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Abstract

Lymphedema, traditionally considered a secondary complication of lymphatic damage, may have a deeper, metabolic

etiology tied to chronic hyperinsulinemia and insulin resistance. This emerging hypothesis posits that prolonged

hyperinsulinemia drives lymphatic endothelial cell (LEC) dysfunction, initiating inflammation, oxidative stress, and

structural damage that culminates in impaired lymphatic drainage. Insulin resistance disrupts the PI3K/Akt signaling

pathway, which is vital for lymphangiogenesis and endothelial health, further exacerbating lymphatic vessel integrity.

Recent clinical evidence underscores the therapeutic potential of GLP-1 receptor agonists (GLP-1RAs), known for their

insulin-sensitizing and anti-inflammatory properties. Notably, cases of breast cancer-related lymphedema have shown

marked improvements following GLP-1RA treatment, with significant reductions in limb volume and restoration of

lymphatic function. These observations suggest a dual mechanism by which GLP-1RAs address both the metabolic

and vascular components of lymphedema, positioning them as a promising therapeutic avenue for lymphedema driven

by insulin resistance. This review delves into the molecular pathophysiology of lymphedema in the context of metabolic

dysfunction and explores the role of GLP-1RAs as an innovative treatment strategy.
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1. Introduction

Lymphedema is a chronic, progressive disorder characterized by the abnormal accumulation of protein-rich lymphatic fluid

in the interstitial spaces, most commonly affecting the limbs but also capable of manifesting in other regions of the body.

The pathophysiology of lymphedema stems from an impaired lymphatic system, where dysfunctional lymphatic vessels

fail to efficiently drain lymph fluid, resulting in tissue edema, persistent inflammation, and ultimately fibrosis[1]. Over time,

this condition induces profound structural and functional changes within the affected tissues, marked by significant cellular

alterations, including the proliferation of fibroblasts, adipocytes, and immune cells, particularly macrophages[2]. The
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cytobiological landscape of lymphedema is highly complex and intimately linked to chronic inflammation. Persistent

lymphedema triggers a state of sustained low-grade inflammation, facilitated by the release of pro-inflammatory cytokines

such as tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), and interleukin-1 beta (IL-1β)[3]. This pro-inflammatory

environment promotes the remodeling of the extracellular matrix (ECM) and fibrosis, which further impair lymphatic

function[4]. In addition to fibrosis, lymphedema is also characterized by localized adipogenesis, wherein excessive adipose

tissue accumulation exacerbates fluid retention and contributes to further lymphatic dysfunction. This pathological adipose

accumulation is particularly prominent in individuals with obesity, where the interplay between adipose tissue and

compromised lymphatic function creates a vicious cycle of worsening lymphatic insufficiency[5]. Obesity plays a critical role

in the onset and progression of lymphedema. As an endocrine organ, adipose tissue secretes a variety of adipokines such

as leptin and resistin, which are known to negatively impact lymphatic function by enhancing inflammatory responses and

altering vascular homeostasis[6]. The mechanical burden of excessive adipose tissue also exacerbates lymphatic

dysfunction by directly obstructing lymphatic flow. This mechanical and biochemical strain not only disrupts lymphatic

vessel architecture but also further amplifies systemic inflammation, thereby accelerating the progression of both obesity

and lymphedema[7].

A key factor in this cycle is the development of insulin resistance, which is closely tied to obesity and metabolic

dysfunction. Insulin resistance occurs when cells in tissues such as skeletal muscle, liver, and adipose tissue become less

responsive to insulin, leading to compensatory hyperinsulinemia. Over time, this chronic hyperinsulinemic state promotes

endothelial dysfunction, particularly within the lymphatic vasculature, further impairing lymphatic drainage and contributing

to tissue inflammation[8]. Hyperinsulinemia also increases oxidative stress and activates inflammatory pathways, such as

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), which exacerbates endothelial injury and promotes

fibrosis within lymphatic vessels[9]. Moreover, the dysregulated secretion of adipokines in obesity marked by elevated

levels of pro-inflammatory mediators like resistin and leptin and reduced levels of the insulin-sensitizing adipokine

adiponectin further disrupts insulin signaling[10]. This dysregulation worsens lymphatic dysfunction by perpetuating chronic

inflammation and promoting extracellular matrix remodeling. Additionally, free fatty acids (FFAs), which are elevated in

obesity, accumulate in tissues and contribute to lipotoxicity, compounding the damage to both metabolic and lymphatic

systems[11]. In this review, we investigate a novel mechanism underlying the progression of lymphedema, focusing on the

interaction between insulin resistance and lymphatic vessel dysfunction. Furthermore, we explore an innovative

therapeutic approach utilizing local injections of GLP-1 receptor agonists, which have shown promise in improving insulin

sensitivity and modulating lymphatic endothelial function. By targeting the metabolic and vascular components of

lymphedema, this strategy may offer a new avenue for effective treatment of this debilitating condition.

2. Methodology

In this review, we aim to explore a novel hypothesis that addresses the intricate relationship between insulin resistance,

obesity, and lymphatic dysfunction, specifically within the context of lymphedema. The proposed hypothesis is based on

an emerging understanding of the molecular and cellular mechanisms that underlie both metabolic and lymphatic
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disorders. To substantiate this hypothesis, we have integrated findings from recent advances in lymphatic biology,

adipose tissue inflammation, and insulin resistance pathways. The methodology for this review involves a comprehensive

literature analysis across multiple scientific domains, including studies on lymphatic vessel pathophysiology, metabolic

syndrome, obesity-induced inflammation, and insulin signaling disruptions. We systematically searched databases such as

PubMed, Scopus, and Web of Science for peer-reviewed articles published within the last decade. The inclusion criteria

focused on studies that examine the mechanisms of insulin resistance in obese individuals, the role of chronic

inflammation in lymphatic dysfunction, and the therapeutic potential of GLP-1 receptor agonists. Special attention was

given to experimental models of lymphedema, adipose tissue dysregulation, and lymphatic endothelial cell biology.

To lay the foundation for our hypothesis, we first analyzed the biochemical pathways that link obesity-induced

inflammation to insulin resistance, particularly the activation of pro-inflammatory cytokines such as TNF-α and IL-6, which

impair insulin receptor signaling. This was followed by an exploration of the vascular complications associated with

hyperinsulinemia, focusing on its deleterious effects on lymphatic endothelial cells and the resultant impairment of

lymphatic drainage. Furthermore, the study delves into the effects of excess free fatty acids and their contribution to

lipotoxicity and mitochondrial dysfunction, which are critical in the progression of both insulin resistance and lymphatic

vessel damage.

We also conducted an in-depth evaluation of the GLP-1 receptor agonists' mechanism of action, focusing on their dual

role in enhancing insulin sensitivity and exerting protective effects on the vascular endothelium. Preclinical and clinical

studies were reviewed to assess the efficacy of GLP-1 analogs in reducing adipose tissue inflammation and improving

lymphatic function. Through this comprehensive review, we seek to establish a clear link between metabolic dysfunction

and lymphatic impairment, proposing that localized GLP-1 receptor agonist therapy could serve as a promising

intervention. This approach is grounded in the evolving understanding of the lymphatic system’s role in metabolic health,

particularly its interaction with adipose tissue and insulin signaling pathways. By targeting these interconnected processes,

the proposed methodology seeks to provide a scientific basis for the innovative use of GLP-1 receptor agonists in treating

lymphedema, specifically via local injections into affected tissues. This method may offer a more targeted approach to

mitigating the inflammatory and fibrotic processes that characterize advanced lymphedema, presenting a potential

breakthrough in its management.

3. Biochemical Pathways Linking Obesity-Induced Inflammation to Insulin Resistance: The

Role of Pro-Inflammatory Cytokines TNF-α and IL-6

Obesity induces a chronic state of low-grade inflammation that is critically involved in the pathogenesis of insulin

resistance. This inflammatory response is primarily driven by the expansion of adipose tissue, which leads to the

infiltration of immune cells, particularly pro-inflammatory M1 macrophages[12].

These macrophages secrete key cytokines, such as tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6), both of

which play crucial roles in disrupting insulin receptor signaling and impairing glucose homeostasis[13].
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TNF-α serves as a central mediator in the development of insulin resistance. Within hypertrophic adipose tissue, elevated

levels of TNF-α trigger the activation of serine kinases, including c-Jun N-terminal kinase (JNK) and IκB kinase (IKK)[14].

These kinases phosphorylate insulin receptor substrate-1 (IRS-1) at serine residues, an event that critically disrupts IRS-

1’s ability to propagate insulin signals through the phosphoinositide 3-kinase (PI3K)-Akt signaling pathway[15][16]. This

pathway is essential for facilitating glucose uptake in both skeletal muscle and adipocytes. In addition to inhibiting IRS-1

function, TNF-α downregulates the expression of glucose transporter type 4 (GLUT4), further impairing glucose transport

and worsening insulin resistance[17].

IL-6 contributes to insulin resistance through a distinct but complementary mechanism. By activating the STAT3 signaling

cascade, IL-6 induces the expression of suppressor of cytokine signaling-3 (SOCS-3), a protein that interferes with insulin

receptor activity and inhibits IRS-1 function, thereby impairing PI3K-Akt signaling[18]. Furthermore, IL-6 exacerbates

metabolic dysregulation by enhancing hepatic gluconeogenesis and disrupting lipid metabolism, leading to ectopic fat

deposition in the liver, which is tightly linked to systemic insulin resistance[19].

Excessive free fatty acids (FFAs), a hallmark of obesity, contribute significantly to insulin resistance and lymphatic

vascular damage through multiple cytobiological and biochemical mechanisms, including lipotoxicity, mitochondrial

dysfunction, and oxidative stress, all of which interfere with cellular metabolism and vascular integrity[20]. In non-adipose

tissues, excess FFAs are stored as diacylglycerols (DAGs), which activate protein kinase C (PKC). This PKC activation

phosphorylates insulin receptor substrate-1 (IRS-1) on serine/threonine residues, disrupting insulin signaling by inhibiting

the PI3K-Akt pathway, thereby impairing glucose uptake and leading to insulin resistance[21].

Additionally, another lipid intermediate, ceramide, accumulates during lipotoxicity, promoting apoptosis and interfering with

IRS-1 function, further impairing insulin sensitivity and contributing to β-cell dysfunction in the pancreas, which

exacerbates systemic metabolic disruption[22]. Excess FFAs also overwhelm mitochondrial capacity, leading to

incomplete fatty acid oxidation and the buildup of toxic intermediates, reducing ATP production and causing metabolic

inefficiency in tissues critical for insulin-mediated glucose uptake, such as skeletal muscle[23]. Moreover, overloaded

mitochondria generate high levels of reactive oxygen species (ROS), leading to oxidative stress, which damages

mitochondrial DNA, proteins, and membranes, impairing mitochondrial function and bioenergetics and exacerbating insulin

resistance. The interplay of excess FFAs and ROS also activates stress-related kinases, including c-Jun N-terminal

kinase (JNK) and IκB kinase (IKK), which phosphorylate IRS-1 and inhibit insulin signaling while promoting the secretion

of pro-inflammatory cytokines like TNF-α and IL-6, enhancing chronic low-grade inflammation in obese adipose tissue[24].

Furthermore, FFAs induce endoplasmic reticulum (ER) stress by disrupting protein folding, triggering the unfolded protein

response (UPR), and worsening insulin resistance by activating JNK and increasing ROS production. This cascade of

events has significant implications for lymphatic vascular health, as oxidative stress and excess FFAs impair the function

of lymphatic endothelial cells, disrupting mitochondrial bioenergetics and promoting lipid peroxidation, which results in

increased vascular permeability and reduced lymphatic drainage, thereby contributing to conditions like lymphedema.

Additionally, the interaction between expanding adipose tissue and the lymphatic system creates a vicious cycle in which

inflammation driven by pro-inflammatory macrophages impairs lymphatic function, exacerbating fluid retention and further
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promoting tissue damage[25].

4. The Interrelationship Between Insulin Resistance and Lymphatic Dysfunction: A Detailed

Exploration of Molecular Mechanisms and Pathophysiological Consequences

Insulin resistance represents a fundamental disruption in cellular metabolism that significantly impacts various

physiological systems, including the lymphatic vasculature. It is defined by a reduced cellular responsiveness to insulin,

particularly in insulin-sensitive tissues such as skeletal muscle, adipose tissue, and the liver. This resistance leads to

compensatory hyperinsulinemia, where pancreatic β-cells secrete excessive amounts of insulin in an attempt to maintain

glucose homeostasis. Over time, this state of chronic hyperinsulinemia, combined with persistent insulin resistance, has

been implicated in multiple pathological processes, including endothelial dysfunction, chronic inflammation, and structural

damage to the lymphatic system[26]. The molecular underpinnings of insulin resistance are complex, involving disruptions

in insulin signaling pathways that reverberate throughout the metabolic and vascular systems.

At the core of insulin resistance lies the impairment of insulin receptor signaling. Under normal conditions, insulin binding

to its receptor activates the insulin receptor substrate (IRS) proteins, particularly IRS-1, which in turn propagates signals

through downstream pathways such as the phosphoinositide 3-kinase (PI3K)/Akt pathway[27]. This pathway is crucial for

various cellular functions, including glucose uptake via the translocation of glucose transporter type 4 (GLUT4) to the cell

membrane. However, in states of insulin resistance, several factors, notably pro-inflammatory cytokines like tumor

necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6), inhibit the function of IRS-1 by promoting its serine

phosphorylation[28]. This modification blocks the ability of IRS-1 to engage with PI3K, thereby disrupting the Akt signaling

cascade, leading to decreased glucose uptake and the worsening of hyperglycemia. The failure of this critical signaling

pathway is a major contributor to the development of metabolic complications associated with insulin resistance[29].

Chronic hyperinsulinemia, a direct consequence of insulin resistance, further exacerbates endothelial dysfunction,

particularly within the lymphatic system. Lymphatic endothelial cells (LECs), which form the structural basis of lymphatic

vessels, are highly sensitive to insulin signaling under physiological conditions[30]. Normally, insulin promotes

lymphangiogenesis and supports the proliferation and migration of LECs through the PI3K/Akt and extracellular signal-

regulated kinase (ERK) pathways[31]. However, in an insulin-resistant state, dysregulated insulin signaling impairs the

normal function of these cells. As a result, there is a significant reduction in lymphangiogenesis, impaired lymphatic

drainage, and an increased susceptibility to inflammation within lymphatic vessels. This is further compounded by the

activation of protein kinase C (PKC) and the generation of reactive oxygen species (ROS), which contribute to endothelial

damage. ROS, in turn, activate nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), a transcription

factor that plays a central role in orchestrating inflammatory responses. This inflammatory cascade not only exacerbates

local endothelial dysfunction but also contributes to systemic inflammation, creating a feedback loop that accelerates the

progression of insulin resistance[32].

The dysfunction of the lymphatic system in insulin resistance is further amplified by adipose tissue dysfunction, which is a
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hallmark of obesity a major driver of insulin resistance. Adipose tissue, particularly in its hypertrophic state, becomes a

source of pro-inflammatory mediators, including cytokines and free fatty acids (FFAs). These FFAs can directly impair

lymphatic function by activating Toll-like receptors (TLRs), especially TLR4, on LECs. This activation promotes the

production of inflammatory cytokines and chemokines, leading to lymphatic vessel leakage, fibrosis, and reduced fluid

clearance. Moreover, the inflammatory environment induced by adipose tissue dysfunction contributes to the breakdown

of the lymphatic barrier, further promoting tissue edema and metabolic dysregulation[33].

Recent evidence suggests that advanced glycation end products (AGEs), which accumulate in insulin-resistant states due

to chronic hyperglycemia, further compromise lymphatic function. AGEs are proteins or lipids that become glycated after

exposure to sugars, and they exert pathological effects by crosslinking with extracellular matrix components in vascular

tissues, including the lymphatics[34]. These AGEs engage with the receptor for AGEs (RAGE), triggering a signaling

cascade that involves NF-κB activation and the subsequent release of pro-inflammatory mediators[35]. The activation of

the RAGE-NF-κB axis within lymphatic vessels perpetuates chronic inflammation, endothelial cell apoptosis, and fibrosis,

all of which contribute to the progressive impairment of lymphatic function. This chronic inflammatory state not only leads

to local lymphatic vessel dysfunction but also contributes to systemic insulin resistance, as the lymphatic system plays a

crucial role in maintaining interstitial fluid balance and immune cell trafficking[36].

Thus, the interplay between insulin resistance and lymphatic dysfunction is multifactorial and involves a complex network

of biochemical and cytobiological mechanisms. Pro-inflammatory cytokines, oxidative stress, adipose tissue dysfunction,

and AGE accumulation all contribute to a cycle of worsening metabolic and vascular health. The disruption of insulin

signaling pathways at the molecular level directly impairs lymphatic endothelial cell function, while chronic inflammation

and oxidative stress further exacerbate lymphatic vessel damage. This intricate interplay underscores the need for

therapeutic strategies targeting not only glucose metabolism but also the inflammatory and vascular complications

associated with insulin resistance. By addressing these interconnected pathways, it may be possible to mitigate the

broader systemic effects of insulin resistance and improve both metabolic and lymphatic health[37].

5. Exploring the Therapeutic Approach of Local GLP-1 Agonist Injections as a Promising

Treatment for Lymphedema

The therapeutic potential of glucagon-like peptide-1 (GLP-1) receptor agonists has recently garnered attention in the

treatment of metabolic and vascular dysfunctions, particularly in conditions associated with insulin resistance, such as

lymphedema. GLP-1 receptors are widely expressed in multiple tissues, including pancreatic beta cells, the vascular

endothelium, and lymphatic endothelial cells (LECs). The dual role of GLP-1 receptor activation in enhancing insulin

sensitivity and exerting protective effects on the vasculature presents a promising avenue for treating lymphatic

disorders[38].

At the molecular level, GLP-1 receptor agonists, such as semaglutide and liraglutide, exert their insulin-sensitizing effects

by enhancing glucose-stimulated insulin secretion and promoting beta-cell survival via the activation of cyclic AMP
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(cAMP)-dependent signaling pathways. This cascade leads to the phosphorylation of protein kinase A (PKA) and the

subsequent activation of key transcription factors, such as cAMP response element-binding protein (CREB), which

supports insulin production and prevents beta-cell apoptosis[39]. Additionally, GLP-1 enhances insulin sensitivity in

peripheral tissues by improving glucose uptake through the PI3K/Akt pathway[40], thus ameliorating hyperglycemia and

reducing compensatory hyperinsulinemia, a significant factor contributing to lymphatic endothelial dysfunction[41].

From a vascular perspective, GLP-1 receptor agonists have demonstrated vasoprotective properties that may mitigate

lymphatic endothelial damage. Activation of the GLP-1 receptor on endothelial cells has been shown to stimulate nitric

oxide (NO) production through endothelial nitric oxide synthase (eNOS), which promotes vasodilation and reduces

oxidative stress[42]. This is particularly relevant in insulin-resistant states, where endothelial cells experience increased

oxidative stress and inflammation. GLP-1 agonists counteract these effects by inhibiting the production of reactive oxygen

species (ROS)[43] and reducing the activation of pro-inflammatory pathways, such as nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-κB)[44]. By attenuating inflammation and oxidative damage, GLP-1 agonists may

preserve lymphatic vessel integrity and improve lymphangiogenesis, the formation of new lymphatic vessels, which is

crucial for proper lymphatic drainage.

Clinical and preclinical studies have further highlighted the role of GLP-1 receptor agonists in reducing adipose tissue

inflammation, a key contributor to lymphatic dysfunction. In obese and insulin-resistant individuals, adipose tissue releases

pro-inflammatory cytokines and free fatty acids (FFAs) that impair lymphatic function[45]. GLP-1 agonists have been

shown to suppress the release of these inflammatory mediators, thereby improving the structure and function of lymphatic

vessels. Notably, GLP-1 receptor activation reduces the expression of Toll-like receptors (TLRs), particularly TLR4, on

LECs, which are typically upregulated in response to excess FFAs[46]. This reduction in TLR4 signaling dampens the

inflammatory response within the lymphatic system, thereby preventing lymphatic vessel leakage, fibrosis, and impaired

fluid clearance[47].

Moreover, GLP-1 receptor agonists have been implicated in reducing the accumulation of advanced glycation end

products (AGEs) within vascular tissues[48]. AGEs are known to disrupt endothelial cell function by crosslinking

extracellular matrix proteins and activating the receptor for AGEs (RAGE), which perpetuates NF-κB signaling and chronic

inflammation[49]. Additionally, GLP-1 agonists have been reported to decrease the expression of pro-fibrotic markers,

such as transforming growth factor-beta (TGF-β)[50], which is often elevated in lymphatic dysfunction[51].

6. Promising Clinical Evidence

Recent clinical findings have provided encouraging insights into the potential therapeutic role of GLP-1 receptor agonists

(GLP-1RAs) in the management of breast cancer-related lymphedema, as evidenced by a case report published in

Frontiers in Oncology[52]. The case report detailed the significant resolution of lymphedema symptoms in a patient

following the initiation of GLP-1RA therapy, originally prescribed for weight loss. This patient, who developed severe

lymphedema after breast cancer surgery and adjuvant therapy, experienced substantial improvements in lymphatic
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function, with a reduction in limb volume from 10.3% to 3.4% after 13 months of GLP-1RA treatment. This was

accompanied by a 24% reduction in body weight, and a notable return of lymphatic pumping function, as confirmed by

imaging. The patient’s quality of life was also markedly improved, and she no longer required the use of compression

garments.

These findings align with the hypothesis that GLP-1RAs may offer significant benefits in conditions where insulin

resistance contributes to vascular and lymphatic dysfunction. As insulin resistance is known to impair lymphatic

endothelial cell (LEC) function through mechanisms involving chronic inflammation, oxidative stress, and the disruption of

insulin signaling pathways, the use of GLP-1RAs could address these pathological changes. The weight loss observed in

the patient likely improved overall insulin sensitivity, reducing the chronic hyperinsulinemia that exacerbates lymphatic

vessel dysfunction.

Mechanistically, GLP-1RAs could exert direct effects on the lymphatic system beyond their metabolic benefits. GLP-1

receptors are present on vascular endothelial cells, including LECs, and their activation may enhance lymphangiogenesis

and lymphatic vessel repair. Through pathways involving nitric oxide (NO) production and the inhibition of reactive oxygen

species (ROS), GLP-1RAs may restore normal endothelial function, promoting effective lymphatic drainage and reducing

vessel inflammation. Additionally, by modulating the immune response, particularly the downregulation of pro-

inflammatory cytokines and Toll-like receptor (TLR) signaling, GLP-1RAs may further protect lymphatic vessels from

fibrosis and functional deterioration.

This case supports the notion that GLP-1RAs offer a promising therapeutic approach for managing lymphedema,

particularly in patients with underlying metabolic disturbances like insulin resistance. It also opens up the possibility of a

dual action of GLP-1RAs in improving both metabolic and lymphatic health, potentially reducing the need for more

invasive interventions, such as lymphovenous bypass or vascularized lymph node transplantation, by restoring the

function of the existing lymphatic network. Future studies are needed to explore the precise mechanisms by which GLP-

1RAs influence lymphatic endothelial cells and to confirm their long-term efficacy in larger cohorts of patients with

secondary lymphedema[52].

7. Localized Administration of GLP-1 Receptor Agonists: A Promising Therapeutic Strategy

for Lymphedema

Recent advancements in the treatment of lymphedema, particularly secondary lymphedema following breast cancer

surgery, have highlighted the potential of GLP-1 receptor agonists (GLP-1RAs) as a novel therapeutic intervention. Given

their established metabolic benefits, localized injection of GLP-1RAs into affected lymphatic tissues presents a promising

approach to not only improve metabolic disturbances but also directly target lymphatic dysfunction. This strategy

capitalizes on the ability of GLP-1RAs to restore insulin signaling, reduce inflammation, and promote lymphangiogenesis

the formation and repair of lymphatic vessels. By inhibiting the production of reactive oxygen species (ROS) and

modulating nitric oxide (NO) pathways[53], GLP-1RAs enhance endothelial cell function and reduce vascular permeability,
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thereby improving lymphatic drainage[54]. Based on current pharmacokinetic data, we propose a localized administration

protocol where an initial dose of 0.6 mg of liraglutide or 0.25 mg of semaglutide is administered once weekly via

subcutaneous injection directly into the affected lymphatic region. This targeted approach ensures higher drug

concentrations in the affected area while minimizing systemic exposure, thereby reducing the risk of side effects. Over the

course of 12 weeks, the dosage can be titrated up to 1.8 mg of liraglutide or 1 mg of semaglutide, depending on patient

response and clinical improvements such as a reduction in limb volume. This localized administration could enhance

lymphatic vessel repair and stimulate lymphatic pumping by directly activating the GLP-1 receptors expressed on

lymphatic endothelial cells (LECs), effectively addressing the core dysfunction in lymphedema[55]. The proposed

treatment should be combined with conventional lymphedema care, such as compression therapy and physical exercise,

to maximize therapeutic outcomes. Monitoring through imaging studies like lymphoscintigraphy or MRI can be employed

to track the progression of lymphatic repair and drainage function, offering valuable insights into treatment efficacy[56].

8. Discussion

The emerging hypothesis that chronic hyperinsulinemia, secondary to insulin resistance, plays a pivotal role in the

pathogenesis of lymphedema offers a transformative perspective on this traditionally mechanical disorder. Historically,

lymphedema has been primarily attributed to physical lymphatic damage or obstruction, commonly following cancer-

related surgeries or radiotherapy. However, positioning lymphedema as a vascular complication of metabolic dysfunction,

particularly insulin resistance, sheds light on the broader impact of systemic metabolic disturbances on the lymphatic

system. This redefinition aligns with evidence that insulin resistance significantly impairs lymphatic endothelial cell (LEC)

function, promoting vessel inflammation, structural damage, and impaired lymphatic drainage.

At the molecular level, insulin resistance disrupts the PI3K/Akt signaling pathway, which is critical for maintaining

endothelial function, glucose uptake, and promoting lymphangiogenesis. Normally, this pathway supports the repair and

growth of lymphatic vessels, ensuring fluid homeostasis. However, in the insulin-resistant state, pro-inflammatory

mediators such as TNF-α and IL-6 inhibit these signaling mechanisms, leading to oxidative stress, endothelial

dysfunction, and exacerbation of hyperglycemia. These cytokines promote the activation of protein kinase C (PKC) and

the generation of reactive oxygen species (ROS), which collectively compromise LEC integrity. This dysfunction not only

impairs the ability of lymphatic vessels to regulate fluid balance but also exacerbates lymphatic vessel permeability and

inflammation, hallmark features of lymphedema.

Further compounding the issue, insulin resistance accelerates the formation of advanced glycation end products (AGEs),

which crosslink extracellular matrix proteins and activate receptors for AGEs (RAGE). This pathway triggers chronic

inflammatory responses via NF-κB signaling, leading to endothelial cell apoptosis and fibrosis. Such endothelial

degradation perpetuates a cycle of inflammation and damage, impairing the lymphatic system's capacity to clear excess

interstitial fluid, thus manifesting as clinical lymphedema.

The therapeutic potential of GLP-1 receptor agonists (GLP-1RAs) in targeting this metabolic-driven pathophysiology is
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particularly promising. Beyond their established role in managing type 2 diabetes, GLP-1RAs demonstrate the ability to

restore insulin sensitivity by enhancing PI3K/Akt signaling and reducing pro-inflammatory cytokine activity. This

restoration is vital for promoting lymphangiogenesis and preserving LEC functionality, which are both compromised in

insulin-resistant states. Additionally, GLP-1RAs exert antioxidative effects, reducing ROS production and oxidative stress,

which further protects the endothelial lining of lymphatic vessels from ongoing damage.

Clinical evidence, including case reports, supports the potential dual benefit of GLP-1RAs in lymphedema management

improving metabolic health and exerting direct lymphatic repair mechanisms. Notably, GLP-1RAs can mitigate the chronic

hyperinsulinemia that drives lymphatic vessel dysfunction, while simultaneously promoting endothelial repair through

pathways involving nitric oxide (NO) and the suppression of ROS. Case studies have shown significant clinical

improvements in lymphedema, such as reductions in limb volume and enhanced lymphatic function following GLP-1RA

therapy, particularly in patients with metabolic disorders contributing to lymphatic dysfunction. This underscores the

potential of GLP-1RAs to revolutionize lymphedema management by addressing both the underlying metabolic disorder

and its vascular manifestations.

The introduction of GLP-1RAs as a targeted therapeutic option for lymphedema, particularly through localized

administration, presents a compelling clinical strategy. By directly delivering these agents to affected lymphatic regions,

clinicians can enhance drug concentration in the target tissue, optimize lymphatic vessel repair, and reduce systemic side

effects.

9. Conclusion

The hypothesis that lymphedema may arise from metabolic dysfunction, particularly insulin resistance and

hyperinsulinemia, offers a fresh perspective on the disease's etiology. By linking vascular endothelial damage with chronic

metabolic stress, this model underscores the importance of addressing underlying insulin resistance to improve lymphatic

health. The therapeutic potential of GLP-1 receptor agonists in treating this form of lymphedema is compelling, given their

role in enhancing insulin sensitivity, reducing inflammation, and promoting vascular integrity. Future research should focus

on validating these findings through clinical trials, as this could revolutionize the management of lymphedema by targeting

its metabolic roots.

References

1. ^Szuba A, Rockson SG (1997). "Lymphedema: anatomy, physiology and pathogenesis". Vascular medicine (London,

England). 2 (4): 321–326. doi:10.1177/1358863X9700200408.

2. ^Ly CL, Kataru RP, Mehrara BJ (2017). "Inflammatory Manifestations of Lymphedema". International journal of

molecular sciences. 18 (1): 171. doi:10.3390/ijms18010171.

3. ^Bowman C, Rockson SG (2024). "The Role of Inflammation in Lymphedema: A Narrative Review of Pathogenesis

and Opportunities for Therapeutic Intervention". International journal of molecular sciences. 25 (7): 3907.

Qeios, CC-BY 4.0   ·   Article, October 29, 2024

Qeios ID: L6AMND   ·   https://doi.org/10.32388/L6AMND 10/14



doi:10.3390/ijms25073907.

4. ^Baik JE, Park HJ, Kataru RP, Savetsky IL, Ly CL, Shin J, Encarnacion EM, Cavali MR, Klang MG, Riedel E, Coriddi

M, Dayan JH, Mehrara BJ (2022). "TGF-β1 mediates pathologic changes of secondary lymphedema by promoting

fibrosis and inflammation". Clinical and translational medicine. 12 (6): e758. doi:10.1002/ctm2.758.

5. ^Zampell JC, Aschen S, Weitman ES, Yan A, Elhadad S, De Brot Andrade M, Mehrara BJ (2012). "Regulation of

adipogenesis by lymphatic fluid stasis: part I. Adipogenesis, fibrosis, and inflammation". Plastic and reconstructive

surgery. 129 (4): 825–834. doi:10.1097/PRS.0b013e3182450b2d.

6. ^Kirichenko TV, Markina YV, Bogatyreva AI, Tolstik TV, Varaeva YR, Starodubova AV (2022). "The Role of Adipokines

in Inflammatory Mechanisms of Obesity". International journal of molecular sciences. 23 (23): 14982.

doi:10.3390/ijms232314982.

7. ^Sung C, Wang S, Hsu J, Yu R, Wong AK (2022). "Current Understanding of Pathological Mechanisms of

Lymphedema". Advances in wound care. 11 (7): 361–373. doi:10.1089/wound.2021.0041.

8. ^Li Y, Liu Y, Liu S, et al. "Diabetic vascular diseases: molecular mechanisms and therapeutic strategies". Sig

Transduct Target Ther. 8: 152 (2023). doi:10.1038/s41392-023-01400-z.

9. ^Mieczkowski M, Mrozikiewicz-Rakowska B, Kowara M, Kleibert M, Czupryniak L (2022). "The Problem of Wound

Healing in Diabetes-From Molecular Pathways to the Design of an Animal Model". International journal of molecular

sciences. 23 (14): 7930. doi:10.3390/ijms23147930.

10. ^Zorena K, Jachimowicz-Duda O, Ślęzak D, Robakowska M, Mrugacz M (2020). "Adipokines and Obesity. Potential

Link to Metabolic Disorders and Chronic Complications". International journal of molecular sciences. 21 (10): 3570.

doi:10.3390/ijms21103570.

11. ^Kawai T, Autieri MV, Scalia R (2021). "Adipose tissue inflammation and metabolic dysfunction in obesity". American

journal of physiology. Cell physiology. 320 (3): C375–C391. doi:10.1152/ajpcell.00379.2020.

12. ^Zatterale F, Longo M, Naderi J, Raciti GA, Desiderio A, Miele C, Beguinot F (2020). "Chronic Adipose Tissue

Inflammation Linking Obesity to Insulin Resistance and Type 2 Diabetes". Frontiers in physiology. 10: 1607.

doi:10.3389/fphys.2019.01607.

13. ^Huang K, Liang Y, Ma Y, Wu J, Luo H, Yi B (2022). "The Variation and Correlation of Serum Adiponectin, Nesfatin-1,

IL-6, and TNF-α Levels in Prediabetes". Frontiers in endocrinology. 13: 774272. doi:10.3389/fendo.2022.774272.

14. ^Feng J, Lu S, Ou B, Liu Q, Dai J, Ji C, Zhou H, Huang H, Ma Y (2020). "The Role of JNk Signaling Pathway in

Obesity-Driven Insulin Resistance". Diabetes, metabolic syndrome and obesity: targets and therapy. 13: 1399–1406.

doi:10.2147/DMSO.S236127.

15. ^Luo M, Langlais P, Yi Z, Lefort N, De Filippis EA, Hwang H, Christ-Roberts CY, Mandarino LJ (2007).

"Phosphorylation of human insulin receptor substrate-1 at Serine 629 plays a positive role in insulin signaling".

Endocrinology. 148 (10): 4895–4905. doi:10.1210/en.2007-0049.

16. ^Gao Z, Hwang D, Bataille F, Lefevre M, York D, Quon MJ, Ye J (2002). "Serine phosphorylation of insulin receptor

substrate 1 by inhibitor kappa B kinase complex". The Journal of biological chemistry. 277 (50): 48115–48121.

doi:10.1074/jbc.M209459200.

Qeios, CC-BY 4.0   ·   Article, October 29, 2024

Qeios ID: L6AMND   ·   https://doi.org/10.32388/L6AMND 11/14



17. ^Zheng M, Wang P (2021). "Role of insulin receptor substance-1 modulating PI3K/Akt insulin signaling pathway in

Alzheimer's disease". 3 Biotech. 11 (4): 179. doi:10.1007/s13205-021-02738-3.

18. ^Kern L, Mittenbühler MJ, Vesting AJ, Ostermann AL, Wunderlich CM, Wunderlich FT (2018). "Obesity-Induced TNFα

and IL-6 Signaling: The Missing Link between Obesity and Inflammation-Driven Liver and Colorectal Cancers".

Cancers. 11 (1): 24. doi:10.3390/cancers11010024.

19. ^da Silva Rosa SC, Nayak N, Caymo AM, Gordon JW (2020). "Mechanisms of muscle insulin resistance and the

cross-talk with liver and adipose tissue". Physiological reports. 8 (19): e14607. doi:10.14814/phy2.14607.

20. ^Boden G (2011). "Obesity, insulin resistance and free fatty acids". Current opinion in endocrinology, diabetes, and

obesity. 18 (2): 139–143. doi:10.1097/MED.0b013e3283444b09.

21. ^Kolczynska K, Loza-Valdes A, Hawro I, Sumara G (2020). "Diacylglycerol-evoked activation of PKC and PKD

isoforms in regulation of glucose and lipid metabolism: a review". Lipids in health and disease. 19 (1): 113.

doi:10.1186/s12944-020-01286-8.

22. ^Hammerschmidt P, Brüning JC (2022). "Contribution of specific ceramides to obesity-associated metabolic diseases".

Cellular and molecular life sciences: CMLS. 79 (8): 395. doi:10.1007/s00018-022-04401-3.

23. ^Koves TR, Ussher JR, Noland RC, Slentz D, Mosedale M, Ilkayeva O, Bain J, Stevens R, Dyck JR, Newgard CB,

Lopaschuk GD, Muoio DM (2008). "Mitochondrial overload and incomplete fatty acid oxidation contribute to skeletal

muscle insulin resistance". Cell metabolism. 7 (1): 45–56. doi:10.1016/j.cmet.2007.10.013.

24. ^Lee YH, Giraud J, Davis RJ, White MF (2003). "c-Jun N-terminal kinase (JNK) mediates feedback inhibition of the

insulin signaling cascade". The Journal of biological chemistry. 278 (5): 2896–2902. doi:10.1074/jbc.M208359200.

25. ^Amen OM, Sarker SD, Ghildyal R, Arya A (2019). "Endoplasmic Reticulum Stress Activates Unfolded Protein

Response Signaling and Mediates Inflammation, Obesity, and Cardiac Dysfunction: Therapeutic and Molecular

Approach". Frontiers in pharmacology. 10: 977. doi:10.3389/fphar.2019.00977.

26. ^Jiang X, Tian W, Nicolls MR, Rockson SG (2019). "The Lymphatic System in Obesity, Insulin Resistance, and

Cardiovascular Diseases". Frontiers in physiology. 10: 1402. doi:10.3389/fphys.2019.01402.

27. ^Boucher J, Kleinridders A, Kahn CR (2014). "Insulin receptor signaling in normal and insulin-resistant states". Cold

Spring Harbor perspectives in biology. 6 (1): a009191. doi:10.1101/cshperspect.a009191.

28. ^Andreozzi F, Laratta E, Procopio C, Hribal ML, Sciacqua A, Perticone M, Miele C, Perticone F, Sesti G (2007).

"Interleukin-6 impairs the insulin signaling pathway, promoting production of nitric oxide in human umbilical vein

endothelial cells". Molecular and cellular biology. 27 (6): 2372–2383. doi:10.1128/MCB.01340-06.

29. ^Liu YF, Herschkovitz A, Boura-Halfon S, Ronen D, Paz K, Leroith D, Zick Y (2004). "Serine phosphorylation proximal

to its phosphotyrosine binding domain inhibits insulin receptor substrate 1 function and promotes insulin resistance".

Molecular and cellular biology. 24 (21): 9668–9681. doi:10.1128/MCB.24.21.9668-9681.2004.

30. ^Simeroth S, Yu P (2024). "The role of lymphatic endothelial cell metabolism in lymphangiogenesis and disease".

Frontiers in cardiovascular medicine. 11: 1392816. doi:10.3389/fcvm.2024.1392816.

31. ^Bui K, Hong YK (2020). "Ras Pathways on Prox1 and Lymphangiogenesis: Insights for Therapeutics." Frontiers in

Qeios, CC-BY 4.0   ·   Article, October 29, 2024

Qeios ID: L6AMND   ·   https://doi.org/10.32388/L6AMND 12/14



Cardiovascular Medicine. 7: 597374. doi:10.3389/fcvm.2020.597374.

32. ^Dąbek J, Kułach A, Gąsior Z (2010). "Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB): a new

potential therapeutic target in atherosclerosis?." Pharmacological Reports: PR. 62(5): 778–783. doi:10.1016/s1734-

1140(10)70338-8.

33. ^Jin B, Sun T, Yu XH, Yang YX, Yeo AE (2012). "The effects of TLR activation on T-cell development and

differentiation." Clinical & Developmental Immunology. 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, 542. doi:10.3390/biom12040542.

35. ^Yue Q, Song Y, Liu Z, Zhang L, Yang L, Li J (2022). "Receptor for Advanced Glycation End Products (RAGE): A

Pivotal Hub in Immune Diseases." Molecules (Basel, Switzerland). 27(15): 4922. doi:10.3390/molecules27154922.

36. ^Bekircan-Kurt CE, Tan E, Erdem Özdamar S (2015). "The Activation of RAGE and NF-KB in Nerve Biopsies of

Patients with Axonal and Vasculitic Neuropathy." Noro Psikiyatri Arsivi. 52(3): 279–282. doi:10.5152/npa.2015.8801.

37. ^Manna P, Jain SK (2015). "Obesity, Oxidative Stress, Adipose Tissue Dysfunction, and the Associated Health Risks:

Causes and Therapeutic Strategies." Metabolic Syndrome and Related Disorders. 13(10): 423–444.

doi:10.1089/met.2015.0095.

38. ^Bednarz K, Kowalczyk K, Cwynar M, Czapla D, Czarkowski W, Kmita D, Nowak A, Madej P (2022). "The Role of Glp-

1 Receptor Agonists in Insulin Resistance with Concomitant Obesity Treatment in Polycystic Ovary Syndrome."

International Journal of Molecular Sciences. 23(8): 4334. doi:10.3390/ijms23084334.

39. ^Portha B, Tourrel-Cuzin C, Movassat J (2011). "Activation of the GLP-1 receptor signalling pathway: a relevant

strategy to repair a deficient beta-cell mass." Experimental Diabetes Research. 2011: 376509.

doi:10.1155/2011/376509.

40. ^Yoo J, Park JE, Han JS (2023). "HMC Ameliorates Hyperglycemia via Acting PI3K/AKT Pathway and Improving

FOXO1 Pathway in ob/ob Mice." Nutrients. 15(9): 2023. doi:10.3390/nu15092023.

41. ^Andreozzi F, Raciti GA, Nigro C, Mannino GC, Procopio T, Davalli AM, Beguinot F, Sesti G, Miele C, Folli F (2016).

"The GLP-1 receptor agonists exenatide and liraglutide activate Glucose transport by an AMPK-dependent

mechanism." Journal of Translational Medicine. 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 33, 75–81 (2012). doi:10.1038/aps.2011.149.

43. ^Ghosh P, Fontanella RA, Scisciola L, Pesapane A, Taktaz F, Franzese M, Puocci A, Ceriello A, Prattichizzo F, Rizzo

MR, Paolisso G, Barbieri M (2023). "Targeting redox imbalance in neurodegeneration: characterizing the role of GLP-1

receptor agonists." Theranostics. 13(14): 4872–4884. doi:10.7150/thno.86831.

44. ^Mehdi SF, Pusapati S, Anwar MS, Lohana D, Kumar P, Nandula SA, Nawaz FK, Tracey K, Yang H, LeRoith D,

Brownstein MJ, Roth J (2023). "Glucagon-like peptide-1: a multi-faceted anti-inflammatory agent." Frontiers in

Immunology. 14: 1148209. doi:10.3389/fimmu.2023.1148209.

45. ^Bednarz K, Kowalczyk K, Cwynar M, Czapla D, Czarkowski W, Kmita D, Nowak A, Madej P (2022). "The Role of Glp-

1 Receptor Agonists in Insulin Resistance with Concomitant Obesity Treatment in Polycystic Ovary Syndrome."

Qeios, CC-BY 4.0   ·   Article, October 29, 2024

Qeios ID: L6AMND   ·   https://doi.org/10.32388/L6AMND 13/14



International Journal of Molecular Sciences. 23(8): 4334. doi:10.3390/ijms23084334.

46. ^Lebrun LJ, Dusuel A, Xolin M, Le Guern N, Grober J (2023). "Activation of TLRs Triggers GLP-1 Secretion in Mice."

International Journal of Molecular Sciences. 24(6): 5333. doi:10.3390/ijms24065333.

47. ^Zampell JC, Elhadad S, Avraham T, Weitman E, Aschen S, Yan A, Mehrara BJ (2012). "Toll-like receptor deficiency

worsens inflammation and lymphedema after lymphatic injury." American Journal of Physiology. Cell Physiology.

302(4): C709–C719. doi:10.1152/ajpcell.00284.2011.

48. ^Puddu A, Mach F, Nencioni A, Viviani GL, Montecucco F (2013). "An emerging role of glucagon-like peptide-1 in

preventing advanced-glycation-end-product-mediated damages in diabetes." Mediators of Inflammation. 2013: 591056.

doi:10.1155/2013/591056.

49. ^Taguchi K, Fukami K (2023). "RAGE signaling regulates the progression of diabetic complications." Frontiers in

Pharmacology. 14: 1128872. doi:10.3389/fphar.2023.1128872.

50. ^Fathy MA, Alsemeh AE, Habib MA, Abdel-Nour HM, Hendawy DM, Eltaweel AM, Abdelkhalek A, Ahmed MM,

Desouky MK, Hua J, Fericean LM, Banatean-Dunea I, Arisha AH, Khamis T (2023). "Liraglutide ameliorates diabetic-

induced testicular dysfunction in male rats: role of GLP-1/Kiss1/GnRH and TGF-β/Smad signaling pathways." Frontiers

in Pharmacology. 14: 1224985. doi:10.3389/fphar.2023.1224985.

51. ^Itoh F, Watabe T (2022). "TGF-β signaling in lymphatic vascular vessel formation and maintenance." Frontiers in

Physiology. 13: 1081376. doi:10.3389/fphys.2022.1081376.

52. a, bCrowley F, Brown S, Gallagher EJ, Dayan JH (2024). "GLP-1 receptor agonist as an effective treatment for breast

cancer-related lymphedema: a case report." Frontiers in Oncology. 14: 1392375. doi:10.3389/fonc.2024.1392375.

53. ^Scioli MG, Storti G, D'Amico F, Rodríguez Guzmán R, Centofanti F, Doldo E, Céspedes Miranda EM, Orlandi A

(2020). "Oxidative Stress and New Pathogenetic Mechanisms in Endothelial Dysfunction: Potential Diagnostic

Biomarkers and Therapeutic Targets." Journal of Clinical Medicine. 9(6): 1995. doi:10.3390/jcm9061995.

54. ^Menghini R, Casagrande V, Rizza S, Federici M (2023). "GLP-1RAs and cardiovascular disease: is the endothelium a

relevant platform?." Acta Diabetologica. 60(11): 1441–1448. doi:10.1007/s00592-023-02124-w.

55. ^Almandoz JP, Lingvay I, Morales J, Campos C (2020). "Switching Between Glucagon-Like Peptide-1 Receptor

Agonists: Rationale and Practical Guidance." Clinical Diabetes: A Publication of the American Diabetes Association.

38(4): 390–402. doi:10.2337/cd19-0100.

56. ^Munn LL, Padera TP (2014). "Imaging the lymphatic system." Microvascular Research. 96: 55–63.

doi:10.1016/j.mvr.2014.06.006.

Qeios, CC-BY 4.0   ·   Article, October 29, 2024

Qeios ID: L6AMND   ·   https://doi.org/10.32388/L6AMND 14/14


	Localized Injection of Semaglutide, a GLP-1 Agonist, for Hyperinsulinemia-Induced Lymphatic Dysfunction A Novel Therapeutic Strategy for Lymphedema Treatment
	Abstract
	1. Introduction
	2. Methodology
	3. Biochemical Pathways Linking Obesity-Induced Inflammation to Insulin Resistance: The Role of Pro-Inflammatory Cytokines TNF-α and IL-6
	4. The Interrelationship Between Insulin Resistance and Lymphatic Dysfunction: A Detailed Exploration of Molecular Mechanisms and Pathophysiological Consequences
	5. Exploring the Therapeutic Approach of Local GLP-1 Agonist Injections as a Promising Treatment for Lymphedema
	6. Promising Clinical Evidence
	7. Localized Administration of GLP-1 Receptor Agonists: A Promising Therapeutic Strategy for Lymphedema
	8. Discussion
	9. Conclusion
	References


