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Abstract

Obesity is a key risk factor for metabolic and cardiovascular diseases, and although we understand 

the mechanisms regulating weight and energy balance, the causes of some forms of obesity remain 

enigmatic. Despite the well-established connections between lymphatics and lipids, and that 

intestinal lacteals play key roles in dietary fat absorption, the function of the lymphatic vasculature 

in adipose metabolism has only recently been recognized. It is well established that angiogenesis 

is tightly associated with the outgrowth of adipose tissue, as expanding adipose tissue requires 

increased nutrient supply from blood vessels. Results supporting a crosstalk between lymphatics 

and adipose tissue, and linking lymphatic function with metabolic diseases, obesity and adipose 

tissue also started to accumulate in the last years. Here we review our current knowledge of the 

mechanisms by which defective lymphatics contribute to obesity and fat accumulation in mouse 

models, as well as our understanding of the lymphatics-adipose tissue relationship.
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Adipose Tissue and Obesity

Obesity is defined as a medical condition characterized by an imbalance between energy 

intake and expenditure that is associated with increased consumption of high-energy foods 

and decreased physical activity leading to excessive accumulation and storage of adipose 

tissue. In the last decades, the prevalence of obesity has increased dramatically and it has 

been suggested to be the leading cause for the reduced life expectancy of the next generation 

(Tinahones et al., 2012). The complications of obesity account for much of its health risk, 

including type 2 diabetes mellitus, hypertension, coronary heart disease, stroke, 
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dyslipidemia, gallbladder disease, hepatic steatosis, sleep apnea, stroke, endometrial 

disorder, and certain types of cancer (Friedman, 2000; Kopelman, 2000; Roth et al., 2004).

Adipocytes, also known as fat cells, are the main component of the adipose tissue. They are 

responsible for the storage of the excess of calories as triglycerides, and also produce 

secreted factors that regulate systemic nutrient and energy homeostasis within the whole-

body (Rutkowski et al., 2015; Stern et al., 2016). Additionally, and because of their caloric 

reservoir capacity, they are able to expand in response to overnutrition and release lipids in 

response to energy deficit (Rutkowski et al., 2015). A transformation in understanding the 

biologic function of adipose tissue came with the discovery that this tissue not only stores 

energy, but also functions as an active endocrine organ, which synthesizes and releases fatty 

acids, hormones, growth factors and adipokines (such as leptin, adiponectin and resistin) that 

act as autocrine, paracrine, and endocrine factors to regulate metabolism, either nearby or 

distal sites, including brain (Sun et al., 2011). These active signaling molecules can regulate 

central control of energy expenditure and satiety, as well as modifications of glucoregulatory 

hormone secretion from the endocrine pancreas (Stern et al., 2016).

There are different types of adipocytes identified by their color and mitochondrial content: 

white, beige and brown adipose tissue. White adipose tissue (WAT), the focus of this review, 

is the classical fat cell found in visceral and subcutaneous adipose depots with the potential 

for growth and expansion depending on energy intake and the metabolic need of the host 

(Cao, 2013; Rutkowski et al., 2015). Obese WAT displays classical signs of chronic 

inflammation, a key feature of obesity. Obesity leads to a chronic inflammatory state that is 

initiated and exacerbated in the WAT (Ge et al., 2014; Xu et al., 2003). For example, visceral 

adipocytes promote systemic inflammation by secreting mediators such as interleukin 

(IL)-6, tumor necrosis factor (TNF)-α, and leptin, among others (Fontana et al., 2007). 

Previous studies determined that chronic inflammation in obesity is initiated by the 

infiltration of CD8(+) T cells followed by macrophage accumulation in the adipose tissue 

(Nishimura et al., 2009) and local proliferation of macrophages which contributes to the 

obesity-associated adipose tissue inflammation (Amano et al., 2014). Subsequently, 

macrophage differentiation and phagocytosis of necrotic adipocytes leads to the release of 

inflammatory cytokines, chemokines, increased inflammatory cell recruitment, and the 

activation of pathways that regulate progressive inflammation, including JNK and NF-kB 

pathways (Torrisi et al., 2016; Weisberg et al., 2006). Further, oxygen depletion and 

induction of the hypoxia inducible factor-1α (HIF-1α), inhibits neoangiogenesis and 

enhances the inflammatory response in adipocytes (Takikawa et al., 2016).

Functions of the adipose tissue-associated blood vasculature

The adipose tissue is highly vascularized and each adipocyte is nourished by a capillary 

network (Cao, 2007). Considering that adipose tissue is characterized by its almost 

unlimited expansion, then this tissue enlargement will require a network of new blood 

vessels to support delivery of oxygen and nutrients (Cao, 2007). Consequently, the 

outgrowth of adipose tissue is tightly related with angiogenesis -the growth of new blood 

vessels-. In order to accomplish this neovascularization process, the adipose tissue expresses 

angiogenic growth factors such as vascular endothelial growth factor (VEGF), fibroblast 
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growth factor (FGF), placental growth factor (PlGF) and leptin (Cao, 2007; Sung et al., 

2013). In growing adipose tissue, the new blood vessels contribute to adipogenesis by 

performing multiple functions such as: provide nutrients and oxygen to nourish adipocytes, 

removing waste products from the adipose tissue, carrying monocytes and neutrophils that 

can affect adipocyte function, and also providing adipose precursors and stem cells that can 

eventually differentiate into preadipocytes and adipocytes, among others (Cao, 2010, 2013). 

Adipocyte expansion thus involves dynamic cross talk between adipocytes and the blood 

vasculature, were adipocytes produce angiogenic factors and in turn, adipokines induce 

angiogenesis. This has led to the proposal that angiogenesis has an essential role in the 

modulation of adipogenesis and obesity. Thus, anti-angiogenesis therapy has emerged as a 

potential treatment for obesity, though such an approach may be limited by inducing ectopic 

lipid deposition outside of the adipose depot. Previous studies have shown that changes in 

the size and mass of the adipose tissue are dependent on a parallel modification of its 

vascular supply (Cao, 2013; Sung et al., 2013); therefore, adipose tissue can be regulated 

through its embedded vasculature. It is well known that the VEGF system contributes to the 

angiogenic activity in adipose tissue (Sun et al., 2012). VEGF-A is a major angiogenic 

factor that stimulates proliferation and migration of endothelial cells (Carmeliet et al., 1996), 

is highly expressed in adipose tissue (Tinahones et al., 2012), and is responsible for most of 

the angiogenic capacity of adipose tissue (Zhang et al., 1997). Elias et al. (2012) found that 

transgenic mice overexpressing VEGF-A in adipose tissue developed more numerous and 

larger blood vessels, and that they were protected against high-fat diet (HFD, 60% of 

calories from fat)-induced obesity, with no differences in food intake. Moreover, whole-body 

insulin sensitivity and glucose tolerance were improved in these animals (Elias et al., 2012) 

suggesting that overexpression of VEGF-A in adipose tissue is a potential therapeutic 

strategy for the prevention of obesity and insulin resistance. In the same way, a recent report 

from Robciuc et al. (Robciuc et al., 2016) found that vascular endothelial growth factor B 

(VEGFB) binding to its receptor VEGFR1, displaced VEGF-A from VEGFR1 and activated 

VEGFR2, increasing adipose tissue vascularity, reducing inflammation and reversing 

metabolic complications induced by HFD and the metabolic syndrome (Robciuc et al., 

2016). Therefore, induction of adipose tissue-associated vasculature through treatment with 

VEGFB could potentially offer a possible therapeutic option for improving obesity-related 

metabolic complications and promoting weight loss in obesity; however, more studies will 

be necessary to better understand the biological implications of these results.

In addition, it has been suggested that hypoxia, consequence of deficient vascularization of 

the adipose tissue, is also an important contributing factor in obesity (Hosogai et al., 2007). 

For example, an increase in adipose tissue angiogenesis protects against obesity-induced 

hypoxia (Elias et al., 2012; Sun et al., 2012). Moreover, deletion of adipose-VEGF-A in 

mice shows reduced adipose vascular density and adipose hypoxia, apoptosis, inflammation, 

and metabolic defects on a HFD; instead, rescue of VEGF-A levels leads to increased 

adipose vasculature, reduced hypoxia and fat inflammation, reduction of adipocyte size and 

reversal of metabolic morbidities caused by HFD (Sung et al., 2013). Although these data 

suggest that metabolic misbalance could be potentially reverted by an increase in adipose-

associated vessel density, other results instead suggest that reduced angiogenesis and 

vascularization in human fat depots might contribute to impaired adipose tissue perfusion, 
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nutrient exchange and metabolic dysregulation (Gealekman et al., 2011; Karki et al., 2017; 

Ngo et al., 2014). These apparently contradicting results argue that much more work is still 

required to better understand the cross-talk and relationship between adipose tissue and 

vascular beds.

Role of endothelial cells in pathophysiological processes

Endothelial cells synthesize and release various factors that regulate angiogenesis, 

inflammatory responses, hemostasis, as well as vascular tone and permeability (Feletou and 

Vanhoutte, 2006). A healthy vasculature requires functional integrity of the endothelial cells 

that form the vessel wall. In late 1990s, the concept of “endothelial therapy” was introduced 

as an approach to preserve or restore endothelial cell health (Barton, 2013). Importantly, 

during the last decade endothelial dysfunction promoting injury to the endothelium has been 

linked with a number of pathophysiological processes, such as obesity, Type I and Type II 

diabetes, atherosclerosis and arterial hypertension among others (Barton, 2013; Feletou and 

Vanhoutte, 2006). The continuous damaging effects of the disease might end in cellular and 

functional changes commonly known as “endothelial dysfunction” (Barton, 2013; Feletou 

and Vanhoutte, 2006), which ranges from inflammatory activation and increased release of 

reactive oxygen species, to changes in hypertension and anticoagulatory properties of the 

endothelial cell (Barton, 2013; Lobato et al., 2012).

It is well known that obesity impairs vascular homeostasis and leads to endothelial cell 

dysfunction (Al Suwaidi et al., 2001; Iantorno et al., 2014). Related to this, the treatment of 

obesity frequently not only alleviates, but also might normalize obesity-associated diabetes 

or arterial hypertension, thereby also reducing endothelial cell dysfunction (Barton, 2013). 

Recent findings also support the concept of endothelial and perivascular origins of 

preadipocytes. Vascular endothelial cells retain multipotent stem cell-like features and can 

differentiate into a preadipocytes and adipocytes (Medici et al., 2010), as well as into other 

cell types such as pericytes (Tran et al., 2012). These data suggest that adipogenesis, 

angiogenesis, and vascular remodeling are tightly and coordinately regulated through the 

modulation of endothelial cell behavior.

Lymphatic Vascular System

The lymphatic vascular system is a one-direction network of thin-walled capillaries and 

larger vessels covered by a continuous layer of endothelial cells that provides a 

unidirectional conduit to return filtered arterial and tissue metabolites towards the venous 

circulation. Their principal function is to maintain fluid homeostasis by removing the 

protein-rich lymph from the extracellular space among tissues and returns it to the 

bloodstream (Escobedo and Oliver, 2016). In addition to this fluid homeostasis function, the 

lymphatic vasculature is important for transport of antigens-presenting cells to lymph nodes, 

absorption of dietary fat in the gastrointestinal organs, management of immune cell 

trafficking and inflammation, regulation of blood pressure and reverse cholesterol transport 

(Dieterich et al., 2014; Kerjaschki, 2014; Lim et al., 2013; Machnik et al., 2009; Martel et 

al., 2013; Randolph et al., 2005; Wiig et al., 2013).
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Two types of vessels form the lymphatics vasculature: close-ended lymphatic capillaries and 

larger collecting lymphatic vessels. Lymphatic capillaries are composed of a single layer of 

lymphatic endothelial cells (LECs) that form discontinuous or “button-like” junctions with a 

discontinuous basement membrane, which allows entrance of interstitial fluid and cells into 

the vessel lumen, making these vessels highly permeable (Baluk et al., 2007). The lymphatic 

capillaries are in direct contact with the tissue thanks to connective filaments that tie the 

vessels to the surrounding extracellular matrix, thus allowing the absorption of fluid when 

the external tissue pressure increases (Proulx et al., 2013). The interstitial fluid (called 

lymph when it enters the lymphatic capillaries) then moves into larger pre-collecting vessels 

that merge into large collecting vessels, which are characterized by a continuous perivascular 

sheath of smooth muscle cells, a basement membrane, continuous “zipper-like” inter-

endothelial junctions, and the presence of bi-leaflet valves (Tammela and Alitalo, 2010). 

These characteristics facilitate lymph flow, where the intrinsic contractility of smooth 

muscle cells, together with the contraction of surrounding skeletal muscles and arterial 

pulsations provide contractile activity for lymph propulsion, whereas the valves impede 

lymph backflow (Bazigou et al., 2009). Eventually, the lymph is drained into the thoracic 

duct and is returned to the blood circulation through the lymphatic-blood vessel connections 

mediated by two nearby valves located at the junction of the jugular and subclavian veins 

(Srinivasan and Oliver, 2011).

Defects affecting normal lymphatic vascular structure and function can lead to lymphedema, 

a clinical condition characterized by localized accumulation of interstitial protein-rich fluid 

and tissue swelling (Rockson, 2001). This disease affects millions of persons worldwide and 

most commonly involves swelling of the extremities, tissue fibrosis, susceptibility to 

infections, and accumulation of subcutaneous fat (Aschen et al., 2012; Brorson, 2016; 

Rockson, 2001; Witte et al., 2001). Complications of lymphedema include psychosocial 

morbidity, infection, functional disability, skin changes, and malignant transformation 

(Greene and Maclellan, 2013). Lymphedema can result from either primary or acquired 

(secondary) disorders. Primary lymphedema is produced by genetic defects altering the 

development of the lymphatic vasculature and are typically manifest during infancy, 

childhood, or adolescence (Greene and Maclellan, 2013; Rockson, 2001). Secondary 

lymphedema is the most common cause of the disease and is caused by surgery, radiation 

therapy, infection or trauma (Greene and Maclellan, 2013; Rockson, 2001; Witte et al., 

2001).

Lipedema is a chronic vascular disease characterized by bilateral and symmetrical swelling 

in the legs due to the deposit of subcutaneous adipose tissue (Bilancini et al., 1995; 

Lohrmann et al., 2009; Wold et al., 1951). Lipedema was first described in 1940 by Allen 

and Hines and was characterized as a “lipodystrophy” (Wold et al., 1951). They described 

that the deposition of fat developed frequently after puberty, progressed gradually, and was 

aggravated by activity and warm temperatures (Lohrmann et al., 2009). Lipedema is found 

nearly exclusively in females and probably caused by a genetic condition (Bilancini et al., 

1995; Okhovat and Alavi, 2015; Shin et al., 2011; Wagner, 2011). Lipedema is often 

misdiagnosed as obesity or lymphedema (Bilancini et al., 1995; Lohrmann et al., 2009). 

Nevertheless and contrary to lymphedema, in lipedema no edema is observed in the ankles 

and feet, a family history is common and occurs bilaterally and symmetrically in the legs 
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(Shin et al., 2011). In addition, the lymph circulation is usually normal in patients with 

lipedema; however, advanced cases of lipedema led to venous disease (venolipedema), 

lymphatic abnormalities (lympholipedema), and subsequently ulceration and recurrent 

infection (Okhovat and Alavi, 2015). Initial studies by Bilancini et al., (Bilancini et al., 

1995) described that lipedema is constantly associated with functional alterations of the 

lymphatic system (Bilancini et al., 1995). By dynamic lymphoscintigraphy, they showed that 

patients suffering from lipedema have an abnormal lymphoscintigraphic pattern with a 

slowing of the lymphatic flow similar to the alterations found in the patients suffering from 

lymphedema (Bilancini et al., 1995). Thus, when the disease has chronically progressed, 

circulatory disturbance exist due to the pressure of fat cells on lymph collectors at the 

superficial layers (Shin et al., 2011). Therefore, lipedema is another adipose disorder with 

lymphatic function contribution [for a further discussion of lipedema see (Okhovat and 

Alavi, 2015; Shin et al., 2011).

A bi-directional cross-talk between the lymphatic vasculature and adipose 

tissue

Obesity impairs lymphatic vasculature function

Despite the well-established connections between lymphatics and lipids absorption and 

transport, the role of the lymphatic vasculature in adipose metabolism and obesity has only 

recently started to be recognized. In the last few years, data has emerged to indicate that 

obesity can cause pathological changes in the lymphatic vasculature, such that could 

eventually impair its function. On the other hand, recent studies supporting a crosstalk 

between lymphatics and adipose tissue, and linking lymphatic function with metabolic 

diseases, obesity and adipose tissue started to accumulate only in the last few years. For 

example, mesenteric lymph nodes and collecting lymph vessels are commonly embedded in 

subcutaneous or visceral fat, and lymphatic vessels and adipose tissue are also related by the 

uptake by intestinal lymphatics of dietary lipids as chylomicrons for transfer to the 

bloodstream (Bernier-Latmani et al., 2015; Tammela et al., 2008). Adipose tissue 

accumulation is also observed in lymphedema patients around affected regions. Studies in 

patients also showed that malformation of cutaneous lymphatics causes bilateral fat 

accumulation in the thigh and buttock (Tavakkolizadeh et al., 2001; Wang and Oliver, 2010), 

while dermal lipid accumulation occurs in idiopathic lymphedema patients (Pond, 2005; 

Rosen, 2002). Furthermore, additional work demonstrated that a defective lymphatic 

vasculature can lead to obesity. Initially, experimental studies using the apolipoprotein E-

deficient mouse (apoE−/−), a model of hypercholesterolemia, showed for first time that 

structural and functional abnormalities of the lymphatic vasculature are associated with 

hypercholesterolemia. These apoE−/− mice develop progressive lymphatic dysfunction 

resulting in tissue swelling, lymphatic vessel leakage, and decreased lymphatic transport of 

fluids and dendritic cells (Lim et al., 2009). Interestingly, Lim et al., (2009) showed that 

HFD (21% milk fat and 0.15% cholesterol) exacerbated the enlargement of the initial 

lymphatic vessels observed in apoE−/− mice when compared with apoE−/− mice fed in a 

regular chow diet (Lim et al., 2009). Then, Weitman et al. (Weitman et al., 2013) observed 

that HFD-induced obesity resulted in significantly impaired lymphatic fluid transport and 

lymph node uptake. Also, obese mice exhibit smaller lymph nodes with fewer lymphatic 
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vessels (Weitman et al., 2013). These results are supported by clinical reports that 

documented the spontaneous development of lymphedema in obese patients. For example, 

lymphatic drainage of macromolecules in abdominal subcutaneous adipose tissue is 

significantly reduced in obese patients (Arngrim et al., 2013). Moreover, being overweight is 

an important risk factor for lymphedema (Swenson et al., 2009), and obesity might be a risk 

factor for lymphedema in the extremities (Greene et al., 2012; Greene and Maclellan, 2013). 

Additionally, other results suggested a relationship between obesity and development of 

postoperative lymphedema. For example, it was initially shown that higher body weight and 

body mass index (BMI) are risk factors for lymphedema after lymph node dissection; 

however, the functional cause of this link is yet unknown (McLaughlin et al., 2008). 

Furthermore, a significant correlation has been found between BMI and lymphedema in 

patients with breast cancer (Sato et al., 2016), where breast cancer survivors whose BMI was 

≥30 at the time of cancer treatment were more likely to develop lymphedema than those with 

a BMI < 30 (Ridner et al., 2011). Thus, elevated BMI increases the development of breast 

cancer treatment-related lymphedema.

Further support for a cross-talk between lymphatics and obesity was provided by data 

showing that obese mice also have impaired lymphatic function, characterized by leaky 

capillary lymphatics and decreased collecting vessel pumping capacity, decreased lymphatic 

vessel density, decreased lymphatic migration of immune cells, and decreased expression of 

lymphatic specific markers compared with lean mice (Garcia Nores et al., 2016; Hespe et al., 

2016; Nitti et al., 2016; Savetsky et al., 2015a; Torrisi et al., 2016). Savetsky et al. (2014) 

described that HFD-induced obesity in mice decreases lymphatic function and increases the 

propensity for inflammation at baseline, and these effects are amplified by lymphatic injury, 

resulting in increased subcutaneous adipose deposition, inflammation and fibrosis, which 

finally leads to a more severe lymphedema phenotype (Savetsky et al., 2014). These results 

imply that obese patients are at higher risk for lymphedema due to reduced baseline 

lymphatic clearance, and are more prone to inflammation after injury. Similarly, Blum et al. 
(2014) showed that HFD is associated with impaired collecting lymphatic vessel function, as 

evidenced by reduced frequency of contractions and diminished response to 

mechanostimulation in mice. Additionally, they found a negative correlation between 

collecting lymphatic vessel function and body weight (Blum et al., 2014).

How obesity affects lymphatic function

The obvious question then is how obesity regulates lymphatic function. Is inflammation 

responsible for the obesity-mediated lymphatic dysfunction? Identifying how obesity 

regulates lymphatic function is critical since one of the roles of the lymphatic vasculature is 

the transport of immune cells, and is therefore involved in the inflammatory response. 

Recent studies suggested that obesity-induced lymphatic dysfunction can intensify the 

pathological effects of obesity in other organ systems by regulating leukocyte infiltration and 

expression of inflammatory cytokines (Savetsky et al., 2015a); therefore, obesity-related 

lymphatic dysfunction worsen the pathological changes associated to obesity. For example, 

reduced lymphatic function in obese mice favors inflammatory responses in dermatitis, 

while improving lymphatic function by the injection of recombinant vascular endothelial 

growth factor-C (VEGF-C), a growth factor that plays a key role in lymphangiogenesis and 
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lymphatic development (Gomez-Ambrosi et al., 2010; Silha et al., 2005; Wada et al., 2011), 

resulted in considerably decreased dermatitis responses (Savetsky et al., 2015a). These 

results are also supported by recent studies demonstrating that inhibition of inflammation 

improves lymphatic function in HFD-induced obesity (Torrisi et al., 2016). Torrisi et al. 
(2016) found that obese mice had decreased density of capillary lymphatics in their dermis 

and subcutaneous tissues, and that this effect was reversed by treatment with Tacrolimus, an 

inhibitor of T cell differentiation (Torrisi et al., 2016). Local T cell inhibition markedly 

decreases perilymphatic inflammation and restores lymphatic function in obese mice by 

increasing capillary lymphatic density and augmenting collecting lymphatic contraction 

frequency (Torrisi et al., 2016). Importantly, these results indicate that that obesity-induced 

lymphatic dysfunction is reversible. Moreover, mice deficient in CD4+ cells fed with HFD 

did not exhibit significant lymphatic dysfunction even after prolonged HFD feeding, 

suggesting that local T cell responses in obesity are necessary for perilymphatic 

inflammation (Torrisi et al., 2016). This result also suggests that dietary changes alone are 

not sufficient to induce lymphatic dysfunction, and that this lymphatic malfunction is mainly 

due to the obesity-promoted inflammation. Importantly, new findings by Garcia-Nores et al. 
(2016) propose that the inflammation induced by obesity, and not HFD, is responsible for 

the pathologic changes observed in the lymphatic vasculature (Garcia Nores et al., 2016). 

Moreover, they propose that these changes are due at least in part, to direct LECs injury by 

products generated by inflamed adipose tissues, including long-chain free fatty acids 

(Garcia-Nores et al., 2016).

A new role for leptin in lymphatic endothelial cell tube formation and proliferation has been 

recently described (Sato et al., 2016). Interestingly, leptin treatment on human lymphatic 

ducts resulted in disorganization and morphological changes of the lymphatic duct. At the 

mechanistic level, high dose of leptin inhibited tube formation and cell proliferation in 

HDLECs. Therefore, it is possible that the increased serum levels of leptin detected in obese 

patients (Leal-Cerro et al., 1996; Rose et al., 2002), also compromises lymphatic endothelial 

cell homeostasis, and suggests that leptin has an important direct role in the pathogenesis of 

lymphedema in obese patients [leptin receptor (Ob-R) is expressed in human lymphatic 

ducts; (Sato et al., 2016)].

Adiponectin is another abundantly produced adipokine secreted by the adipose tissue and its 

expression and serum levels are decreased in obese patients (De Rosa et al., 2013; Shibata et 

al., 2009). It is well known that adiponectin exerts beneficial effects on obesity and related 

disorders [for a further role of adiponectin in obesity, see review by Nigro et al., 2014]. 

Interestingly, Shimizu et al., (2013) described a new role of adiponectin in the lymphatic 

system by showing that adiponectin-knockout mice develop exacerbated lymphedema in 

damaged tails; a phenotype that was also accompanied by a reduction in lymphangiogenesis 

(Shimizu et al., 2013). Mechanistically, adiponectin promotes LEC differentiation and 

viability (Shimizu et al., 2013). Furthermore, systemic administration of adiponectin 

resulted in improvement of lymphedema and enhancement of LEC formation in WT and 

obese mice (Shimizu et al., 2013). Thus, adiponectin also functions as a novel modulator of 

lymphatic vessel function.
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Apelin, an endogenous ligand orphan G protein–coupled receptor (APJ), is expressed widely 

in the vascular endothelium and promotes stabilization of lymphatic vessels in inflamed 

tissues (Sawane et al., 2011). Initially, it was described that apelin attenuates edema 

formation and UVB-induced inflammation by promoting lymphatic function in vivo 

(Sawane et al., 2011). Additional studies proposed a new anti-obesity strategy based on 

enhancement of lymphatic and blood vessel integrity mediated by apelin treatment (Sawane 

et al., 2013). Apelin knockout mice fed on a HFD showed an obese phenotype associated 

with abnormal lymphatic and blood vessel enlargement (Sawane et al., 2013). Moreover, the 

fatty acids present in the HFD induced hyperpermeability of endothelial cells, causing 

adipocyte differentiation, whereas apelin/APJ seems to enhance the integrity of lymphatic 

and blood vessels exposed to dietary fatty acids, resulting in inhibition of HFD-induced 

obesity (Sawane et al., 2013). These results also suggest that enhancing vessel integrity can 

regulate HFD-induced obesity.

Long-chain fatty acids (LCFAs) cross the plasma membrane via a protein-mediated 

mechanism involving one or more LCFA-binding proteins. Among these, CD36 (also known 

as fatty acid translocase, FAT) has been identified as a key fatty acid transporter. CD36 is a 

scavenger receptor ubiquitously expressed on a variety of cell types, whose expression in 

adipocytes, myocytes, monocytes, macrophages, platelets, hepatocytes, vascular endothelial 

cells and intestinal enterocytes promotes fatty acid uptake (Cai et al., 2012; Chen et al., 

2001; Koonen et al., 2005; Love-Gregory and Abumrad, 2011; Silverstein and Febbraio, 

2009). CD36 also has a role in macrophage lipid accumulation and inflammatory responses 

(Silverstein and Febbraio, 2009). CD36 expression associates with obesity and related 

complications. For example, in subcutaneous adipose tissue CD36 expression is upregulated 

in obesity and type 2 diabetes and accomplishes important functions in WAT metabolism 

(Bonen et al., 2006). Also, the CD36 KO mouse is protected from HFD-induced weight gain 

due to a reduced food intake and elevated production of leptin (Hajri et al., 2007) and to a 

reduction in macrophage infiltration (Nicholls et al., 2011) with decreased adipocyte cell 

death, pro-inflammatory cytokine expression and macrophage and T-cell accumulation (Cai 

et al., 2012). Additionally, adipose tissue from CD36-null mice demonstrated a less 

inflammatory phenotype and improved insulin signaling at the level of the adipocyte and 

macrophage (Kennedy et al., 2011). These data suggest that CD36 enhances adipose tissue 

inflammation and cell death in diet-induced obesity through its expression in adipocytes and 

macrophages and that a CD36-dependent inflammatory paracrine loop between adipocytes 

and macrophages ease chronic inflammation and cooperate to insulin resistance in obesity 

(Kennedy et al., 2011). Furthermore, considering that CD36 is a fatty acid translocase 

expressed in endothelial cells, and that LECs use fatty acid β-oxidation to proliferate (Wong 

et al., 2017), it is tempting to speculate that loss of CD36 might affect the fuel supply needed 

for LECs maintenance, and ultimately their proliferation and migration.

Finally, it has been proposed that behavioral modifications also can reverse the obesity-

induced lymphatic endothelial malfunction. Progressive weight gain is directly correlated 

with impaired lymphatic function; however, weight loss via dietary modification also can 

effectively reverse these deleterious effects. For example, weight loss resulting from 

conversion to a normal chow diet after diet-induced obesity, resulted in more than a 25% 

decrease in body weight, normalized cutaneous lymphatic collecting vessel pumping rate, 
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lymphatic vessel density, lymphatic leakiness, lymphatic macromolecule clearance and 

decreased perilymphatic accumulation of inflammatory cells (T cells or macrophages) (Nitti 

et al., 2016). Therefore, diet-induced weight loss by caloric restriction reverses the 

pathological effects of obesity on the lymphatic vasculature by improving lymphatic 

function. Additionally, even whereas aerobic exercise could not cause weight loss, it can 

improve lymphatic function (Hespe et al., 2016). For example, exercise by itself has a 

significant anti-inflammatory effect, resulting in decreased perilymphatic accumulation of 

inflammatory cells (Hespe et al., 2016). Also, exercise improves collecting lymphatic vessel 

pumping and decreases lymphatic leakiness and improves migration of dendritic cells in 

obesity (Hespe et al., 2016). Therefore, lymphatic malfunction due to obesity is reversible 

by behavioral modifications (diet and exercise). These findings suggest the utilization of 

aerobic exercise and/or weight loss by reducing caloric intake, as an auxiliary therapy for 

obese patients with reduced lymphatic drainage.

Lymphatic malfunction also contributes to obesity

The relationship between obesity and the lymphatic system are bidirectional, such as defects 

in the lymphatic function also contribute to the development of obesity. Data linking 

lymphatic dysfunction with obesity were initially provided by mouse models with lymphatic 

defect, and from patients with secondary lymphedema where adipose tissue accumulation 

has been described after lymphatic vascular disruption. For example, Chy mice, a mouse 

model of lymphedema due to heterozygous inactivating mutations in VEGFR-3 exhibit: (i) 

abnormal subcutaneous fat deposition predominantly in the edematous subcutaneous adipose 

layer adjacent to the dysfunctional hypoplastic lymphatic vessels (Karkkainen et al., 2001); 

(ii) lipid accumulation in the edematous tail skin (Rutkowski et al., 2010) and (iii) the skin 

of Chy mice exhibit high levels of collagen and fat (Rutkowski et al., 2010).

While the mechanism of adipose tissue accumulation due to lymphatic malfunction has not 

yet been determined, insights into a possible mechanism have been postulated when using 

the Prox1 heterozygous (Prox1+/−) mouse model of lymphatic malfunction. Prox1 is a 

homeobox transcription factor crucial for the specification of lymphatic endothelial cell fate 

and the formation of the entire lymphatic vasculature (Wigle et al., 2002; Wigle and Oliver, 

1999). On the other hand, removal of a single copy of Prox1 in mice was shown to be 

sufficient to promote lymphatic malfunction with an associated adult onset obesity 

phenotype (Harvey 2005). Prox1 null mice die at around embryonic (E) stage E14.5 (Wigle 

and Oliver, 1999) as they display pronounced edema due to the lack of the lymphatic 

vasculature. Also, Prox1 gene dosage is crucial for postnatal survival. While most Prox1+/− 

pups die soon after birth due to chylous ascites in the peritoneal cavity (Harvey et al., 2005), 

the few surviving pups that reach adulthood develop adult-onset obesity (Harvey et al., 

2005). Thus, it was proposed that at least in this mouse model, excessive accumulation of fat 

is closely associated with lymphatic dysfunction. We have extensively characterized various 

metabolic parameters such as food consumption, energy expenditure, exercise and water 

intake in Prox1+/− before and after the onset of obesity (around 4 months of age) and 

concluded that obesity in adult Prox1+/− mice is a direct consequence of a primary defect in 

the lymphatic vasculature, rather than the result of changes in caloric intake or energy 

expenditure (Escobedo and Oliver, unpublished results). Consistent with this, and 
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considering that Prox1 is also expressed in others tissues such as pancreas and hypothalamus 

(Lavado and Oliver, 2007; Oliver et al., 1993) that can control metabolism and appetite, 

using a conditional gain of function approach we recently conclusively demonstrated that in 

vivo restoration of Prox1 levels specifically in LECs was sufficient to rescue not only the 

lymphatic defects seen in Prox1+/− mice, but also their survival rate associated with an 

improvement in their obesity phenotype (Escobedo et al., 2016). Additionally, the lymphatic 

vasculature defects identified in Prox1+/− mice are observed long before these animals 

become obese (Escobedo et al., 2016). Moreover, we determined that there was a tight 

correlation between the degree of lymphatic vascular dysfunction and the amount of body 

weight in Prox1+/− mice (Escobedo et al., 2016). Therefore, these results provided one of the 

first conclusive results linking lymphatic vasculature malfunction to obesity.

How a defective lymphatic vasculature leads to adipose tissue accumulation 
and obesity—The lymphatic vessels that were most severely affected in Prox1+/− mice 

were those of the viscera, particularly of the mesentery and intestine, and ingestion of a 

fluorescent lipid allowed us to conclude that these mesenteric vessels were leaky (Harvey et 

al., 2005). In Prox1+/− pups these leaky lymphatics promote the accumulation of chyle (the 

lipid-rich fluid transported by lymphatic vessels of the small intestine) into the abdominal 

cavity and accumulation of lipids in the intestinal wall [chylus ascites (Harvey et al., 2005)], 

therefore most of the Prox1+/− pups die soon after birth, whilst the few surviving offspring 

(without evident chyle accumulation) start gaining weight at around 4 months of age 

(Escobedo et al., 2016). These results, together with the fact that there is fat accumulation 

near of the mesenteric lymphatic vessels in Prox1+/− pups, led us to propose that lymphatic 

leakage has a role in adipocyte hypertrophy and/or ectopic adipogenesis. Initial studies, 

indicated that chyle collected form the thoracic cavity of newborn Prox1+/− pups was able to 

promote adipogenesis in vitro (Harvey et al., 2005). Later on we showed that the adipogenic 

factor within the chyle is a lipid (Escobedo et al., 2016). Interestingly, addition of lymph 

fluid (either from WT or Prox1+/− mice) to cultured preadipocytes also promoted their 

differentiation into mature adipocytes (Escobedo et al., 2016). Moreover, no significant 

differences in the composition of WT and Prox1+/− lymph were determined (Escobedo et al., 

2016). Therefore, we can conclude that lymph by itself is highly enriched in lipids and is 

adipogenic. These results agree with earlier work in which mesenteric lymph or the 

chylomicron fraction of lymph added to the culture medium, promoted the differentiation of 

adipocyte precursors isolated from the stromal-vascular fraction of embryonic rabbit adipose 

tissue (Nougues et al., 1988). Furthermore, we found that lymph is highly abundant in free 

fatty acids (FFAs), and among those, oleic acid, α-linoleic acid, palmitoleic acid, and 

palmitic acid were capable to induce adipogenesis in vitro (Escobedo et al., 2016). These 

results led us to conclude that the fatty acid fraction of the lymph that leaks from the 

ruptured lymphatic vessels of Prox1+/− mice promotes de novo adipogenesis in the 

surrounding tissue, leading eventually to obesity (Figure 1).

Fatty acids are involved in multiple cellular processes, such as inflammation and cellular 

viability. Additionally, plasma FFA levels are elevated in most obese subjects (Boden, 1997). 

For example, compared to lean mice, obese mice had significant increased levels of palmitic 

acid and stearic acid, which in turn are stimulators of inflammation in adipose tissue (Li et 
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al., 2010). Moreover, stearic acid and palmitic acid also significantly impact growth and 

viability of endothelial cells (Harvey et al., 2010). Additionally, we have observed that high 

doses of FFAs and chyle are toxic to cultured LECs due to cellular viability (Escobedo & 

Oliver, unpublished results). Other in vitro results have shown that exposure of LECs to 

stearic acid is highly toxic, resulting in a dose dependent increase in cellular apoptosis, as 

reflected by increasing activity of caspase-3 and Annexin V, as well as a significant decrease 

in Prox1 and VEGFR-3 expression levels (Garcia Nores et al., 2016). Furthermore, previous 

results by Sawane and collaborators revealed that elevated fatty acids in plasma of HFD-fed 

mice induced leakiness in the lymphatic and vascular structures via apelin depletion, 

producing adipocyte hypertrophy and thereby promoting obesity (Sawane et al., 2013). 

Thus, leakage of dietary free fatty acids, possibly from leaky lymphatic vessels, could 

trigger adipocyte differentiation. Beside this, adipose tissue from obese subjects contains 

more saturated fatty acids that not only contribute to inflammation, but also might be 

responsible to the lymphatic vasculature rupture that at least in Prox1+/− mice lead to 

obesity-induced lymphatic dysfunction.

At the beginning of the onset of obesity, the expanding fat tissue requires an increased 

nutrient supply from new blood vessels to overcome their physiological needs. Usually, 

lymphatic vessels run parallel and close to the blood vessels, and since the development of 

obesity is accompanied by neovascularization, it is possible that lymphatic vessels also play 

a role in the onset of obesity. Additionally, it has been previously described that circulating 

levels of VEGF-A and VEGF-C are elevated in sera from obese subjects (Silha et al., 2005; 

Wada et al., 2011). Then, considering that VEGF-A plays a pivotal role in angiogenesis and 

VEGF-C in lymphangiogenesis, it is plausible that obesity expansion also requires 

lymphatic network growth. Interestingly, in mice we have observed lymphatic vessels 

running deeply inside the WAT in visceral fat depots and close to a blood vessel (Figure 2). 

On the other hand, a large number of studies have shown that inflammation increases 

lymphangiogenesis (Kataru et al., 2009; Savetsky et al., 2015b); therefore, it is possible that 

once a certain "threshold" of obesity is overcome, this obesity (through inflammation) 

compromises the function of the lymphatic vasculature. This would explain why only certain 

obese patients have defective lymphatic drainage in which severely obese individuals with a 

BMI greater than 59 have lower extremity lymphedema, whereas obese patients with a BMI 

between 30 and 53 had normal lower extremity lymphatic function (Greene et al., 2012). At 

the same time, excess FFAs in the enlarged adipocytes would facilitate endothelial damage, 

which also contributes to lymphatic function defects. At least in mice, any minor injury to 

the lymphatic system activates adipose differentiation genes and leads to adipose tissue 

hypertrophy and proliferation (Aschen et al., 2012). Finally, and as the lymphatic system is a 

physiologic regulator of inflammation and immune responses, obesity-induced lymphatic 

dysfunction may act in a feed-forward manner to amplify the pathological consequences of 

obesity.

Intestinal lymphatics, lipid absorption and VEGFR-3/VEGF-C signaling

In the intestine, lymphatic capillaries (lacteals) are necessary to absorb dietary fats in the 

villi of the small intestine. Lacteals are important for lipid transport from the small intestinal 

epithelium to the lymphatic vasculature and blood circulation (Dixon, 2010). Defects in 
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lacteals formation (e.g., VEGFR3, VEGFC, Prox1 heterozygous mice and Chy mice) lead to 

chylus ascites (abnormal accumulation of chyle in the abdominal cavity). Recent work 

showed that VEGF-C is required for lipid absorption, and VEGF-C gene deletion in mice 

affects the intestinal lymphatic vasculature and protects against HFD-induced obesity and 

glucose metabolism (Nurmi et al., 2015). In fact, this group determined that VEGFC is 

normally expressed by a subset of smooth muscle cells next to the lymphatic lacteals in the 

intestinal villus and intestinal wall (Nurmi et al., 2015). By genetic deletion of VEGFC they 

found that this growth factor plays a fundamental role in the maintenance of adult intestinal 

lymphatics. Furthermore, they determined that those mutant mice have defective lipid 

absorption and increased fecal excretion of dietary cholesterol and fatty acids, results that 

argue that VEGFC activity is critical for the intestinal lymphatic vasculature and for lipid 

absorption.

Also related to VEGF-C, as mentioned before obese subjects show significantly increased 

circulating levels of VEGF-C. Those levels are closely correlated with metabolic and lipid 

parameters (Wada et al., 2011), dyslipidemia and atherosclerosis (Wada et al., 2011). In 

mice, VEGF-C mRNA levels are also increased in the adipose tissues of both, genetic and 

diet-induced obesity models, suggesting that adipose tissue might be one of the sources of 

elevated VEGF-C levels in obesity (Karaman et al., 2014). A recent study shows that 

overexpression of VEGF-C induces weight gain and insulin resistance in mice (Karaman et 

al., 2016). K14-VEGF-C mice overexpressing human VEGF-C in the skin have increased 

weight gain and subcutaneous adipose tissue accumulation when compared with wild type 
(WT) littermates, and they also became insulin resistant and have increased ectopic lipid 

accumulation (Karaman et al., 2016).

Moreover, K14-VEGFR-3-Ig mice that constitutively express soluble-VEGFR-3-Ig in the 

skin, inhibiting VEGF-C and –D signaling, are protected from obesity-induced insulin 

resistance and hepatic lipid accumulation by favoring a higher anti-inflammatory/pro-

inflammatory macrophage ratio in subcutaneous WAT, which supported adipocyte 

differentiation (Karaman et al., 2014).

Lymphatic vasculature and obesity in humans

Our finding that lymph itself can induce adipogenesis in vitro is partially supported by 

clinical studies demonstrating that secondary lymphedema induces localized fat 

accumulation in the nearby tissue. For example, secondary lymphedema consequence of 

surgical excision of regional axillary lymph nodes in breast cancer patients leads to arm 

lymph accumulation, followed by subcutaneous adipose tissue accumulation nearby, and in 

these cases, liposuction is an effective treatment for lymphedema (Boyages et al., 2015; 

Brorson, 2003, 2010, 2016).

Additional data in humans associating a genetic lymphatic vasculature dysfunction with 

obesity is provided by the transcription factor Forkhead box protein C2 (FOXC2), which is 

required for the formation and maturation of collecting vessels and lymphatic valves 

(Norrmen et al., 2009). Loss of Foxc2 in mice leads to defects in lymphatic remodeling, 

failure to form lymphatic valves, and increased pericyte coverage of lymphatic vessels 

(Petrova et al., 2004). In humans, inactivating mutations in FOXC2 produce the 
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lymphedema–distichiasis syndrome, a major form of hereditary lymphedema (Dagenais et 

al., 2004; Fang et al., 2000). It has been described that a single nucleotide polymorphism 

(SNP) found in the putative promoter region of FOXC2 is associated with BMI and 

percentage of body fat in a group of native americans (Kovacs et al., 2003). Later on, this 

FOXC2 polymorphism was fund to be associated with obesity, and features of the 

dysmetabolic syndrome in Scandinavian subjects (Carlsson et al., 2005). Additionally, 

another study demonstrated that transgenic mice overexpressing FOXC2 in adipocytes, 

display a reduction in the intra-abdominal white adipose tissue under normal or HFD; and 

have a relative resistance to diet-induced weight gain as well as diet-induced insulin 

resistance (Cederberg et al., 2001), a result suggesting that gain of function of FOXC2 is 

consistent with protection against obesity.

Regarding Prox1, recent findings in family-based genome-wide association studies (GWAS) 

combined with a genome-wide linkage study in Asian populations, identified one SNP 

(rs1704198) in the proximity of the PROX1 gene, which was associated with a larger waist 

circumference (Kim et al., 2013). Additional large meta-analyses of GWAS confirmed a 

SNP (rs340874) in the 5’UTR region of PROX1 that is associated with fasting glycemia and 

type 2 diabetes mellitus (Dupuis et al., 2010; Lecompte et al., 2013). More recently, a new 

study with subjects of Polish origin evaluated the functional/phenotypic differences related 

to rs340874 PROX1 variants (different allelic variants, C or T allele) analyzing behavioral 

patterns, body fat distribution and glucose/fat metabolism after standardized meals and 

during the oral glucose tolerance test (Kretowski et al., 2015). Interestingly they found that 

subjects with the PROX1 CC variant, had higher non-esterified fatty acids levels after high-

fat meal, higher accumulation of visceral fat, but surprisingly lower daily food consumption 

(Kretowski et al., 2015). These results suggest that there is a percentage of obese individuals 

whose accumulation of abdominal fat is not due to an excess of caloric intake, but rather to a 

SNP PROX1 allelic variant that predisposes them to accumulate abdominal fat.

Future directions

The data summarized in this review describe some of the observations supporting a 

reciprocal regulation between lymphatic vascular function and obesity, where lymphatic 

defects lead to enhanced adipose tissue accumulation and obesity.

It is important to consider that those individuals who suffer from obesity are more likely to 

also experience defects in the lymphatic vasculature. Additionally, obesity-mediated 

lymphatic dysfunction predisposes the subjects to more acute and chronic inflammatory 

responses that in turn, further impair lymphatic function and increases the risk of developing 

some form of associated lymphedema.

The possibility that subtle defects in the lymphatic vasculature might be responsible among 

others, for certain types of metabolic disorders and obesity in humans needs to be further 

evaluated. “The idea that lymph leakage due to inherited subtle defects in the lymphatic 

circulation might contribute to obesity represents a major paradigm shift and the implication 

that obesity might be regulated by the local accumulation of factors released from the 

lymphatic circulation is of enormous relevance. If it is true, considerable efforts could be 
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exerted to identify effective therapeutic strategies, which might include promoting lymphatic 

endothelial integrity, preventing release of the adipogenic factors from the lymphatics or 

interfering functionally with the adipogenic activity” (Schneider et al., 2005). Therefore, the 

use of available mouse models to perform a detailed characterization of the mechanisms 

leading to a defective lymphatic vasculature (particularly intestinal lymphatics), the 

understanding of how defective lymphatics contribute to obesity and fat accumulation, and 

the characterization of the lymphatics-adipose tissue relationship are highly significant. This 

knowledge should help to eventually translate these findings into human patients affected by 

metabolic disorders and obesity.

Finally, it is critical to emphasize that blood vessels, adipocytes, lymphatic vessels, 

macrophages and immune cells all coexist and interact extensively within the adipose tissue, 

therefore the future treatment of obesity and associated disorders should be focused on 

multiple therapies considering all these factors and its possible consequences. Additionally, 

those findings of lymphedema-induced obesity call for translation into clinical applications, 

and suggest that ‘lymphatic endothelial therapy’ can also be applied for obesity treatment. 

For example, specific inhibitors of the VEGF-C/VEGFR-3 signaling pathway could provide 

benefits for the treatment of obesity by reducing the absorption of excess dietary lipids and 

regulating insulin resistance.
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Figure 1. Lymphatic vascular defects contribute to adult-onset obesity
In Prox1+/− mice, compromised lymphatic vascular integrity causes subtle leakage of lymph. 

FFA-containing lymph accumulates in the nearby tissues, particularly in the visceral area 

where it induces de novo differentiation of fat cell precursors, fat cell hypertrophy and 

eventually adipocyte proliferation. With age, Prox1+/− mice became progressively obese.
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Figure 2. Presence of lymphatic vessels in fat depots of adult mice
Visceral fat depots were dissected and subject to whole mount immunostaining with 

antibodies against lymphatic endothelial cells (Lyve1, Prox1) and adipocytes (Perilipin). 

Lymphatic vessels are seen deep inside the WAT and nearby blood vessels (not shown). LV: 

lymphatic vessel. Scale bar 30 uM.
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