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Abstract | Survival of multicellular organisms depends on their ability to fight infection, metabolize nutrients, and 
store energy for times of need. Unsurprisingly, therefore, immunoregulatory and metabolic mechanisms interact 
in human conditions such as obesity. Both infiltrating immunoinflammatory cells and adipocytes play critical 
roles in the modulation of metabolic homeostasis, so it is important to understand factors that regulate both 
adipocyte and immune cell function. A currently favored paradigm for obesity-associated metabolic dysfunction 
is that chronic macronutrient and/or lipid overload (associated with adiposity) induces cellular stress that 
initiates and perpetuates an inflammatory cycle and pathophysiological signaling of immunoinflammatory cells 
and adipocytes. Many lipid mediators exert their biological effects by binding to cognate receptors, such as 
G-protein-coupled receptors and Toll-like receptors. This process is tightly regulated under normal physiological 
conditions, and any disruption can initiate disease processes. Observations that cellular lipid loading 
(associated with adiposity) initiates inflammatory events has encouraged studies on the role of lipid mediators. 
In this review, we speculate that lipid mediators act on important immune receptors to induce low-grade tissue 
inflammation, which leads to adipocyte and metabolic dysfunction.

Iyer, A. et al. Nat. Rev. Endocrinol. 6, 71–82 (2010); doi:10.1038/nrendo.2009.264

Introduction
obesity—a medical condition in which excessive fat 
storage occurs in tissues—is closely associated with meta­
bolic dysfunction, which is a major cause of morbidity 
and mortality in most societies.1,2 (Box 1) Clinical fea­
tures of obesity, especially centrally distributed abdomi­
nal fat, combined with hyperglycemia, hyperlipidemia 
and hypertension, form the basis for varying definitions 
of the metabolic syndrome.3–5 resultant abnormalities in 
glucose, lipid and fluid homeostasis commonly manifest 
as cardiovascular disease, insulin resistance and/or type 2 
diabetes mellitus.2 lifestyle changes, such as an excessive 
caloric intake, are indicated as one of the most important 
factors in initiating obesity and associated metabolic and 
cardiovascular disorders. Clinical studies have suggested 
that excessive macronutrient intake promotes signs of 
cellular stress and leads to metabolic dysfunction.6,7 
a better molecular understanding of the biochemical 
mechanisms that underpin metabolic dysfunction has 
the potential to uncover new therapeutic strategies for 
the treatment of obesity and the metabolic syndrome. 
this review aims to stimulate debate by providing some 
mechanistic insights and hypotheses for how excess 
macronutrient intake might induce the initiation and 
propagation of the metabolic syndrome.

Obesity and inflammation
the idea that chronic low­grade inflammation underlies 
obesity and metabolic dysfunction8–12 has become cred­
ible in recent years (Figure 1, table 1). excessive nutri­
ent consumption or storage has the potential to overload 
signaling networks, and this overload affects both the 
immune and metabolic systems because these systems 
are closely linked and interdependent.13 many hormones, 
cytokines, signaling proteins, transcription factors and 
bioactive lipids have both immune and metabolic roles.14 
unsurprisingly, therefore, metabolic and immune regula­
tory mechanisms interact in human disease. Five sets of 
clinical observations supported by evidence from in vitro 
studies and/or studies of animal models (table 1) demon­
strate that obesity and metabolic dysfunction are associ­
ated with a low­grade chronic inflammatory state. these 
five observations are discussed below.

increased inflammation and oxidative stress
metabolic dysfunction is associated with increased 
tissue and systemic inflammation and oxidative stress. 
increased levels of pro­inflammatory proteins are found 
in the circulation and metabolically relevant tissues of 
obese individuals.2 adipose tissue releases many bio­
active mediators, including inflammatory cytokines, 
that influence body weight homeostasis and induce 
changes in cardio vascular structure and function, glucose 
metabolism, blood pressure, lipid metabolism, coagula­
tion, fibrinolysis and inflammation; these changes lead to 
endothelial dysfunction and atherosclerosis.2,15,16

Plasma concentrations of inflammatory markers (for 
example intercellular cell adhesion molecule 1, vascular 
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Key points 

The idea that chronic low-grade inflammation underlies obesity and metabolic  ■
dysfunction has become credible in recent years

Clinical studies have shown that excess macronutrient intake promotes signs  ■
of inflammatory stress and leads to metabolic dysfunction

Metabolic dysfunction may not be just a disease of obesity but a disease  ■
of dysfunctional adipocytes, induced either by excess feeding (obesity), 
malnutrition, starvation or possibly an immunoinflammatory disorder

Elevation of the concentration of circulating and adipose-tissue-localized  ■
inflammatory lipid mediators contributes to inflammatory cell activation, 
adipocyte growth, development and dysfunction, which leads to metabolic 
disturbances 

Lipid mediators might induce adipocyte dysfunction in obesity by over- ■
stimulating or inhibiting cognate receptors, such as G-protein-coupled 
receptors and Toll-like receptors 

Immune system modulation might provide a means to intervene and  ■
re-establish tolerance to the abnormal metabolic homeostasis that occurs  
in obesity 

cell adhesion molecule 1, C­reactive protein, asym metric 
dimethyl­l­arginine, secretory phospholipase a2 and 
lipoprotein­associated phospholipase a2) and meta­
bolic markers (such as homeostatic model assessment 
of insulin resistance) correlate with Bmi in morbidly 
obese patients.17–19 some markers are nonspecific, such 
as C­reactive protein. this marker is elevated in cardio­
vascular and renal diseases. other pro­inflammatory mol­
ecules, such as tumor necrosis factor (tnF), inter leukin 
(il)­6 and plasminogen activator inhibitor 1, are also 
elevated in inflammatory states unrelated to obesity.

an increased population of tissue inflammatory cells 
may promote production of reactive free radicals and 
perpetuate the state of chronic oxidative stress found 
in patients with obesity and metabolic dys function.20 
Chronic inflammatory and oxidative stress occur 
together and feed­forward in metabolic dysfunction. to 
fuel this process, inflammatory cells such as leukocytes 
increase expression and activity of pro­oxidant enzymes 
including myeloperoxidase and naDPH oxidases.20–22

Altered insulin sensitivity
Chronic inflammation is associated with altered insulin 
sensitivity in obesity and metabolic dysfunction. 
increased plasma concentrations of pro­inflammatory 
cytokines, adipokines, and lipids such as non esterified 
fatty acids in obese individuals may reduce insulin 
action and initiate insulin resistance, hyperglycemia 
and metabolic dysfunction.2 insulin alone possesses 
anti­inflammatory properties in contrast to the pro­
inflammatory effects of glucose.23 acute oral challenge 
with glucose in healthy humans increases superoxide 
radical generation in leukocytes and also activates 
redox­sensitive pro­inflammatory transcription factors, 
including nuclear factor κB and activator protein 1.7,24 
in patients with acute myocardial infarction, insulin 
infusion reduces plasma C­reactive protein concen­
trations.23 Furthermore, in patients with type 2 dia­
betes mellitus, insulin infusion suppresses expression 
of immune inflammatory receptors such as toll­like 
receptors (tlr) 2 and 4.23

Anti-inflammatory intervention
anti­inflammatory intervention is helpful in metabolic 
dysfunction. Pre­clinical and clinical data suggest that 
metabolic dysfunction can be improved by treatment with 
anti­inflammatory agents such as nsaiDs, sali cylates  
and aspirin.25–29 this observation is supported by niH 
reports that list 13 ongoing human clinical trials with 
anti­inflammatory drug intervention for the treatment 
of obesity and metabolic dysfunction.

chronic inflammatory conditions
Diseases involving chronic inflammation are known to 
be associated with premature and/or more severe meta­
bolic dysfunction, and the drugs used in these varying 
conditions are not causative. such diseases include 
rheuma toid arthritis, inflammatory bowel disease and 
cystic fibrosis.30,31

Box 1 | Clinical perspective

The prevalence of obesity and the metabolic syndrome has escalated throughout 
the developed world; the growing incidence of childhood obesity being especially 
worrying 

In 2005, it was estimated that nearly 3.24 million Australians (approximately 
16%) were obese including 280,000 young Australians aged 5–19 years. 
Furthermore, it is predicted that this number of obese Australians will escalate  
to nearly 7.2 million by 2025 and that nearly 50% will have type 2 diabetes 
mellitus 

Environmental factors, including high-calorie diets and sedentary lifestyles have 
contributed to the obesity epidemic

The therapeutic potential of anti-inflammatory drug regimes will become clearer 
with ongoing clinical trials with NSAID drugs and soluble epoxide hydrolase 
inhibitors for obesity, type 2 diabetes mellitus and metabolic dysfunction
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Figure 1 | Obesity, metabolic syndrome and inflammation citations as a function of 
year from 1995. The plot shows cumulative PubMed citations to keywords 
“Obesity & inflammation” and “Obesity & inflammation & metabolic dysfunction”. 
This plot highlights the increasingly accepted relationship between obesity and 
inflammation, as well as the poor link between metabolic dysfunction in obesity 
and chronic inflammation.
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Pleiotropic anti-inflammatory effects
the final observation that links chronic low­grade 
inflammation, obesity and metabolic dysfunction is that 
drugs with pleiotropic anti­inflammatory effects are 
effective in metabolic disorders. the beneficial metabolic 
effects on morbidity and mortality of angiotensin recep­
tor blockers,32 statins,33,34 angiotensin­converting enzyme 
inhibitors35 and peroxisome proliferator­activated recep­
tor (PPar) agonists36,37 cannot be fully explained by 
their respective lipid lowering, insulin sensitizing and 
blood­pressure­lowering effects. these classes of drugs 
have pleiotropic functions and bring about considerable 
reductions in tissue and systemic inflammation.

the five observations show prominent relationships 
between inflammation, obesity and metabolic dys­
function; however, some issues remain unresolved. For 
example, obesity without metabolic dysfunction (‘fit fat’) 
is not uncommon and, conversely, some lean people have 
severe metabolic disease. reasons behind this paradox 
remain to be identified. a logical hypothesis is that met­
abolic disease is not just a disease of obesity, but a disease 
of dysfunctional adipocytes induced either by excess 
feeding (obesity), malnutrition, starvation or possibly an 
immunoinflammatory disorder. Hence, identification of 
the factors that regulate adipocyte function is crucial in 
order to understand metabolic dys function. the roles 
of lipid mediators in adipocyte dysfunction and obesity 
will, therefore, now be described, as this knowledge pro­
vides an essential framework upon which to conduct 
research to identify new targets for treatment. 

Adipocyte dysfunction and inflammation
obesity is a condition of energy imbalance between intake 
and expenditure. when an organism encounters excess 
food, it conserves the nutrients either as glycogen for 
short­term storage or as lipids for longer storage dura­
tion. lipids are major constituents of cellular membranes, 
and lipid combustion yields more energy than almost any 
other source.13,38 During evolution, limited or spasmodic 
nutrient supply forced organisms to manage the need for 
portable energy with the need to efficiently store fatty 
acids, and to develop effective transcriptional machineries 
such as PPars that are activated by fatty acids and regulate 
the cellular response.13 For 21st century humans, however, 
dietary calories are no longer limited for most individuals 
in developed socie ties, which has led to an epidemic of 
obesity and associated metabolic disturbances.

the currently favored paradigm for obesity­associated 
metabolic dysfunction is that a chronic cellular energy 
and/or lipid overload characterized particularly by 
abdominal obesity induces cellular stress. in turn, this 
stress initiates and perpetuates oxidative and inflam­
matory cascades, with the consequence of continuous 
pathophysiological signaling of adipocytes.

adipocytes provide an important reversible storage 
depot for excess energy as lipids.38 in obesity, excessive 
adipose tissue growth is associated with hypertrophy 
and hyperplasia of adipocytes.39 excess energy intake 
or decreased expenditure results in excess triacyl­
glyceride accumulation in adipose tissue, which results 

in hypertrophy.40 adipose tissue mass expands and redis­
tributes throughout adult life, proliferative adipocyte 
precursor cells standing ready to respond to increased 
demands for energy storage.41 thus, hyperplasia results 
from recruitment of new adipocytes, which involves the 
proliferation and differentiation of pre­adipocytes (adipo­
genesis).42 However, whether hypertrophy and hyper plasia 
coexist or whether hypertrophy precedes hyperplasia is 
unclear.43 although adipocytes have specifically evolved 
to store excess energy, the morphological changes asso­
ciated with adipocyte fat uptake and homeostasis have 
many consequences for the organism. in storing excess 
energy as fat, adipocyte function can become compro­
mised. the production of various endocrine, paracrine 
and autocrine factors by mature adipocytes could play 
important roles in recruitment of new adipocytes.

like other organs, adipose tissue contains a resident 
population of cells of the innate immune system, in par­
ticular macrophages and t lymphocytes.15,44–46 these 
resident inflammatory cells are spatially and temporally 
associated with adiposity and may also alter adipocyte 
secretory profiles.44 in general, both mammalian liver 
and adipose tissue have comparable structural blueprints 
in which metabolic cells such as adipocytes and hepato­
cytes are in close proximity to immunoregulatory cells 
such as Kupffer cells and/or macrophages and/or t cells 
and with immediate access to a vast network of blood 
vessels.47 this environment encourages both of these 
cell types to sustain continuous dynamic interactions 
between immune and metabolic responses and regulate 
signaling networks that communicate with sites such as 
pancreatic islets and muscle.47

alteration in both population and function of adipose 
tissue t cells occurs early during the development of 
obesity.48 the majority of resident t cells in adipose 

Table 1 | Key conceptual advances

year of publication study (times cited)

2000 Yudkin et al.132 (613) 

2003 weisberg et al.44 (1142)
Xu et al.133 (834)
ridker et al. 19 (800)
Esposito et al.18 (459)
wang et al.134 (419)
rajala et al.135 (242)

2004 Dandona et al.136 (302)

2005 Cai et al.137 (333)
Arkan et al.138 (252)
Dandona et al.5 (188)
Masoudi et al.139 (99)
Christiansen et al.140 (19)

2006 Bastard et al.15 (131)

2007 Shoelson et al.141 (66)
Kim et al.142 (33)

2008 Heilbronn et al.143 (12)
Cani et al.144 (12)
rocha et al.145 (3) 

Table shows citations that have linked obesity, metabolic dysfunction and 
inflammation in the past decade. Times cited quoted from Essential Science 
Indicators®,  ISI web of Science (Thomson reuters, Philadelphia, PA).

reviews

nrendo_264_FEB10.indd   73 7/1/10   18:37:08

© 20  Macmillan Publishers Limited. All rights reserved10



74 | FEBRUARY 2010 | volUmE 6 www.nature.com/nrendo

tissue of lean individuals are t­regulatory (treG) cells 
and t­helper­2 cells49 that, together with resident macro­
phages, produce il­10 and impede inflam mation.49 treG 
cells regulate innate immunity and express chemokine 
receptors that may respond to cytokines produced 
by adipo cytes.49 Conversely, the predominant resi­
dent t cells in adipose tissue of obese individuals are 
t­helper­1 and CD8+ effector t cells.50

in adipose tissue of obese individuals, the decrease in 
the number of treG cells and the early appearance of 
CD8+ effector t cells, which aid infiltration of pro­
inflammatory macrophages, together may disrupt 
adipo cyte homeo stasis and trigger an immune response 
that leads to further recruitment of circulating pro­
inflammatory macro phages.48 this recruitment is then 
followed by macro phage activation, chemoattraction 
and induction of the expression and release of cytokines 
and adhesion molecules.51,52 these inflammatory effectors 
can also act in a paracrine manner (i.e. by being trans­
ferred from macrophages to adipocytes), which further 
stimulates other pro­inflammatory cytokines, macro­
phages and adipokines and hence links inflammation to 
adipocyte dysfunction (Figure 2).2,15,44

interestingly, in a macrophage environment, pre­
 adipocytes can be effectively converted into macro­
phages, which suggests cellular plasticity in adipocyte 
precursors.53 macrophage infiltration into the adipose 
tissue of obese individuals alters the expression of 
genes that encode proteins involved in inflammatory 
processes in those cells.15,44 of note, reduction in body 
weight in humans is accompanied by a decrease or even 
a normalization of pro­inflammatory effectors includ­
ing cytokines, adhesion molecules and eicosanoids.54–56 
macrophages, apart from playing a role in the local 
adipocyte pro­inflammatory environment, alter and 

potentiate systemic inflammation especially in chronic 
inflammatory states.57

the first report on the infiltration of macrophages 
into adipose tissue was published in 2003,44 but we still 
do not know whether a specific immune cell type, and 
which one, is mainly responsible for metabolic dys­
function. evidence available to date suggest that many 
different types of immune cells including macrophages, 
monocytes, leukocytes, platelets, t cells, treG and mast 
cells may contribute important roles to the develop­
ment of metabolic diseases, particularly in the context 
of obesity and type 2 diabetes mellitus. Further studies 
are clearly necessary to tease out the roles of individual 
immunoinflammatory cells in metabolic dysfunction.

adipocytes produce many signaling proteins such as 
tnF, adipsin, angiotensinogen and leptin, and lipids 
including fatty acids, prostaglandins and short­chain 
acylglycerols (for example, monobutyrin), all of which 
may be involved directly in adipocyte hypertrophy and 
adipogenesis.42,58–60 many endocrine factors, such as 
insulin, catecholamines, insulin­like growth factor i, 
growth hormones, glucocorticoids and thyroid hor­
mones, influence lipolysis and promote proliferation 
and differentiation of pre­adipocytes.61–64 although 
regulation of adipocyte homeostasis by these endocrine 
factors has been extensively studied, the local regulation 
of triglyceride accumulation and differentiation of pre­
adipocytes by autocrine and paracrine factors is not well 
understood. observations that cellular lipid loading is 
an initiator of inflammation have encouraged studies of 
the underlying mechanisms; lipid mediators being key 
suspects in this initiation process given their precursor 
status to inflammatory pathways.

Inflammatory lipid mediators
lipid mediators are involved in many human diseases, 
including rheumatoid and other forms of arthritis, multi­
ple sclerosis, reproductive disorders, intestinal polyposis, 
bronchial asthma, pulmonary and cardiac fibrosis, and 
numerous chronic inflammatory diseases.65 Historically, 
lipid mediators were considered to be energy sources, 
but more recently the importance of lipid mediators as 
intracellular signaling molecules in immune defense 
has become appreciated. Prostaglandins, thrombo xane, 
leuko trienes, lipoxins, epoxyeicosatrienoic acids, other 
fatty acid epoxides, platelet­activating factor (PaF), 
lysophosphatidic acid, sphingosine­1­phosphate, 
2­arachidonoylglycerol and other lipid amides are now 
collectively referred to as lipid mediators (table 2). 
some of the enzymes involved in the production of 
these mediators are phospholipase a2, lysophospholipid 
acyltransferases, PaF acetyltransferase, cyclooxygenases, 
lipoxygenases and cytochrome P450 enzymes.

lipid mediators can act as ligands for important 
immune receptors such as class a G­protein­coupled 
receptors and tlrs, and this receptor activation can 
initiate and perpetuate an innate immune response.65 
in relation to obesity and metabolic dys function, we 
speculate that lipid mediators localized in the circula­
tion and adipose tissue bind to these immune receptors 

Adipocytes

Effector T cells
CD8+

CCL2?

IFN-γ

T-helper-1 T cells
CD4+

Proinflammatory
adipokines

Inflammatory
macrophages

Figure 2 | Inflammatory cells and adipocytes in adipose tissue in obesity. Alteration 
in the population of adipose tissue T cells occurs early during obesity and is 
currently understood as the tipping point in propagating the inflammatory cycle. In 
adipose tissue of obese individuals, the decrease in the number of TrEG cells and the 
early appearance of CD8+ effector T cells, which aid infiltration of pro-inflammatory 
macrophages, may disrupt adipocyte homeostasis and trigger an immune response 
that results in further recruitment of circulating pro-inflammatory macrophages. This 
recruitment (possibly triggered via chemokines such as CCL2) is then followed by 
macrophage activation and induction of the expression and release of cytokines and 
adhesion molecules. In addition, T-helper-1 T cells secrete IFN-γ and aid 
inflammatory macrophage recruitment and activation.
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and induce low­grade tissue inflammation. this process 
leads to adipocyte and metabolic dys function, without 
overt signs of inflammation. in support of this hypo­
thesis, a recent study suggests that high fat, high carbo­
hydrate feeding induces oxidative and inflammatory 
stress and an increase in plasma endotoxin concentra­
tions together with increased expression of tlr2, tlr4 
and suppressor of cytokine signaling 3 in healthy lean 
individuals.66 Hence, it has become increasingly impor­
tant to investigate the nexus between lipids, inflam­
mation and adipocyte function in order to clarify the 
emerging roles of circulating lipid mediators in obesity 
and metabolic dysfunction.

Inflammatory fatty acids
obesity and insulin resistance are associated with high 
circulating concentrations of free fatty acids, particularly 
post­prandially.67–69 a potential link between adipose 
tissue fatty acid composition and obesity has been high­
lighted in several studies.70–72 arachidonate is the primary 
source of fatty acids that mediate inflam matory responses 
(table 2). in human studies, high levels of arachidonate 
in adipose tissue correlate with a 20­fold increase in the 
likeli hood of abdominal obesity.70 in obese children 
from the mediterranean region, arachidonate levels are 
increased in adipose tissue compared to those in lean chil­
dren.73  infant piglets fed 0.5% arachidonate for 2 weeks 
show a 27% increase in body weight without change in 
body length, which suggests an increase in fat mass.74 
Plasma arachidonate concen trations and human infant 
body weight at 4 months are correlated, consistent with 
a role of arachidonate in adipose tissue development.43,75 
taken together, these findings link arachidonate level in 
adipose tissue with obesity (Figure 3).

since arachidonate and fatty acid products in adipose 
tissue are important in regulating lipolysis, lipo genesis 
and adipogenesis, it is probable that phospholipase a 
enzymes that release arachidonate from membrane phos­
pholipids may be directly involved in these three processes 
(Figure 3b).39 of interest is the discovery of an adipose­
 tissue­specific phospholipase a2 enzyme (Group Xvi 
phospholipase a2 or adPla), which has been charac­
terized in white adipose tissue in mice.76 this enzyme is a 
small (18 kDa), membrane­associated, calcium­ dependent, 
intracellular phospholipase a2 that fairly selectively pro­
cesses phosphatidylcholine at the sn­2 position of the 
acyl chain. Knockout of the gene that encodes Group Xvi 
phospholipase a2 in mice increases the rate of lipolysis 
by markedly reducing prosta glandin e2 levels. these mice 
also show reduced tissue mass, tri glyceride levels, insulin 
resistance and increased fatty acid oxidation in adipocytes 
in response to either a high fat diet or leptin deficiency.39

Group iv phospholipases are calcium­dependent 
enzymes and are commonly referred to as cyto solic 
phospho lipase a2. one member of this group—Group iva 
phospholipase a2—is also involved in the storage of lipids 
in the adipose tissue. mice devoid of group iva phospho­
lipase a2 show a marked decrease in adipocyte size and 
the ratio of epididymal fat pad weight to body weight 
compared with wild type animals.77 Furthermore, 

Group v secretory phospholipase a2 enzymes play an 
important part in the release of arachidonate and sub­
sequent production of cysteinyl leukotrienes, prosta­
glandin e2 and other inflammatory eicosanoids from 
macrophages, which contributes to the inflammatory 
cascade.78 Phospholipase a2 may also be important in 
releasing arachidonate from inflammatory cells to be 
later metabolized by other cells such as adipocytes. as a 
result, adipocytes may become chronically energy over­
loaded, which may alter their secretory profiles. 
secretory phospholipases such as secretory phospho­
lipase a2 iia from platelets and inflammatory cells could 
act to release arachidonate from neighboring cells 
including adipocytes.79

Previous studies have shown that inhibition of secretory 
phospholipase a2 iia in young spontaneously hypertensive 
rats does not affect cardiac tissue macrophage infiltration 
but inhibits cardiac fibrosis.80 these findings are consistent 
with the concept that inflammatory cells provide a source 
of phospholipase a2 and associated inflammatory fatty 
acids.80 Cytosolic phospholipase a2α is involved in arachi­
donate release induced by secretory phospholipase a2 and 
is also responsible for arachidonate release from neutro­
phils.81 as we shall show herein, evidence is emerging for 
specific roles of arachidonate and fatty acid metabolites as 
factors that mediate the inflammatory state that occurs in 
adipocyte dysfunction and obesity.

Prostaglandins and thromboxanes
the metabolism of arachidonate by cyclooxygenase 1 
and cyclooxygenase 2 is an essential step in the syn­
thesis of prostanoids, which include the prostaglandins 
(Figure 3a). Prostanoids exert autocrine or paracrine 
actions on a family of prostanoid membrane receptors.82 
at least nine types of human prostanoid receptor exist.83 
Prostanoid responses are mediated by nuclear receptors 
such as PParα, γ or δ,84,85 or by specific cell­surface 
G­protein­coupled receptors,86,87 Prostaglandins bind to 
prostanoid receptors coupled with G­protein­coupled 
receptors to increase cyclic amP concentrations and, 
thereby, activate a number of signaling trans duction 
cascades.88,89 several studies have suggested that pros­
tanoids modulate differentiation and maturation in 

Table 2 | Classification of lipid mediators

class lipid mediators

Fatty acids Prostaglandins
Thromboxane
Leutrotrienes
Lipoxins
Protectins
resolvins
Epoxyeicosatrienoic acids
Other fatty acid epoxides

Phospholipids Platelet-activating factor
Oxidized lipids

Lysophospholipids Lysophosphatidic acid
Sphingosine-1-phosphate

Others 2-Arachidonylglycerol
Other lipid amides
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adipocytes.90,91 of these prostanoids, increased concen­
trations of both prostaglandin e2 and prosta glandin i2 
induce adipocyte dysfunction.90 Prostaglandin e2 acts 
on e­prostanoid­3 receptors to decrease lipolysis by 
decreasing camP concentrations and, thereby, contrib­
utes to the hypertrophic development of adipocytes.39 
Prostaglandin e2 also increases leptin production in 
mouse adipose tissue primary culture.92 in general, 
leptin is a circulating signal protein that reduces appe­
tite.1 obese people have unusually high circulating 
concentrations of leptin, probably because they have 
enlarged adipose stores with increased prostaglandin e2 

concentrations that result in increased leptin produc­
tion. However, the high sustained concentrations of 
leptin mean that leptin desensiti zation occurs and these 
individuals are resistant to the appetite­suppressing 
effects of leptin.1,93 Furthermore, administration of pros­
taglandin e2 to rats and stimulation of rat hepatocytes 
with prostaglandin e2 induces an increase in triglycer­
ides in the liver and other cells, which suggests that pros­
taglandin e2 participates in deposition of triglycerides 
in adipocytes and liver. these responses contribute to 
the complexity of the pathogenesis of obesity and the 
symptoms of the metabolic syndrome.2,94,95

Thromboxane
A2

Prostaglandin
G2

Prostaglandin
H2

Prostaglandin
I2

Prostaglandin
E2

Prostaglandin
F2α

Prostaglandin
F1α

Thromboxane
B2

15 (S)-HETE12 (S)-HETE

16,20 (S)-HETE

14,15-DHET

Lipoxin A4/B4

PAF

14,15-EET Lysosomal PAF

5-HPETE

Resolvins Protectins

Leukotriene A4

Leukotriene C4

Leukotriene D4

Leukotriene E4

Leukotriene B4

Macrophage

EET

Prostanoid

Arachidonate

EPA and DHA

Leukotrienes

Arachidonic
acid

COX

LOX Cytochrome
P450

a

b

Phospholipids
Phospholipases

Phospholipases

LOX

COX

Soluble EH

P450 enzymes

Adipocyte

Group XVI 
phospholipase A2

Other 
phospholipases A2 

Figure 3 | Important lipid mediators in obesity and metabolic dysfunction. a | Arachidonate and fatty acid products in 
adipose tissue are important in regulating lipolysis, lipogenesis and adipogenesis. Phospholipids are broken down into 
arachidonate by phosholipase enzymes. The biosynthesis of fatty acid products from arachidonate are regulated by three 
major enzymes—cycloxygenases, lipoxygenases and cytochrome P450s. Cyclooxygenase 1 and 2 metabolize arachidonate 
to form prostanoids, including the prostaglandins. Lipoxygenases metabolize arachidonate into hydroperoxyeicosatetraenoic 
acids that are converted into many bioactive eicosanoids including leukotriene A4. Cytochrome P450 epoxygenases 
metabolize arachidonate to either epoxyeicosatrienoic acids or hydroxyeicosatrienoic acids or other fatty acid epoxides. Of 
these fatty acid metabolites, lipoxin A4/B4, 14,15 epoxyeicosatrienoic acids, resolvins and protectins may aid in resolution 
and active reduction in inflammation compared to the others. b | Adipocyte dysfunction induced by intracellular inflammatory lipid 
signaling. In the adipose tissue, the production of archidonate fatty acid products can be catalyzed by membrane-associated 
group XvI phospholipase A2, or by other types of phospholipases A2

 released from macrophages and other inflammatory cells. 
Increased prostanoids and leukotrienes probably initiate adipocyte dysfunction while EETs help re-establish adipocyte 
homeostasis. Abbreviations: COX, cyclooxygenases; EETs, epoxyeicosatrienoic acids; LOX, lipoxygenases. 
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Both prostaglandin i2 (prostacyclin) and its stable 
analog carbaprostacyclin activate PPar δ and γ and, 
therefore, induce adipogenesis and adipocyte differen­
tiation.96 in addition, a report has clearly shown that 
another prostaglandin, 15­deoxyprostaglandin J2, 
contributes to the storage of triglycerides in an auto­
crine manner.97 By contrast, prostaglandin F2α inhibits 
adipocyte differentiation in rats.98,99 to date, no direct 
evidence links thromboxanes to adipocyte dysfunction. 
However, thromboxane a2 levels are increased in obese 
experimental animals and impair vascular function.100 
thus, most cyclooxygenase metabolites (prostanoids) 
are essential for adipocyte differentiation, and elevated 
prostanoid levels are associated with the lipid abnormal­
ities that occur in adipose tissue in obesity. By contrast, 
PGF2α inhibits adipo cyte differentiation.

leukotrienes, resolvins and protectins
the lipoxygenase pathway involves the conversion of 
arachidonate to 5­, 12­ or 15­hydro peroxyeicosatetraenoic 
acids by 5­, 12­ or 15­lipoxygenases (Figure 3a).101 
arachidonate 5­lipoxygenase­activating protein, also 
called FlaP, presents free arachidonate to 5­ lipoxygenase, 
the key enzyme in the synthesis of leuko triene a4.

101 
leukotrienes—metabolites of the lipoxy genase 
 pathway—act by binding to specific leukotriene receptors 
located in the plasma membrane of leukocytes and struc­
tural cells. members of the two arms of the leuko triene 
cascade exert their different biological actions through 
activation of specific G­protein­coupled receptors to 
trigger downstream effects.102,103

to date, very limited evidence directly links metab­
olites of the lipoxygenase pathway to adipocyte dys­
function. However, incidental evidence associates the 5­, 
12­ and 15­lipoxygenase pathways with adipocyte dys­
function. FlaP mrna levels are upregulated approxi­
mately eightfold in adipose tissue derived from obese  
ob/ob mice compared with the levels in wild type mice.104 
moreover, adipocyte differentiation of a preadipocyte 
cell line in vitro is inhibited by a general lipoxygenase 
inhibitor and the 12/15­lipoxygenase selective inhibitor, 
bai calein.105 mice devoid of the 12­lipoxygenase gene and 
fed a western diet show reduced macrophage infiltration 
and monocyte chemoattractant protein­1 expression in 
visceral fat tissues compared with wild­type, western­
diet­fed mice, which suggests that 12­lipoxygenase 
activation plays a critical role in western­diet­induced 
damage in visceral fat.106

lipid bodies (lipid droplets) are emerging as dynamic 
organelles with roles in lipid metabolism and inflamma­
tion.107 increased leptin concentrations associated with 
obesity can directly activate macrophages and also induce 
the formation of adipose­protein­enriched lipid bodies 
that are related to adipose tissue differentiation.107 these 
newly formed lipid bodies are sites of 5­ lipoxygenase local­
ization and their presence correlates with an enhanced 
capacity of leukotriene B4 production in phosphoinositide 
3­kinase knockout mice.107 thus, circumstantial evidence 
suggests the involvement of FlaP and the products of the 
lipoxy genase enzymes in both macrophage activation and 

adipo cyte dysfunction associated with obesity. By contrast, 
the recently described alternative products of the lipoxy­
genase pathway, lipoxins, protectins and resolvins, have 
anti­inflammatory properties.65,108–111

a key conceptual advance of serhan and colleagues is 
that resolution as well as propagation of inflammation 
can be an active process.111,112 thus, a shift in the pattern 
of eicosanoids and in particular increases in lipoxins, 
protectins and resolvins as well as shifts in patterns of 
cyto kines, chemokines and other regulatory molecules 
can lead to active reduction in inflammation.111,112 a more 
detailed review of the cellular and molecular mechanisms 
involved in this process is given elsewhere.111,112

epoxyeicosatrienoic acids
Cytochrome P450 epoxygenases metabolize arachido­
nate to either epoxyeicosatrienoic acids, hydroxyeicosa­
tetraenoic acids or other epoxide fatty acids including 
epoxides of ω­3 fatty acids.113 the epoxyeicosatrienoic 
acids are then rapidly metabolized to the less active 
dihydroxy eicosatrienoates by the enzyme soluble epoxide 
hydrolase.113 to date, no selective epoxyeicosatrienoic 
acid receptor has been characterized. the great diversity 
of biological effects resulting from increased levels of 
epoxyeicosatrienoic acids suggests the presence of mul­
tiple receptors. many researchers assume that at least 
some G­protein­coupled receptors are involved.113

epoxyeicosatrienoic acids and other epoxylipids 
seem to be regulated by both biosynthesis by cyto­
chrome P450s and by degradation by soluble epoxide 
hydrolase.114 the activity of soluble epoxide hydrolase 
increases dramatically during the maturation of adipo­
cytes,115 and thus reduces the level of anti­ inflammatory 
epoxyeicosatrienoic acids and other epoxides in the 
ω­3 and ω­6 series. soluble epoxide hydrolase is also 
induced by angiotensin ii, leading to a cascade of 
pro­ inflammatory effects.116 thus angiotensin recep­
tor blockers and angiotensin­converting enzyme 
inhibitors may exert some of their pleiotropic effects 
by reducing the expression and/or activity of soluble 
epoxide hydrolase and increasing the concentration of 
epoxyeico satrienoic acids. PParα agonists have long 
been known to increase levels of soluble epoxide hydro­
lases in rodents,117 and recently PParγ agonists such as 
the glitazones have been shown to induce activity of this 
enzyme in adipose tissue.115

unlike the cyclooxygenase and lipoxygenase metabolites, 
epoxyeicosatrienoic acids and other epoxylipids decrease 
inflammation. in addition, epoxyeicosatrienoic acids 
and other epoxylipids regulate vascular tone, in part by 
preventing the activation of nuclear factor κB.118,119 these 
molecules transcriptionally down regulate the induced 
cyclooxygenase 2 and 5­ lipoxygenase pathways resulting 
in synergism with nsaiDs, aspirin and also other cascade 
modulators in reducing the levels of inflammatory eico­
sanoids.120 increased levels of epoxyeicosa trienoic acids or 
epoxyeicosanoids are associated with a downregulation 
of prostaglandin e2, because they transcriptionally down­
regulate induction of cyclo oxygenase. thus they could be 
considered to reduce adipocyte dysfunction.113,115
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as expected, the inhibitors of soluble epoxide 
hydrolases also synergize with nsaiDs.120 nanomolar 
concentrations of 11,12­epoxyeicosatrienoic acid, or over­
expression of cytochrome P2J2, decreases upregulation of 
cell adhesion molecules, vascular adhesion molecule­1, 
intercellular adhesion molecule­1 and e­selectin induced 
by tumor necrosis factor, il­1α and lipopolysaccharide in 
cultured endothelial cells. this finding further validates 
their anti­inflammatory effects.119 it remains to be seen if 
these biological effects also occur in the pancreas and in 
adipose tissue. interestingly, in patients with type 2 dia­
betes mellitus, single nucleo tide polymorphisms in the 
gene that encodes soluble epoxide hydrolase are associ­
ated with an increased risk of cardiovascular disease,121 
insulin resistance122 and hypertension.123

if epoxyeicosatrienoic acids act as agonists at canna­
binoid 2 receptors, stabilization of the cytochrome P450 
pathway with soluble epoxide hydrolase inhibitors to 
increase epoxyeicosatrienoic acid concentrations should 
act only on peripheral cannabinoid 2 receptors. this could 
provide a new antiobesity strategy that would not result in 
psychotropic adverse effects (see section endocannabinoids 
below) based on the anti­ inflammatory actions of the prod­
ucts of the cytochrome 450 pathway. a recent study has 
reported expression and regulation of soluble epoxide 
hydrolases in adipose tissue from mice fed either a normal 
or high­fat diet.115 although soluble epoxide hydrolase 
mrna and protein levels in adipose tissue did not differ 
between normal and fat­fed animals, total adipose soluble 
epoxide hydrolase activity was increased in obese mice.115 
Given the involvement of soluble epoxide hydrolase in 

inflammation, this study suggests that mimicking or 
increasing epoxyeicosatrienoic acid concentrations may 
be potentially important in controlling obesity and the 
symptoms of the metabolic syndrome.

as discussed earlier, anti­inflammatory agents such 
as nsaiDs, salicylates and aspirin seem to reduce the 
severity of metabolic dysfunction.25–27 However, the very 
high doses necessary can lead to a variety of adverse 
effects ranging from gastrointestinal problems to tinni­
tus. soluble epoxide hydrolase inhibitors synergize the 
anti­inflammatory actions of these compounds, which 
suggests that low doses could be used in combination to 
reduce the symptoms of metabolic syndrome possibly 
without affecting innate immunity.113,120

Other lipid mediators
studies on the underlying mechanisms that link meta­
bolic dysfunction in obesity to chronic inflam mation 
are still in their infancy. until now, relatively few studies 
other than those described in this review have focused 
on other inflammatory lipid mediators such as PaF, 
oxidized phospholipids, lysophosphatidic acid and 
 sphingosine­1­phosphate. only circumstantial evi­
dence exists that PaF and sphingosine­1­phosphate 
are involved in adipocyte function and obesity.124,125 on 
the other hand, the role of endocannabinoids such as 
2­arachidonoylglycerol and anandamide in obesity is an 
expanding field of research.126

Platelet activating factor
lysosomal PaF acetyltransferase metabolizes 
lysophospho lipids with an alkyl–ether bond at the sn­1 
position into PaF. the receptor of PaF, PaFr, is a rela­
tively small G­protein­coupled receptor that is involved 
in a variety of intracellular pathways with various bio­
logical functions.65 PaF activity, as measured by its 
surrogate PaF acetylhydrolase, is increased in obese 
hyper cholesterolemic indivi duals compared with lean 
individuals, which implicates PaF metabolism in dys­
lipidemia and insulin resistance.127 in abdominally obese 
children, PaF acetylhydrolase concentrations are also 
elevated with increasing degree of abdominal obesity.128 
tnF induces PaF synthesis in many inflammatory 
cells.124 Furthermore, in adipocytes and pre­adipocytes, 
tnF increases PaF synthesis and might enhance adipo­
cyte differentiation. the tnF­induced PaF synthesis in 
adipo cytes was sevenfold higher than in pre­ adipocytes.124 
together, these studies suggest that PaF metabolism may 
be involved in the pathogenesis of obesity.

sphingosine-1-phosphate
type 1 and 2 sphingosine kinases convert sphin­
gosine into sphingosine­1­phosphate.65 among the 
many promi nent roles of sphingosine­1­phosphate, 
its involvement in immune responses suggests that it 
might be a potential therapeutic target in obesity and 
metabolic dysfunction. FtY720, a pro­drug of a potent 
sphingosine­1­ phosphate 1 agonist (a functional antago­
nist), is currently under going clinical trials as an immuno­
suppressant in multiple sclerosis and for use following 

Box 2 | Therapeutic opportunities

Since metabolic and immune systems are closely linked and interdependent,  ■
manipulation of either system for therapeutic purposes whilst avoiding severe 
adverse consequences is a formidable challenge

In preclinical settings, targeting inflammatory signaling pathways improves  ■
metabolic conditions such as insulin resistance and impaired glucose 
tolerance 

In light of the roles played by lipid mediators in obesity, the manipulation  ■
of lipid mediator signaling, through either enzyme inhibitors or receptor 
antagonists and agonists, has potential as a therapeutic approach to 
metabolic disease 

A wide array of clinically tested and readily available drugs target enzymes and  ■
receptors of various inflammatory fatty acids including arachidonate

The design of novel drugs that are more lipophilic than those currently available  ■
that target enzymes and receptors of inflammatory fatty acids might prove 
useful in selectively targeting adipose tissue without compromising innate 
immunity 

The inflammatory response observed in obesity and metabolic dysfunction is  ■
milder and more chronic than the classic description of inflammation (pain, 
swelling, redness, fever and loss of function). One approach would be to 
titre optimum (low) anti-inflammatory doses to counter this chronic state of 
inflammation with minimal effects on innate immunity 

Arachidonate is now being manipulated in the food chain both by removing it by  ■
classical genetics in some oil crops to reduce the speed with which these oils 
go rancid, and by adding arachidonate and ω-3 lipids to baby and other foods

Since lipid signaling is tightly regulated under normal physiological conditions,  ■
the major challenge is chalking out the intricacies of lipid signaling and 
function to validate these new antiobesity targets for therapeutic intervention
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kidney transplantation.65 By contrast, sphingolipids con­
tribute to the prothrombotic and pro­inflammatory 
pheno type of obese adipose tissue.123 in diabetic ob/ob 
mice, plasma concentrations of total sphingomyelin, 
ceramide, sphingosine and  sphingosine­1­phosphate, as 
well as adipose tissue sphingosine concentrations were 
elevated compared with those in lean control mice.125

endocannabinoids
the G­protein­coupled cannabinoid receptors canna­
binoid receptor type 1 and cannabinoid receptor type 2 
have been identified as potential therapeutic targets 
for obesity and have been extensively reviewed.126,129,130 
endogenous cannabinoids such as anandamide and 
related compounds have been identified as their endo­
genous ligands.126,129 in general, cannabinoid recep­
tor type 1 is present in both peripheral sites and in the 
brain.130,131 on the other hand, cannabinoid receptor 
type 2, though detectable at low levels in the brain, is 
mainly expressed at peripheral sites including inflam­
matory cells.130,131 Clinical trials with cannabinoid recep­
tor type 1 modulators for obesity have been terminated 
because of psychotropic adverse effects.129,131

Conclusions
the adipocyte—a capricious cell that has evolved to provide 
mammalian energy storage—regulates itself depending on 
the environment. alteration in the population of immune 
cells (for example, t cells and macro phages) resident in 
adipose tissue early during the development of obesity 
is currently thought to propagate oxidative and inflam­
matory cascades. what initiates immune cell activation 

in adipose tissue remains unknown. a growing body of 
evidence suggests that lipid mediators produced locally 
by adipocytes and/or inflammatory cells can, at least in 
part, participate in inflammatory cell activation, adipo­
cyte growth, development and dysfunction and, therefore, 
contribute to metabolic disturbances. if lipid loading influ­
ences these disturbances, then it is reasonable to suspect 
that the effects of lipid mediators on inflammatory path­
ways and adipocyte signaling can be modulated with anti­
inflammatory agents. modulation of the immune system 
by drugs might be able to re­establish tolerance to the 
abnormal environment of adipose tissue in obesity and 
re­establish normal adipocyte function (Box 2). advances 
in our understanding of lipid signaling and function  
are certain to advance our under standing of the links 
between inflammation and obesity, and may uncover new 
anti obesity targets for therapeutic intervention.
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