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Immune and metabolic responses are highly integrated and are 
fundamental for the proper function of multicellular organisms. 
Although such highly interconnected response systems are essen-

tial for survival, when improperly launched and poorly controlled, 
they can be uniformly damaging. This is certainly true for metabolic 
homeostasis and disease, and it is this interface that we will discuss 
here using TNF as a prototypical example.

Tumour necrosis factor alpha (TNF-α), also known as TNF 
superfamily member 2 (TNFSF2) or simply TNF, is a multifunc-
tional cytokine that has well-established immunological roles in 
innate and adaptive immunity and in the normal physiological 
functions of immune cells, where its production and actions tend 
to be both temporally and spatially limited. By contrast, abnormally 
elevated and sustained production of TNF is associated with patho-
genic inflammatory disease states including infection-linked sepsis 
and chronic autoimmune diseases. In recent decades, TNF has also 
come to be known as an adipokine, after the serendipitous observa-
tion of its elevated production in adipose tissue in obesity, which 
led to the appreciation of the inflammatory nature of obesity and 
associated metabolic pathologies. These and other critical observa-
tions stimulated the exponential growth in our understanding of 
adipose tissue biology and obesity and together fuelled a renais-
sance in the field of energy metabolism and the emergence of a 
new field of research: ‘immunometabolism’1. Immunometabolism 
focuses on elucidating both the effects of immune-derived signals 
on the metabolic reprograming of non-immune cells and the meta-
bolic programs that underpin immune cell function. Similarly, new 
scientific terms and concepts (such as ‘adipokines’ and ‘metaflam-
mation’) have emerged to define the unique combination of over-
lapping mediators and/or states that contribute to metabolic and 
immunometabolic homeostasis in health or during disease.

This article provides a brief introduction to the discovery of 
TNF as a classical, pleiotropic inflammatory mediator and the 
findings that elucidated its role in metabolism and metabolic dis-
ease. It is now clear that the metabolic functions of TNF and its 
impact on healthy metabolic homeostasis, as well as in metabolic 
disease (particularly in obesity-linked insulin resistance and glucose 
homeostasis), are extremely highly conserved: for example, all of its 
principal proximal and distal signalling elements have been clearly 

demonstrated in the fruit fly2–4, and blocking TNF activity can com-
pletely prevent the development of a Drosophila version of diabetes5. 
Nevertheless, we would also like to state at the outset that TNF and 
adipose tissue inflammation are presented here as a foundational 
framework with which to approach the metaflammatory nature of 
obesity and associated pathologies. We do not suggest that TNF has 
solitary causative or therapeutic potential, as the involvement of a 
plethora of additional inflammatory cytokines and mediators, as 
well as many other metabolic sites and immune effectors, has been 
shown and tested in metabolic diseases6–9. For a historic perspective 
on the broader immunological nature of metabolic diseases, readers 
are directed to a recent comprehensive review4.

History of TNF as a metabolic messenger
Discovery of TNF. TNF was amongst the first ‘cytokines’ to be iden-
tified. During the pre-molecular-biology era (before the 1980s), the 
discovery of clinically relevant factors relied on empirical and bio-
chemical approaches to systematically isolate and screen principal 
bioactive factors, and so it was for the discovery of TNF (Fig. 1).  
Three independent clinical observations prompted the search for 
the key bioactive factor, and each paved the way to converge on 
the discovery of TNF. These observations also laid the ground-
work for characterizing some of its key immunometabolic actions. 
The first observation was that burn injury could induce tumour 
regression; this can be traced back to the fourteenth century, when 
burn-induced tumour regression was practiced10, and to the use of 
Coley’s toxins (a mixture of heat-killed bacteria) for similar pur-
poses in the nineteenth century. We now know that burns and infec-
tions cause inflammation and TNF production, as well as insulin 
resistance. Second, it was noted that a serum factor was capable of 
mediating the anorexia, tissue catabolism and fatal weight loss that 
characterize cachexia (often associated with cancer and some infec-
tious diseases)11. Third, septic shock (following severe infections) 
was seen to involve the production of cytotoxic-lymphocyte-derived 
factors that stimulated pyrogenic activity (fevers) and hypertriglyc-
eridaemia and suppressed lipid clearance. It is now known that 
these lymphocyte-derived factors included TNF. Consequently, 
TNF was historically recognized by three different names tumour 
necrosis factor alpha (TNF-α), cachectin and lymphotoxin—each 
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name based on the cellular source and biological actions of the elu-
sive factor being investigated.

With advances in molecular biology, human ‘tumour necrosis 
factor’ and ‘lymphotoxin’ were cloned in 1984, and this was followed 
a year later by the purification and amino acid sequencing of murine 
‘cachectin’12,13. These discoveries allowed confirmation that all three 
factors were the same protein and that it was distinct from, albeit 
structurally related to, another cytokine, lymphotoxin alpha14. The 
production of pure recombinant proteins then allowed the confir-
mation of previously attributed biological activities, exploration of 
mechanisms of action and generation of several classes of anti-TNF 
therapeutics. Further developments in genetic engineering also 
facilitated the development of genetically altered cellular and ani-
mal models of human disease, which have provided exceptionally 
exquisite platforms to manipulate and dissect the involvement of 
specific molecular players. These developments have proved invalu-
able for our current understanding of the molecular mechanisms 
that mediate the immunometabolic actions of TNF, as well as many 
other cytokines and immune mediators (in vitro and in vivo), their 
involvement in metabolic disease development and their produc-

tion of novel targeted therapeutics for a variety of inflammatory 
conditions.

Discovery of TNF in obesity-linked insulin resistance and type 2 
diabetes. The earliest clues that inflammation could be involved in 
obesity-linked metabolic dysfunction came in the 1960s from the 
observations that immune cells are present in adipose tissue in pre-
clinical models of obesity and hyperglycaemia15,16 and in the 1980s 
from landmark studies demonstrating the inhibition of insulin 
action in cultured adipocytes by an activated macrophage-derived 
factor17,18 (Fig. 1). These early reports were largely overlooked 
until studies showed that TNF levels were elevated in adipose tis-
sue in obese and insulin-resistant rodents and suggested that TNF 
had a role in mediating insulin resistance19, stimulating interest in 
this new biology. These observations formed what are now recog-
nized as milestone studies in diabetes20 and were quickly clinically 
validated in human obesity and extended to establish the presence 
of similarly elevated levels in insulin-resistant muscle tissue21,22. 
In contrast to the localized elevation of TNF production, some  
early studies did not observe an increase in circulating TNF or its 
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Fig. 1 | Discovery of TNF as an immunometabolic messenger. Before its cloning (in 1984) and purification (in 1985), TNF was known by three names: 
TNF-α, cachectin and lymphotoxin. During this time, its production by activated macrophages and lymphocytes and effect on lipid metabolism were already 
established and under investigation in studies linking infection to altered carbohydrate and lipid metabolism. In parallel, the pathophysiology linking obesity 
to insulin resistance and metabolic diseases was being defined. After 1984, with the availability of purified proteins, TNF-binding receptors were identified 
and cloned and gene deletion models developed, along with the first anti-TNF monoclonal antibodies (mAbs). In 1993*, the elevated production of TNF in 
obese adipose tissue and its potential role in obesity-linked insulin resistance and diabetes were first reported, prompting a plethora of physiological, clinical 
and mechanistic studies aimed at dissecting the metabolic biology of TNF and its links to the immune response. This led to the implication of transcriptional 
regulation of key metabolic genes and crosstalk with insulin signalling involving IRS1 serine kinases, such as JNKs and IKKs, as key molecular players. In the 
2000s, with the demonstration that adipose tissue macrophages were linked to metabolic dysfunction in obesity, additional pro-inflammatory immune 
cells and cytokines were implicated in adipose tissue inflammation. Although limited anti-TNF clinical studies in obesity-linked T2D produced both negative 
and positive results, other trials in patients with related inflammatory conditions confirmed a reduced diabetes risk. These observations are now consistent 
with those of numerous clinical studies using diverse anti-inflammatory strategies and showing association between beneficial metabolic outcomes, but 
further clinical studies are clearly warranted. Asterisk indicates several studies now recognized as milestone studies in Nature Milestones: Diabetes (https://
www.nature.com/articles/d42859-021-00015-0, 2021). ATMs, adipose tissue macrophages; clin, clinical; CVD, cardiovascular disease; C/eBPα, CCAAT/
enhancer-binding protein alpha (transcription factor); Glut4, insulin-sensitive glucose uptake transporter; IR, insulin resistance; IRS1, insulin receptor 
substrate 1; LPL, lipoprotein lipase; NASH, non-alcoholic steatohepatitis; preclin, preclinical; PPARγ, peroxisome proliferator-activated receptor gamma2 
(lipogenic transcription factor); T2D, type 2 diabetes; TNF, tumour necrosis factor; TNFRs, TNF receptors; TNFR1, TNF receptor 1.
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association with obesity or insulin resistance23,24. This resulted in a 
cautious, and arguably reluctant, acceptance of TNF’s role in human 
metabolic disease. However, numerous subsequent studies (sum-
marized in a recent meta-analysis) have now established a clear 
positive association between TNF levels and type 2 diabetes (T2D) 
risk in humans25,26. Moreover, in multiple human gene-association 
studies, TNF polymorphisms have been linked to obesity, diabe-
tes and other aspects of metabolic syndrome27. Collectively, these 
observations contextualized earlier clinical and preclinical studies 
in which in vivo administration of TNF was found to induce insulin 
resistance and impair glucose metabolism in healthy human sub-
jects28–30 and in many preclinical animal models31–33.

The availability of genetically engineered mice lacking either 
TNF (in 1996) or its receptors (in 1993–1994) allowed the definitive 
demonstration that the action of TNF (via TNF receptor 1, TNFR1) 
was involved in obesity-linked insulin resistance in several pre-
clinical models of obesity and T2D34–37. These studies were further 
complemented by numerous demonstrations that neutralization of 
TNF (with anti-TNF antibodies or peptides) in obese rodents could 
improve insulin sensitivity and glucose homeostasis19,38,39. The evi-
dence for the role of TNF in disrupting insulin action and glucose 
metabolism is unequivocal and produced in numerous independent 
model systems and in humans. By contrast, the therapeutic effect 
of blocking TNF on human metabolism remains a topic of debate, 
being mostly based on early studies indicating that acute reduction 
of systemic TNF may not be sufficient to induce metabolic bene-
fits. However, these studies were limited in scope, and subsequent 
cumulative evidence supports a beneficial impact of anti-TNF ther-
apies on glucose metabolism (see https://www.metaflammation.
org/). Although the proof-of-principle studies in humans do exist, 
it is not possible to reach definitive conclusions without performing 
large randomized clinical trials and taking into account the exten-
sive experience now available with patient stratification, clinical 
use of monoclonal antibodies (mAbs)40 and alternative therapeutic 
entities41.

Emerging evidence of TNF in other metabolic and pro- 
inflammatory diseases. Evidence is also emerging for pathogenic 
roles of TNF in other metabolic diseases, such as non-alcoholic fatty 
liver disease (NAFLD): a spectrum of conditions linked to obesity 
that includes hepatosteatosis, non-alcoholic steatohepatitis (NASH) 
and cirrhosis. It is the latter two stages of NAFLD that can lead to 
end-stage liver disease and hepatocellular carcinoma and are associ-
ated with increased TNF expression and activity42,43. Mechanistically, 
hepatic TNF action has been implicated in promoting NASH pro-
gression in rodent models44. Polymorphisms in TNF genotypes also 
confer susceptibility to colorectal liver metastases in patients with 
NAFLD45. Additional observations suggest that obesity may promote 
liver inflammation and the development of hepatocellular carcinoma 
in a TNF-dependent manner46,47. Moreover, rodent models of NAFLD 
lacking TNF action exhibit improved insulin sensitivity and less pro-
nounced liver steatosis and fibrosis48. However, hepatocyte-specific 
TNFR1 ablation improves insulin resistance but not NASH49, except 
in the context of dysbiosis44. A new anti-human-TNFR1 antibody 
has also been demonstrated to reduce liver steatosis, hepatocellular 
injury and fibrosis in a preclinical model of NAFLD50. Clinically, in 
patients with rheumatoid arthritis and NAFLD, treatment with TNF 
inhibitors also has beneficial effects on hepatic tissue51. However, 
in patients with multiple immune-related diseases, short-term 
anti-TNF treatment to prevent the development of cirrhosis or 
NASH may not be beneficial52. In this area, there is also a need for 
additional human studies and randomized clinical trials to address 
the indications and target patient populations that may benefit the 
most from such anti-inflammatory treatments.

Atherosclerosis is a pro-inflammatory and pro-atherogenic vas-
cular disease that develops in the context of the metabolic syndrome 

with atherogenic dyslipidaemia (low high-density lipoprotein and 
high triglyceride levels), hyperglycaemia and elevated blood pres-
sure. Preclinical studies in mouse models of atherosclerosis have pro-
vided compelling evidence for the pathogenic involvement of TNF. 
For example, pro-atherogenic mice lacking TNF exhibited reduced 
atherogenesis, endothelial adhesiveness and inflammatory markers 
when compared with controls53. Clinically, the use of anti-TNF ther-
apy improves lipid profiles and reduces the incidence of heart failure 
and cardiovascular disease events40,54–56. Since TNF action is relevant 
to many aspects of cardiovascular function and disease, it is critical to 
conduct additional specialized randomized clinical studies to maxi-
mize the benefits and eliminate potential adverse effects40,57. Indeed, 
a very large randomized controlled trial targeting interleukin-1β (IL-
1β) has led to tremendous renewed interest in the therapeutic utility 
of inflammatory interventions in atherosclerosis58.

Neuroinflammation associated with metabolic syndrome 
increases the likelihood and severity of several neurological disorders. 
Indeed, links between obesity, diabetes and Alzheimer’s disease are 
now well established59,60. Interestingly, neuroinflammation-related 
impaired insulin action in the brain involves the same molecular 
mechanisms as were reported earlier in peripheral tissues61,62 and is 
sometimes even referred to as a ‘type 3’ form of diabetes63. Beyond 
metabolic diseases, dysregulated TNF production is associated with 
additional disease states not currently considered classic metabolic 
diseases, including asthma and several different forms of cancer64,65, 
which are also strongly associated with obesity. In fact, these are 
exciting areas for further investigation and the application of immu-
nometabolic approaches.

Finally, it is worth highlighting that dysregulated TNF expres-
sion, in which either too little or too much TNF is produced, has also 
been linked to differential susceptibility to several major infectious 
diseases, including tuberculosis and cerebral malaria66,67. Moreover, 
during the COVID-19 pandemic, obesity has emerged as one of 
the most important risk factors for predicting disease severity and 
death. Increased COVID-related mortality is also linked to older 
age and/or pre-existing health conditions, including obesity, T2D, 
cardiovascular diseases and chronic obstructive pulmonary disease, 
all conditions that involve metaflammation. Furthermore, TNF 
(and IL-6) levels also appear to be the most prominent cytokine lev-
els that independently and significantly predict COVID-19 disease 
severity and death68. Anti-TNF therapy is already being trialled in 
patients with COVID-1969–71. Together, these findings suggest that 
one plausible model is that the abnormalities in the inflammatory 
state associated with obesity and the dysregulated production of 
inflammatory mediators, including TNF and others, have critical 
roles in multiple co-morbidities of obesity, beyond insulin resis-
tance and diabetes.

Sites of TNF action in the metabolic syndrome
The collection of risk factors that define the metabolic syndrome 
includes central (visceral) obesity, dysregulated carbohydrate 
metabolism (insulin resistance, hyperglycaemia), dysregulated 
lipid metabolism (dyslipidaemia, hypertriglyceridaemia, reduced 
high-density lipoprotein cholesterol) and hypertension. Collectively, 
these factors are associated with an increased risk of developing 
non-communicable metabolic diseases such as T2D, NAFLD, car-
diovascular disease, chronic kidney disease, airway disease and some 
cancers. All these diseases have additional features in common: they 
are all chronic conditions (often occurring over a period of years 
before clinical diagnosis); they all involve substantial tissue remod-
elling; they all co-exist with a state of low-grade chronic inflamma-
tion (or metaflammation); and this inflammation is also initially 
localized to specific tissues, often at the site of tissue remodelling.

It is therefore not surprising that common pro-inflammatory 
molecular players including TNF and associated signalling networks  
have been implicated in promoting the pathogenesis of multiple 
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metabolic diseases (Fig. 2). Since the initial observation of elevated 
adipose-derived TNF in obesity19, it has become clear that this 
archetypal pro-inflammatory cytokine can be causally linked to 
individual risk factors that define the metabolic syndrome and may 
serve to redirect fuel availability by reprograming energy metabo-
lism. TNF promotes carbohydrate dysregulation (hyperglycaemia) 

in part by inhibiting insulin action, reducing glucose clearance (pri-
marily by muscle and adipose tissue) and increasing hepatic glucose 
production. Promotion of hyperlipidaemia by TNF is mediated in 
part by stimulation of hepatic lipid synthesis31 and adipose lipolysis, 
along with suppression of triacylglycerol clearance and inhibition of 
insulin-stimulated de novo lipogenesis (in adipose tissue)72,73.

TNF

Insulin sensitivity (neuronal)
 

Appetite
 

Brain

Insulin sensitivity
Glycogenolysis and HGP
Lipogenesis
FAO  

Liver
Glucagon-dep. AA uptake
Cholesterol metabolism
Albumin biosynthesis

Insulin (β cells)
Glucagon secreton (α cells)
Pancreatic enzymes (acinar cells)  

Pancreas
Amylin secretion (β cells)
Cholesterol
RCT

Insulin sensitivity (podocytes, PT)
Gluconeogenesis
Glucose reabsorption

Albuminuria
ROS

Kidney

Insulin sensitivity
Glycolysis and glycogenolysis
Lactate and AA efflux

Oxidative metabolism
Proteolysis
Lipid accumulation

Skeletal muscle

Anti-inflammatory activation
Pro-inflammatory activation
Glycolysis, lipogenesis, PPP and AA metabolism 

OxPhos, FAO, RCT
Tissue resident immune cells (e.g. ATMs)

Insulin sensitivity (ECs)
NOX  

Cholesterol,  
Heart and vasculature

ROS
RCT

TNF
 

Insulin sensitivity
Glucose and FFA uptake
Lipogenesis

Lipolysis and NEFAs
Adipogenesis
Fibrosis

White adipose tissue

Fig. 2 | Target tissues and metabolic activities of TNF. Both TNF and its receptors are conserved between mice and human. Similarly, many of the 
observations depicted have been reported in vitro (in human and rodent cellular models) and in vivo (both in preclinical rodent models of metabolic 
disease and through association studies in human disease). Notably, in most instances, such as metaflammation, TNF is likely to act locally within the 
same tissue in which its expression is elevated. Besides its direct action on context-dependent cellular metabolism, TNF also regulates the production 
of additional metabolic messengers: cytokines (↓ anti-inflammatory, ↑ pro-inflammatory), chemokines (↑ immune cell recruitment), hepatokines (liver: 
for example, ↓ fetuin A), adipokines (adipose: for example, adiponectin, leptin) and hormones (for example, ↑ GLP-1, ↑ GDF15). Collectively, these 
messengers represent a complex extracellular network of signals involved in regulating whole-body energy homeostasis and disease development. At the 
tissue level, the biological actions include promoting immune cell recruitment (most tissues), cell activation (Kupffer cells, adipose tissue macrophages, 
hepatic and pancreatic stellate cells), fibrosis (liver, adipose tissue, kidney and atherosclerotic vasculature), cell proliferation (liver, vascular smooth 
muscle cells), apoptosis (most tissues) and differentiation (for example, osteoclastogenesis in bone), as well as in inhibiting cell differentiation (for 
example, adipogenesis in adipose tissue, myogenesis in muscle, osteoblastogenesis in bone). Ultimately, these actions are key in supporting the local 
tissue-remodelling events that are characteristic of chronic metabolic diseases linked to metaflammation. In non-adipose tissues, TNF can induce 
ectopic fat deposition by increasing lipogenesis (for example, in liver) and/or decreasing fatty acid oxidation (FAO) in muscle, liver and heart. In 
obesity-related metabolic diseases, TNF may also promote ectopic fat deposition in key metabolic tissues (liver, pancreas and muscle) indirectly through 
its anti-adipogenic actions to further limit adipose tissue expansion. Not shown above: additional tissues reported to have TNF-induced metabolic activity 
include brown adipose tissue (energy expenditure), gut (dysbiosis and absorption), bone (RA) and skin. AA, amino acid; eCs, endothelial cells; FFA, free 
fatty acid; HGP, hepatic glucose production; NAFLD, non-alcoholic fatty liver; NeFA, non-esterified fatty acid; NOX, NADPH-dependent oxidases; OxPhos, 
oxidative phosphorylation; PPP, pentose phosphate pathway; PT, proximal tubules; RCT, reverse cholesterol transport; ROS, reactive oxygen species; TNF, 
tumour necrosis factor.
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TNF also acts indirectly to regulate whole-body energy metab-
olism. Its pro-inflammatory actions alter the production of other 
adipokines, metabokines, lipokines and cytokines. TNF also pro-
motes lipolysis and increases free fatty acid levels, which can influ-
ence adverse metabolic outcomes, including insulin resistance. On 
the other hand, TNF can suppress adiponectin, an adipokine with 
anti-inflammatory and insulin-sensitizing effects. Although TNF 
has well-established roles as a potent catabolic and anti-adipogenic 
cytokine, how can this action be reconciled with the fact that it is 
elevated in obesity—an anabolic state? One critical determinant of 
this outcome is spatial and temporal context and the levels of expo-
sure. Another framework that may offer a solution is the concept of 
limited adipose tissue expansion. We know that adipose tissue does 
not have unlimited capacity to expand and infinitely store surplus 
fuel safely (as neutral lipids). Consequently, in the face of chronic 
nutritional surplus, its maximum storage capacity will eventually 
be exceeded, resulting in impaired clearance of toxic lipids, which 
inevitably accumulate in tissues not designed to store them safely. 
Hence, metabolic stress and tissue dysfunction ensue. Given its 
role as an anti-adipogenic cytokine whose expression is elevated in 
obese adipose tissue, TNF could be considered an excellent molecu-
lar mediator of the mechanisms involved in limiting adipose tissue 
expansion in obesity-linked metabolic disease73–75. Removal of this 
barrier might provide further lipid storage capacity in adipose tis-
sue. Of course, other possibilities exist, such as a potential mecha-
nism that exists to adapt to nutrient deprivation.

Cholesterol metabolism is also regulated by TNF. In the liver, 
TNF promotes cholesterol and apolipoprotein biosynthesis while 
decreasing cholesterol catabolism and excretion as bile acids. In 
immune cells (such as macrophages and lymphocytes), TNF also 
inhibits reverse cholesterol transport76. Importantly, the recognized 
differences in cholesterol–lipoprotein metabolism between rodents 
and humans have substantially limited the translation of many 
mechanistic insights to clinical therapeutics. From a mechanis-
tic perspective, hypertension is arguably the least well understood 
component of the metabolic syndrome. However, as one of several 
inflammatory mediators, TNF promotes hypertension in multi-
ple ways, for example by inducing vascular insulin resistance and 
reducing vasodilation, but also by increasing intravascular fluid and 
vasoconstriction and promoting sympathetic overactivity77. Again, 
these actions are not exclusive to TNF but rather can be generated 
through the action of a multitude of inflammatory mediators.

Globally, it is likely that the catabolic actions of TNF (and other 
pro-inflammatory cytokines) serve a primary metabolic role to 
mobilize stored fuel (initially to ensure glucose and free fatty acid 

availability in the circulation and then through proteolysis). This 
process may be required to support energy-demanding immune 
functions associated with inflammation, such as microbicidal activ-
ity (via production of reactive oxygen species and nitrogen radicals), 
production of pro-inflammatory cytokines and chemokines, and 
immune cell migration and proliferation. Hence, repartitioning of 
fuel and biological resources may be the physiological process that 
supports host defence. However, in the absence of inflammatory 
resolution and under prolonged stress (such as chronic nutritional 
overload), these actions become pathological. As most pathological 
conditions are related to an ancestral role in physiology, this dual 
activity spectrum of inflammatory mediators is critical in remodel-
ling and interpreting their context-dependent roles in chronic disease 
settings. Indeed, most adaptive measures are essential for survival, 
but only when they can be limited temporally and spatially—other-
wise, they become uniformly destructive and pathological.

Molecular mechanisms of TNF action
TNF production and TNF receptors. TNF is produced by a range 
of immune and non-immune cells and is the first cytokine to 
appear within minutes of any injury or stress by pro-inflammatory 
stimuli78. However, its production can be regulated at multiple lev-
els: transcriptional79, post-transcriptional80,81, translational82 and 
post-translational83. It exists as two signalling-competent forms. 
The first is a 26-kDa transmembrane trimer (mbTNF in Fig. 3), 
which can signal through both classical paracrine and retrograde 
signalling84,85. The second is a 17-kDa soluble trimer (sTNF), 
which is produced by the action of cell surface proteases such as 
TNF-α-converting enzyme (TACE/ADAM1786). Interestingly, 
Tace+/– heterozygote mice have been shown to be protected from 
obesity-induced insulin resistance87.

Signal transduction by both mbTNF and sTNF occurs following 
binding to one of two homotrimeric cell-surface receptors, TNFR1 
(TNFRSF1, CD120a or p55/p60 (mouse/human)) and TNFR2 
(TNFRSF1B, CD120b or p75/p80 (mouse/human)). In healthy tis-
sues, TNFR1 is constitutively and ubiquitously expressed, whereas 
TNFR2 expression is restricted to lymphocytes and endothelial cells 
but can be induced in response to TNFR1 activation and signal-
ling88. TNFR2 is also reported to mediate ‘ligand passing’ and may 
thereby regulate the association between TNF and TNFR189. Both 
TNF receptors can also be cleaved at the cell surface by TACE to 
generate soluble receptors, and adipose TNFR2 expression as well 
as serum TNFR2 levels are elevated in human obesity24,90–92. These 
secreted TNFRs may modify TNF bioactivity in the circulation and 
facilitate TNF excretion93, among other functions94.

Fig. 3 | TNF-induced signalling and metabolic reprogramming. TNF signalling complexes can elicit distinct actions in a cell type- and context-dependent 
manner. TNF can also switch from inducing gene activation to inducing cell death, depending on the bioavailability of specific proteins. Both sTNF and 
mbTNF can bind TNF receptors 1 and 2, and each receptor can elicit both common and distinct signals. Activation of TNFR1 by sTNF has been best 
characterized in relation to metaflammation. This involves the recruitment of TNF receptor signalling complex I (TNF-RSCI), which is dependent on 
ubiquitinated RIPK1. Signals mediated by TNF-RSCI lead to activation of MAP kinase cascades (including IRS-1 serine kinases: IKKβ, JNK, erk and p38) and 
downstream transcription factors whose activity promote cell survival. TNFR1 can also elicit both apoptotic and necroptotic cell death signals via cytosolic 
TNF–RSC IIa, IIb and IIc (not shown) when non-ubiquitinated RIPK1 and RIPK3 are abundant or are promoted by deubiquitinases such as CYLD and A20 or 
by reduction of ubiquitin ligases such as LUBAC and cIAP1/2. In contrast, activation of TNFR2 results in assembly of the TNFR2 signalling complex, which 
is less well defined but can lead to alternative NFκB activation as well as activation of common MAPK cascades. TNF-induced metabolic reprogramming 
includes reduced insulin signalling (mediated in part by TNF-activated IRS-1 serine kinases, depicted in orange boxes). TNF action can also indirectly 
regulate autocrine or intercellular metabolic reprogramming (and systemic metabolism) via altered production and secretion of extracellular messengers. 
Some of these, in turn, have been shown to directly regulate insulin signalling. Putative therapeutic targets shown to improve insulin sensitivity: blue 
thunderbolt, processes inhibited by anti-TNF therapeutics; *, inhibited by salicylates; **, levels reduced by the glucosylceramide synthase inhibitor 
AMP-DNM. Scissors symbol indicates protease activity. Dotted lines indicate multi-step processes. TNF-RSC1, TNF(R1) receptor signalling complex1; 
pTFs, p38-phosphorylated transcription factors (for example, ATF1/2, p53, CHOP, C/eBPβ and MeF); FAN, factor activating neutral sphingomyleinase; 
TRADD, TNFRSF1A-associated via death domain; TRAF1/2, TNF receptor-associated factors 1/2; cIAP, baculoviral IAP repeat-containing 2; RIPK1, receptor 
(TNFRSF)-interacting serine-threonine kinase 1; TAK1, TGF-β activated kinase 1 (MAP3K7); TAB, TAK1-binding protein; APP3; aminopeptidase 3 IKK, 
inhibitor of κB kinase; NIK, NFκB-inducing kinase; LUBAC, linear ubiquitin chain assembly complex; eCM, extracellular matrix; icTNF, intracellular TNF; 
PRR, pattern recognition receptors; TCF7L2, transcription factor 7-like 2.
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In adipocytes, TNFR1 is required for TNF-induced pro-
cesses such as insulin resistance36,95–97 and lipolysis98, and for anti- 
adipogenesis75,84. These metabolic actions can be reversed in vivo 
by targeting TNFR1 with small RNAs99. Consequently, much focus 
has been given to dissecting the molecular signals downstream of 
TNFR173. However, TNFR2 is also implicated in obesity-related 
metabolic actions100. Some studies have even suggested a require-
ment for yet another, unidentified TNF receptor101. Both TNFR1 
and TNFR2 can trigger distinct and common signalling pathways 
(Fig. 3), and their biological activity is likely to be interconnected102. 
In vivo, the roles of each TNF receptor are undoubtedly cell and tis-
sue specific and highly context dependent.

Intracellular TNF signalling complexes and crosstalk with other 
signalling networks. Ligand binding and activation of TNFR1 pro-
motes the assembly of an intracellular receptor-proximal TNFR1 
signalling complex (TNF–RSCI). The subsequent propagation and 
spatio-temporal regulation of downstream signals is governed by 
the availability and recruitment of specific ubiquitination machin-
ery (Fig. 3). The activation of serine kinase cascades associated with 
cell survival and inflammation (that is, IκB kinases (IKKs), p38 
and Janus kinase (JNK) signalling) requires the presence of ubiq-
uitinated receptor-interacting protein kinase 1 (RIPK1). However, 
a shift in the balance away from pro-inflammatory and toward cell 
death signals occurs when RIPK1 is inactivated103 or deubiquitinase 
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activity (for example, by CYLD lysine 63 deubiquitinase, CYLD) 
is increased, or in the absence of the linear ubiquitin chain assem-
bly complex (LUBAC)102. These TNF-induced cell death pathways 
are promoted via distinct secondary signalling complexes (TNF–
RSCIIa, –RSCIIb and –RSCIIc). Consistent with this scheme, the 
therapeutic reduction of RIPK1 in obesogenic mice reduces adipos-
ity and results in a favourable metabolic profile, and human vari-
ants of the RIPK1 gene promoter have also been linked to increased 
obesity and related metabolic traits103.

Similarly, signals mediated by TNF–RSC I are crucial mediators 
of metabolic reprogramming, in part through crosstalk with other 
intracellular signalling networks including insulin–IGF1 receptor 
signalling and Wnt–β-catenin signalling (Fig. 3). Further complex-
ity arises from the fact that many isoforms of kinases can be involved 
(for example, at least four isoforms of p38 and IKK), which can 
differ in their temporal or cell-specific expression and functional 
profiles. An illustrative example is p38, for which conflicting stud-
ies existed regarding its metabolic role. However, recent systematic 
evaluation of the activation and function of each isoform has clearly 
demonstrated a detrimental role of abnormal p38 activity in meta-
bolic homeostasis104,105. Although JNK is the most robust kinase to 
be implicated in disrupting insulin action and glucose metabolism 
in numerous studies106–108, this kinase, too, exists in at least three 
isoforms and multiple sub-isoforms109,110. Nonetheless, activation of 
JNK consistently results in impaired glucose metabolism, whereas 
blocking its pathological activity is beneficial in the context of meta-
bolic disease. One mechanism by which JNK has been shown to be 
critical for TNF-induced insulin resistance is via serine phosphory-
lation of a key scaffolding protein involved in insulin receptor sig-
nalling, namely insulin receptor substrate 1 (IRS-1)111–114. Given that 
IRS-1 possesses over 50 putative phosphoserine/phosphothreonine 
sites114, it is unsurprising that many other serine kinases have also 
been implicated in mediating insulin resistance by targeting IRS1. 
Examples include IKKβ115–117, protein kinase C proteins (PKCs)118–120,  
extracellular signal–related kinases 1 and 2 (ERK1/2)121,122, mitogen- 
activated kinase kinase kinase kinase 4 (MAP4K4)123,124 and IKKε125,126. 
It is likely that other mechanisms are in place in different tissues, 
and further insights are emerging rapidly109,110.

One of the most intractable questions about adipose tissue 
inflammation has been, what are the triggers for TNF production 
and metaflammation during obesity and how does metaflammation 
connect to metabolic deterioration? Recently, we demonstrated that 
adipocyte calcium homeostasis plays a critical role in these patholo-
gies. TNF can impair insulin receptor signalling in adipocytes by 
stimulating endoplasmic reticulum Ca2+ release, increasing cyto-
solic free Ca2+ levels and activating Ca2+/calmodulin-dependent 
protein kinase II (CamKII; Fig. 3). These events are mediated in 
part by a JNK-dependent increase in inositol triphosphate receptor 
(IP3R) Ca2+ channels127. Moreover, adipocyte-specific loss of func-
tional IP3R1 and 2 protected mice fed a high-fat diet against adi-
pose tissue inflammation and insulin resistance, despite significant 
diet-induced weight gain. These observations further elucidate the 
involvement of CamKII in the downregulation of insulin-stimulated 
glucose uptake128 and the link between gene variants of IP3R and 
‘metabolically healthy’ obesity129,130.

Another mechanism through which TNF can promote insulin 
resistance is by regulating intracellular lipid metabolism, in par-
ticular by promoting the accumulation and/or release of patho-
genic pro-inflammatory lipids (ceramides, the ganglioside GM3, 
diacylglycerol)131–133. Notably, synthesis of the Ca2+-releasing mes-
senger inositol triphosphate (IP3) also produces diacylglycerol. This 
membrane-anchored lipid is required for the activation of both clas-
sic and novel PKCs, and its elevated levels have also been linked to 
both obesity and lipid-induced insulin resistance133.

In other mechanistic studies addressing TNF-induced anti- 
adipogenesis, we have shown that TNF signalling can also crosstalk 

with, and effectively ‘hijack’, the Wnt–β-catenin signalling network. 
This crosstalk promotes TNF-induced β-catenin–transcription fac-
tor 7 like 2 (TCF7L2) transcriptional activity and may uncouple the 
link between nutritional availability and titrated adipocyte hyper-
plasia in vivo75,134–136. As such, it represents a molecular basis for the 
‘limited adipose tissue expandability’ hypothesis and is supported 
by clinical evidence137–141. Collectively these observations demon-
strate that TNF signalling does crosstalk with multiple intracellular 
signalling networks, and this concept of interconnectivity is likely 
to be fundamental to our understanding of its pleiotropic actions.

Transcriptional targets of TNF signalling. A key mechanism by 
which chronic TNF signalling elicits metabolic reprogramming of 
cells is by regulating gene expression. Multiple transcription fac-
tors have been reported to be activated by TNF signalling, includ-
ing classically activated nuclear factor kappa B (NFκB; RelA:p50), 
non-classically activated NFκB (RelB:p52), activator protein 1 
(AP-1; cFos:cJun), activating transcription factor 2 (ATF2), myo-
cyte enhancer factor 2 (MEF2), cAMP response element–binding 
protein (CREB), CCAAT/enhancer-binding protein (C/EBPα) and 
TCF7L273,104. However, thanks to targeted gene ablation studies 
combined with transcriptomic profiling, receptor-specific transcrip-
tional targets of TNF signalling have been determined73, confirming 
a primary role of NFκB target genes in the metabolic reprogram-
ming of TNFR1-stimulated adipocytes and myotubes142,143. Notably, 
TNF can also synergize with interferon gamma (IFNγ) to sus-
tain NFκB activation144, particularly during classical activation of 
pro-inflammatory macrophages. TNF-induced transcription is 
also required for neutrophil priming of NADPH oxidase145, as well 
as priming of NLR-family pyrin domain-containing-3 (NLRP3) 
inflammasome components146. Conversely, transcriptional repres-
sion has also been linked to metabolic actions of TNF, for example 
through inhibition of lipogenic peroxisome proliferator-activated 
receptor gamma2–retinoid X receptor alpha (PPARγ–RXRα) 
heterodimers. Interesting, thiazolidinediones, a potent class of 
insulin-sensitizing drugs, are synthetic ligands for PPARγ and can 
reverse TNF-induced insulin resistance147. Similarly, almost all 
approved anti-diabetics suppress inflammation.

Globally, TNF-induced transcriptional changes can be directly 
linked to numerous endpoint actions, including metabolic repro-
graming of carbohydrates, lipids and amino acids; feedback 
regulation and/or priming of intracellular signalling networks; 
production of additional metabolic messengers (cytokines, che-
mokines, metabokines, lipokines, adipokines); and cytoskeletal or 
extracellular matrix changes. It is this cellular reprogramming that 
determines cell-specific fate (that is, survival, activation, prolifera-
tion, differentiation, or death) and ultimately is key to tissue remod-
elling associated with chronic inflammation (Fig. 3).

TNF signalling and/or inflammation as a therapeutic target. 
Informed by naturally occurring modulators of TNF activity, 
studies along several lines of investigation continue to explore the 
therapeutic potential of targeting TNF production and signalling 
to mitigate its pathogenic effects. These include inhibitors of TNF 
synthesis (erythropoietin148, synthetic compounds149–151 and TACE 
inhibitors152), neutralizing TNF peptides and antibodies (sTNFR1, 
sTNFR2 and anti-TNF mAbs), high-affinity antagonistic peptides 
for TNFRs153 and naturally occurring microRNAs as putative nutra-
ceuticals99. Among these, the most successful has undoubtedly been 
the development and use of anti-TNF mAbs to treat autoimmune 
chronic inflammatory diseases (such as Crohn’s disease, ulcerative 
colitis, rheumatoid arthritis, juvenile idiopathic arthritis, psoriatic 
arthritis, ankylosing spondylitis and plaque psoriasis, among oth-
ers)154. Despite these promising clinical developments and the avail-
ability of biosimilars, there has been limited progress in applying 
anti-TNF therapy to treat metabolic diseases, although numerous 
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interventional studies have validated its beneficial impact on glu-
cose metabolism (https://www.metaflammation.org). These may be 
related to the lack of placebo-controlled randomized clinical trials 
supporting such a role or to potential additional considerations that 
are required for approval by the US Food and Drug Administration 
and UK National Institute for Health and Care Excellence, such as 
cost, long-term use and route of administration.

Although TNF is the focus of this review and was the first adipo-
kine demonstrated to play a role in obesity-linked insulin resistance, 
it would be naive to believe that it acts alone in vivo or indeed is 
the sole factor involved in metabolic disease development. Indeed, 
several facts point to the opposite conclusion: (i) TNF-induced sig-
nal transduction is intimately integrated with extracellular cues and 
signalling networks, for example synergizing with IFN signalling 
and undergoing crosstalk with growth factor signalling including 
insulin–IGF and Wnt–-catenin signalling; (ii) its actions result in 
the production of additional cytokines and chemokines; and (iii) 
intervention with many other anti-inflammatory mediators gen-
erates metabolic benefits. Hence a reductionist approach focusing 
solely on TNF as the single mediator is unlikely to provide the enig-
matic single magic bullet for future therapeutics, but rather may 
guide researchers toward the most effective strategies based on this 
conceptual framework.

Critical considerations for future research
The substantial body of knowledge that has led to our current 
understanding of TNF as a metabolic messenger has also revealed 
some important lessons that may prove useful for future immu-
nometabolic research and the application of this knowledge for 
diagnostic and/or therapeutic use. First, the action of TNF (par-
ticularly during inflammation), and of inflammatory mediators in 
general, is highly context dependent in regard to time, space, dose, 
combinatorial action, and so on. The action of TNF or any other 
multi-functional cytokine is governed by many factors, not least the 
site, amounts and duration of production and energy status. Second, 
in the context of metaflammation (and physiologically during host 
defence), TNF and many other mediators possess properties of a 
classical cytokine, with activity as a paracrine and/or autocrine sig-
nal and the ability to generate local action with minute amounts of 
production. This observation contrasts with the higher levels and 
hormone-like actions seen in the context of cytokine storm, sep-
sis and cachexia—highlighting the diversity and scale of systemic 
exposure and functional outcomes. Third, the ratio of TNF levels 
to soluble TNF receptor levels is critical for determining net local 
or systemic bioactivity; this also applies to other cytokines and their 
endogenous antagonists (such as IL-1 and IL-1Ra). Last, resolution 
of inflammation is also a critical determinant of many of these con-
textual factors. Future immunometabolic targeting strategies should 
consider local sites of production and duration of action, as well 
as redundancies, and perhaps most importantly, patient stratifica-
tion. Moreover, in designing intervention strategies, particularly 
for chronic conditions, it may be useful to consider targeting early 
stages of disease, when impact on tissue remodelling is more likely 
to be reversible. Finally, and perhaps most pertinently, modulation 
of metabolic inflammation, including anti-TNF therapies, should 
be considered as part of a combinatorial approach.

Our knowledge of TNF as a metabolic messenger has implica-
tions that go beyond understanding its solitary role in metabolic 
disease pathology. Indeed, common emerging features now firmly 
establish a fundamental aspect of immunometabolism—the roles of 
immune-derived signals in metabolic reprogramming and during 
tissue remodelling and function. Such rapidly growing mechanistic 
insights will undoubtedly continue to stimulate exciting research 
avenues and inform new, innovative strategies for developing tar-
geted therapeutics against chronic metabolic diseases, a cluster of 
conditions that constitutes the greatest threat to global health.
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