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Abstract

While the causes of obesity remain elusive, the relationship between obesity and insulin resistance is a well-established fact
[1]. Insulin resistance is defined as a smaller than normal response to a certain dose of insulin, and contributes to several
pathological problems of obese patients such as hyperlipidemia, arteriosclerosis and hypertension. Several pieces of evidence
indicate that the cytokine tumor necrosis factor a (TNF-α) is an important player in the state of insulin resistance observed
during obesity. In this review we will try to summarize what is known about the function of TNF-α in insulin resistance during
obesity and how TNF-α interferes with insulin signaling. (Mol Cell Biochem 182: 169–175, 1998)
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TNF-ααααα: the cytokine

TNF-α was originally identified as an endogenous factor,
induced after inflammation or mitogenic stimulus, that
kills tumor cells [2–4]. TNF-α is produced mainly by
macrophages, but also by other cell types such as T cells
and fibroblasts [5]. Roughly one third of tumor cells are
sensitive to the cytotoxic effect of TNF-α while non-
tumorogenic cells are generally resistant to TNF-α. This
cytokine also induces several pathological states such as
the endotoxic shock observed after infection by gram-
negative bacteria, fever, anorexia etc. TNF-α is also known
to induce the synthesis of other proinflammatory molecules
such as interleukin 1 and 6, interferon γ, prostaglandines,
PDGF [6, 7].

TNF-α is produced as a pre-protein of 26 kDa bound to
the cell membrane, probably as a trimer [8]. This membrane-
bound protein is active, but only as an autocrine and paracrine
factor. A cleavage releases the circulating form of TNF-α,
a homotrimer of 51 kDa. Metalloprotease inhibitors have
been produced to inhibit the maturation of TNF-α and have
been used successfully to protect mice against a lethal dose
of endotoxin [9, 10].

TNF-α: the receptors

Two TNF receptors have been identified and named according
to their molecular mass, p55TNFR (also called TNFR1) and
p75TNFR (or TNFR2). Both receptors are expressed in
virtually all tissues but with different ratios [7, 11]. TNF
receptors are expressed as a monomer at the cell surface;
the ligand-induced homotrimerisation of the receptor
triggers TNF-α signaling. Both receptors can be found as
soluble proteins after proteolytic cleavage. These soluble
receptors can bind TNF-α and their concentration is
increased during bacterial infection. The function of these
soluble receptors is thought to modulate the available
circulating concentration of TNF-α.

p55TNFR and p75TNFR are totally unrelated proteins
outside their ligand binding domains, suggesting that they
control different intracellular signaling events [12]. So far,
p55TNFR seems to be responsible for the majority of the
biological effects of TNF-α. However, p75TNFR does
possess signaling mechanisms. Indeed, p75TNFR activates
the transcription factor NF-κB, and under certain con-
ditions can mediate cell death. Moreover, according to the
ligand passing idea, p75TNFR can increase locally TNF-α
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concentrations. Indeed, p75TNFR binds TNF-α with a higher
affinity and a faster dissociation rate than p55TNFR (Kd of
100 pM vs. 500 pM and t

1/2
 of 10 min. versus 3 h). Therefore,

at low TNF-α concentration, p75TNFR binds TNF-α but
releases it quickly and makes it potentially available for
p55TNFR [13].

TNF-α: the signaling

TNF receptors are devoid of any intrinsic catalytic activity,
and are not coupled to GTP binding proteins. However, TNF
receptors activate several signaling pathways, such as the MAP
kinase cascade, protein kinase C activation, sphingomyelinase
activities, etc. [7].

This last two years have provided us with several insights
in the early biological events triggered by TNF-α. Using
fusion proteins and two-hybrid screen several laboratories
have isolated proteins through their ability to bind to the
cytoplasmic domain of p55TNFR and p75TNFR (Fig. 1).
Indeed, the early steps of TNF-α signaling are totally
dependent upon protein-protein interactions, in the absence
of any phosphorylation mechanisms. TRAF1 and TRAF2 (TNF
receptor associated protein) form homo- or heterodimers,
through their ‘TRAF’ domains and bind to p75TNFR [14].
Only TRAF2 seems to bind directly to p75TNFR upon TNF-
α treatment. TRAFs are sequestered in the cytosol by the
ITRAF (inhibitor of TRAF) that maintained the TRAFs in an
inactive form (i.e. unable to bind p75TNFR). TRAF proteins
are also associated to the cIAP (inhibitor of apoptosis)
through a domain of TRAF different from the one binding
the I-TRAF [15, 16]. TRAF2 appears to be important for
p75TNFR mediated NF-κB activation, but the function of
TRAF1, and cIAP is still unknown.

After binding of TNF-α to p55TNFR, p55 binds to
TRADD (p55TNF receptor associated death domain) and
FAN (Factor associated with N-SMase activation). FAN
binds to the NSD (N-sphingomyelinase domain) domain of
p55TNFR and is responsible for the activation of the neutral
sphingomyelinase [17]. TRADD binds to the ‘death domain’
of p55TNFR and is itself associated with FADD (Fas
associated death domain protein), TRAF-2 and RIP [18–21].
The N-terminal domain of FADD binds to the protease
MACH (also called FLICK) which is proposed to be a direct
activator of the proteolysis cascade responsible of apoptosis
[22, 23]. RIP is a serine/threonine kinase which is also
involved in cell death [20, 21]. Therefore TRADD controls
two different pathways; apoptosis (through its association
with FADD and RIP) and NF-κB activation (through its
association with TRAF-2). However, several reports indicate
that these two pathways are to some extent antagonistic.
Indeed, the transcription factor NF-κB protects cells from
apoptosis induced by TNF-α but also from stress such as

ionizing radiation and IL-1 [24–27]. The cell-specific effect
of TNF-α on cell growth or apoptosis is therefore possibly
regulated by the amount of NF-κB activation versus RIP/
FADD activation.

TNF-α and glucose homeostasis

Although the function of TNF-α in the development of
insulin resistance during obesity has been indicated recently
by experiments performed in our laboratory, several earlier
observations suggested that TNF-α affects glucose and lipid
metabolism. In rat and human, TNF-α injection induces an
increase in the concentration of plasma triglyceride and very
low density lipoproteins [28, 29]. This hyperlipidemia is
thought to be due to an increase in hepatic lipogenesis and
lypolysis. TNF-α and other cytokines (such as interleukin 1
and interferon γ), affect glucose homeostasis in several
tissues mainly by increasing non insulin dependent glucose
transport through synthesis of the glucose transporter
Glut-1, and by decreasing insulin stimulated glucose trans-
port [29, 30]. In adipocytes, high concentration of TNF-α
decreases the expression of lipogenic enzymes and can also
induce adipocytes dedifferentiation [31]. Finally, an insulin
resistant state is observed during certain cancers, infections,
and trauma, such as burn injuries, conditions in which high
level of circulating TNF-α has been detected [32–34].

TNF-α production during obesity

The first evidence for a function of TNF-α in the state of
insulin resistance observed during obesity was provided by
the observation that adipocytes of obese animals overexpress
TNF-α [35, 36]. This overexpression of TNF-α messenger
was observed in multiple models of rodent obesity such as
fa/fa rats and ob/ob, tub/tub, KKAY mice and in a strain of
transgenic mice lacking brown adipose tissue that develops
spontaneously obesity [37]. In these rodents an increase in
TNF-α messenger in the adipose tissue, as well as an
increase in circulating TNF-α was observed. However,
circulating levels were low in absolute terms.

An increase in TNF-α messenger is also observed in
adipocytes from obese humans. TNF-α expression in
humans is in positive correlation with the degree of obesity
(body mass index) and of hyperinsulinemia, and in negative
correlation with lipoprotein lipase activity in the adipose
tissue [38, 39]. Moreover, after a weight reduction program
(which is known to improve insulin sensitivity), a decrease
in the level of TNF-α expression was observed. TNF-α
overexpression is not completely restricted to fat, since by
using RT-PCR TNF-α was also found to be expressed in
skeletal muscle and the heart, although at lower levels than
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Fig. 1. TNF-α induces the trimerization of its receptors. This oligomerization induces the association of several intracellular proteins with the receptors and
triggers TNF-α signaling.

those seen in adipocytes [40]. As muscle is the main post-
prandial glucose utilization site, TNF-α expression in
muscle could theoretically play an important role in the
development of insulin resistance.

TNF-α and insulin resistance during obesity

Experiments neutralizing TNF-α (using immunoadhesins) in
hyperinsulinemic, euglycemic clamps of obese animals have
shown that this cytokine was causally involved in this
syndrome of insulin resistance [35]. Indeed, fa/fa obese rats
in which TNF-α is neutralized are more sensitive to insulin
than untreated animals. This is due to a 2–3 fold increase in
peripheric glucose uptake. On the other hand, hepatic glucose
production was not affected. In non-clamped obese animals,
three days of TNF-α neutralization results in decrease
glucose, insulin and the circulating free fatty acid levels
close to those observed in lean animals [41].

Additional evidence for a role of TNF-α in the development
of insulin resistance has recently been provided by the study
of the knock-out mice for the adipocyte-specific fatty acid
binding protein (aP2). Indeed, these animals develop obesity
as usual on a high fat diet, but they are the first known model
in which obesity is not associated with development of

insulin resistance or diabetes [42]. Interestingly, TNF-α
overexpression in adipocytes was not observed, consistent
with the notion that TNF-α has a function for the development
of insulin resistance during obesity. Furthermore, these data
prove that aP2 is linked to the state of insulin resistance
observed during obesity, probably through the influence of
fatty acid flux on the expression of TNF-α.

TNF-α and insulin signaling

Several laboratories have reported that the tyrosine kinase
activity of the insulin receptor is decreased during obesity
in muscle and fat. As the enzymatic activity of the insulin
receptor is necessary for all of the known biological
function of this hormone, this decrease is likely to be an
important cause of the state of insulin resistance in obesity.

Neutralization of TNF-α in obese fa/fa rats restores the
tyrosine kinase activity in fat and muscle, as well as the insulin-
induced phosphorylation of IRS-1 to levels comparable to the
ones observed in lean animals [41]. In lean animals,
neutralization of TNF-α had no effect. These data suggest
that TNF-α induces insulin resistance during obesity by
interfering on the tyrosine kinase activity of the insulin
receptor. Indeed, in vitro experiments have shown that
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TNF-α treatment of adipocyte in culture induces a state of
‘insulin resistance’ [43]. This is due to an inhibition of the
tyrosine kinase activity of the insulin receptor leading to a
decrease to all the biological function of insulin such as the
insulin-induced tyrosine phosphorylation of IRS-1 and
glucose transport. While TNF-α induces a decrease of the
expression of insulin receptor, IRS-1 and Glut-4 at high
concentration [44], specific inhibition of the tyrosine kinase
of the insulin receptor could be seen at concentration where
insulin receptor, IRS-1, and the glucose transporter Glut-4
expression was unchanged. Since the concentration of
circulating TNF-α during obesity are low (90 pg/ml in fa/
fa rats, and undetectable in obese humans), it is likely that
TNF-α induces insulin resistance by interfering with the
tyrosine kinase of the insulin receptor and not by interfering
with the expression of proteins, a process which need higher
TNF-α concentration.

TNF-α-induced insulin receptor inhibition

The ability to inhibit insulin signaling by TNF-α in cell
culture has facilitated the study of the mechanisms involved
in this process. Several reports have shown that TNF-α
interferes with insulin signaling in various cell lines such as
hepatocytes, fibroblasts and myeloid cells [45–47].

Several steps of the signaling in the interaction between
TNF receptors and insulin receptor have been elucidated
(Fig. 2). IRS-1 appears to be a key molecule in this inter-
action. IRS-1 is one of the direct substrates of the insulin
receptor and is necessary for several of the biological
function of insulin [48]. The tyrosine phosphorylation of
IRS-1 induce the binding of several SH2 domain containing
proteins. These associations induce an activation of the
protein (for example the PI3 kinase) or modify the compart-
mentalization of proteins, bringing them close to their
substrates (for Grb2-Sos for example).

Treatment of adipocytes or hepatocytes with TNF-α
induces an increase in the serine phosphorylation of IRS-1
[49, 50]. This phosphorylation is an important event since
this modified form of IRS-1 act as an inhibitor of the insulin
receptor in vitro [49]. This inhibition is dependent upon the
phosphorylation of IRS-1 since dephosphorylation of IRS-1
causes it to lose its inhibitory activity. This mechanism
probably happens in intact cells since TNF-α does not
interfere with insulin receptor phosphorylation in myeloid
cells that lack IRS-1 (32D cells). However, if IRS-1 is
ectopically expressed in the same cells, insulin receptor and
IRS-1 tyrosine phosphorylation become highly sensitive to
TNF-α, indicating that IRS-1 is an important molecule in
TNF-α-mediated inhibition of insulin-signaling. This
mechanism may also be responsible for insulin resistance
in obesity since IRS-1 from muscle and fat of obese animals

is also an inhibitor of the insulin receptor tyrosine kinase
activity. Hence, IRS-1 appears as a dual function protein
involved in positive insulin signaling but also involved in a
mechanism leading to the inhibition of insulin signaling.

The first steps of TNF-α signaling in insulin resistance
have been resolved. It is mainly, if not entirely through
stimulating p55TNFR that TNF-α inhibits insulin signaling
in cell culture [46]. However, it is plausible that p75TNFR
plays a role in obesity. Indeed, as previously described the
concentration of circulating TNF-α during obesity are rather
low, and one of the function of p75TNFR is to concentrate
its ligand to make it available for p55TNFR by the ligand
passing mechanism. Hence, although the signaling function
of p75TNFR does not seem to be necessary for insulin
resistance its ‘concentrating’ function could be important
to allow p55TNFR to signal.

The p55TNFR stimulates a neutral sphingomyelinase which
hydrolyzes sphingomyelin into ceramide and choline [51].
Ceramides activates directly several enzymes such as PKC-ζ
[52, 53], a ceramide-activated kinase which phosphorylates
and activates Raf-1 [54], and a ceramide-activated phosphatase
which belongs to the phosphatase 2A family [55]. Synthetic
cell permeant ceramides and exogenous sphingomyelinase
mimic the effect of TNF-α on insulin signaling in cell culture
[46]. Like TNF-α, these molecules convert IRS-1 into an
inhibitor of insulin receptor, suggesting that stimulation of
sphingomyelinase and production of ceramides are the first
step of TNF-α signaling leading to insulin signaling inhibition.

The questions

A complete understanding of the function of TNF-α during
obesity is an important task since TNF-α production and
signaling could be a potential therapeutic target for the
treatment of insulin resistance during obesity. Indeed,
several questions remains to be addressed:

– What is the physiological component of obesity that
triggers the production of TNF-α by adipocytes? TNF-α
overexpression is observed in all the models of obesity, and
in adipocytes (and muscles to a lower extent). Therefore is
it unlikely that TNF-α overexpression is linked proximally
to a particular genetic defect. It is more likely that a common
modification of the hormonal or the metabolic balance in
obesity is involved. As aP2 knock out mice develop obesity
without insulin resistance and without TNF-α production, it
is likely that the aP2 protein plays a role in TNF-α synthesis
[42]. The only known function of the aP2 protein is to bind
fatty acids, suggesting that fatty acids are good candidates
to regulate the level of TNF-α during obesity.

– What is the tissue basis of TNF-α actions? Circulating
concentration of TNF-α are very low. It is therefore unlikely
that TNF-α could act as an endocrine factor in obesity. In
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Fig. 2. By binding to p55 TNFR and activating sphingomyelinase (which produces ceramides) TNF-α increases IRS-1 serine phosphorylation. This
phosphorylated IRS-1 act as an inhibitor of the insulin receptor by an unknown mechanism.

adipose tissue TNF-α could act as an autocrine and/or
paracrine factor. The state of insulin resistance in muscle is
probably due to a paracrine action of TNF-α provided by the
fat, and/or an autocrine function of TNF-α produced by
muscle itself. Of interest would be to treat animals with
inhibitors of TNF-α processing. If the function of TNF-α
is only autocrine these inhibitors could be without influence
on insulin resistance, however if the function is paracrine
the inhibitors should improve insulin sensitivity.

– By what mechanism(s) does serine-phosphorylated
IRS-1 inhibit insulin receptor activity? Several hypotheses
are possible. It is possible that the affinity of serine
phosphorylated IRS-1 for insulin receptor is modified, and
inhibits insulin receptor activity by steric hindrance. On the
other hand, IRS-1 is known to be a docking protein. There-
fore, it is conceivable that IRS-1 associates with an inhibitor
of insulin receptor upon TNF-α treatment. This inhibitor (a
tyrosine phosphatase for example) could be activated after
IRS-1 binding, or physically brought to the insulin receptor
by IRS-1. Of interest would also be to identify the kinase
stimulated by TNF-α that phosphorylates IRS-1, since an
inhibitor of this kinase could uncouple TNF-α binding from
insulin resistance.

The future

If the observations performed in obese animals can be
extended to human obesity, inhibition of TNF-α synthesis

or signaling in adipocytes and muscle could provide a novel
way to increase insulin sensitivity in the obese patient. So
far only one report has been published concerning the
neutralization of TNF-α in a population of obese patients and
the results have been disappointing [56]. However, this study
has been performed in a population of adults with established
diabetes. These patients had hyperglycemia and elevated free
fatty acid level, both being known to induce a state of
insulin resistance by themselves [57, 58]. In addition, this
population was not examined for the production of TNF-α. It
has been shown that in very obese people TNF-α production
tends to go down, the insulin resistance state being maintained
in all likelihood by hyperglycemia and high free fatty acid
level. Therefore it is difficult to draw any conclusion on the
function of TNF-α in the development of insulin resistance
based only on these data. Of interest will be to study the
effect of TNF-α neutralization in a population of insulin
resistant obese subjects, having not yet developed diabetes.
To be fully efficient in humans the neutralization should
happen in the adipose tissue, in order to inhibit the autocrine
and paracrine effect of TNF-α production by the fat. Ideally,
the molecule used should be relatively stable and should
diffuse through the blood vessels to reach the adipocytes
and/or muscle tissue. Theoretically, three strategies are
possible: inhibiting the binding of TNF-α to p55TNFR,
inhibiting TNF-α production in fat and interfering with TNF-
α signaling. As previously described, the first strategy has
been used in obese rats by neutralizing circulating TNF-α.
However, it requires frequent injection of antibody and this
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approach does not affect the autocrine and paracrine effect
of TNF-α, which could have a more important function in
obese humans who have lower circulating level of TNF-α.
Theoretically, inhibition of ceramide production during
obesity could reverse insulin resistance, however to our
knowledge no specific inhibitors of sphingomyelinase have
been produced. We still need a better understanding of the
mechanisms of TNF-α production during obesity and the
signaling pathways of TNF-α leading to insulin resistance
to develop specific drugs. Neutralization of the effect of
TNF-α could increase glucose tolerance of obese people and
delay or even thwart the development of diabetes.
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