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Abstract
The prevalence of overweight/obese adults and children continues to rise and with it the incidence of many secondary health consequences. Inflammation is pivotal 
in the manifestation of the comorbidities of obesity and is a product of dysregulated adipose tissue.  Hence, obesity is a state of fat-induced prolonged inflammation 
that causes a decrease in immune defense. It is well established that central/visceral fat accumulation (the “apple” shape) is a risk factor for many adverse inflammatory 
metabolic outcomes associated with obesity, whereas peripheral or subcutaneous fat (the “pear” shape) is associated with a reduced risk. Considerable gains have 
been made in characterizing these regional differences in adipose tissue inflammation-induced metabolic dysregulation, but very little is known about the role of the 
immune system despite obesity being an inflammatory disease. The aim of this review is to elucidate how the lymphatic system, that drains tissues such as inflamed 
adipose tissue, may play a role in obesity-induced inflammation. Particular focus is placed on how the gastrointestinal tract that is connected to visceral adipose tissue 
via the lymphatic system may play a role in differential metabolic outcomes of distinct adipose tissue distributions. Overall, to accurately understand the pathogenic 
mechanisms that lead to the prolonged state of inflammation induced by obesity the role of the lymphatics must be elucidated.

Introduction
Obesity is a growing epidemic. In 2014 the National Center for 

Health Statistics reported that ~70% of adults in the United States 
were overweight and that half of the overweight individuals were 
also obese [1]. Obesity, as traditionally measured by body mass index 
(BMI), is a risk factor for several diseases including, but not limited 
to, dyslipidemia, hypertension [2], non-alcoholic fatty liver disease 
(NAFLD) [3], atherosclerosis, cardiovascular disease (CVD) [4], 
and type-2-diabetes [5]. Consequently this condition is also a strong 
predictor of mortality [6]. However, exclusive markers of obesity such 
as positive energy balance and BMI are not accurate predictors of 
metabolic dysregulation. Rather adipose tissue distribution is the best 
determinant of an individual’s risk towards the development metabolic 
disease. It is common to investigate the differential aspects of adipose 
tissue distribution and its relation to metabolic risk via comparison of 
two different body types, the apple shape (visceral/central adipose tissue 
accumulation) or the pear (lower body subcutaneous adipose tissue 
distribution). Visceral adipose tissue accumulation occurs within the 
intra-abdominal cavity among vital organs such as the liver, pancreas, 
gut and kidneys whereas accumulation of lower body subcutaneous 
adipose tissue occurs between the muscle and skin (hypodermis) of the 
thighs, buttocks and lower stomach.

The concept that central obesity produces metabolic outcomes that 
are distinct from peripheral obesity is well established [7,8]. Numerous 
epidemiological studies demonstrate that excessive accumulation of 
visceral adipose tissue is associated with pathological conditions such as 
hypertension, dyslipidemia [9-11] (increased circulating triglycerides, 
free fatty acids, LDL to HDL ratio), cardiovascular disease, type-2 
diabetes [12-16] and non-alcoholic fatty liver disease [17]. In opposition, 
studies propose that peripheral adipose tissue is protective, functioning 
as a “metabolic sink” that protects against lipid accumulation in 
non-adipose tissues. Consistent with this subcutaneous adipose 

tissue accumulation is associated with cardioprotection [18].  In 
particular, when compared with visceral adiposity, individuals with 
subcutaneous adiposity had lower circulating triglycerides and higher 
HDL cholesterol [18]. This relation between subcutaneous adipose 
tissue deposition and metabolic protection, however, is best associated 
with gluteofemoral subcutaneous adiposity. Truncal/abdominal 
subcutaneous adiposity is implicated in the pathogenesis of insulin 
resistance [19-21], atherosclerosis and cardiometabolic risk [22,23], 
whereas gluteofemoral a diposity is associated with insulin sensitivity, 
higher HDL and decreased risk for type-2-diabetes and metabolic 
syndrome [24-29].  We have begun to elucidate the mechanisms that 
causally relate the different metabolic outcomes of adipose tissue 
distribution [30-33] and have demonstrated that the strong link 
between visceral obesity and adverse metabolic outcomes is both 
anatomic location, proximity to the hepatic portal vein, and adipose 
depot specific physiology. Adipose depot specific characteristics, 
however, are also influenced by outside (extrinsic) factors such as, 
but not limited to, the immune (lymphatic) system. Hence below we 
discuss the postulate that the lymphatic system plays an important 
role in central/visceral obesity-mediated metabolic impairments. In 
addition, we will discuss how the gastrointestinal tract may prime 
visceral adiposity to be more detrimental than subcutaneous. 

Adipose tissue 
Visceral adipose tissue has the greatest association with 
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site for the development of protective immune responses, including 
antibody responses and cellular immune responses that work via 
filtering and releasing immune cells to and from tissues. Regardless of 
location, lymph nodes are primarily characterized to occur embedded 
in adipose tissue depots [54]. Lymph nodes embedded in and attached 
to adipose tissue continuously survey and monitor exposure of adipose 
tissue to potentially harmful pathogens and metabolites [55,56]. 
Various immune cells within lymph nodes can be recruited and 
activated to defend adipose tissue against tissue damage, toxicity or 
impaired function [57]. Despite this association the relation between 
the adipose tissue and lymph node regulation is underemphasized. 
To accurately understand the pathogenic mechanisms that lead to the 
prolonged state of inflammation induced by obesity the role of the 
lymphatic system and adipose tissue depot crosstalk must be elucidated. 

Though research is not yet extensive in lymph node and adipose 
tissue crosstalk, seminal studies indicate that obesity-induce immune 
dysregulation, chronic pro-inflammation, is likely due to fundamental 
alterations that occur in lymph node morphology, immune cell 
populations and immune response. Kim et al. demonstrate that 
the adverse inflammatory profile specific to visceral adipose tissue 
accumulation, but not subcutaneous, may be due to site-specific 
dysregulation of lymph nodes. First, they demonstrate that diet-
induced adipose tissue accumulation reduces the weight of mesenteric, 
but not subcutaneous, lymph nodes [58]. The decrease in visceral 
lymph node mass is associated with a decrease in lymphoid cell number 
which is a result of activated T cell death, a measure the was ~4 fold 
higher in high fat diet fed mice than control [58]. This group proposed 
that various obesity-induced mediators (e.g. free fatty acids, oxidative 
stress, and inflammatory cytokines) that are released at a greater 
rate from mesenteric adipose tissue than subcutaneous cause greater 
immune cell apoptosis within this region [58]. They further propose, 
but do not tests, that metabolic endotoxemia-induced lymphocyte 
death, increases in circulating lipopolysaccharide (LPS) due to 
enhanced gut permeability, could mediate metabolic consequences 
associated with differential adiposity distributions. This topic, gut-
adipose tissue crosstalk, will be discussed more below. Weitman et al. 
also provide studies that support the postulate that impairment of the 
lymphatic system may be involved in the pathology associated with 
obesity. They examine if obesity impairs lymphatic fluid transport and 
consequently dendritic cell migration. They analyzed lymphatic flow by 
microlymphangiography via dermal lymphatic vessels and determine 
lymphatic flow to be delayed ~3 fold in obese mice compared with 
lean [56]. In addition, overall uptake, drainage and transport of 
interstitial fluid is decreased in these obese mice [56]. Taken together 
these alterations are associated with lymphatic fluid stasis, a condition 
of inhibited lymph flow that subsequently exacerbates disease risk 
due to decreased immune defense. Consistent with this dendritic cell 
migration was decreased ~5 fold in obese mice [56], indicating that 
compared with lean animals obese mice are prone to dysregulated cell-
mediated immunity because of disturbances between dendritic and T 
cell populations. This, in turn, can exacerbate the deleterious cycle of 
chronic low grade inflammation because a proper immune response 
cannot be produced if antigen-presenting cells (dendritic cells) cannot 
interact with T cells that tailor immune responses to those antigens. 
Unlike Kim et al. the Weitman group did not investigate regional 
differences in lymphatic flow, hence it remains unknown if these 
changes are exacerbated within the visceral cavity and play a role in 
the immune dysfunction associated with visceral obesity. However, 
Weitman et al. replicated that obese mice have smaller lymph nodes and 

pathogenesis of obesity-related disease despite its relatively low amount 
which constitutes 10% of total adiposity, whereas subcutaneous adipose 
tissue is ~85% [34].  Despite this the visceral adipose depot is proposed 
to play a deleterious role in obesity-induced health consequences 
because, as previously mentioned, where it is located.  Hence, previous 
investigations primarily focus on visceral adipose tissue and liver 
interactions because effluent from visceral adipocytes containing 
metabolites, secretory products and inflammatory cytokines to the 
portal vein can be detrimental to insulin-sensitive hepatocytes [35-
37]. These factors have major influence on hepatic processes such 
as glycogenesis, gluconeogenesis and very low-density lipoproteins 
(VLDL) synthesis [38-43].  Although the liver does play a large role 
in the exacerbation of obesity-induced metabolic disease, visceral 
adipose tissue surrounds, covers, attaches and shares vasculature 
with numerous other abdominal organs, yet these tissues are less 
investigated.

Adipose tissue is a complex endocrine organ with fundamental 
metabolic and immune regulatory roles.  Adipocytes are characterized 
to release numerous hormones and signaling molecules, adipokines 
or adipocytokines that work in an autocrine and paracrine fashion 
or peripherally in an endocrine fashion. Adipocytokines regulate 
numerous physiological processes. In particular the role adipocytokines 
play in chronic pro-inflammation during obesity is gaining attention. 
Specifically, obesity associated adipocyte hypertrophy and hyperplasia 
dysregulates the sensitive microenvironment within adipose depots 
and alters their physiological processes, subsequently this can lead to 
changes in whole body homeostasis. Obesity-induced inflammation 
evoked during this process has been identified to be pivotal in the 
manifestation of the metabolic comorbidities and is identified to 
be a product of dysregulated adipose tissue. Hence, the short-term 
inflammation in adipose tissue that is a principal defense in response 
to acute injury becomes dysregulated during prolonged inflammation, 
as occurs in obesity, and is no longer beneficial [44].  Overall, obesity is 
a state of fat-induced prolongs inflammation.

Inflammation, induced by excessive adipose tissue accumulation, 
appears to link obesity to disease risk [45-47]. It is well established 
that central/visceral fat accumulation is a risk factor for many adverse 
inflammatory metabolic outcomes associated with obesity, whereas 
peripheral or subcutaneous fat is associated with a reduced risk. 
Hence, the increased propensity for individuals with visceral obesity 
to experience comorbidities appears to be linked to the increased 
capacity of this depot to induce inflammation [48]. Numerous studies 
demonstrate that visceral fat from obese individuals is characterized by 
increased macrophage infiltration, cytokine and chemokine production 
and other supportive immune cell types compared with non-visceral 
adipose tissue [49-53]. Despite considerable gains in characterization of 
regional differences in adipose tissue inflammation-induced metabolic 
dysregulation, very little is known about the role of the actual immune 
system in obesity-induced inflammation.

Lymphatic system and lymph nodes
The health and regulation of adipose tissue is primarily determined 

by the lymphatic system. Lymphatic system functions include; 1) 
interstitial fluid removal, 2) white blood cell transport, 3) absorption 
and transportation of lipids and 3) activation and initiation of immune 
cells and response. Overall, this system, which openly circulates 
throughout the body, is the conduit for immune cells that serves to 
produce an immune response to pathogen invasion and tissue injury.
Lymph nodes are lymphatic system structures that are the primary 
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further extended previous studies by establishing these smaller nodes 
are associated with abnormal morphology [56]. Specific mechanisms 
for obesity-induced lymph node atrophy remain unclear. 

These above studies suggest that the lymphatic system, that drains 
tissues including, but not limited to, inflamed adipose tissue, plays a 
role in obesity-induced inflammation. These studies also suggests that 
diet-induced obesity can differentially influence lymph node regulation 
according to location. Diet-induced obesity affects lymphoid tissues 
which, in turn, will also directly impact the development of immunity, 
including immune responses to pathogens, infections, cancer and 
vaccines in obese individuals. Specifically, the inability to alleviate 
inflammation, as occurs in obesity, has been show to play a role 
in chronic diseases such as  such as type 2 diabetes [59], immune-
related diseases [60-63], and reduced effectiveness of vaccines [64]. 
Obesity impairs the ability to mitigate inflammation, however, the 
factors involved in this impairment are poorly understood and to our 
knowledge, the interaction between obesity and lymphatic system 
immune responses has received very little attention in the field of 
obesity research. 

Obesity is not only considered a precursor for a number of 
chronic diseases but is also associated with an increased risk for poorer 
prognosis in many immune-mediated conditions [60-63]. Numerous 
studies in humans demonstrate that obesity attenuates host defense 
[64-67], thus increasing susceptibility to infections. In particular, data 
collect during the 2009 influenza outbreak demonstrated that obese 
individuals were at greater risk for infection caused by morbidity and 
mortality [68]. Obese individuals are also characterized by an impaired 
responsiveness to influenza vaccination [64]. Hence, it is important 
to understand how the immune system, specifically the lymphatics, 
contributes to obesity-induced inflammation because it will begin to 
address why obese individuals are more susceptible to disease.

Gastrointestinal tract
Traditionally, inflammation originating from adipose tissue 

was thought to be the fundamental initiator of the metabolic disease 
associated with obesity, but emerging evidence suggests the intestines 
contributes greatly to the development of metabolic disease [69]. 
The small intestine is the first interface between the body and 
diet, consequently this region is the first exposed to excessive and 
detrimental nutrients ingested such as excessive sugar and fat intake 
that leads to increased adiposity.  Because of this the gastrointestinal 
tract is now emerging as initiator of the events that contribute to 
obesity-associated systemic inflammation.The underlying mechanisms 
for this connection are currently being elucidated and thus far are 
contributed to Western diet-induced alterations in gut microbiota and 
epithelial barrier disruptions, increase gut permeability, that increase 
endotoxin release.

Reduced microbial diversity and altered bacteria phylum ratios are 
associated with the metabolic syndrome phentotype [70]. However, 
research is just now distinguishing if changes in gut microbiota 
prompt the low grade chronic inflammation associated with obesity or 
if alterations in gut microbiota are a secondary consequence of obesity. 
Research thus far demonstrates that gut microbiota contributes to 
obesity-induced inflammation via regulation of adipose depot stores. 
Specifically, the gut microbiotais a factor that regulates adipose tissue 
storage via enhance lipid release from the liver and adipocyte lipid 
uptake [71] as well as increased energy harvested from diet driven 
by microbiota derived metabolites [72]. Therefore, high fat diet-
induced alterations ingut microbiota play a role in obesity-induced 

inflammation via exacerbation of adipose tissue accumulation. In 
addition, emerging research demonstrates that high fat diet-induced 
alterations in gut microbial composition play a role in inflammation of 
the intestine that likely leads to inflammation associated with obesity. 
More specifically, obesity prone rats exhibit alterations in microbiota, 
explicitly an increase in enterobacteriales (lipopolysaccharide 
associated species), along with increases in activation of toll-like 
receptor 4 (TLR4) and intestinal inflammation compared with obese 
resistant rats [73]. The previous factors where demonstrated to be the 
necessary initiators for the development of the obese-prone phenotype 
[73]. This study and others [74] support the postulate that alterations 
in gut microbiota leading to increased intestinal inflammation and 
bacterial translocation are fundamental in the development of chronic 
low grade inflammation associated with obesity.

Overall, there is a strong link between high fat-induced alterations 
in gut microbiota, increases in harmful gut bacteria, gut inflammation 
and inflammation observed in obesity. Gut microbiota component 
lipopolysaccharide (LPS) an endotoxin, the main constituent of the 
outer membrane of Gram negative bacteria, plays a fundamental role 
in obesity-induced chronic low grade inflammation because it causes 
immune system activation.  LPS is a major inducer of the inflammatory 
response and is increased in blood circulation following chronic fat 
ingestion because, as described above, diets high in fat cause increased 
gastrointestinal permeability and bacterial translocation (increased 
gut leakage) [75]. In obesity adipose tissue endotoxaemia triggers an 
innate response that causes the release of proinflammatory cytokines, 
hence exacerbating chronic low grade inflammation already produced 
by excessive adipose tissue accumulation.

Taken together, obesity-induced chronic low grade inflammation 
development is attributed to and exacerbated by the deleterious 
cycle between dysregulated gut and adipose tissue. As discussed 
above it is recognized that high fat diet-induced alterations in gut 
microbiota, altered gut metabolite release, gut inflammation and 
increased gastrointestinal permeability are fundamental drivers of the 
dysregulation. However, research suggests that high fat diet-induced 
intestinal inflammation does not just manifest chronically due to altered 
gut microbiota, but can also occur acutely due to direct effects of the 
diet. First, it has been demonstrated in rat epithelial cells that nutrient 
absorption of long chain fatty acids modulates intestinal mucosal 
immunity via enhancing cytokine release specific for neutrophil 
migration [76]. Thus excessive exposure of long chain fatty acids cause 
intestinal epithelial cells to release certain cytokines that cause migration 
of first responder phagocytes, neutrophils, to defend against the insult 
and activate other immune cells. Being persistently immunologically 
challenged, the epithelial cells of the gastrointestinal tract are integrated 
with immune cells.  As such, the gut is characterized to contain 70% of 
the body’s immune cells which play a role in maintaining homeostasis 
of the gut [77]. These immune cells found along the epithelium of the 
intestine, intraepithelial lymphocytes (IEL), and within peyer’s patches, 
aggregated lymphoid nodules, release afferent lymph to the mesenteric 
lymph nodes that are surrounded by visceral adipose tissue (Figure 1). 
Much like intestinal epithelial cells, immune cells of the gastrointestinal 
tract are proposed to be capable of modifying immune function of the 
intestinal mucosa when directly exposed to fatty acids. In vitro long 
chain free fatty acids are demonstrated to alter interferon-Ɣ release 
from IELs collected from BALB/c mice [78] and suppress antigen 
presentation and chemotactic ability of dendritic cells [79]. In vivo fat 
absorption, specifically long chained fatty acids, in rats is demonstrated 
to activate intestinal mucosal mast cells and associated mediators [80]. 
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In mice, a diet high in cholesterol causes accumulation of myeloid 
cells within the intestine within hours of exposure [81]. Overall, both 
intestinal mucosal epithelial cells and resident antigen cells are capable 
of directly detecting and inducing inflammatory responses to lipids 
such as cholesterol and long chain fatty acids. Because these intestinal 
immune populations drain to the mesenteric lymph nodes it islikely 
regional differences in lymph node immune cell can be driven by 
direct diet effect on the intestines and may play a role in the relation of 
adipose tissue distribution to metabolic disease. 

Conclusion
Visceral adipose tissue surrounds, covers, attaches and shares 

vasculature with numerous abdominal organs, thus location of this depot 
is proposed to play a fundamental role in the co-morbidities associated 
with obesity, whereas subcutaneous adiposity is not. The increased link 
to obesity comorbidities appears to be due to the increased capacity 
of this depot to induce inflammation [48]. The next major advance 
in understanding the obesity epidemic will involve an appreciation 
that not all fat pads are created equally and an understanding of the 
fundamental processes that regulate inflammation. Visceral adipose 
tissue surrounds and attaches to the mesenteric lymph nodes that 
collect lymph fluid and immune cells effluent from the gastrointestinal 
tract. Although lymph nodes are the nexus of the gastrointestinal tract 
and visceral adipose tissue, its role is often underemphasized despite 
being fundamental.  In particular, little is known about regional lymph 
node induction of adipose tissue inflammation. We postulate that 
obesity-mediated changes in lymph node immune cells within adipose 
depots determine the extent and negative consequences associated 
with obesity-induced inflammation. The contribution of intestinal 
immune cell populations and cytokine release to regional adiposity 
risk has yet to be investigated. The lymphatic connection between 
the gastrointestinal tract and visceral adipose tissue permits early 
diet direct immune alterations in the intestine to be detected within 
mesenteric lymph nodes. Resulting changes in mesenteric lymph nodes 
can directly affect the adipose depot it resides in. Hence, high-fat diet 
that modulates immune functions in the intestinal mucosa produces 
gut-derived proinflammatory cytokines and associated immune cells, 
which will then directly contribute to alterations in cell populations 
within the visceral adipose depot. This location specific lymph 
node regulation likely drives the differences between the associate 
metabolic risk of the “apple” and “pear” shape. Figure 2 is summary of 
proposed mechanisms of visceral obesity-induced chronic low grade 
inflammation.
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