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Abstract

Adipose tissue is composed of many functionally and developmentally distinct cell types, the 

metabolic core of which is the adipocyte. The classification of “adipocyte” encompasses three 

primary types – white, brown, and beige – with distinct origins, anatomic distributions, and 

homeostatic functions. The ability of adipocytes to store and release lipids, respond to insulin, and 

perform their endocrine functions (via secretion of adipokines) is heavily influenced by the 

immune system. Various cell populations of the innate and adaptive arms of the immune system 

can resist or exacerbate the development of the chronic, low-grade inflammation associated with 

obesity and metabolic dysfunction. Here, we discuss these interactions, with a focus on their 

consequences for adipocyte and adipose tissue function in the setting of chronic overnutrition. In 

addition, we will review the effects of diet composition on adipose tissue inflammation and recent 

evidence suggesting that diet-driven disruption of the gut microbiota can trigger pathologic 

inflammation of adipose tissue.
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1. Introduction

Adipose tissue (AT) has multiple roles in orchestrating systemic adaptation to changes in 

nutrient availability. For a long time, it was considered almost exclusively as an energy 

storage depot that responded to energy deficits by catabolizing its lipid droplets to provide 

fatty acids as a fuel source for other tissues. The last several decades of obesity research 

have revealed additional roles for, and complexity of, adipose tissue. Most notably, it (1) 

acts as an endocrine organ that not only receives input from other metabolic tissues (brain, 

muscle, liver), but transmits soluble signals in the form of “adipokines” that act locally and 

systemically to regulate nutrient balance, and (2) is infiltrated by, and crosstalks extensively 

with, cells of the innate and adaptive arms of the immune system. Both adipokine secretion 
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and adipocyte-immunocyte interactions can become dysregulated during weight gain and 

subsequent obesity. Here, we review developments in our understanding of how 

fundamental adipocyte behaviors are influenced by immunocytes, and how these 

interactions are modulated by changes in energy balance (primarily chronic weight gain). 

We will also discuss the influence of the gut microbiome on metabolic inflammation and 

point out questions that have arisen from the exciting intersection of immunity and 

metabolism.

2. Immunocyte influences on metabolic functions of adipocytes

2.1 Adipocyte cell populations and anatomic distribution of adipose tissue

AT is composed of adipocytes and the “stromal vascular fraction” (SVF) - a heterogeneous 

mixture of mesenchymal, endothelial, and hematopoietic cell types. Adipocytes themselves 

are not monolithic, but rather consist of subsets with distinct developmental origins and 

metabolic functions. Classically, adipocytes were divided into white and brown subtypes. 

White adipocytes store lipid as triglycerides within unilocular droplets - a lipogenic pathway 

that is responsive to various stimuli, most notably insulin [1]. During times of energy deficit, 

other signaling pathways stimulate lipolysis of these triglyceride stores and release of free 

fatty acids (FFA) into the circulation. Notably, FFA released by white adipocytes can be 

utilized by brown adipocytes to fuel heat production via mitochondrial uncoupling, the 

major metabolic function of brown adipose tissue (BAT) [2]. Brown adipocytes store lipid 

in small, multilocular droplets that are quickly catabolized for fuel when the tissue is 

stimulated. Excitingly, the brown/white paradigm has been revised by the discovery of beige 

(also known as brite) adipocytes dispersed within WAT depots [3,4]. When rodents are 

exposed to cold temperatures, or, notably, after prolonged high fat diet (HFD) feeding, beige 

adipocytes can dissipate heat in a manner similar to classical brown adipocytes [5]. 

Importantly, despite their lipogenic abilities, white, brown and beige adipocytes likely have 

distinct lineage ancestries [6,7] (Table 1).

The white-beige-brown adipocyte continuum informs our understanding of the anatomical 

distribution and functional distinctions of mammalian AT depots. White adipose tissue 

(WAT) is classified as subcutaneous or visceral. Subcutaneous depots are found throughout 

the body underneath the skin, and humans have prominent, elastic depots in the abdomen 

and legs. Major sites of human visceral adipose tissue (VAT) are the abdominal mesenteric 

and omental depots [8]. The omental fat pad comprises a much larger fraction of total body 

fat in humans than in rodents, though the rodent epididymal depot in males (which is often 

sampled as the representative visceral WAT depot) may be functionally equivalent to human 

omental fat [8]. Other VAT depots studied in rodents include the mesenteric and 

retroperitoneal. BAT is located in rodent and human interscapular regions perinatally but 

regresses and is not found there in human adults. Rather, we possess BAT-like thermogenic 

cells in the neck and supraclavicular regions [9]. Functionally, AT depots differ in 

progenitor proliferation rates, lipogenic and lipolytic capacity, and adipokine secretion 

profiles [10]. The tendency of visceral depots to become more inflamed in the setting of 

diet-induced obesity (DIO) is especially germane to the topics covered in this review.
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2.2 Immunocyte populations infiltrating white adipose tissue

Infiltration of AT by macrophages was discovered in 2003, and for several years studies of 

this myeloid cell population dominated the field of immunometabolism [11,12]. Twelve 

years later, the roll call of immunocyte populations found as resident within, or diet-driven 

to, AT depots reads like a census of almost all known myeloid and lymphoid subsets [13]. A 

useful framework for discussing these populations is to distinguish cell types associated with 

maintaining metabolic health in the lean state and in early stages of DIO from those believed 

to initiate and/or exacerbate the chronic inflammation that contributes to adipocyte 

dysfunction in obesity.

In lean humans and rodents, AT macrophages may promote tissue remodeling and temper 

inflammation by secreting anti-inflammatory cytokines [14]. Eosinophils and Type 2 innate 

lymphoid cells (ILCs) are thought to have a similar role, especially given their ability to 

produce the Type 2 cytokines IL-4 and IL-13 that sustain anti-inflammatory macrophages 

[15,16]. Importantly, gain- and loss-of-function studies have shown that Type 2 ILCs and 

eosinophils limit weight gain during HFD feeding and also promote glucose tolerance and 

insulin sensitivity, likely due in part to their effects on body weight [15,16]. Macrophages, 

mast cells and neutrophils are three pro-inflammatory populations that accumulate in AT 

during DIO, with neutrophil influx observed after only a few days of HFD feeding [17,18]. 

Contrary to results for the anti-inflammatory cell populations, genetic and/or 

pharmacological inhibition of mast cells and neutrophils improves metabolic indices, with 

the latter doing so independently of differences in body weight vis-à-vis wild-type control 

mice [17,18]. In many tissues, macrophages can adopt a spectrum of phenotypes, and AT is 

likely no exception. An early model proposed that the anti-inflammatory macrophages in the 

WAT of lean individuals undergo a “phenotypic switch” to a pro-inflammatory phenotype 

closely related to classically, LPS and IFNγ-activated, M1 macrophages, during DIO [19]. 

Several studies have refined this model [20,21], including the recent description of 

“metabolically activated” macrophages that accumulate in AT during DIO and can be 

induced by a cocktail of metabolic stimuli (insulin, glucose and the saturated fatty acid 

palmitate). This population secretes pro-inflammatory cytokines but is distinguished from 

classical M1 macrophages by expression of genes regulating lipid metabolism [22].

B and T lymphocyte subsets can similarly be segregated based on their associations with 

limiting or exacerbating the pro-inflammatory tone of AT. A population of regulatory B 

cells, notable for their constitutive production of IL-10, is abundant in the AT of lean mice. 

B cell-derived IL-10 restrains the HFD-induced accumulation of pro-inflammatory 

macrophages and CD8+ T cells in VAT [23]. The AT-resident B cell population in lean 

mice may be heterogeneous, as a second, distinct population of IL-10 producing anti-

inflammatory B cells has been found in VAT [24]. Prior to the description of AT-resident 

regulatory B cells, a population of CD4+Foxp3+ regulatory T cells (Tregs) was discovered 

in the visceral, and (to a lesser extent) subcutaneous, AT of lean individuals. The fractional 

representation of Tregs within the CD4+ T cell compartment is far higher in VAT than in 

lymphoid tissues, and their numbers decline specifically in VAT with diet-induced or 

genetic obesity [25–27]. Importantly, systemic and AT-specific ablation of Tregs 

exacerbates diet-induced AT inflammation and metabolic dysfunction [25,28,29]. VAT Treg 
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maintenance in AT may be supported by a resident population of invariant natural killer T 

(iNKT) cells that produces IL-2. These anti-inflammatory iNKT cells also produce IL-10 

and may act in concert with VAT Tregs and Bregs to maintain metabolic homeostasis [30].. 

On the pro-inflammatory side are IFNγ-producing CD4+ T cells that resemble classic Th1 

cells and IFNγ-producing CD8+ T cells. Genetic ablation or antibody-mediated depletion of 

CD8+ T cells ameliorates AT inflammation during DIO [31,32]. B cells also have a pro-

inflammatory, metabolically deleterious role in AT inflammation, as shown by DIO studies 

in B cell-deficient mice [33,34].

2.3 Effects of immunocytes on adipocyte functions

While we will try to highlight the diverse cell types known to change with DIO, since this 

review is focused on how adipocyte integrity is influenced by immunocytes, we will likely 

be disproportionately featuring macrophages, since the most is known about their direct 

effects on adipocyte differentiation and functionality. Major themes from these studies 

include the ability of immunocyte-derived cytokines to interfere with insulin receptor 

signaling, and to activate intracellular stress pathways that cause adipocyte dysfunction. 

Additionally, immunocytes can affect white and beige adipocyte differentiation.

2.3.1 Insulin signaling—In adipocytes, insulin signaling promotes glucose and fatty acid 

uptake and lipogenesis and suppresses lipolysis [35]. The cytokines TNFα, IL1-β, and IFNγ 

all interfere with insulin receptor signaling in adipocytes [36,37]. In the decades since its 

discovery as a major mediator of diet-induced inflammation [38], many groups have shown 

that TNFα is disruptive to insulin-stimulated: glucose uptake, proteolytic activation of 

lipogenic gene expression, and induction of adipogenesis (reviewed in [39]). More recent 

studies have demonstrated similar deleterious effects of IFNγ and IL-17 on adipocytes 

[40,41]. These data suggest that any activated immunocyte capable of secreting these 

cytokines could affect adipocyte function, yet few reports demonstrate a direct role for 

specific cell subsets in enhancing or blocking insulin signaling in adipocytes. Notably, it has 

been shown that macrophages can secrete a soluble form of the fatty acid binding protein 

FABP4 (commonly known as aP2), and that macrophage-derived aP2 can worsen systemic 

insulin resistance by, in part, suppressing insulin-stimulated AKT phosphorylation and 

glucose uptake by adipocytes [42]. Conversely, it is likely that IL-10 (which is secreted by 

multiple anti-inflammatory immunocyte populations) promotes insulin signaling in 

adipocytes, via its ability to directly repress their synthesis of inflammatory cytokines [25].

2.3.2 Adipogenesis and beiging—The anti-adipogenic effects of TNFα signaling have 

been known for many years. Two other pro-inflammatory cytokines, IFNγ and IL-17, have a 

similar effect, with all three likely suppressing the core transcriptional cascade required for 

pre-adipocyte differentiation [35,41,43]. More recently, the Type 2 cytokines IL-4 and IL-33 

have been found to promote the differentiation of beige adipocytes [44,45]. In rodents, 

signaling through IL4Rα is required for maximal preadipocyte proliferation early in life and 

injection of IL-4 complexes is sufficient to stimulate the proliferation of beige preadipocytes 

[44]. Similarly, systemic injection of IL-33 is sufficient to induce beiging in a manner 

dependent on ILC2s [44,45]. Whether these IL-33-induced ILC2s primarily beige via 
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secretion of the opioid-like peptide methionine-enkephalin [45], or via activation of an 

IL-4R signaling axis in preadipocytes [44], is unclear.

2.3.3 Lipolysis—Pro-inflammatory cytokines can promote lipolysis via suppression of the 

insulin signaling pathway. In addition, certain pro-inflammatory cytokines can induce 

lipolysis in adipocytes independently of insulin. This group is composed of the usual 

suspects: TNFα, IL-1α and IL-1β, as well as another IL-1 superfamily member, IL-18 [46]. 

Interestingly, and perhaps paradoxically, cytokine signaling pathways associated with 

resistance to DIO and dampening of AT inflammation, such as IL-4, can also induce 

lipolysis [47]. Given recent findings on the preference of fatty acids (FA) as a fuel source for 

certain anti-inflammatory immunocytes, including Tregs and anti-inflammatory 

macrophages [48,49], it is interesting to consider whether these AT-resident immunocytes 

may secrete lipolytic cytokines to increase the local concentration of FA for use as fuel 

substrates.

2.3.4 Crosstalk via adipokines—In addition to their primary role in lipid storage and 

release, adipocytes secrete “adipokines,” which can regulate local and systemic metabolic 

pathways. Hundreds of adipokines have been described [50], and we will limit discussion to 

those shown to have an effect on, or be affected by, immunocyte populations found in AT. A 

broad classification of adipokines is their division into “pro” and “anti”-inflammatory sub-

groups, and though this schema is likely oversimplified, it is nonetheless useful as a 

framework for discussion of the salient features of each molecule. Leptin is an adipokine 

that exerts its most profound actions via CNS regulation of feeding behavior, where it 

promotes satiety and prevents weight gain [51]. Leptin can also directly signal through its 

receptor expressed on immunocytes, where it induces expression of TNFα and IL-6 by 

monocytes, chemokines by macrophages, and Th1 cytokines from polarized CD4+ T cells 

[52–54]. Hence, leptin has been classified as a pro-inflammatory adipokine. In combination 

with TCR triggering, leptin supports proliferation of activated T cells, likely through its up-

regulation of the glucose transporter Glut1 [53]. Resistin is an especially interesting pro-

inflammatory adipokine because of its species-specific regulation, being produced by 

adipocytes in rodents but predominantly by macrophages in humans [55]. Similar to leptin, 

its role in exacerbating AT inflammation is likely due, at least in part, to its ability to 

stimulate production of IL-6 and TNFα from macrophages [56,57].

Adiponectin is the most intensively studied anti-inflammatory adipokine. It is secreted 

almost exclusively by adipocytes and its levels in plasma are strongly correlated with insulin 

sensitivity and glucose tolerance [58]. Rodent gain- and loss-of-function models show that 

adiponectin levels are inversely correlated with the degree of AT inflammation [59]. It can 

directly interfere with inflammatory cytokine production in macrophages and can induce 

expression of the anti-inflammatory cytokine IL-10 [60,61]. In adipocytes, signaling via 

TNFα or IL-6 can inhibit production of adiponectin [62]. On the whole, far more 

metabolically detrimental, rather than beneficial, adipokines have been identified and thus, 

far less is known about interactions between other anti-inflammatory adipokines and AT 

immunocytes.
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3. Changes in energy balance – role of immunocytes in adipose tissue 

elasticity

Immunocytes dynamically circulate through lymphoid and parenchymal tissues – and AT is 

no exception. Importantly, diet-induced immunocyte turnover and trafficking occur in the 

context of a tissue bed that is expanding or contracting in response to chronic alterations in 

energy balance.

3.1 Hypertrophy and fibrosis

Adipose tissue is remarkable for its elasticity. Once formed in an anatomic site, an AT depot 

can expand by enlargement of pre-existing adipocytes (hypertrophy) and/or proliferation and 

differentiation of new adipocytes (hyperplasia). The contribution of each process to DIO is 

an area of intense and ongoing debate [8]. The association of excessive hypertrophy with 

cell stress and adipocyte dysfunction fuels this debate, as do reports of depot-specific 

preferences for hypertrophy or hyperplasia. During DIO, initial hypertrophic expansion 

likely limits ectopic lipid deposition in other tissues and delays the onset of adipocyte 

dysfunction. However, hypertrophy is opposed by the fibrosis that can occur in AT as a 

maladaptive response to HFD feeding, especially in human VAT [63,64]. The fibrotic 

characteristics of fat in obese humans can be recapitulated by feeding a HFD to mice of the 

fibrosis-prone C3H strain. This model showed that enhanced fibrosis is characterized by 

limited adipocyte hypertrophy in eWAT, suppression of lipogenic and lipolytic gene 

expression, adipocyte necrosis, and accumulation of macrophages and mast cells. Notably, 

this response requires expression of TLR4 on bone-marrow-derived cells, suggesting that 

resident immunocytes promote HFD-induced AT fibrosis [65]. Interestingly, in humans, 

mast cells preferentially accumulate in visually distinct fibrotic bundles within visceral and 

subcutaneous depots of individuals with Type 2 diabetes [66], and their abundance is 

positively correlated with fibrosis, macrophage accumulation and endothelial cell 

inflammation.

3.2 Hyperplasia

Several studies support a role for macrophages in mediating HFD-induced adipocyte 

hyperplasia [67,68]. After 8–12 weeks of HFD-feeding in rodents, the wave of adipogenesis 

that occurs in VAT is preceded by significant adipocyte cell death and formation of crown-

like structures of macrophages that likely phagocytose dead adipocytes prior to their 

replacement with newly differentiated, smaller adipocytes [69]. Experiments in a different 

adipocyte hyperplastic model, that of remodeling due to chronic β– adrenergic stimulation, 

showed that macrophages recruited to foci of dying adipocytes also secrete osteopontin, 

which promotes recruitment, proliferation and differentiation of adipocyte progenitors [70]. 

An attractive idea is that macrophages play a similar role in HFD-induced hyperplasia, and 

while the pattern of crown-like structure formation is similar in the two models [70], further 

experiments will be needed to determine whether similar macrophage-driven adipogenesis 

occurs during DIO.
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3.3 Adipose tissue contraction

Compared with diet-induced AT expansion, less is known about the role of immunocytes in 

AT shrinkage during weight loss. In one interesting report, Kosteli and colleagues showed 

that when HFD-fed obese mice were calorie-restricted by 30%, macrophages infiltrated 

WAT depots for the first week, where they accumulated intracellular lipid droplets but, 

unlike classic “foamy” lipid-laden macrophages in atherosclerotic lesions, these lipid-laden 

macrophages in AT did not become pro-inflammatory. Rather, they functioned to suppress 

further adipocyte lipolysis [71]. This study shed light on earlier observations of macrophage 

recruitment to AT during weight loss induced by chronic β-adrenergic signaling [72]. 

Whether the macrophages merely act as a buffer for released lipid species, or whether they 

have additional roles in remodeling the underlying tissue scaffolding during adipocyte 

hypotrophy, remains to be determined.

4. Changes in energy sources – influence of diet composition on adipocyte-

immunocyte interactions

4.1 Saturated fatty acids

The progression of obesity and its metabolic sequelae are likely affected not only by 

consuming more calories than one burns, but also by the nutritional content of those 

calories. The effects of dietary fats have received the most attention with respect to their 

general pro- vs. anti-inflammatory effects in AT. Fatty acids are classified into short, 

medium and long-chain based on the number of carbons in their aliphatic tails, and they can 

be saturated or unsaturated. Modern diets, especially in America, are rich in medium and 

long-chain saturated fatty acids (SFA) derived from vegetable oils, meat and dairy products, 

and are abundant in fast foods and processed foods. In humans, SFA are more obesigenic 

than unsaturated FA and diets rich in SFA are positively correlated with metabolic syndrome 

[73].

Mechanistically, SFA are implicated in the initiating events of pathologic, diet-induced AT 

inflammation due to their reported ability to act as ligands for the pathogen-sensing toll-like 

receptors (particularly TLRs 2 and 4). Two abundant nutritional SFAs, palmitate and oleate, 

were shown to signal through TLR4 in macrophages in vitro, though this finding is disputed 

owing to the technical challenge inherent in finding reagents free of the primary TLR2/4 

ligand, LPS [74–76]. Nonetheless, in rodents, very long-term feeding of a diet enriched in 

SFAs causes greater weight gain in TLR4-deficient than in TLR4-sufficient mice. Despite 

the increased weight gain, TLR4-null mice are relatively glucose-tolerant and insulin-

sensitive [74]. An alternative and intriguing hypothesis to ligation of TLR4 by SFAs centers 

on obesity-associated dysregulation of the gut microbiota, which can result in elevated 

systemic LPS that is sufficient to trigger TLR signaling in AT [77].

4.2 Polyunsaturated fatty acids

In contrast to the deleterious effects of diets rich in SFA, diets enriched for polyunsaturated 

fatty acids (PUFAs) may prevent or ameliorate multiple aspects of metabolic syndrome. N-3 

PUFAs, specifically docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) of 

marine origin, are the best studied in the context of DIO. Both compounds are anti-
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obesigenic, which needs to be considered as a primary mechanism for their anti-

inflammatory effects in AT [78,79]. However, supplementation of a HFD with EPA can be 

metabolically beneficial independent of any effect on adiposity. Rather, compared with a 

HFD alone, one supplemented with EPA results in higher levels of beneficial adipokines, 

decreases infiltration of AT by pro-inflammatory immunocytes and lowers levels of pro-

inflammatory cytokines. These effects are likely mediated in part through EPA’s ability to 

directly suppress lipogenesis and increase FAO in adipocytes. Notably, if EPA is used 

therapeutically, after 6 weeks of HFD feeding, it still improves glucose tolerance [80].

Direct effects of n-3 PUFA on immunocytes have also been reported, including the 

discovery that n-3 PUFA are ligands for a G-protein-coupled receptor (GPR), GPR120, 

expressed on macrophages. Triggering of GPR120 by n-3 PUFA suppresses NFκB and JNK 

signaling in macrophages and, importantly, this signaling is required for the robust insulin-

sensitizing effects of n-3 PUFA in vivo [81]. Since this initial discovery, humans with loss-

of-function mutations in GPR120 have been identified and they are at increased risk for 

obesity and metabolic syndrome [82]. In the lymphocyte compartment, supplementation of 

rodent diets with fish oil ameliorates the pro-inflammatory effects of CD8+ T cells on 

cultured adipocytes, suppressing NFκB activity and lowering their production of pro-

inflammatory cytokines [83].

5. Role of the intestinal microbiota in obesity-associated inflammation of 

adipose tissue

Microbial symbionts colonizing the human gastrointestinal tract are implicated in regulating 

several aspects of energy balance, including satiety, energy expenditure, fat storage and 

extraction of calories from the diet [84,85]. Especially salient to AT biology is the 

observation that obesity is associated with a less diverse biota in both humans and rodents 

[73,86]. Though the gut microbiota likely affects AT inflammation indirectly, through 

primary effects on body weight, accumulating evidence suggests that the microbiota 

influences AT inflammation independently of its role in regulating fat mass.

Several lines of in vivo evidence implicate gut-microbiota-derived pathogen-associated 

molecular patterns (PAMPs) as the proximal inflammatory triggers of diet-induced AT 

inflammation. It has been reported that obese humans and HFD-fed rodents have circulating 

LPS levels that are two-to-three fold higher than that of their lean counterparts, a 

phenomenon termed “metabolic endotoxemia” (however, these LPS levels are still 10–50-

fold below those measured during a bacterial infection [87,88]. The ability of gut-derived 

LPS to influence AT inflammation has been studied in germ-free (GF) mice mono-colonized 

with either wild-type E. coli or with a strain expressing a less immunogenic variant of LPS. 

Interestingly, LPS immunogenicity is not required for increased fat mass in GF mice, but is 

required for macrophage accumulation in AT [89], suggesting that microbiota-derived LPS 

could potentiate immunocyte infiltration into AT. Similarly, a recent report implicates the 

gut microbiota in the AT inflammation that results from consumption of a diet high in 

saturated, rather than in unsaturated, fat. When GF mice were fed a lard diet, they were 

largely spared the impressive infiltration of AT by macrophages seen in conventionally 

raised mice fed the same diet. Importantly, the inflammatory effects of the SFA-rich diet 
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required both TLR signaling and the gut microbiota, and cecal transplant of biota from mice 

fed a PUFA-rich diet to those fed an SFA-rich diet ameliorated SFA-induced adipose tissue 

inflammation [90]. Taken together, these data suggest that the gut microbiota significantly 

influences diet-induced inflammation of AT.

6. Conclusions and Perspectives

Although chronic, low-grade systemic inflammation affects other primary metabolic tissues, 

such as liver and muscle, AT is disproportionally infiltrated by immunocytes, in both the 

lean and obese states. While these immunocyte populations clearly have a role in policing 

their own, via the production of immunomodulatory cytokines and chemokines that act to 

maintain the proper balance of pro- and anti-inflammatory subsets, modulation of adipocyte 

function by the immune system is an emerging theme of immunometabolism research 

(Figure 1). Pro-inflammatory cytokines interfere with insulin signaling in adipocytes, 

causing dysfunction of lipogenic and lipolytic pathways. Recent studies have uncovered the 

critical role of multiple immunocyte populations in supporting the function of brown and 

beige AT depots in energy dissipation. Immunocytes also modulate the hyperphagic and 

hyperplastic expansion of adipocytes in response to HFD feeding, and they can respond to 

weight-loss induced lipolysis. Importantly, AT inflammation is influenced by compositional 

changes in dietary fats, and intriguing new data suggest that this pathway works via the gut 

microbiota. The results highlighted here raise many questions, such as - how do the profiles 

of resident immunocyte populations shape the responses of distinct AT depots to nutrient 

overload, particularly with respect to the insulin sensitivity of adipocytes, and their 

mechanisms of expansion? Do different types of dietary fats have cell-type-specific effects 

on AT immunocytes, and if so, can these pathways be triggered by small molecules? Lastly, 

are there mechanisms, in addition to modulating serum LPS levels, whereby the gut 

microbiota influence the composition and activation states of AT immunocyte populations? 

Answering these and other questions should advance our understanding of, and hopefully 

facilitate our ability to successfully manipulate, adipocyte and immunocyte populations for 

the treatment of obesity and its associated metabolic dysfunctions.
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Abbreviations

AT Adipose tissue

SVF Stromal vascular fraction

WAT White adipose tissue

BAT Brown adipose tissue

DIO Diet-induced obesity

FFA Free fatty acid
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Treg Regulatory T cell

ILC Innate lymphoid cell

SFA Saturated fatty acids

PUFA Polyunsaturated fatty acids

DHA Docosahexaenoic acid

EPA Eicosapentaenoic acid
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Highlights

• Adipose tissue is composed of adipocytes, stromal cells and an expanding 

panoply of immunocytes

• Adipocyte-immunocyte interactions are influenced by changes in energy 

balance

• Adipocyte-immunocyte interactions are also affected by diet composition

• The gut microbiota has direct and indirect effects on adiposity and adipose 

tissue inflammation
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Figure 1. Inflammatory cascades that contribute to adipocyte dysfunction
Diets high in saturated fatty acids, when consumed in a state of chronic caloric excess, 

contribute to adipocyte dysfunction. While healthy adipocytes are insulin-sensitive and have 

low levels of basal lipolysis, adipocytes that reach their lipid-storage limit and/or are 

exposed to chronically elevated levels of pro-inflammatory cytokines may exhibit the 

dysfunctions listed above. Chronic overnutrition also disrupts the balance of immunocyte 

populations present in adipose tissue. A possible contributing pathway involves diet-induced 

alterations in gut symbionts that, through yet unclear mechanisms, triggers pathologic 

adipose tissue inflammation.
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Table 1

Adipocyte Type Primary Function(s) Lipid droplet morphology Depot types/locations 
(studied most frequently in 
mice)

Lineage relationship

White Lipid storage Unilocular Subcutaneous (Inguinal)
Visceral (Epididymal)

Controversial, can derive 
from mesenchymal stem 
cells

Beige/brite Lipid storage and 
mitochondrial uncoupling

Multilocular Scattered within white 
adipose tissue depots
Subcutaneous > visceral 
(Inguinal)

Closely related to smooth 
muscle?

Brown Mitochondrial uncoupling Multilocular Interscapular Neck 
(Interscapular through 
adulthood)

Closely related to skeletal 
muscle

White and brown were the only known adipocyte types prior to the recent discovery of beige (also known as brite (brown-in-white)), which can 
function more like a white adipocyte or more like a brown adipocyte, depending on environmental stimuli. Cold temperatures and β-adrenergic 
signaling are two strong stimuli of the mitochondrial-uncoupling, energy-dissipating activity of both beige and brown adipocytes. The interscapular 
BAT depot of humans is most prominent in infants, while adults have uncoupling-competent adipocyte clusters in the neck region. Whether these 
depots are true brown, true beige, or some mix of the two, remains to be determined. Each adipocyte type appears to have a distinct progenitor, and 
one recent report suggests that beige adipocytes may be closely related to smooth muscle (7). However, the precise developmental ancestry of each 
lineage is still unclear and is a matter of intense investigation (6,9).
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