and fibrosis, further impairing 
lymphatic function and perpetuating tissue damage.4 
A key feature of lymphedema is localized adipogenesis, 
where excessive adipose tissue accumulation exacerbates 
fluid retention and lymphatic dysfunction. This process 
is particularly pronounced in obesity, where adipose 
tissue, as an endocrine organ, secretes pro-inflammatory 
adipokines, including leptin and resistin, which impair 
lymphatic function by enhancing inflammation and 
disrupting vascular homeostasis.5,6 Additionally, the 
mechanical burden of excess adipose tissue obstructs 
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Abstract
Lymphedema, traditionally viewed as a mechanical consequence of lymphatic obstruction, is 
increasingly recognized as a complex disorder rooted in metabolic dysfunction, particularly 
insulin resistance and chronic hyperinsulinemia. This paradigm-shifting hypothesis redefines 
lymphedema as a vascular complication driven by systemic metabolic stress, where prolonged 
hyperinsulinemia impairs lymphatic endothelial cell (LEC) function, triggering inflammation, 
oxidative stress, and structural damage. Insulin resistance disrupts the phosphoinositide 3-kinase 
(PI3K)/AKT signaling pathway, critical for lymphangiogenesis and endothelial integrity, leading 
to compromised lymphatic drainage. Pro-inflammatory cytokines, such as tumor necrosis factor-
alpha (TNF-α) and interleukin-6 (IL-6), exacerbate this dysfunction by activating nuclear factor 
kappa-light-chain-enhancer of activated B cells (NF-κB) and promoting reactive oxygen species 
(ROS) production, while advanced glycation end products (AGEs) engaging RAGE amplify 
fibrosis and endothelial apoptosis. Glucagon-like peptide-1 receptor agonists (GLP-1RAs), such 
as liraglutide and semaglutide, offer a revolutionary therapeutic approach by addressing both 
metabolic and vascular components of lymphedema. By enhancing PI3K/AKT signaling, GLP-
1RAs restore insulin sensitivity, mitigate hyperinsulinemia, and suppress inflammatory pathways 
(NF-κB, TLR4). Their activation of VEGF-C/VEGFR-3 and endothelial nitric oxide synthase (eNOS)/
NO pathways promotes lymphangiogenesis and reduces ROS-induced damage, enhancing 
lymphatic vessel repair. Clinical evidence, including a 2024 case report, demonstrates significant 
reductions in limb volume (from 10.3% to 3.4%) and restored lymphatic function in breast 
cancer-related lymphedema following GLP-1RA therapy. Localized administration optimizes 
therapeutic outcomes by targeting LECs, minimizing systemic side effects. This narrative review 
synthesizes lymphedema’s metabolic pathophysiology, proposes localized semaglutide as a 
novel therapy, and suggests experimental protocols to advance lymphedema management.
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lymphatic flow, compromising vessel architecture and 
amplifying systemic inflammation, thus accelerating 
the progression of lymphedema and obesity.7 Insulin 
resistance, a hallmark of obesity and metabolic dysfunction, 
plays a pivotal role in this pathological cycle. It reduces 
the responsiveness of tissues such as skeletal muscle, liver, 
and adipose tissue to insulin, leading to compensatory 
hyperinsulinemia. This chronic hyperinsulinemic state 
induces endothelial dysfunction in lymphatic endothelial 
cells (LECs), impairing lymphatic drainage and 
exacerbating tissue inflammation.8 Hyperinsulinemia also 
activates the nuclear factor kappa-light-chain-enhancer 
of activated B cells (NF-κB) pathway, increasing oxidative 
stress and promoting fibrosis in lymphatic vessels.9 
Furthermore, dysregulated adipokine secretion in obesity 
marked by elevated leptin and resistin and reduced 
adiponectin levels disrupts insulin signaling, perpetuating 
lymphatic dysfunction through sustained inflammation 
and ECM remodeling.10 Elevated free fatty acids (FFAs) 
in obesity further contribute to lipotoxicity, compounding 
damage to both metabolic and lymphatic systems.11

In this review, we investigate the interplay between 
insulin resistance and lymphatic vessel dysfunction as a 
novel mechanism underlying lymphedema progression. 
We also explore a therapeutic approach utilizing local 
injections of Glucagon-like peptide-1 (GLP-1) receptor 
agonists to improve insulin sensitivity and modulate 
lymphatic endothelial function, offering a potential 
strategy to address the metabolic and vascular components 
of this debilitating condition. 

Methodology
This narrative review, combined with a hypothesis 
proposing a metabolic perspective for lymphedema 
therapy, investigates lymphedema as a condition 
influenced by metabolic dysfunction, particularly insulin 
resistance and chronic hyperinsulinemia, and evaluates 
localized glucagon-like peptide-1 receptor agonists, such 
as semaglutide, as a potential therapeutic approach.

Evidence synthesis
A systematic literature synthesis was conducted to 
integrate findings from immunometabolism, vascular 
biology, redox signaling, and lymphatic pathophysiology. 
We searched PubMed, Scopus, Web of Science, and 
Google Scholar using Medical Subject Headings and 
free-text terms, including “lymphedema,” “insulin 
resistance,” “hyperinsulinemia,” “lymphatic endothelial 
cells,” “lymphangiogenesis,” “glucagon-like peptide-1 
receptor agonists,” “phosphoinositide 3-kinase/
AKT,” “nuclear factor kappa-light-chain-enhancer 
of activated B cells,” “Toll-like receptor 4,” “reactive 
oxygen species,” and “advanced glycation end products.” 
Boolean operators ensured comprehensive coverage 
of peer-reviewed studies from 2000 to 2025, capturing 
foundational and recent insights into metabolic-vascular 

interactions. From 1,456 articles, 312 duplicates were 
removed, leaving 1,144 for title and abstract screening. 
Of these, 789 were excluded due to irrelevance, lack of 
mechanistic focus, non-English language, or inaccessible 
full texts. Full-text evaluation of 355 articles, based 
on inclusion criteria (relevance to insulin signaling, 
lymphatic dysfunction, glucagon-like peptide-1 receptor 
agonist mechanisms, and clinical outcomes), yielded 56 
studies. These included in vitro studies of LEC function, 
animal models of insulin resistance, human biomarker 
data on inflammation (TNF-α, IL-6) and oxidative 
stress (reactive oxygen species, advanced glycation end 
products), and a 2024 case report showing limb volume 
reduction with glucagon-like peptide-1 receptor agonists. 
While this single case provides preliminary evidence, 
it is insufficient to establish efficacy, highlighting the 
critical need for controlled clinical trials to validate 
the therapeutic potential of glucagon-like peptide-1 
receptor agonists in lymphedema management. The 
synthesis, adhering to the SANRA framework (scoring 
11/12 for clarity and evidence integration), developed 
a mechanistic model linking insulin resistance-induced 
disruptions in phosphoinositide 3-kinase/AKT and 
vascular endothelial growth factor-C/VEGFR-3 
signaling, amplified by nuclear factor kappa-light-chain-
enhancer of activated B cells, Toll-like receptor 4, and 
receptor for advanced glycation end products-mediated 
inflammation, to lymphatic dysfunction.

Proposed experimental directions
To advance this hypothesis, we suggest experimental 
protocols distinct from the evidence synthesis: proteomic 
profiling to assess insulin signaling defects in LECs; 
metabolomic analysis of inflammatory and oxidative 
stress markers in lymphatic tissues; in vitro studies of 
LEC function under hyperinsulinemic conditions; animal 
models to evaluate localized glucagon-like peptide-1 
receptor agonist injections on lymphatic repair and 
glucose homeostasis; and clinical trials to assess localized 
semaglutide therapy, monitored via lymphoscintigraphy 
or magnetic resonance imaging.

Biochemical pathways linking obesity-induced 
inflammation to insulin resistance: The role of pro-
inflammatory cytokines TNF-α and IL-6
Obesity drives a chronic state of low-grade inflammation 
that significantly contributes to insulin resistance, 
primarily through adipose tissue expansion and immune 
cell infiltration, particularly pro-inflammatory M1 
macrophages.12 These macrophages secrete key pro-
inflammatory cytokines, including TNF-α and IL-6, which 
disrupt insulin receptor signaling and impair glucose 
homeostasis.13 TNF-α plays a central role in insulin 
resistance by activating serine kinases, such as c-Jun 
N-terminal kinase (JNK) and IκB kinase (IKK).14 These 
kinases phosphorylate insulin receptor substrate-1 (IRS-
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1) at serine residues, impairing its ability to propagate 
insulin signals via the phosphoinositide 3-kinase (PI3K)-
AKT pathway, which is critical for glucose uptake in 
skeletal muscle and adipocytes.15,16 Additionally, TNF-α 
downregulates glucose transporter type 4 (GLUT4) 
expression, further compromising glucose transport and 
exacerbating insulin resistance.17

IL-6 contributes to insulin resistance through a 
complementary mechanism by activating the signal 
transducer and activator of transcription 3 (STAT3) 
pathway, which induces suppressor of cytokine 
signaling-3 (SOCS-3) expression. SOCS-3 inhibits 
insulin receptor activity and IRS-1 function, disrupting 
PI3K-AKT signaling.18 Moreover, IL-6 promotes hepatic 
gluconeogenesis and dysregulates lipid metabolism, 
leading to ectopic fat deposition in the liver, a key 
contributor to systemic insulin resistance.19 Excess FFAs, 
a hallmark of obesity, exacerbate insulin resistance 
and lymphatic vascular dysfunction through multiple 
mechanisms, including lipotoxicity, mitochondrial 
dysfunction, and oxidative stress.20 In non-adipose tissues, 
FFAs accumulate as diacylglycerols (DAGs), activating 
protein kinase C (PKC), which phosphorylates IRS-1 at 
serine/threonine residues, inhibiting PI3K-AKT signaling 
and impairing glucose uptake.21 Ceramide, another lipid 
intermediate, accumulates during lipotoxicity, promoting 
apoptosis and further disrupting IRS-1 function, 
contributing to β-cell dysfunction and systemic metabolic 
dysregulation.22 Excess FFAs also overload mitochondria, 
leading to incomplete fatty acid oxidation, accumulation 
of toxic intermediates, and reduced ATP production, 
particularly in skeletal muscle, a critical tissue for insulin-
mediated glucose uptake.23 

This mitochondrial overload generates reactive 
oxygen species (ROS), causing oxidative stress that 
damages mitochondrial DNA, proteins, and membranes, 
further impairing bioenergetics and exacerbating insulin 
resistance. ROS also activates stress-related kinases (JNK 
and IKK), which phosphorylate IRS-1 and enhance 
secretion of TNF-α and IL-6, perpetuating chronic 
inflammation in obese adipose tissue.24 Additionally, 
FFAs induce endoplasmic reticulum (ER) stress, 
disrupting protein folding and triggering the unfolded 
protein response (UPR), which activates JNK and 
increases ROS production, further worsening insulin 
resistance. These cascades have profound implications 
for lymphatic vascular health. Oxidative stress and excess 
FFAs impair LEC function, disrupting mitochondrial 
bioenergetics and promoting lipid peroxidation, which 
increases vascular permeability and reduces lymphatic 
drainage, contributing to lymphedema.24 Furthermore, 
the interplay between expanding adipose tissue and 
the lymphatic system creates a vicious cycle, where 
inflammation driven by pro-inflammatory macrophages 
impairs lymphatic function, exacerbating fluid retention 
and tissue damage.25

The interrelationship between insulin resistance 
and lymphatic dysfunction: A detailed exploration 
of molecular mechanisms and pathophysiological 
consequences
Insulin resistance, characterized by reduced cellular 
responsiveness to insulin in tissues such as skeletal muscle, 
adipose tissue, and liver, disrupts metabolic homeostasis 
and significantly impacts the lymphatic vasculature. 
This condition triggers compensatory hyperinsulinemia, 
where pancreatic β-cells secrete excessive insulin to 
maintain glucose homeostasis, contributing to endothelial 
dysfunction, chronic inflammation, and structural 
damage to lymphatic vessels.26 The molecular basis of 
insulin resistance involves disruptions in insulin signaling 
pathways, with widespread metabolic and vascular 
consequences.

Under physiological conditions, insulin binds its 
receptor, activating IRS-1, which propagates signals 
through the PI3K/AKT pathway, essential for glucose 
uptake via GLUT4 translocation to the cell membrane.27 
In insulin resistance, pro-inflammatory cytokines, such 
as TNF-α and IL-6, promote serine phosphorylation of 
IRS-1, impairing its interaction with PI3K and disrupting 
AKT signaling, leading to reduced glucose uptake and 
exacerbated hyperglycemia.28,29 Chronic hyperinsulinemia 
aggravates LEC dysfunction, critical for lymphatic vessel 
integrity. Normally, insulin supports lymphangiogenesis 
and LEC proliferation via PI3K/AKT and extracellular 
signal-regulated kinase (ERK) pathways.30,31 However, 
in insulin resistance, dysregulated insulin signaling 
impairs these processes, reducing lymphangiogenesis, 
lymphatic drainage, and increasing inflammation in 
lymphatic vessels. 

This is exacerbated by PKC activation and ROS 
generation, which drive endothelial damage and activate 
nuclear factor kappa-light-chain-enhancer of activated B 
cells (NF-κB), a key regulator of inflammatory responses, 
perpetuating a feedback loop that worsens insulin 
resistance and systemic inflammation.32

Adipose tissue dysfunction, a hallmark of obesity and 
a driver of insulin resistance, further impairs lymphatic 
function. Hypertrophic adipose tissue releases pro-
inflammatory cytokines and FFAs, which activate Toll-
like receptor 4 (TLR4) on LECs, inducing cytokine and 
chemokine production, lymphatic vessel leakage, fibrosis, 
and reduced fluid clearance.33 

Advanced glycation end products (AGEs), which 
accumulate in insulin-resistant states due to chronic 
hyperglycemia, exacerbate lymphatic dysfunction. 
AGEs crosslink with ECM components in lymphatic 
vessels, engaging the receptor for AGEs (RAGE) and 
activating NF-κB, which triggers pro-inflammatory 
mediator release, endothelial cell apoptosis, and 
fibrosis.34,35 This RAGE-NF-κB axis impairs lymphatic 
function and contributes to systemic insulin resistance 
by disrupting interstitial fluid balance and immune cell 
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trafficking.36 The interplay between insulin resistance 
and lymphatic dysfunction involves a complex network 
of pro-inflammatory cytokines, oxidative stress, adipose 
tissue dysfunction, and AGE accumulation. Disrupted 
insulin signaling directly impairs LEC function, while 
chronic inflammation and oxidative stress exacerbate 
lymphatic vessel damage. These interconnected pathways 
highlight the need for therapeutic strategies targeting both 
glucose metabolism and the inflammatory and vascular 
complications of insulin resistance to improve metabolic 
and lymphatic health.37

Exploring the therapeutic approach of local GLP-
1 agonist injections as a promising treatment for 
lymphedema
GLP-1 receptor agonists, such as semaglutide and 
liraglutide, have emerged as promising therapeutic agents 
for managing metabolic and vascular dysfunctions, 
including lymphedema, a condition exacerbated by insulin 
resistance. GLP-1 receptors, expressed on pancreatic β-cells, 
vascular endothelium, and LECs, mediate dual effects that 
enhance insulin sensitivity and protect vascular integrity, 
offering a novel approach to treating lymphatic disorders.38 
At the molecular level, GLP-1 receptor agonists enhance 
glucose-stimulated insulin secretion and promote β-cell 
survival by activating cyclic AMP (cAMP)-dependent 
signaling. This cascade phosphorylates protein kinase 
A (PKA), activating transcription factors such as cAMP 
response element-binding protein (CREB), which supports 
insulin production and prevents β-cell apoptosis.39 

Additionally, GLP-1 agonists improve insulin sensitivity 
in peripheral tissues by enhancing glucose uptake via 
the PI3K/AKT pathway,40 mitigating hyperglycemia 
and reducing compensatory hyperinsulinemia, a key 
contributor to lymphatic endothelial dysfunction.41

From a vascular perspective, GLP-1 receptor agonists 
exhibit vasoprotective effects that counteract lymphatic 
endothelial damage. Activation of GLP-1 receptors on 
LECs stimulates endothelial nitric oxide synthase (eNOS), 
increasing nitric oxide (NO) production, which promotes 
vasodilation and reduces oxidative stress.42 This is critical 
in insulin-resistant states, where elevated ROS and 
inflammation impair endothelial function. GLP-1 agonists 
suppress ROS production,43 and inhibit pro-inflammatory 
pathways, notably NF-κB,44 preserving lymphatic vessel 
integrity and supporting lymphangiogenesis, essential for 
effective lymphatic drainage. In obese and insulin-resistant 
individuals, adipose tissue dysfunction drives lymphatic 
impairment through the release of pro-inflammatory 
cytokines and FFAs.45

GLP-1 receptor agonists mitigate this by suppressing 
inflammatory mediator release and downregulating 
TLR4 expression on LECs, which is typically upregulated 
by excess FFAs.46 Reduced TLR4 signaling attenuates 
lymphatic inflammation, preventing vessel leakage, 
fibrosis, and impaired fluid clearance.47 Furthermore, 

GLP-1 agonists decrease the accumulation of AGEs 
in vascular tissues,48 which otherwise crosslink ECM 
proteins and activate the RAGE, perpetuating NF-κB-
driven inflammation and endothelial dysfunction.49 
Additionally, GLP-1 agonists reduce the expression 
of pro-fibrotic markers, such as transforming growth 
factor-beta (TGF-β),50 which is elevated in lymphatic 
dysfunction and contributes to fibrosis.51 By targeting 
both metabolic and vascular components, local GLP-1 
receptor agonist injections offer a promising therapeutic 
strategy for lymphedema, addressing insulin resistance, 
inflammation, and lymphatic dysfunction through 
interconnected molecular pathways.

Promising clinical evidence
Recent clinical evidence supports the therapeutic potential 
of glucagon-like peptide-1 receptor agonists (GLP-1RAs) 
in managing breast cancer-related lymphedema. A 2024 
case report described significant symptom resolution 
in a patient with severe lymphedema following breast 
cancer surgery and adjuvant therapy, after initiating 
GLP-1RA therapy for weight loss. The patient exhibited 
a reduction in limb volume from 10.3% to 3.4% after 
13 months of treatment, alongside a 24% body weight 
reduction and restored lymphatic pumping function, 
confirmed by imaging. These improvements enhanced 
the patient’s quality of life, eliminating the need for 
compression garments.52 

These findings suggest that GLP-1RAs address the 
pathological interplay between insulin resistance and 
lymphatic dysfunction. Insulin resistance impairs LEC 
function through chronic inflammation, oxidative stress, 
and disrupted insulin signaling pathways, including 
PI3K/AKT. By improving insulin sensitivity, GLP-1RAs 
reduce hyperinsulinemia, a key driver of lymphatic vessel 
dysfunction.52 Mechanistically, GLP-1RAs activate GLP-
1 receptors on LECs, promoting lymphangiogenesis and 
lymphatic vessel repair via nitric oxide (NO) production 
through eNOS and suppression of ROS.53 Additionally, 
GLP-1RAs downregulate pro-inflammatory cytokines 
and TLR signaling, particularly TLR4, reducing lymphatic 
inflammation and preventing fibrosis.54

This case underscores the dual benefits of GLP-
1RAs in improving metabolic and lymphatic health, 
potentially reducing reliance on invasive interventions 
like lymphovenous bypass or vascularized lymph node 
transplantation. Further studies are needed to elucidate 
the precise mechanisms by which GLP-1RAs enhance 
LEC function and to validate their efficacy in larger 
cohorts with secondary lymphedema.52

Localized administration of GLP-1 receptor agonists: A 
promising therapeutic strategy for lymphedema
Localized administration of GLP-1RAs, such as liraglutide 
or semaglutide, offers a promising therapeutic strategy 
for secondary lymphedema, particularly post-breast 
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cancer surgery. This approach targets both metabolic 
disturbances and lymphatic dysfunction by restoring 
insulin signaling, reducing inflammation, and promoting 
lymphangiogenesis. GLP-1RAs enhance endothelial cell 
function by inhibiting ROS production and activating NO 
pathways via eNOS, thereby improving lymphatic drainage 
and reducing vascular permeability.53,54 We propose a 
localized administration protocol starting with a weekly 
subcutaneous injection of 0.6 mg liraglutide or 0.25 mg 
semaglutide into the affected lymphatic region. This 
targeted delivery ensures high local drug concentrations 
while minimizing systemic side effects. Over 12 weeks, 
dosages may be titrated to 1.8 mg for liraglutide or 1 
mg for semaglutide, based on clinical response, such as 
reduced limb volume and improved lymphatic function.55 
By directly activating GLP-1 receptors on LECs, this 
approach stimulates lymphatic vessel repair and enhances 
lymphatic pumping, addressing the core pathology 
of lymphedema.55 Combining this treatment with 
conventional therapies, such as compression and physical 
exercise, can optimize outcomes. Monitoring via imaging 
techniques, such as lymphoscintigraphy or MRI, can 
assess lymphatic repair and drainage efficacy, providing 
insights into treatment progress.56

Discussion
The hypothesis that chronic hyperinsulinemia, driven 
by insulin resistance, plays a central role in lymphedema 
pathogenesis represents a transformative shift, 
redefining this condition as a metabolic and vascular 
disorder rather than solely a mechanical consequence 
of lymphatic obstruction. Traditionally, lymphedema 
has been attributed to physical damage from cancer-
related surgeries or radiotherapy. However, emerging 
evidence positions insulin resistance as a key driver of 
LEC dysfunction, promoting inflammation, structural 
damage, and impaired lymphatic drainage, thus offering 
a novel perspective on its etiology. At the molecular 
level, insulin resistance disrupts the PI3K/AKT signaling 
pathway, critical for lymphangiogenesis, glucose uptake, 
and endothelial function. Under normal conditions, 
this pathway supports lymphatic vessel repair and fluid 
homeostasis. In insulin-resistant states, pro-inflammatory 
cytokines, such as TNF-α and IL-6, induce serine 
phosphorylation of IRS-1, inhibiting PI3K/AKT signaling 
and exacerbating hyperglycemia.28 This leads to oxidative 
stress via ROS and PKC activation, compromising 
LEC integrity, increasing vascular permeability, and 
promoting inflammation hallmarks of lymphedema.32 
Additionally, insulin resistance accelerates the formation 
of AGEs, which engage the RAGE, activating NF-κB. 
This cascade triggers endothelial cell apoptosis, fibrosis, 
and chronic inflammation, further impairing lymphatic 
fluid clearance.34, 35

The therapeutic potential of GLP-1RAs offers a 
revolutionary approach to address this metabolic-driven 

pathophysiology. GLP-1RAs, such as liraglutide and 
semaglutide, restore insulin sensitivity by enhancing 
PI3K/AKT signaling, reducing hyperinsulinemia, and 
mitigating inflammation through suppression of TNF-α, 
IL-6, and TLR4 activity.44, 46 By activating GLP-1 receptors 
on LECs, these agents stimulate lymphangiogenesis via 
vascular endothelial growth factor-C (VEGF-C)/VEGFR-3 
signaling and enhance endothelial function through 
eNOS-mediated NO production, counteracting ROS-
induced damage.42,53 Clinical evidence, including a 2024 
case report, demonstrates significant reductions in limb 
volume and restored lymphatic function in lymphedema 
patients treated with GLP-1RAs, particularly those with 
metabolic disorders.52 These findings highlight the dual 
benefits of GLP-1RAs in addressing insulin resistance and 
promoting lymphatic repair, potentially reducing reliance 
on invasive interventions like lymphovenous bypass.

The localized administration of GLP-1RAs represents 
a groundbreaking strategy, enabling targeted delivery 
to affected lymphatic regions. This approach maximizes 
drug efficacy, enhances VEGF-C/VEGFR-3-driven 
lymphangiogenesis, and minimizes systemic side effects, 
offering a precise intervention for lymphatic vessel repair.55 
By integrating metabolic and vascular repair mechanisms, 
GLP-1RAs could redefine lymphedema management, 
transforming it from a symptom-driven approach to 
one that targets its metabolic roots, paving the way for 
personalized and effective therapies.

Conclusion
This review proposes a novel perspective that redefines 
lymphedema as a metabolic and vascular disorder driven 
by insulin resistance and chronic hyperinsulinemia. By 
linking lymphatic dysfunction to systemic metabolic 
stress, this model emphasizes the interplay between 
disrupted insulin signaling, chronic inflammation, and 
oxidative stress, which impair LEC function and fluid 
homeostasis. Glucagon-like peptide-1 receptor agonists 
emerge as a promising therapeutic strategy, addressing 
both metabolic and vascular components. These agents 
enhance insulin sensitivity, reduce inflammation, and 
promote lymphangiogenesis, offering a multifaceted 
approach to restore lymphatic function. Localized 
administration further optimizes efficacy by targeting 
affected tissues, potentially transforming lymphedema 
management from palliative to curative. Future research 
should focus on clinical trials to validate these findings 
and standardize protocols, paving the way for innovative 
therapies that address the metabolic roots of lymphedema, 
ultimately improving patient outcomes and quality 
of life worldwide.

Acknowledgments
We express our heartfelt gratitude to patients worldwide whose 
resilience drives scientific efforts to improve their quality of life. This 
work is dedicated to the first author’s mother, whose unwavering 
support has been a cornerstone of strength, and to his life partner, 



Akl and Ahmed

Advanced Pharmaceutical Bulletin. 2025;15(3)504

whose encouragement and belief in his potential have sustained this 
research. Their inspiration has fueled our commitment to advancing 
knowledge and developing innovative solutions for lymphedema.

Authors’ Contribution
Conceptualization: Maher M. Akl.
Methodology: Maher M. Akl.
Supervision: Amr Ahmed.
Writing – original draft: Maher M. Akl.
Writing – review & editing: Maher M. Akl, Amr Ahmed.

Competing Interests 
The authors declare that there are no conflicts of interest.

Ethical Approval
Not applicable.

Funding 
The authors received no financial support for the research and 
publication of this article.

References
1.	 Szuba A, Rockson SG. Lymphedema: anatomy, physiology 

and pathogenesis. Vasc Med 1997;2(4):321-6. doi: 
10.1177/1358863x9700200408

2.	 Ly CL, Kataru RP, Mehrara BJ. Inflammatory manifestations 
of lymphedema. Int J Mol Sci 2017;18(1):171. doi: 10.3390/
ijms18010171

3.	 Bowman C, Rockson SG. The role of inflammation in 
lymphedema: a narrative review of pathogenesis and 
opportunities for therapeutic intervention. Int J Mol Sci 
2024;25(7):3907. doi: 10.3390/ijms25073907

4.	 Baik JE, Park HJ, Kataru RP, Savetsky IL, Ly CL, Shin J, et 
al. TGF-β1 mediates pathologic changes of secondary 
lymphedema by promoting fibrosis and inflammation. Clin 
Transl Med 2022;12(6):e758. doi: 10.1002/ctm2.758

5.	 Zampell JC, Aschen S, Weitman ES, Yan A, Elhadad S, De Brot 
Andrade M, et al. Regulation of adipogenesis by lymphatic 
fluid stasis: part I. Adipogenesis, fibrosis, and inflammation. 
Plast Reconstr Surg 2012;129(4):825-34. doi: 10.1097/
PRS.0b013e3182450b2d

6.	 Kirichenko TV, Markina YV, Bogatyreva AI, Tolstik TV, Varaeva 
YR, Starodubova AV. The role of adipokines in inflammatory 
mechanisms of obesity. Int J Mol Sci 2022;23(23):14982. doi: 
10.3390/ijms232314982

7.	 Sung C, Wang S, Hsu J, Yu R, Wong AK. Current understanding 
of pathological mechanisms of lymphedema. Adv Wound 
Care (New Rochelle) 2022;11(7):361-73. doi: 10.1089/
wound.2021.0041

8.	 Li Y, Liu Y, Liu S, Gao M, Wang W, Chen K, et al. Diabetic 
vascular diseases: molecular mechanisms and therapeutic 
strategies. Signal Transduct Target Ther 2023;8(1):152. doi: 
10.1038/s41392-023-01400-z

9.	 Mieczkowski M, Mrozikiewicz-Rakowska B, Kowara M, 
Kleibert M, Czupryniak L. The problem of wound healing 
in diabetes-from molecular pathways to the design of an 
animal model. Int J Mol Sci 2022;23(14):7930. doi: 10.3390/
ijms23147930

10.	 Zorena K, Jachimowicz-Duda O, Ślęzak D, Robakowska 
M, Mrugacz M. Adipokines and obesity. Potential link to 
metabolic disorders and chronic complications. Int J Mol Sci 
2020;21(10):3570. doi: 10.3390/ijms21103570

11.	 Kawai T, Autieri MV, Scalia R. Adipose tissue inflammation 
and metabolic dysfunction in obesity. Am J Physiol Cell Physiol 
2021;320(3):C375-91. doi: 10.1152/ajpcell.00379.2020

12.	 Zatterale F, Longo M, Naderi J, Raciti GA, Desiderio A, 
Miele C, et al. Chronic adipose tissue inflammation linking 

obesity to insulin resistance and type 2 diabetes. Front Physiol 
2019;10:1607. doi: 10.3389/fphys.2019.01607

13.	 Huang K, Liang Y, Ma Y, Wu J, Luo H, Yi B. The variation 
and correlation of serum adiponectin, nesfatin-1, IL-6, and 
TNF-α levels in prediabetes. Front Endocrinol (Lausanne) 
2022;13:774272. doi: 10.3389/fendo.2022.774272

14.	 Feng J, Lu S, Ou B, Liu Q, Dai J, Ji C, et al. The role of JNk 
signaling pathway in obesity-driven insulin resistance. 
Diabetes Metab Syndr Obes 2020;13:1399-406. doi: 10.2147/
dmso.S236127

15.	 Luo M, Langlais P, Yi Z, Lefort N, De Filippis EA, Hwang H, 
et al. Phosphorylation of human insulin receptor substrate-1 
at serine 629 plays a positive role in insulin signaling. 
Endocrinology 2007;148(10):4895-905. doi: 10.1210/
en.2007-0049

16.	 Gao Z, Hwang D, Bataille F, Lefevre M, York D, Quon MJ, 
et al. Serine phosphorylation of insulin receptor substrate 
1 by inhibitor kappa B kinase complex. J Biol Chem 
2002;277(50):48115-21. doi: 10.1074/jbc.M209459200

17.	 Zheng M, Wang P. Role of insulin receptor substance-1 
modulating PI3K/Akt insulin signaling pathway in 
Alzheimer’s disease. 3 Biotech 2021;11(4):179. doi: 
10.1007/s13205-021-02738-3

18.	 Kern L, Mittenbühler MJ, Vesting AJ, Ostermann AL, 
Wunderlich CM, Wunderlich FT. Obesity-induced TNFα 
and IL-6 signaling: the missing link between obesity and 
inflammation-driven liver and colorectal cancers. Cancers 
(Basel) 2018;11(1). doi: 10.3390/cancers11010024

19.	 da Silva Rosa SC, Nayak N, Caymo AM, Gordon JW. 
Mechanisms of muscle insulin resistance and the cross-talk 
with liver and adipose tissue. Physiol Rep 2020;8(19):e14607. 
doi: 10.14814/phy2.14607

20.	 Boden G. Obesity, insulin resistance and free fatty acids. Curr 
Opin Endocrinol Diabetes Obes 2011;18(2):139-43. doi: 
10.1097/MED.0b013e3283444b09

21.	 Kolczynska K, Loza-Valdes A, Hawro I, Sumara G. 
Diacylglycerol-evoked activation of PKC and PKD isoforms in 
regulation of glucose and lipid metabolism: a review. Lipids 
Health Dis 2020;19(1):113. doi: 10.1186/s12944-020-01286-8

22.	 Hammerschmidt P, Brüning JC. Contribution of specific 
ceramides to obesity-associated metabolic diseases. Cell Mol 
Life Sci 2022;79(8):395. doi: 10.1007/s00018-022-04401-3

23.	 Koves TR, Ussher JR, Noland RC, Slentz D, Mosedale M, 
Ilkayeva O, et al. Mitochondrial overload and incomplete fatty 
acid oxidation contribute to skeletal muscle insulin resistance. 
Cell Metab 2008;7(1):45-56. doi: 10.1016/j.cmet.2007.10.013

24.	 Lee YH, Giraud J, Davis RJ, White MF. c-Jun N-terminal kinase 
(JNK) mediates feedback inhibition of the insulin signaling 
cascade. J Biol Chem 2003;278(5):2896-902. doi: 10.1074/
jbc.M208359200

25.	 Amen OM, Sarker SD, Ghildyal R, Arya A. Endoplasmic 
reticulum stress activates unfolded protein response signaling 
and mediates inflammation, obesity, and cardiac dysfunction: 
therapeutic and molecular approach. Front Pharmacol 
2019;10:977. doi: 10.3389/fphar.2019.00977

26.	 Jiang X, Tian W, Nicolls MR, Rockson SG. The lymphatic system 
in obesity, insulin resistance, and cardiovascular diseases. 
Front Physiol 2019;10:1402. doi: 10.3389/fphys.2019.01402

27.	 Boucher J, Kleinridders A, Kahn CR. Insulin receptor signaling in 
normal and insulin-resistant states. Cold Spring Harb Perspect 
Biol 2014;6(1):a009191. doi: 10.1101/cshperspect.a009191

28.	 Andreozzi F, Laratta E, Procopio C, Hribal ML, Sciacqua 
A, Perticone M, et al. Interleukin-6 impairs the insulin 
signaling pathway, promoting production of nitric oxide 
in human umbilical vein endothelial cells. Mol Cell Biol 
2007;27(6):2372-83. doi: 10.1128/mcb.01340-06

29.	 Liu YF, Herschkovitz A, Boura-Halfon S, Ronen D, Paz K, 

https://doi.org/10.1177/1358863x9700200408
https://doi.org/10.3390/ijms18010171
https://doi.org/10.3390/ijms18010171
https://doi.org/10.3390/ijms25073907
https://doi.org/10.1002/ctm2.758
https://doi.org/10.1097/PRS.0b013e3182450b2d
https://doi.org/10.1097/PRS.0b013e3182450b2d
https://doi.org/10.3390/ijms232314982
https://doi.org/10.1089/wound.2021.0041
https://doi.org/10.1089/wound.2021.0041
https://doi.org/10.1038/s41392-023-01400-z
https://doi.org/10.3390/ijms23147930
https://doi.org/10.3390/ijms23147930
https://doi.org/10.3390/ijms21103570
https://doi.org/10.1152/ajpcell.00379.2020
https://doi.org/10.3389/fphys.2019.01607
https://doi.org/10.3389/fendo.2022.774272
https://doi.org/10.2147/dmso.S236127
https://doi.org/10.2147/dmso.S236127
https://doi.org/10.1210/en.2007-0049
https://doi.org/10.1210/en.2007-0049
https://doi.org/10.1074/jbc.M209459200
https://doi.org/10.1007/s13205-021-02738-3
https://doi.org/10.3390/cancers11010024
https://doi.org/10.14814/phy2.14607
https://doi.org/10.1097/MED.0b013e3283444b09
https://doi.org/10.1186/s12944-020-01286-8
https://doi.org/10.1007/s00018-022-04401-3
https://doi.org/10.1016/j.cmet.2007.10.013
https://doi.org/10.1074/jbc.M208359200
https://doi.org/10.1074/jbc.M208359200
https://doi.org/10.3389/fphar.2019.00977
https://doi.org/10.3389/fphys.2019.01402
https://doi.org/10.1101/cshperspect.a009191
https://doi.org/10.1128/mcb.01340-06


Semaglutide for lymphedema therapy

Advanced Pharmaceutical Bulletin. 2025;15(3) 505

Leroith D, et al. Serine phosphorylation proximal to its 
phosphotyrosine binding domain inhibits insulin receptor 
substrate 1 function and promotes insulin resistance. Mol Cell 
Biol 2004;24(21):9668-81. doi: 10.1128/mcb.24.21.9668-
9681.2004

30.	 Simeroth S, Yu P. The role of lymphatic endothelial cell 
metabolism in lymphangiogenesis and disease. Front 
Cardiovasc Med 2024;11:1392816. doi: 10.3389/
fcvm.2024.1392816

31.	 Bui K, Hong YK. Ras pathways on Prox1 and 
lymphangiogenesis: insights for therapeutics. Front Cardiovasc 
Med 2020;7:597374. doi: 10.3389/fcvm.2020.597374

32.	 Dąbek J, Kułach A, Gąsior Z. Nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-κB): a new potential 
therapeutic target in atherosclerosis? Pharmacol Rep 
2010;62(5):778-83. doi: 10.1016/s1734-1140(10)70338-8

33.	 Jin B, Sun T, Yu XH, Yang YX, Yeo AE. The effects of TLR 
activation on T-cell development and differentiation. Clin Dev 
Immunol 2012;2012:836485. doi: 10.1155/2012/836485

34.	 Khalid M, Petroianu G, Adem A. Advanced glycation end 
products and diabetes mellitus: mechanisms and perspectives. 
Biomolecules 2022;12(4):542. doi: 10.3390/biom12040542

35.	 Yue Q, Song Y, Liu Z, Zhang L, Yang L, Li J. Receptor for 
advanced glycation end products (RAGE): a pivotal hub in 
immune diseases. Molecules 2022;27(15):4922. doi: 10.3390/
molecules27154922

36.	 Bekircan-Kurt CE, Tan E, Erdem Özdamar S. The activation of 
RAGE and NF-KB in nerve biopsies of patients with axonal 
and vasculitic neuropathy. Noro Psikiyatr Ars 2015;52(3):279-
82. doi: 10.5152/npa.2015.8801

37.	 Manna P, Jain SK. Obesity, Oxidative stress, adipose 
tissue dysfunction, and the associated health risks: causes 
and therapeutic strategies. Metab Syndr Relat Disord 
2015;13(10):423-44. doi: 10.1089/met.2015.0095

38.	 Al Qassab M, Mneimneh M, Jradi A, Derbas B, Dabboussi D, 
Khoury Baini J, et al. The expanding role of GLP-1 receptor 
agonists: advancing clinical outcomes in metabolic and 
mental health. Curr Issues Mol Biol 2025;47(4):285. doi: 
10.3390/cimb47040285

39.	 Portha B, Tourrel-Cuzin C, Movassat J. Activation of the GLP-
1 receptor signalling pathway: a relevant strategy to repair a 
deficient beta-cell mass. Exp Diabetes Res 2011;2011:376509. 
doi: 10.1155/2011/376509

40.	 Yoo J, Park JE, Han JS. HMC ameliorates hyperglycemia via 
acting PI3K/AKT pathway and improving FOXO1 pathway 
in ob/ob mice. Nutrients 2023;15(9):2023. doi: 10.3390/
nu15092023

41.	 Andreozzi F, Raciti GA, Nigro C, Mannino GC, Procopio T, 
Davalli AM, et al. The GLP-1 receptor agonists exenatide and 
liraglutide activate glucose transport by an AMPK-dependent 
mechanism. J Transl Med 2016;14(1):229. doi: 10.1186/
s12967-016-0985-7

42.	 Ding L, Zhang J. Glucagon-like peptide-1 activates endothelial 
nitric oxide synthase in human umbilical vein endothelial 
cells. Acta Pharmacol Sin 2012;33(1):75-81. doi: 10.1038/
aps.2011.149

43.	 Ghosh P, Fontanella RA, Scisciola L, Pesapane A, Taktaz 
F, Franzese M, et al. Targeting redox imbalance in 
neurodegeneration: characterizing the role of GLP-1 receptor 
agonists. Theranostics 2023;13(14):4872-84. doi: 10.7150/
thno.86831

44.	 Mehdi SF, Pusapati S, Anwar MS, Lohana D, Kumar P, Nandula 
SA, et al. Glucagon-like peptide-1: a multi-faceted anti-
inflammatory agent. Front Immunol 2023;14:1148209. doi: 
10.3389/fimmu.2023.1148209

45.	 Bednarz K, Kowalczyk K, Cwynar M, Czapla D, Czarkowski 
W, Kmita D, et al. The role of Glp-1 receptor agonists in insulin 
resistance with concomitant obesity treatment in polycystic 
ovary syndrome. Int J Mol Sci 2022;23(8):4334. doi: 10.3390/
ijms23084334

46.	 Lebrun LJ, Dusuel A, Xolin M, Le Guern N, Grober J. 
Activation of TLRs triggers GLP-1 secretion in mice. Int J Mol 
Sci 2023;24(6):5333. doi: 10.3390/ijms24065333

47.	 Zampell JC, Elhadad S, Avraham T, Weitman E, Aschen S, Yan 
A, et al. Toll-like receptor deficiency worsens inflammation and 
lymphedema after lymphatic injury. Am J Physiol Cell Physiol 
2012;302(4):C709-19. doi: 10.1152/ajpcell.00284.2011

48.	 Puddu A, Mach F, Nencioni A, Viviani GL, Montecucco F. 
An emerging role of glucagon-like peptide-1 in preventing 
advanced-glycation-end-product-mediated damages in 
diabetes. Mediators Inflamm 2013;2013:591056. doi: 
10.1155/2013/591056

49.	 Taguchi K, Fukami K. RAGE signaling regulates the progression 
of diabetic complications. Front Pharmacol 2023;14:1128872. 
doi: 10.3389/fphar.2023.1128872

50.	 Fathy MA, Alsemeh AE, Habib MA, Abdel-Nour HM, Hendawy 
DM, Eltaweel AM, et al. Liraglutide ameliorates diabetic-
induced testicular dysfunction in male rats: role of GLP-1/Kiss1/
GnRH and TGF-β/Smad signaling pathways. Front Pharmacol 
2023;14:1224985. doi: 10.3389/fphar.2023.1224985

51.	 Itoh F, Watabe T. TGF-β signaling in lymphatic vascular vessel 
formation and maintenance. Front Physiol 2022;13:1081376. 
doi: 10.3389/fphys.2022.1081376

52.	 Crowley F, Brown S, Gallagher EJ, Dayan JH. GLP-1 receptor 
agonist as an effective treatment for breast cancer-related 
lymphedema: a case report. Front Oncol 2024;14:1392375. 
doi: 10.3389/fonc.2024.1392375

53.	 Scioli MG, Storti G, D’Amico F, Rodríguez Guzmán R, 
Centofanti F, Doldo E, et al. Oxidative stress and new 
pathogenetic mechanisms in endothelial dysfunction: 
potential diagnostic biomarkers and therapeutic targets. J Clin 
Med 2020;9(6):1995. doi: 10.3390/jcm9061995

54.	 Menghini R, Casagrande V, Rizza S, Federici M. GLP-1RAs 
and cardiovascular disease: is the endothelium a relevant 
platform? Acta Diabetol 2023;60(11):1441-8. doi: 10.1007/
s00592-023-02124-w

55.	 Almandoz JP, Lingvay I, Morales J, Campos C. Switching 
between glucagon-like peptide-1 receptor agonists: rationale 
and practical guidance. Clin Diabetes 2020;38(4):390-402. 
doi: 10.2337/cd19-0100

56.	 Munn LL, Padera TP. Imaging the lymphatic system. Microvasc 
Res 2014;96:55-63. doi: 10.1016/j.mvr.2014.06.006

https://doi.org/10.1128/mcb.24.21.9668-9681.2004
https://doi.org/10.1128/mcb.24.21.9668-9681.2004
https://doi.org/10.3389/fcvm.2024.1392816
https://doi.org/10.3389/fcvm.2024.1392816
https://doi.org/10.3389/fcvm.2020.597374
https://doi.org/10.1016/s1734-1140(10)70338-8
https://doi.org/10.1155/2012/836485
https://doi.org/10.3390/biom12040542
https://doi.org/10.3390/molecules27154922
https://doi.org/10.3390/molecules27154922
https://doi.org/10.5152/npa.2015.8801
https://doi.org/10.1089/met.2015.0095
https://doi.org/10.3390/cimb47040285
https://doi.org/10.1155/2011/376509
https://doi.org/10.3390/nu15092023
https://doi.org/10.3390/nu15092023
https://doi.org/10.1186/s12967-016-0985-7
https://doi.org/10.1186/s12967-016-0985-7
https://doi.org/10.1038/aps.2011.149
https://doi.org/10.1038/aps.2011.149
https://doi.org/10.7150/thno.86831
https://doi.org/10.7150/thno.86831
https://doi.org/10.3389/fimmu.2023.1148209
https://doi.org/10.3390/ijms23084334
https://doi.org/10.3390/ijms23084334
https://doi.org/10.3390/ijms24065333
https://doi.org/10.1152/ajpcell.00284.2011
https://doi.org/10.1155/2013/591056
https://doi.org/10.3389/fphar.2023.1128872
https://doi.org/10.3389/fphar.2023.1224985
https://doi.org/10.3389/fphys.2022.1081376
https://doi.org/10.3389/fonc.2024.1392375
https://doi.org/10.3390/jcm9061995
https://doi.org/10.1007/s00592-023-02124-w
https://doi.org/10.1007/s00592-023-02124-w
https://doi.org/10.2337/cd19-0100
https://doi.org/10.1016/j.mvr.2014.06.006

