
The integration of metabolism and immunity (or of nutri-
ent- and pathogen-sensing pathways) can be traced back 
to an evolutionary need for survival, which resulted in 
the co-development of the organ systems and signalling 
pathways that mediate these two processes1. The pres-
sure to survive would have favoured energy efficiency 
and storage to prepare for times of food deprivation and 
for mounting a potent immune response to defend the 
host against infectious agents. However, the initiation 
and maintenance of immunity is a metabolically costly 
endeavour and cannot operate efficiently under condi-
tions of energy deficit2,3. For example, fever is associated 
with a 7–13% increase in caloric energy consumption per 
1°C increase in body temperature, the energy expenditure 
of which is estimated to equate to 9.4×106 joules; this is 
approximately the energy cost of a 70 kg person walking 
45 km4,5. Sepsis can increase the human metabolic rate by 
30–60%6. Furthermore, the production and maintenance 
of phagocytes during infection is thought to result in an 
energy consumption of approximately 7.9×105 joules4.

It is also clear that starvation and malnutrition can 
impair immune function; a total reduction in body fat 
has been shown to result in a decrease in the energy that 
is available for immune responses in rodents7. In addition, 
conditions that trigger an immune response during starva-
tion can severely reduce the survival of insects8. Therefore, 
immune defence is subject to a trade-off between other 
energy-demanding processes, such as reproduction, 
thermoregulation and lactation. Interestingly, energy 
surplus (which is typical of individuals who are obese or 
suffer from metabolic syndrome) can also impair immune 

responses and induce chronic inflammation (see later). 
Therefore, a balanced energy flux and maintainance of 
favourable metabolic homeostasis are required for the 
proper functioning of the immune system.

These processes may have been optimized through 
the close coordination and co-evolution of metabolic 
and immune responses, and of the organs that are 
involved in these processes. Evidence supporting such a 
developmental history can be found in lower organisms, 
such as Drosophila melanogaster, in which immune and 
metabolic responses are controlled by the same organ, 
the fat body9. In addition, tissues that are important in 
metabolism are thought to have an evolutionary poten-
tial to mediate inflammatory responses. The association 
between metabolism and inflammation is also evident 
in tissues of higher organisms, for example the liver and  
adipose tissue, where immune effector cells, such as 
Kupffer cells and macrophages, are found alongside 
hepatocytes and adipocytes, respectively1. Interestingly, 
lymph nodes are also embedded in adipose tissue, per-
haps to have a competitive advantage over other tissues 
in meeting excessive energy demands at times of immune 
stress10. In addition, the perinodal adipose tissue, which 
is located around the lymph nodes, might influence local 
immune responses owing to its high polyunsaturated 
fatty-acid content, which could provide nutrients and 
soluble mediators that are needed for the responses, 
and the presence of dendritic cells11. Remodelling of the 
adipose tissue can also accompany certain inflammatory 
processes, for example, the development of panniculitis 
during inflammatory bowel disease12.
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Sepsis
A systemic response to severe 
bacterial infections that are 
generally caused by 
Gram-negative bacterial 
endotoxins. Sepsis induces a 
hyperactive and out-of-balance 
network of pro-inflammatory 
cytokines, affecting vascular 
permeability, cardiac function 
and metabolic balance, and 
ultimately leads to tissue 
necrosis, multiple-organ  
failure and death.

Metabolic syndrome
A cluster of conditions,  
such as hypertension, 
hyperinsulinaemia, 
hypercholesteraemia and 
abdominal obesity, that occur 
together, increasing the risk  
of heart disease, stroke and 
diabetes.
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Abstract | The proper functioning of the pathways that are involved in the sensing and 
management of nutrients is central to metabolic homeostasis and is therefore among  
the most fundamental requirements for survival. Metabolic systems are integrated with 
pathogen-sensing and immune responses, and these pathways are evolutionarily conserved. 
This close functional and molecular integration of the immune and metabolic systems is 
emerging as a crucial homeostatic mechanism, the dysfunction of which underlies many 
chronic metabolic diseases, including type 2 diabetes and atherosclerosis. In this Review we 
provide an overview of several important networks that sense and manage nutrients and 
discuss how they integrate with immune and inflammatory pathways to influence the 
physiological and pathological metabolic states in the body.
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Adipose tissue
Connective tissue with a 
network of blood vessels in 
which fat is stored and the cells 
are distended by droplets of 
fat.

Foam cells
Macrophages that localize  
to sites of early-stage 
inflammation in the vessel wall, 
which subsequently ingest 
oxidized low-density 
lipoprotein and slowly become 
overloaded with lipids. They 
are called foam cells because 
they have numerous 
cytoplasmic vesicles that 
contain cholesterol and other 
lipids. Foam cells eventually die 
and attract more macrophages, 
and further propagate 
inflammation in the vessel wall.

Atherosclerosis
A chronic disorder of  
the arterial wall that is 
characterized by damage  
to the endothelium, which 
gradually induces deposits of 
cholesterol, cellular debris, 
calcium and other substances 
and ultimately triggers local 
inflammation. These deposits 
finally lead to plaque formation 
and arterial stiffness.

despite the evidence suggesting that the immune and 
metabolic systems need to colocalize to maintain meta-
bolic homeostasis during an immune response, energy 
can be transported efficiently throughout the body by 
the circulatory system, which questions a requirement for 
local energy supplies. However, most infections can sup-
press the host’s appetite, possibly by inducing the synthesis 
of leptin (an adipocyte-derived hormone and cytokine), 
which suggests that local sources of energy and nutri-
ents are more important during an immune response13. 
nevertheless, many of these observations have not been 
supported by experimental evidence and therefore their 
physiological significance is still unclear.

Cells that are involved in metabolic and immune 
responses also show evidence of coordination and 
co-evolution. more specifically, macrophages and adi-
pocytes are closely related and share many functions; 
for example, they both secrete cytokines and can be 
activated by pathogen-associated components, such as 
lipopolysaccharide (lPs)14. In addition, phagocytosis 
and the expression of membrane-bound nadPH oxi-
dases, which are characteristics of macrophages, are 
traits that have also been attributed to adipocytes15. 
Indeed, pre-adipocytes have been shown to transdif-
ferentiate into macrophages, and transcriptional 
profiling has suggested that macrophages and pre-
adipocytes are genetically related15,16. moreover, there 
is an extensive genetic and functional overlap between 
fully differentiated adipocytes and macrophages that 
have transformed into atherogenic foam cells, particularly 
in terms of metabolic genes (FiG. 1).

It can be envisioned that a threat to the delicate bal-
ance between immune and metabolic responses, such 
as can be induced by chronic nutrient deficiency or a 
continuous energy surplus, can transform this intimate, 
long-lasting and productive interaction into a pathologi-
cal relationship (in this Review, we focus on overnutrition 
and not on malnutrition). Exposure to excess amounts 
of nutrients and energy is a modern phenomenon that 
has been caused by changes in dietary patterns and life-
style worldwide. These changes are associated with an 
increase in the incidence of chronic metabolic diseases, 
such as obesity, type 2 diabetes, fatty liver disease and 
atherosclerosis, as well as asthma and some cancers1. 
under these energy-rich conditions, the ancient inflam-
matory potential of metabolically important tissues can 
be reactivated; the adipose tissue of obese individuals has 
in fact been shown to produce higher levels of the pro-
inflammatory cytokine tumour-necrosis factor (TnF) 
and other pro-inflammatory factors17,18.

Chronic inflammation, particularly when it occurs 
in metabolically important organs such as the liver and 
adipose tissue, has a crucial role in the development of 
many chronic metabolic diseases, such as diabetes, fatty 
liver disease and cardiovascular disease17. It is important 
to recognize that this response does not resemble classic 
inflammation and perhaps could be considered as an 
aberrant form of immunity that is triggered by nutrients 
or other intrinsic cues, and has been referred to as meta-
inflammation or para-inflammation1,19. In fact, many 
branches of the immune response are defective in obese 
individuals, including the activity of neutro phils, natural 
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Genes that are expressed by both adipocytes and foam cells
Metabolic genes
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Sterol carrier protein 2
CCAAT/enhancer binding protein-α
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     receptor-γ
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11β hydroxysteroid dehydrogenase
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      dehydrogenase
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Fatty-acid-binding protein 4
Fatty-acid-binding protein 5

Other genes
Sterol carrier protein 2
Vascular endothelial growth factor
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Adenylate kinase 2
Bladder-cancer-associated protein
Calcium-binding protein P22
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Heat shock protein 40
CC-chemokine ligand 2
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Figure 1 | molecular characteristics shared between adipocytes and macrophages in physiological conditions 
and metabolic disease states. An extensive transcriptional signature is common to adipocytes and macrophages. The 
Venn diagram shows the number of genes that are expressed preferentially or approximately equally by pre-adipocytes, 
adipocytes and macrophages. Inflammatory genes that are expressed by both macrophages and adipocytes are also 
listed, as are adipocyte-specific metabolic and other genes that are upregulated during the transformation of 
macrophages into foam cells14–16,114,115.
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Anabolic hormone
A hormone that is involved  
in the synthesis of 
macromolecules from  
simpler intermediates.

Insulin resistance
The reduced sensitivity of the 
body’s insulin-dependent 
processes (such as glucose 
uptake and lipolysis) to insulin. 
insulin resistance is typical of 
type 2 diabetes but often 
occurs in the absence of 
diabetes.

Mammalian target of 
rapamycin
(mTOR). A conserved serine/
threonine protein kinase that 
regulates cell growth and 
metabolism, as well as cytokine 
and growth-factor expression, 
in response to environmental 
cues. mTOR receives 
stimulatory signals from RAS 
and phosphoinositide 3-kinase 
downstream of growth factors 
and nutrients, such as amino 
acids, glucose and oxygen.

Peroxisome-proliferator-
activated receptors
Nuclear receptors that 
participate in the regulation  
of cellular metabolism and 
differentiation.

killer cells and T cells13,20. nevertheless, it is important 
to explore the general mechanisms that integrate the 
immune response with systemic metabolic homeostasis 
and to identify ways to exploit these pathways for the 
treatment of chronic metabolic diseases.

Linking metabolism and inflammation
Insulin is the main anabolic hormone in mammals and is 
essential for metabolic homeostasis. binding of insulin to 
the insulin receptor triggers the tyrosine phosphoryla-
tion of its cellular substrates, such as the insulin recep-
tor substrate (IRs) family of proteins21. These signalling 
events and molecules are crucial for mediating many of 
the metabolic effects of insulin17,21,22, but are inhibited 
during conditions of stress and inflammation through 
modifications, such as serine phosphorylation, that are 
mediated by intracellular regulatory pathways. This inhi-
bition has also been observed in individuals that are obese 
and/or suffer from insulin resistance and type 2 diabetes1. 
The modifications that impair the action of insulin can 
be triggered by cytokines, such as TnF, indicating that 
immune mediators can have a crucial regulatory role 
in systemic glucose homeostasis23–25. although several 
inflammatory pathways have been shown to contribute 
to metabolic dysregulation at several levels, modulation 
of insulin signalling is perhaps the most crucial, as it is 
a highly conserved and dominant metabolic pathway in 
nutrient and energy homeostasis.

The identification of the link between inflamma-
tion and insulin signalling also proved to be a produc-
tive discovery platform for exploring the links between 
immune responses and metabolic control26–30. In addition  

to cytokines, many of the inflammatory signalling path-
ways that inhibit insulin-receptor signalling are directly 
triggered by nutrients, such as circulating lipids. other 
inflammatory pathways are induced by organelle stress 
owing to nutrient overload and processing defects and 
result in metabolic stress. In both cases, activation of 
kinases, such as Jun n-terminal kinase (JnK; also known 
as maPK8) and Iκb kinase-β (IKKβ), leads to the serine 
phosphorylation of IRs1, the disruption of the insulin 
signalling pathway and altered metabolic responses1 
(FiG. 2). disruption of the insulin signalling pathway in 
this manner can also be mediated by extracellular-signal-
regulated kinase (ERK), ribosomal protein s6 kinase 
(s6K; also known as RPs6Kb1), mammalian target of 
rapamycin (mToR; also known as FRaP1), protein 
kinase C and glycogen synthase kinase 3β, all of which 
can be activated by immune signalling pathways (see 
later), although the exact nature of the modifications 
and the metabolic outcomes in each scenario are still 
not completely understood22. It is probable that many 
other immune signalling pathways and proteins will be 
linked to altered metabolic responses.

moreover, signalling pathways that are tradition-
ally considered metabolic can also affect the immune 
response. For example, activation of nuclear receptors, 
such as peroxisome-proliferator-activated receptors (PPaRs) 
and liver X receptors (lXRs), can suppress inflammatory 
pathways17,31. moreover, several metabolic hormones, 
such as leptin, resistin and adiponectin, also possess 
immunological activity13. The mechanism of action and 
biological significance of these molecular factors have 
been extensively analyzed in the published literature, so 
in this Review we focus on the most recent findings on 
the potential regulation of inflammation in the context 
of metabolic diseases1.

Organelle stress, inflammation and metabolism
In search of the key signalling pathways that link 
metabolism, inflammation and insulin action, studies 
from our laboratory have shown that obesity leads to the  
activation of JnK in metabolically active sites such as 
the liver, muscle and adipose tissue28,32. JnK is activated 
in response to various stress signals, including pro-
inflammatory cytokines, free fatty acids, reactive oxygen 
species (Ros), pathogens and pathogen-associated com-
ponents, and many of these stress signals also result in 
the inhibition of insulin signalling. The induction of JnK 
phosphorylation can increase cytokine production and 
inflammation and mediates insulin resistance through 
the serine phosphorylation of IRs proteins (FiG. 2).  
In mouse models, activation of JnK has a central role in 
the development of metabolic diseases: JnK1-deficient 
mice are protected from insulin resistance and the devel-
opment of type 2 diabetes in both dietary and genetic 
mouse models of obesity, and experimental activation of 
JnK is sufficient to induce diabetes in mice28,33,34.

The activation of JnK mediates the serine phospho-
rylation of IRs1 in conditions of obesity, resulting in 
defective insulin signalling and inflammation in adipose 
and liver tissue35. although JnK has an important role 
in the inflammatory responses that are mediated by 
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Figure 2 | nutrient sensing and inflammation. The signalling pathways that sense and 
respond to three basic nutrients, free fatty acids, glucose and amino acids, are depicted. 
Many pathways that monitor nutrient availability, such as those of mammalian target of 
rapamycin (mTOR), insulin and nuclear transcription factors (not shown), and the 
unfolded-protein response (UPR) in the endoplasmic reticulum (ER), closely interact with 
each other. They also interact with inflammatory pathways, particularly those that are 
induced through the activation of IκB kinase-β (IKKβ) and JUN N-terminal kinase (JNK). 
Leptin resistance can be induced through ER stress and through the activation of the IKK 
pathway when overnutrition is detected by the hypothalamus116,117. In addition to these 
intracellular points of crosstalk, nutrients may directly induce inflammation through 
pathogen-sensing receptors, such as the activation of Toll-like receptor (TLR) signalling 
by free fatty acids. Dysregulation of the crosstalk between the pathways that are shown 
here can culminate in altered metabolic responses, inflammation and leptin resistance. 
IκB, inhibitor of nuclear factor-κB; IRS1, insulin receptor substrate 1; FABP, fatty-acid 
binding protein; TNF, tumour-necrosis factor.
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Unfolded-protein response
An adaptive response that 
increases the ability of the 
endoplasmic reticulum to fold 
and translocate proteins, 
decreases the synthesis of 
proteins, coordinates stress 
and antioxidant responses, and 
can result in the arrest of the 
cell cycle and apoptosis.

Chaperone protein
A protein that assists the 
folding of newly synthesized 
proteins into a particular 
three-dimensional 
conformation by binding and 
stabilizing folding 
intermediates.

Acute-phase proteins
A group of proteins, including 
C-reactive protein, serum 
amyloid A, fibrinogen and 
α1-acid glycoprotein, that  
are secreted into the blood  
in increased or decreased 
quantities by hepatocytes  
in response to trauma, 
inflammation or disease. These 
proteins can be inhibitors or 
mediators of inflammatory 
processes.

myeloid cells, the effects of JnK activation on glucose 
metabolism and insulin signalling seem to occur pre-
dominantly in cells with primary metabolic function, 
such as adipocytes and hepatocytes36,37. These observa-
tions also indicate that parenchymal cells, such as adi-
pocytes, have a role in the initiation and maintenance of 
the inflammatory responses that are triggered in condi-
tions of obesity and in the subsequent deterioration of 
metabolic homeostasis.

It is not clear whether inflammation, metabolic 
products, such as lipids, or other mechanisms initiate the 
activation of JnK in conditions of obesity, or whether 
the activation of JnK precedes inflammation for the 
induction of the inflammatory signalling pathways that 
give rise to insulin resistance. Therefore, understanding 
what the primary insulting factor is for the induction 
of insulin resistance is very important19. Recent stud-
ies have suggested that metabolic stress is sensed inside 
the cell by organelles, and the resulting dysfunction of 
organelles then triggers a network of stress-induced 
signals that disrupt metabolic homeostasis. one such 
organelle, the endoplasmic reticulum (ER), has been 
shown to integrate inflammatory and stress signals with 
the metabolic status of the cell, disruption of which can 
result in diseases such as type 2 diabetes32.

ER stress and inflammation. The ER has an important 
role in protein processing and lipid metabolism. an 
accumulation of unfolded proteins in the ER (known 
as ER stress) as well as hypoxia, infections, toxins, 
nutrient overload or energy deprivation can trigger 
a protective response, known as the unfolded-protein 
response (uPR). The uPR is mediated by three differ-
ent stress-sensing pathways that are initiated by three 
transmembrane proteins which are located in the ER: 
pancreatic ER kinase (PERK; also known as EIF2aK3), 
inositol-requiring kinase 1 (IRE1; also known as ERn1) 
and activating transcription factor 6 (aTF6)1,38,39 (FiG. 3). 
activation of PERK leads to the phosphorylation of 
eukaryotic translation initiation factor 2α (eIF2α) and 
inhibition of translation45,46. In addition to its kinase 
activity, which leads to autophosphorylation, IRE1 also 
possesses endoribonuclease activity that splices X-box 
binding protein 1 (XBP1) mRna; this results in the 
production of the active transcription factor XbP1s40–42. 
The aTF6-mediated branch of the uPR cooperates with 
IRE1 by upregulating the expression of XBP1 mRna43. 
The expression and activation of XbP1s, as well as the 
production of active aTF6 and its translocation to  
the nucleus, where it acts as a transcription factor, 
leads to a complex transcriptional programme that has 
a central role in the uPR. This programme includes 
the upregulation of ER-resident chaperone proteins, 
which promote protein folding, and the production of 
components of the protein-degradation apparatus that 
assist in the re-establishment of ER homeostasis39,44. In 
addition to these protective responses and stimulation 
of ER synthesis, these uPR pathways can also induce 
important inflammatory signals. If ER homeostasis is 
not restored, the ER activates apoptotic pathways to 
initiate cell death45.

ER stress is linked with inflammation through several 
mechanisms. First, IRE1-mediated activation of JnK 
induces the expression of pro-inflammatory genes by 
directly influencing the transcription factor activator 
protein 1 (aP1)42 (FiG. 3). Consistent with this, JnK1-
deficient mice have reduced expression levels of TnF 
and interleukin-6 in high-fat-diet-induced obesity28. 
This JnK1-mediated pro-inflammatory response, in 
addition to JnK1-mediated serine phosphorylation of 
IRs1, can contribute to obesity-induced insulin resist-
ance. Indeed, inhibition of JnK by chemical or peptide 
inhibitors can reverse ER-stress-induced insulin resist-
ance in cells (discussed later)32.

a second mechanism involves the activation of the 
IKK–nFκb (nuclear factor-κb) signalling pathway by 
both PERK and IRE146,47. activation of PERK triggers 
the degradation of inhibitor of nFκb (Iκb), which allows 
for the translocation of nFκb into the nucleus and the 
activation of pro-inflammatory genes46,47. IRE1 associ-
ates with the IKK complex through a TnF-receptor-
associated factor 2 (TRaF2)-dependent mechanism, 
resulting again in the degradation of Iκb. when nFκb 
is activated in response to ER stress that is triggered 
by either viruses or chemical stressors, a potent pro-
inflammatory response is induced that is characterized 
by the production of enzymes, such as cyclooxygenase-2 
(CoX2), and other inflammatory mediators46,47.

Third, ER stress leads to the cleavage and activation 
of the transcription factor cyclic-amP-responsive-
element-binding protein H (CREbH), which induces 
the production of the acute-phase proteins C-reactive 
protein (CRP) and serum amyloid P-component (saP), 
particularly in the liver48. The extent to which these 
mechanisms contribute to inflammation in physiological 
conditions, or whether they are involved at all, remains 
to be determined.

a fourth mechanism that links ER stress to inflam-
mation involves Ros, which are abundantly produced 
by the ER during conditions of stress, and lead to oxi-
dative damage and the activation of many stress and 
inflammatory signalling cascades49. an important 
role for oxidative stress in obesity-associated insulin 
resistance has been described50. In chronic metabolic 
disease, stress is evident in many organelles, and the 
mitochondria in particular have a well-accepted 
role in the production of Ros in conditions of obes-
ity50. However, organelles are connected through an 
endomembrane system that allows for the exchange of 
lipids and proteins, which suggests that stress signals 
can spread through these cellular subcompartments1,51 

(FiG. 3). Therefore, once a chronic disease process has 
been initiated, it may not be possible to restrict cellular 
dysfunction to a single organelle. Consequently, dys-
function of the ER could strongly affect the function of 
mitochondria. alternatively, defects in mitochondrial 
function could contribute to ER stress.

so, organelle stress and inflammation both contribute 
to the development of obesity-associated insulin resist-
ance and chronic metabolic diseases; however, it remains 
to be determined which of these processes comes first. 
Future studies in which the intermediate genes in both 
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uPR and inflammatory pathways are chemically or 
genetically targeted should be instrumental in delineat-
ing the order of events. Regardless, therapeutic targeting 
of organelle dysfunction offers new opportunities for the 
management of chronic metabolic diseases.

Nutrient sensing and the UPR. ER stress and the uPR are 
inextricably linked with the nutrient status of cells. In fact, 
the uPR pathway was first identified by the discovery of a 
set of glucose-regulated proteins (GRPs) that are induced 
by glucose deprivation, which suggests that the ER has 
an important role in nutrient sensing52. Furthermore, 
uPR signalling, particularly the PERK-mediated branch 
of this response, has a role in the maintenance of glu-
cose homeostasis, and activation of the uPR is required 
for withstanding glucose or energy fluctuations in 
cells, especially pancreatic β-cells and plasma cells53,54. 
autophosphorylation of IRE1 can be directly induced by 
acute glucose stimulation, and uPR-induced transcrip-
tional programmes are also directly linked to the synthe-
sis and breakdown of glucose55. as sustained activation 
of IRE1 by chronic exposure to high concentrations of 
glucose or other metabolic signals will engage both the 
JnK and IKK–nFκb signalling pathways, this branch of 
the ER stress response is an important integration point 
between inflammatory and metabolic signals44 (FiG. 3).

The ER is also important in the metabolism of lipids, 
especially phospholipids and cholesterol, and can moni-
tor their intracellular status. more specifically, cholesterol 
sensing is initiated at the ER membrane through the tran-
scription factor sterol-regulatory-element-binding protein 
(sREbP)44. moreover, there are established links between 
the uPR and lipid synthesis and breakdown, and saturated 
fatty acids can trigger ER-stress responses in liver cells, 
cardiomyocytes and macrophages56,57. although the exact 
mechanisms that link lipid sensing and metabolism to ER 
stress are yet to be fully defined, the outcome of the uPR 
following lipid sensing is crucial for metabolic homeosta-
sis32. Identification of the molecular links between intra-
cellular fatty-acid status and ER-stress responses remains 
an important but unaddressed question.

as part of its role in integrating nutrient-sensing 
pathways with insulin signalling and survival pathways, 
the ER stress responses are also linked to the mToR 
pathway58, which regulates several processes in the cell, 
including energy metabolism. In the absence of the genes 
that encode components of the tuberous sclerosis complex 
(TsC), which is a heterodimer of TsC1 (also known as 
hamartin) and TsC2 (also known as tuberin), the mToR 
pathway becomes hyperactivated, resulting in uncon-
trolled protein synthesis, increased ER stress and uPR 
activation, including JnK activation58 (FiG. 4). In TsC-
deficient mouse embryonic fibroblasts treatment with 
the chemical chaperone 4-phenyl butyric acid, (which is 
involved in protein folding) or the induction of exogenous 
expression of active XbP1s (which is involved in the uPR) 
was shown to relieve ER stress. This resulted in reduced 
JnK activity, increased insulin signalling and protection 
against glucose-deprivation-induced apoptosis58. as the 
mToR pathway connects nutrient sensing and immune 
responses, direct links between mToR activity and ER 
stress suggest that the ER has a unique role in coordinating 
metabolism and immunity.

Indeed, ER stress can be triggered by nutrient accu-
mulation in immune cells. For example, in macrophages, 
accumulation of free cholesterol leads to apoptosis 
through the activation of the ER stress response and 
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Figure 3 | The unfolded-protein response, nutrient sensing and inflammation.  
a | The endoplasmic reticulum (ER) is an important organelle that responds to multiple 
nutrient-associated signals, such as those induced by fatty acids, glucose, free 
cholesterol, insulin and amino acids. The unfolded-protein response (UPR) is induced  
in response to ER stress and activates stress-response pathways (not shown) and 
inflammatory signalling pathways that can result in altered metabolic and inflammatory 
responses and consequently in metabolic disease. The inflammatory response can 
enhance the UPR and further activate mammalian target of rapamycin (mTOR). b | The 
UPR is mediated by three different pathways that are initiated by three transmembrane 
proteins that are located in the ER — activating transcription factor 6 (ATF6), pancreatic 
ER kinase (PERK) and inositol-requiring kinase 1 (IRE1). ER stress is linked to inflammation 
through the activation of the JUN N-terminal kinase (JNK) and the IκB kinase 
(IKK)–nuclear factor-κB (NFκB) pathways, and through cyclic-AMP-responsive-element-
binding protein H (CREBH) activation by the UPR. These pathways result in the induction 
of an inflammatory response. Activation of JNK can also serine phosphorylate insulin 
receptor substrate 1 (IRS1), resulting in altered metabolic responses. Key organelles for 
cellular metabolism, such as the ER, Golgi, mitochondria and peroxisomes (not shown) 
are connected through an endomembrane network, which provides functional 
continuity between organelles that can therefore share functional information in the 
form of lipids and proteins at specific contact sites. This functional and molecular 
integration between the organelles can mediate the spread of stress from one organelle 
to the other, resulting in exacerbation of inflammation and cytotoxicity during chronic 
metabolic stress conditions such as obesity and dyslipidaemia. AP1, activator protein 1; 
ATF6f, ATF6 fragment; eIF2α, eukaryotic translation initiation factor 2α; IκB, inhibitor of 
NFκB; XBP1s, spliced X-box binding protein 1.

R E V I E W S

naTuRE REvIEws | immunology  volumE 8 | dECEmbER 2008 | 927

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=7248&ordinalpos=2&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=7249&ordinalpos=2&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum


Plasma cells
Terminally differentiated 
quiescent B cells that develop 
from plasmablasts and are 
characterized by their capacity 
to secrete large amounts of 
antibodies.

Atherosclerotic plaque
A lesion that consists of  
a fibrotic cap surrounding a 
lipid-rich core. The lesion is the 
site of inflammation, lipid 
accumulation and cell death. 

Leptin resistance
Reduced sensitivity to the 
effects of leptin, which is a 
hormone that is produced by 
fat cells and has a key role in 
regulating energy intake and 
energy expenditure.

Rapamycin
An immunosuppressive drug 
that, in contrast to calcineurin 
inhibitors, does not prevent 
T-cell activation but blocks 
interleukin-2-mediated clonal 
expansion by blocking mTOR.

JnK59, and this has also been observed in macrophages 
that infiltrate atherosclerotic plaques60. Furthermore, 
macrophages from insulin-receptor-deficient mice show 
increased susceptibility to apoptosis that is triggered by 
ER stress61. Taken together, these findings suggest that a 
reciprocal regulation between the ER-stress and insulin-
signalling pathways could establish a vicious cycle in cells, 
providing a mechanism to explain the interdependence of 
insulin resistance and atherosclerosis.

activation of the uPR is also important for the develop-
ment of other immune cells, such as dendritic cells and lym-
phocytes, and for the expansion of the ER during plasma-cell 
differentiation39. However, it remains to be determined how 
the function of these cell types may be altered through the 
activation of uPR during conditions of obesity.

The UPR and metabolic diseases. ER stress has been 
shown to have an important role in the pathogenesis of 
metabolic disease. more specifically, increased ER stress 
responses in the liver and adipose tissue of obese mice 
are known to have a role in the development of systemic 
insulin resistance and type 2 diabetes. Furthermore, pro-
motion of ER stress through genetic haploinsufficiency 
of the Xbp1 gene triggers obesity and insulin resistance, 
whereas alleviation of ER stress by treatment with chaper-
one proteins is protective against metabolic deterioration 
in obese animals32,35. other studies have also shown that 
compromising ER function through the manipulation 
of chaperone proteins can modulate the systemic action 
of insulin1. ER stress leads to insulin resistance, at least 
in part through the serine phosphorylation of IRs1 by 
IRE1-activated JnK1 (ReF. 32). an interesting recent study 
also demonstrated a role for ER stress in leptin resistance at 
the cellular level62. These and other findings highlight the 
importance of the integration of nutrient and inflamma-
tory responses in metabolic homeostasis, and the ways in 
which dysfunction of the ER could affect this integration 

and possibly result in chronic metabolic disease32,59,63,64. 
Importantly, the ER in immune cells may also serve 
as the site where cellular responses to pathogens and 
pathogen-induced signalling pathways are integrated 
(BOX 1). Therefore, an intriguing speculation is that if 
pathogens can affect ER homeostasis and the ER is cru-
cial in metabolic disease, disruption of ER homeostasis 
by pathogens could provide an ‘infectious’ aetiology for 
chronic metabolic diseases, such as type 2 diabetes and 
atherosclerosis (discussed later).

The mTOR pathway and nutrient sensing
survival during conditions of starvation is dependant 
on cellular proteins being degraded to release essential 
amino acids that can be used for the synthesis of new 
proteins. The mToR pathway lies at the core of this 
amino-acid-sensing pathway (FiG. 4). It not only senses 
nutrient availability and intracellular energy status, but 
also integrates this information with extracellular stimuli 
such as insulin and growth factors, which dictate cellular 
metabolism and growth patterns. Therefore, the mToR 
pathway regulates numerous processes within a cell, 
including cell cycle, cell size, cellular growth, energy 
metabolism, translation initiation, ribosome biogenesis, 
transcription, autophagy and immune responses65.

The serine/threonine kinase mToR can form two dis-
tinct complexes (mToRCs), mToRC1 (with G-protein 
β-subunit-like (Gβl) protein and regulatory associated 
protein of mToR (RaPToR)) and mToRC2 (with Gβl 
protein and rapamycin-insensitive companion of ToR 
(RICToR))65,66. The mToRC1 complex is regulated  
by nutrients and amP and is inhibited by the drug 
rapamycin65. activation of the mToRC1 complex leads 
to the phosphorylation of s6K1 and of eIF4E-binding 
protein 1 (4EbP1), and the latter leads to the induction 
of protein synthesis (FiG. 4). The regulation and function 
of the mToRC2 complex is not yet well understood65,66.
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Figure 4 | The mammalian target of rapamycin pathway, amino-acid sensing and inflammation. Mammalian target 
of rapamycin (mTOR) is an important checkpoint kinase that transmits signals related to amino-acid sufficiency and 
protein synthesis. A hyperactive mTOR pathway has been associated with increased signalling induced by the 
unfolded-protein response (UPR) and with the activation of JUN N-terminal kinase (JNK), which can lead to increased 
inflammation and insulin resistance through serine phosphorylation of insulin receptor substrate 1 (IRS1) . Inflammation can 
further activate mTOR, through IκB kinase (IKK)-mediated phosphorylation of tuberous sclerosis complex 1 (TSC1), as can the 
UPR through the induction of activating transcription factor 6 (ATF6; not shown). This leads to a vicious inflammatory cycle in 
metabolically stressed cells. The UPR and IKK activation can also lead to leptin resistance through the induction of 
polypyrimidine tract-binding protein 1β (PTB1β) and suppressor of cytokine signalling 3 (SOCS3), respectively. 4EBP1, 
eukaryotic translation-initiation factor 4E-binding protein 1; GβL, G-protein β-subunit-like protein; IκB, inhibitor of nuclear 
factor-κB; mTORC2, mTOR complex 2; RAPTOR, regulatory associated protein of mTOR; RHEB, RAS homology enriched in 
brain; S6K1, ribosomal protein S6 kinase 1; TNF, tumour-necrosis factor.
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Myeloid-derived  
suppressor cells
(MDSCs). A population of cells 
that consists of mature and 
immature myeloid cells. 
MDSCs are generated and/or 
activated during an 
inflammatory immune 
response and negatively  
affect T cells through direct 
interactions and secreted 
components, which leads to the 
impairment of T-cell function.

Essential amino acid
An amino acid that cannot be 
synthesized by cells and must 
be obtained through the diet.

The mToR pathway transduces diverse nutritional, 
hormonal and environmental signals. Its activation is 
regulated by upstream signalling and regulatory com-
plexes, by nucleocytoplasmic shuttling, by its binding 
partners, by lipid second messengers (such as phospha-
tidic acid) and by transcriptional regulation during cell 
differentiation and hypertrophy66. In addition, mToR is 
negatively regulated by TsC66 (FiG. 4).

several studies have suggested that hyperactivation 
of the mToR signalling pathway may be an important 
component of the pathologies that underlie metabolic 
syndromes. Indeed, continuous activation of mToRC1 
in TsC-deficient cells leads to the suppression of insulin-
receptor signalling through many mechanisms, includ-
ing the activation of s6K1 and the activation of JnK 
through the induction of the uPR58,67. Furthermore, 
obesity is associated with increased mToR activity, 
and deficiency of the downstream mediator s6K1 can 
protect mice against age-induced and high-fat-diet-
induced weight gain and insulin resistance24,68. despite 
these beneficial changes, s6K1-deficient mice also 
exhibit compromised islet function as a result of a selec-
tive reduction in pancreatic β-cell mass68. Therefore, 
activation of s6K1, and possibly mToR, provides an 
interesting example in which a deficiency in growth 
signals can lead to divergent effects at the organismal 
and cellular levels: that is, an anti-diabetogenic effect 
on metabolic tissues and a diabetogenic effect owing to 
underdeveloped pancreatic β-cells.

another connection between the mToR pathway 
and metabolism is seen in lower organisms, such 
as D. melanogaster, in which ToR signalling in the 
fat body modulates insulin signalling and growth in 
peripheral tissues69. also, the action of mToR in the 
central nervous system of rats can affect metabolism 
through the co-regulation of appetite and body weight70. 
most recently, and as mentioned earlier, we established 

a link between mToR activity and ER stress, which is 
an important mechanism that contributes to insulin 
resistance and cell viability in TsC-deficient mice58. 
Interestingly, in a recent study IKKβ, activated by the 
TnF receptor, was shown to directly phosphorylate and 
inhibit TsC1, resulting in constitutive mToR activa-
tion71. Taken together, these observations, made in the 
context of tumour angiogenesis, demonstrate how a 
major inflammatory signal such as IKKβ can establish 
a link between nutrient-sensing and ER homeostasis 
pathways. Indeed, such a link is directly shown in the 
hypothalamus, where activation of IKKβ leads to ER stress 
and leptin resistance116,117. 

aside from being integral to metabolism, amino acids 
and amino-acid sensing pathways (such as the mToR 
pathway) are also required for immunity. There is a 
high demand for amino acids as substrates for energy 
production and as synthetic precursors for proliferating 
immune cells, as well as for the production of immune 
mediators, such as cytokines and antibodies, during 
infection. The high demand for amino acids is met by 
an increased catabolism of muscle proteins. amino acids 
such as glutamine, arginine and branched amino acids are 
preferentially used during infection. The importance of 
these substrates for immune function would suggest that 
an intracellular sensor, such as mToRC1, is required to 
monitor their presence and metabolism in the cell65. 
Indeed, activation of mToRC1 promotes protein syn-
thesis, glycolytic metabolism and T-cell proliferation in 
response to the cytokine interleukin-2 (ReF. 118).

metabolism of a single amino acid, such as metabo-
lism of tryptophan by dendritic cells or l-arginine by 
myeloid-derived suppressor cells (mdsCs), can be an inde-
pendent determinant in T-cell responses. Tryptophan is 
an essential amino acid that is preferentially acquired from 
the diet and is catabolized by indolamine 2,3-dioxygenase 
(Ido)-expressing macrophages and dendritic cells.  

 Box 1 | Microorganisms engage the ER metabolic pathways while evading an immune response

Viruses use the endoplasmic reticulum (ER) membranes for translation, replication and budding of viral particles. 
During infection with herpes simplex virus (HSV), accumulation of viral proteins in the ER triggers a stress response 
through the activation of pancreatic ER kinase (PERK) and the induction of phosphorylation of eukaryotic translation-
initiation factor 2α (eIF2α). Phosphorylation of eIF2α leads to the general inhibition of translation, resulting in 
reduced production of viral proteins. Interestingly, HSV can evade this host defence mechanism by selectively 
dephosphorylating eIF2α. eIF2α kinases, such as PKR (IFN-inducible dsRNA-dependent protein kinase), can also 
respond to pathogens and engage inflammatory pathways through the activation of JUN N-terminal kinase (JNK). 
Whether PKR also contributes to metabolic homeostasis remains an important but unanswered question. 
Furthermore, virus-mediated ER stress may result in the disruption of protein folding and lead to an accumulation  
of MHC class I molecules in the lumen and a subsequent reduction in cell-surface MHC class I expression, thereby 
compromising antigen presentation. In addition, vesicular transport from the ER to the Golgi apparatus can be 
blocked by viruses, interfering with the production of immune mediators and with the secretion of antibodies101,108.

Many pathogens interact with the ER to subvert its functions and evade host immune surveillance but 
ER-mediated mechanisms can also preserve host defence. Although hiding and replicating in autophagosomes  
is beneficial for viruses, in the case of infection with Mycobacterium tuberculosis, the induction of autophagy 
(potentially through a contribution by the ER) has been shown to be an effective host defence mechanism101,103. 
Furthermore, induction of the unfolded-protein response by viruses can be both beneficial for the pathogen 
(owing to the induction of chaperone-assisted viral-protein folding) and detrimental (owing to the activation of 
PERK and the disruption of viral-protein translation)101,108. The ways in which pathogens engage ER-associated 
metabolic pathways may provide information on the mechanisms by which pathogens affect, most often in a 
detrimental manner, the metabolic homeostasis of the host, and may help to identify common therapeutic targets 
for both infectious and metabolic diseases.
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Ido is a potent immunomodulator and inhibits the pro-
liferation of T cells, intracellular pathogens and cancer 
cells through the catabolism of tryptophan. The deple-
tion of tryptophan is sensed by eIF2αK4 (also known as 
GCn2) in T cells, and this leads to the phosphorylation 
of eIF2α and the inhibition of protein translation72. by 
contrast, l-arginine is a conditional essential amino acid 
that is only required in situations in which l-arginine 
metabolism is altered, such as trauma and cancer. mdsCs 
that enter lymphoid organs or the peripheral tissue are 
activated by T cells and subsequently block T-cell pro-
liferation. blocking T-cell proliferation involves alter-
ing l-arginine metabolism in mdsCs through two key 
enzymes: inducible nitric-oxide synthase (inos), which 
generates nitric oxide, and arginase, which degrades 
arginine. depletion of l-arginine through the induction 
of arginase inhibits inos expression and restricts the 
proliferation of immune cells in the local environment 
through the activation of eIF2αK4 (ReF. 73). In a protein-
rich diet eIF2αK4 also has an important role in mediating 
fatty liver disease74. Collectively, these examples show that 
amino acids and the amino-acid sensitive pathways have 
a role in the initiation of an immune response.

These nutrient-sensing pathways can also be hijacked 
by pathogens for their proliferation and survival. For 
example, viruses such as encephalomyocarditis virus 
and vesicular stomatitis virus inhibit cap-dependent 
translation in the host by inducing the dephosphoryla-
tion of 4EbP1 (ReFS 75,76). as a result, viral mRna can 
be translated through the cap-independent internal 
ribosomal entry site of their mRna. as translational 
control is emerging as an important regulator of glucose 
and energy metabolism, some of the intriguing links 
between the mToR pathway and viral infection may be 
related to the emergence of metabolic diseases.

Lipid mediators and inflammation
The Toll-like receptor family and metabolism. lipids 
can activate members of the innate immune Toll-like 
receptor (TlR) family77 (FiG. 2). These are evolutionar-
ily ancient pattern-recognition receptors that facilitate 
the detection of pathogens. There are at least 12 family 
members that recognize various ligands: lipoproteins 
and glycolipids are recognized by TlR2, double-stranded 
Rna by TlR3, lipopolysaccharide by TlR4 and bacte-
rial CpG-containing dna by TlR9. TlR activation 
triggers a potent immune response against infectious 
agents that includes the production of cytokines and 
chemokines and the upregulation of co-stimulatory 
molecules that contribute to the induction of adaptive 
immune responses19,78. Interesting new evidence indi-
cates that TlRs can also respond to nutritional lipids 
and might thereby have a role in the pathogenesis of  
obesity-associated insulin resistance77,79,80 (FiG. 5).

The recognition of fatty acids by TlR4 can induce 
the production of pro-inflammatory cytokines in mac-
rophages77, and activation of the TlRs that are expressed 
by adipocytes can result in nFκb-driven pro-inflamma-
tory responses81. In addition, activation of both TlR2 
and TlR4 can mediate fatty-acid-induced activation 
of JnK in the adipose tissue of obese individuals19. In 
obese humans, expression of both TlR2 and TlR4 in 
the adipose tissue is increased82,83. Recent studies showed 
that TlR4-deficient mice and C3H/HeJ mice (which 
have a loss of function mutation in TlR4) are partially  
protected from fat-induced inflammation and insulin 
resistance77,80,84,85. a selective role for TlR4 in sensing 
and promoting the obesigenic and pro-inflammatory 
effects of saturated fats on adipose tissue has also been 
proposed80. These results suggest that the adipose tis-
sue may be a dynamic contributor to inflammation that 
develops during conditions of obesity through the acti-
vation of TlR-mediated inflammatory pathways.

TlRs may also represent a potential bridge between 
lipid metabolism and innate immune responses. This 
became evident when defective TlR signalling was 
linked to protection from atherosclerosis in individuals 
who concurrently suffer from hypercholesterolaemia86,87. 
macrophages infiltrating both mouse and human athero-
sclerotic lesions express TlR4 (ReF. 86), and the activation 
of TlR signalling pathways was found to be necessary 
for the recruitment and activation of other immune cells 
in the vascular lesions87. TlR signalling pathways were 
linked to plaque destabilization and to the promotion 
of advanced atherosclerosis in mice87. although several 
human polymorphisms in the TLR4 gene have been 
associated with protection from atherosclerosis, it is not 
yet clear whether a similar role for TlRs exists in human 
cardiovascular or other metabolic diseases88.

Lipid chaperones. Fatty acids need to interact with lipid 
chaperones or fatty-acid binding proteins (FabPs) to traf-
fic inside the cells. The mammalian FabP family consists 
of nine cytoplasmic proteins, the size of which ranges 
between 14 and 15 kda89. Through a narrow ligand- 
binding groove, FabPs reversibly bind long-chain fatty 
acids and other bioactive lipids. Importantly, FabPs, 
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Figure 5 | lipid-sensing pathways and inflammation. Increased amounts of fatty 
acids can directly induce Toll-like receptors (TLRs) and lipid sensors or transmit stress 
signals following binding to intracellular lipid chaperones known as fatty-acid binding 
proteins (FABPs). Activation of TLRs induces the activation of IκB kinase (IKK) and JUN 
N-terminal kinase (JNK). JNK can also be activated as a result of endoplasmic reticulum 
(ER) stress inside the cell (not shown). The ER responds to increased levels of lipotoxic 
fatty acids and free cholesterol by activating the unfolded-protein response. Activation 
of two transcription factors that are associated with the ER, X-box binding protein 1 
(XBP1s) and sterol-regulatory-element-binding protein (SREBP), can modify intracellular 
lipid metabolism. Furthermore, fatty acids can directly serve as both activating and 
inhibiting ligands for nuclear receptors, such as peroxisome-proliferator-activated 
receptors (PPARs) and liver X receptors (LXRs), and affect inflammation.
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especially those that are expressed by adipocytes and 
macrophages (FabP4 and FabP5, respectively) have key 
roles in regulating systemic metabolism and are important 
mediators of metabolic syndromes in mice89. moreover, 
a genetic variant of FabP4 in humans, which leads to 
FabP4 haploinsufficiency, is associated with decreased 
risk of type 2 diabetes and cardiovascular disease90.

The importance of FabPs in metabolism has been 
appreciated for a long time, but their mechanisms of 
action have remained elusive. However, recent studies 
have provided several insights; for example, FabPs can 
translocate to the nucleus and interact with nuclear 
receptors, such as members of the PPaR family, in a 
ligand-dependent manner91(FiG. 5). binding to the ligand 
does not induce an activated form of FabP but might 
stabilize the pre-existing protein. Furthermore, binding 
to ligands can influence the subcellular localization of 
FabPs as well as their function92. Interestingly, FabP-
mediated lipid trafficking may have important implica-
tions in the regulation of differentiation and/or survival 
of cancer cells93. The biological consequences of ligand 
trafficking by FabPs in immune and metabolic cells 
remain to be determined.

In addition to having a role in metabolism, FabPs 
are involved in inflammation. more specifically, 
metabolically induced pro-inflammatory responses 
are suppressed in the absence of FabP4. Furthermore, 
lPs-stimulated cytokine and chemokine secretion, as 
well as inos and CoX2 production, were inhibited 
in FabP4-deficient macrophages, in part owing to the 
reduced responsiveness of the IKK–nFκb pathway94. 
Pathways with anti-inflammatory action, such as those 
that are mediated by PPaRγ and lXRα, are significantly 
upregulated in the absence of FabP4, potentially contrib-
uting to the immunological and metabolic functions of 
FabPs in macrophages94 (FiG. 5). These findings indicate 
that lipid chaperones could be the point where nutritional 
and inflammatory pathways converge in adipocytes and 
macrophages, and potentially other metabolic and inflam-
matory cells. Consistent with this, macrophages become 
resistant to inflammation that is induced by saturated fatty 
acids in the absence of lipid chaperones (E.E. and G.s.H., 
unpublished observations). Further studies are needed to 
identify the detailed molecular mechanisms underlying 
the role of FabPs in resistance to lipotoxicity.

STAMPs. Following the discovery of the inflammatory 
nature of metabolic diseases, a crucial matter in the field 
was identifying the regulatory pathways that protect the 
cells against inflammatory damage caused by physiolog-
ical fluctuations in nutrient exposure. Recent work from 
our laboratory showed that sTamP2 (six transmem-
brane protein of prostate 2; also known as sTEaP4) 
protects adipocytes from metabolically induced inflam-
mation30. sTamP2 belongs to the sTEaP (six trans-
membrane epithelial antigen of the prostate) family of 
transmembrane proteins that have ferrireductase and 
cupric-reductase activity95. sTamP2 was also identified 
by a genome-wide search for molecules that respond 
to nutritional, metabolic and inflammatory signals in 
obese TnF-deficient mice. Intriguingly, sTamP2 was 

found to be selectively induced in the visceral adipose 
tissues of lean mice in response to feeding30. However, 
this nutritional regulatory pattern was lost in mouse 
models of obesity. similarly to mice, the expression of 
sTamP2 in obese humans was found to be selectively 
induced in the visceral adipose tissue96. However, it 
remains to be determined whether the nutritional regu-
lation of sTamP2 is disrupted in obese humans in the 
same manner as in mouse models of obesity. addressing 
this question is crucial but also challenging, as the nutri-
tional regulation of sTamP2 expression occurs in the 
visceral adipose tissue.

These observations led to the hypothesis that expo-
sure to nutrients might selectively mount a protective 
response against inflammation through the regulation 
of sTamP2. Consistent with this, loss of sTamP2 func-
tion in both cultured adipocytes and mice resulted in 
defective nutrient management and an exaggerated 
inflammatory response to nutrient challenge occurring 
in adipocytes. sTamP2-deficient mice exhibit the main 
signs of a metabolic syndrome (decreased systemic insu-
lin sensitivity, increased inflammatory responses and 
macrophage infiltration of the visceral adipose tissue, 
dyslipidaemia and fatty liver disease) even under standard 
dietary conditions and in the absence of obesity30. This 
suggests that sTamP2 has an important physiologi-
cal role in linking nutrient signals with inflammation, 
which might be vital for the maintenance of metabolic 
homeostasis. understanding the structure, regulation 
and trafficking of sTamP molecules in adipocytes and 
other metabolically important cells and organs will 
provide important insights into the molecular networks 
and signals that control this aspect of the integration and 
coordination of metabolic and immune signals.

Exploitation of metabolism and inflammation
although the effect of the close proximity of the immune 
system and metabolic pathways has only recently been 
appreciated in metabolic diseases, the intimate relation-
ship between metabolism and inflammation has long 
been exploited by microorganisms. some of these links 
may have a role in the development of metabolic diseases 
and present new platforms for research in the fields of 
metabolism and infection.

Chronic infectious diseases can disrupt systemic 
metabolism and insulin action97,98. one of the infection 
strategies that is used by some microorganisms  involves 
targeting glucose transporters; for example, human T-cell 
leukaemia virus uses glucose transporter  1 (GluT1) to 
enter host cells99. most pathogens can also trigger base-
line glucose transport in host cells through the regulation 
of GluT1, presumably to meet the energy demands of 
their replication and synthetic phases100. alternatively, 
many viruses, such as hepatitis C virus, parasites, such 
as Toxoplasma gondii, and bacteria, such as Brucella 
spp., interact with the ER, which allows them to access 
the metabolic pathways that are needed for their pro-
liferation101. In addition, Mycobacterium tuberculosis 
infection induces the expansion of the ER and Golgi 
apparatus, and probably triggers adaptive immune 
responses through these organelles102. during the course of  
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infection, M. tuberculosis hides in an autophagosome that 
is derived from components of the ER membrane and 
heavily relies on lipid-signalling metabolic pathways for 
its survival and replication103 (BOX 1). an intriguing simi-
larity between M. tuberculosis infection and metabolic 
disease is the promotion of phospholipid accumulation 
in infected macrophages, which is similar to that seen 
in pro-atherogenic foam cells104,105. These observations 
suggest that the identification of metabolic pathways that 
are targeted by M. tuberculosis may aid our understand-
ing of the pathogenesis of cardiovascular disease and, 
therefore, may pinpoint potential treatments for it, as 
these metabolic pathways may also be altered during the 
formation of pro-atherogenic foam cells.

one can even speculate that metabolic conditions that 
are advantageous for the protection of the host against 
pathogens might have been subject to natural selection 
and might therefore now contribute to the susceptibil-
ity of a high percentage of the human population to  

metabolic disease (BOX 2). For example, malaria infection 
is strongly influenced by the hyperglycaemic environ-
ment. The parasite that causes malaria can modify the 
metabolism of the host by generating glucose-lowering 
by-products, such as inositol phosphoglycans, that are 
released through the hydrolysis of membrane-bound 
glycosyl phosphatidylinositols106. Intriguingly, the anti-
malarial drug chloroquine can target ataxia telangiectasia 
mutated (aTm) kinase, an insulin-responsive kinase, 
and can thereby reduce atherosclerosis and improve sys-
temic glucose homeostasis in mouse models of obesity 
and insulin resistance107. In summary, pathogens have 
evolved mechanisms to achieve their goal of accessing 
metabolic pathways for survival while evading host 
immune responses. However, it is also possible that 
some of these pathogen-derived factors are involved in 
initiating metabolic diseases (BOX 2).

Concluding remarks
The discovery of the intricate links between metabolic 
homeostasis and inflammatory responses has been 
exciting and puzzling. studies have shown that meta-
bolic and inflammatory pathways can converge at many 
levels, including at the level of cell-surface receptors, 
intracellular chaperones or nuclear receptors. These 
molecular sites allow for the coordination between the 
nutrient-sensing pathways and the immune response 
in order to maintain homeostasis under diverse meta-
bolic and immune conditions. Evidence also shows that 
proper protection of nutrient-sensing and immune 
pathways by molecules such as sTamP is required 
for homeostasis. Interestingly, microorganisms have 
exploited the links between metabolic and immune 
pathways, and understanding the mechanisms by which 
they achieve this could be an area of extensive research 
in the field of metabolism. In addition, the understand-
ing and treatment of chronic metabolic diseases, as 
well as insight into the convergence of nutrient- and 
pathogen-signalling pathways, may help to manage the 
infectious agents that are most proficient at exploiting 
the host metabolic system for their benefit.

 Box 2 | Pathogen-derived factors may initiate metabolic diseases

Although low-grade inflammation is a known pathological component of obesity, the 
triggering factor (or factors) has yet to be identified. Recent evidence suggests that 
gut microbiota may have a role in the initiation of obesity and insulin resistance109–112.  
It has been shown that moderate increases in the plasma concentration of 
lipopolysaccharide (LPS) accompany the metabolic dysregulation that occurs in high-
fat-diet-induced obesity109. Furthermore, the increased plasma levels of LPS correlate 
with the ratio of Gram-negative and Gram-positive bacteria, and deletion of CD14, 
which is part of the receptor for LPS, leads to resistance to metabolic diseases that 
are induced by subcutaneous injection of LPS in mice109. Using antibiotics that can 
alter the composition of gut microbiota, it is possible to reduce inflammation and 
improve sensitivity to insulin. Gut microbiota have been linked to the regulation of 
body weight and energy homeostasis; however, the molecular mechanisms involved 
have yet to be described. For example, mice kept in germ-free conditions were 
resistant to high-fat-diet-induced obesity and displayed better metabolic 
parameters110,111. When colonized by gut microbiota from conventional mice, their 
weight increased substantially and they developed insulin resistance when kept on  
a high-fat diet110. Collectively, these data indicate that gut microbiota may have an 
important role in the induction of chronic inflammation that is associated with 
metabolic diseases, and have stimulated interest in studying the role of probiotics  
in immune and metabolic disorders113.
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	Abstract | The proper functioning of the pathways that are involved in the sensing and management of nutrients is central to metabolic homeostasis and is therefore among the most fundamental requirements for survival. Metabolic systems are integrated with pathogen-sensing and immune responses, and these pathways are evolutionarily conserved. This close functional and molecular integration of the immune and metabolic systems is emerging as a crucial homeostatic mechanism, the dysfunction of which underlies many chronic metabolic diseases, including type 2 diabetes and atherosclerosis. In this Review we provide an overview of several important networks that sense and manage nutrients and discuss how they integrate with immune and inflammatory pathways to influence the physiological and pathological metabolic states in the body.
	Figure 1 | Molecular characteristics shared between adipocytes and macrophages in physiological conditions and metabolic disease states. An extensive transcriptional signature is common to adipocytes and macrophages. The Venn diagram shows the number of genes that are expressed preferentially or approximately equally by pre-adipocytes, adipocytes and macrophages. Inflammatory genes that are expressed by both macrophages and adipocytes are also listed, as are adipocyte-specific metabolic and other genes that are upregulated during the transformation of macrophages into foam cells14–16,114,115.
	Figure 2 | Nutrient sensing and inflammation. The signalling pathways that sense and respond to three basic nutrients, free fatty acids, glucose and amino acids, are depicted. Many pathways that monitor nutrient availability, such as those of mammalian target of rapamycin (mTOR), insulin and nuclear transcription factors (not shown), and the unfolded-protein response (UPR) in the endoplasmic reticulum (ER), closely interact with each other. They also interact with inflammatory pathways, particularly those that are induced through the activation of IκB kinase-b (IKKb) and JUN N-terminal kinase (JNK). Leptin resistance can be induced through ER stress and through the activation of the IKK pathway when overnutrition is detected by the hypothalamus116,117. In addition to these intracellular points of crosstalk, nutrients may directly induce inflammation through pathogen-sensing receptors, such as the activation of Toll-like receptor (TLR) signalling by free fatty acids. Dysregulation of the crosstalk between the pathways that are shown here can culminate in altered metabolic responses, inflammation and leptin resistance. IκB, inhibitor of nuclear factor‑κB; IRS1, insulin receptor substrate 1; FABP, fatty-acid binding protein; TNF, tumour-necrosis factor.
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	Figure 3 | The unfolded-protein response, nutrient sensing and inflammation. a | The endoplasmic reticulum (ER) is an important organelle that responds to multiple nutrient-associated signals, such as those induced by fatty acids, glucose, free cholesterol, insulin and amino acids. The unfolded-protein response (UPR) is induced in response to ER stress and activates stress-response pathways (not shown) and inflammatory signalling pathways that can result in altered metabolic and inflammatory responses and consequently in metabolic disease. The inflammatory response can enhance the UPR and further activate mammalian target of rapamycin (mTOR). b | The UPR is mediated by three different pathways that are initiated by three transmembrane proteins that are located in the ER — activating transcription factor 6 (ATF6), pancreatic ER kinase (PERK) and inositol-requiring kinase 1 (IRE1). ER stress is linked to inflammation through the activation of the JUN N-terminal kinase (JNK) and the IκB kinase (IKK)–nuclear factor-κB (NFκB) pathways, and through cyclic-AMP-responsive-element-binding protein H (CREBH) activation by the UPR. These pathways result in the induction of an inflammatory response. Activation of JNK can also serine phosphorylate insulin receptor substrate 1 (IRS1), resulting in altered metabolic responses. Key organelles for cellular metabolism, such as the ER, Golgi, mitochondria and peroxisomes (not shown) are connected through an endomembrane network, which provides functional continuity between organelles that can therefore share functional information in the form of lipids and proteins at specific contact sites. This functional and molecular integration between the organelles can mediate the spread of stress from one organelle to the other, resulting in exacerbation of inflammation and cytotoxicity during chronic metabolic stress conditions such as obesity and dyslipidaemia. AP1, activator protein 1; ATF6f, ATF6 fragment; eIF2a, eukaryotic translation initiation factor 2a; IκB, inhibitor of NFκB; XBP1s, spliced X-box binding protein 1.
	Figure 4 | The mammalian target of rapamycin pathway, amino-acid sensing and inflammation. Mammalian target of rapamycin (mTOR) is an important checkpoint kinase that transmits signals related to amino-acid sufficiency and protein synthesis. A hyperactive mTOR pathway has been associated with increased signalling induced by the unfolded-protein response (UPR) and with the activation of JUN N-terminal kinase (JNK), which can lead to increased inflammation and insulin resistance through serine phosphorylation of insulin receptor substrate 1 (IRS1) . Inflammation can further activate mTOR, through IκB kinase (IKK)-mediated phosphorylation of tuberous sclerosis complex 1 (TSC1), as can the UPR through the induction of activating transcription factor 6 (ATF6; not shown). This leads to a vicious inflammatory cycle in metabolically stressed cells. The UPR and IKK activation can also lead to leptin resistance through the induction of polypyrimidine tract-binding protein 1b (PTB1b) and suppressor of cytokine signalling 3 (SOCS3), respectively. 4EBP1, eukaryotic translation-initiation factor 4E-binding protein 1; GβL, G-protein β-subunit-like protein; IκB, inhibitor of nuclear factor-κB; mTORC2, mTOR complex 2; RAPTOR, regulatory associated protein of mTOR; RHEB, RAS homology enriched in brain; S6K1, ribosomal protein S6 kinase 1; TNF, tumour-necrosis factor.
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	Figure 5 | Lipid-sensing pathways and inflammation. Increased amounts of fatty acids can directly induce Toll-like receptors (TLRs) and lipid sensors or transmit stress signals following binding to intracellular lipid chaperones known as fatty-acid binding proteins (FABPs). Activation of TLRs induces the activation of IκB kinase (IKK) and JUN N-terminal kinase (JNK). JNK can also be activated as a result of endoplasmic reticulum (ER) stress inside the cell (not shown). The ER responds to increased levels of lipotoxic fatty acids and free cholesterol by activating the unfolded-protein response. Activation of two transcription factors that are associated with the ER, X-box binding protein 1 (XBP1s) and sterol-regulatory-element-binding protein (SREBP), can modify intracellular lipid metabolism. Furthermore, fatty acids can directly serve as both activating and inhibiting ligands for nuclear receptors, such as peroxisome-proliferator-activated receptors (PPARs) and liver X receptors (LXRs), and affect inflammation.
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