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Abstract. Recent studies examining the link between insulin resistance and the devel-
opment of obesity and non insulin-dependent diabetes mellitus are consistent with the
involvement of tumor necrosis factor-a (TNF-a) as a central mediator. In insulin re-
sistant obese mouse models, neutralization of TNF-a in circulation has been demon-
strated to restore insulin-mediated glucose uptake. Adipose tissue has been shown to
be a site for synthesis of TNF-a, with the degree of adiposity directly correlated with
the level of synthesis. Studies conducted on obese human patients have demon-
strated a correlation between levels of TNF-a, the extent of obesity, as well as the level
of hyperinsulinemia observed. Mechanistic studies in cell culture have suggested that
TNF-a functions to render cells insulin resistant through regulation of the synthesis of
the insulin responsive glucose transporter as well as through interference with insulin
signaling. This review will address these issues and additionally introduce the reader
to the molecular aspects of TNF-a, its receptors as well as TNF-a-inltiated signaling
cascades, that are necessary to understand the function of this cytokine in the regu-
lation of adipose tissue metabolism. [P.S.E.B.M. 2000, Vol 223]

Our laboratory has been interested in the regulation
of glucose transporter gene expression in adipo-
cytes. Although adipocytes express two transport-

ers, GLUTI (a ubiquitous, basal homeostatic transporter)
and GLUT4 (the insulin-responsive glucose transporter) (1),
the focus of our work and this review is on the regulation of
GLUT4. Why the concern with the regulation of GLUT4 in
adipocytes? The case is frequently made that expression of
GLUT4 in muscle is both quantitatively and qualitatively
more important than that in adipose tissue, particularly
when speaking of the relative contribution to glucose ho-
meostasis and insulin resistance. However, in a transgenic
mouse model, work by Shepherd et al. (2) demonstrated that
the number of GLUT4 transporters is rate-limiting for glu-
cose transport in adipose tissue and that increasing glucose
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transport into fat can enhance whole-body glucose toler-
ance. The enhanced expression of GLUT4 in fat was sug-
gested to alter nutrient partitioning to increase adipose mass,
and potentially set into motion events that foster the repli-
cation of immature adipocytes, thus providing a demonstra-
tion that the adipocyte may playa very active role in the
development of obesity and diabetes.

This view is reinforced by the description of the ability
of adipose tissue to secrete TNF-a as well as being the
major site of synthesis and secretion of the ob gene product,
leptin. Recent reviews have highlighted the endocrine func-
tion of the adipose cell and suggested that, "the adipocyte is
at the center of a key regulatory system for maintenance of
energy stores, and henceforth obesity must be viewed as a
disorder both of and by the adipocyte" (3, 4). Most impor-
tantly noninsulin-dependent diabetes mellitus, which is usu-
ally accompanied by hyperinsulinemia and peripheral insu-
lin resistance, also leads to reduced levels of GLUT4 mes-
sage and protein in adipose tissue (5, 6), consistent with an
attenuation of synthesis. Thus, these arguments provide a
compelling rationale for the investigation of the insulin re-
sistance at the level of adipose tissue and the involvement of
TNF-a in the generation of that resistance at the levels of
both signaling and GLUT4 gene expression.

Our review will focus on this latter function and detail



the ability of TNF-a to activate signal transduction path-
ways in the adipocyte that may either interfere with insulin-
initiated signal transduction or alter transcription of the in-
sulin responsive glucose transporter.

TNF-a
In 1985, Old et al. (7) identified a protein from the

serum of rabbits that had been treated with endotoxin, and
that protein was responsible for the hemorrhagic necrosis of
some transplantable tumors. The protein was named tumor
necrosis factor (TNF-a). At the same time, another group
led by Anthony Cerami identified a circulating protein pro-
posed to be responsible for the development of cachexia,
which they named cachetin (8). Upon sequence comparison,
TNF-a and cachetin were demonstrated to be identical (9).
Since these initial discoveries, TNF-a has been realized to
be more than a "tumor necrosing factor" with the demon-
stration of many target cells and tissues, its involvement in
immune and inflammatory responses, its synthesis and se-
cretion by adipose tissue, as well as its function as a me-
diator of insulin resistance in diabetes mellitus (10-18).

TNF-a is encoded by a signal-copy gene, which gives
rise to a protein of 26 kDa (19). The protein is synthesized
and processed as a membrane-associated protein that after
proteolytic cleavage is released into circulation as a ho-
motrimer of == 51kDa (20). The membrane-bound form of
TNF-a is active; however, based on data using metallopro-
tease inhibitors, it is the cleaved circulating form that is
responsible for the mortality associated with endotoxic
shock (21, 22).

TNF-a Receptors
The TNF-a receptors belong to a superfamily that has

at least 12 members, including the Nerve Growth Factor and
C095 (APOllFas) receptors (23). Two TNF receptors have
been identified and are referred to as TNFRI (or p55 in
rodents, p60 in humans) (24, 25) and TNFR2 (p75 in ro-
dents, pSOin humans) (26, 27). Although most cells express
both receptors, the ratio may vary (28). The receptors are
homologous only in their extracellular domains to the extent
of 30% (29) with the lack of homology between the intra-
cellular domains suggesting that the receptors initiate dif-
ferent signaling pathways and have different biological
functions (30-32). TNFRI, similar to C095 (APO-IlFas)
receptor, has an 80-amino acid sequence, as part of the
intracellular region, referred to as the "death domain." This
region has been demonstrated to be responsible for trans-
mission of the TNF-a-induced cytotoxic signal (33-36).

Most of the biological activities of TNF-a including
apoptosis, antiviral activity, and activation of transcription
factor NF-kB have been proposed to be mediated by TNFR I
(37). Occupation of TNFR2 by a ligand does initiate sig-
naling mechanisms and under certain conditions this in-
cludes apoptosis and activation of NF-KB (38). In addition,
signaling through TNFR2 has been shown to be critically
involved in lipopolysaccharide-induced leukostasis and

downregulation of TNFRI-dependent neutrophil influx in a
lung inflammation model (39).

Tartaglia et al. (40) have suggested that TNFR2 also
functions in ligand passing to TNFRI. This hypothesis is
based on the lower affinity and faster rate of dissociation of
TNF-a with respect to TNFR2 (K.J TNFR2 = 100 pMand tin

for dissociation = 10 min; ~ TNFRI = 500 pM and tin for
dissociation = 3 he). The theory suggests that at low con-
centrations ofTNF-a, TNFR2 would preferentially bind the
cytokine and through its rapid rate of dissociation, the con-
centration ofTNF-a would increase locally, making it avail-
able for binding to TNFR1.

TNF-o--Induced Signaling Cascade

Occupation of the receptor by ligand results in homo-
trimerization of the receptor, which initiates signal trans-
duction. Signaling by TNFR I appears to depend on the
presence of the cytosolic region known as the death domain
(DO) (33, 34). The DO has no enzymatic activity but serves
as a docking region for the assembly of a protein complex
that will lead to activation of specific cellular enzymatic
activities. Briefly, when TNF-a binds to TNFRI the fol-
lowing events take place (summarized in Fig. I): TRADO
(TNF receptor associated death domain protein) is recruited
and binds to DO as an adapter that in turn recruits down-
stream signal transducers, FAOO (Fas-associated death do-
main protein), and TRAF2 (TNF receptor associated factor-
2) (41). FAOO is thought to interact directly through its
N-terminal domain with the apoptotic protease, FLICE
(FAOO-like interleukin I~ converting enzyme, also known
as MACH), initiating cell death. TRAF2 signals the activa-
tion of two separate pathways and appears to be essential for
mediation of survival. In the first pathway. TRAF2 recruits
NIK (NF-KB inducing kinase) (42). Prior to activation, NF-
KB is maintained inactive in the cytosol in a complex with
the inhibitory subunit IKB. The recruitment of NIK to the
receptor complex results in the phosphorylation of IKB, the
phosphorylated protein dissociates from the complex, and
the NF-KB subunit translocates to the nucleus where it can
transactivate the appropriate target genes. The second path-
way, which is independent of NIK, results in the activation
of the JNKs or SAPKs (Jun N-terminal kinase or stress
activated protein kinase) (43). These kinases function to
activate a number of transcription factors, including ATF-2,
c-Jun, and Elk-I (43,44).

Finally, RIP (receptor interacting protein), a serinel
threonine kinase, is recruited by TRAF2 and has been sug-
gested. based on studies with dominant negative mutants, to
also playa role in the activation of NF-KB (45).

The proteins TRADO and FAOO are also thought to
mediate TNF-a activation of the acidic sphingomyelinase
(SMase), leading to the generation of ceramide and apop-
tosis (45-50). TNFRI has been shown to activate the neu-
tral SMase through FAN (factor associated with neutral
SMase). a protein that binds to the cytosolic domain of
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TNFR I at a region 9 amino acids distal to and distinct from
the DD.

Additionally, recent studies have shown that occupa-
tion of TNFR I can result in the association of MADD (mi-
togen-activated protein kinase death domain protein) with
the DD. MADD was cloned as a DD-binding protein that
activates p44/p42 MAP kinase (or ERKs I and 2) in the
nonapoptotic pathway (51).

Numerous studies support a model in which TNF-a
occupation of TNFRI activates two contradictory signal
transduction pathways: one leads to apoptosis, the other
through activation of NF-KB, protects against it. The fate of
the cell appears to depend on which pathway predominates.

On a final note, for its participation in signaling,
TNFR2 does not interact with TRADD but binds directly to
TRAF2, which can result in activation of both NF-KB and
the JNKlSAPK pathways.

TNF-(1 in Adipose Tissue
In 1982, Kawakami et al. (52) described an endotoxin-

induced macrophage secretory substance that inhibited the
synthesis of adipose tissue lipoprotein lipase (LPL). In ad-
dition, the substance appeared generally to suppress ana-
bolic storage processes while stimulating catabolic pro-
cesses (53). It was this observation, inhibition of anabolism
while stimulating catabolism, that led the investigators to
name the substance "cachectin" suggesting that the regula-
tory events initiated by the substance may playa role in the
cachexia observed in chronic diseases. The substance was
demonstrated to be a protein isolated and found to be iden-
tical to TNF-a (9). While predominantly synthesized and
secreted by phagocytic cells of the immune system, TNF-a
has been shown to be made in the adipocytes (and to a
minor degree in both skeletal and cardiac muscle) of both
mice and humans (54). In the adipose tissue ofrodents with
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Figure 1. TNF-a-initiated signaling cascades.
TNF-a binds to receptor TNFR1 and initiates signal
transduction by recruiting proteins that associate
with specific domains. Briefly. when the receptor is
occupied by ligand the cytosolic region referred to
as the Death Domain (DD), recruits TRADD (TNF
receptor associated death domain protein). This
adapter recruits FADD (Fas-associated death do-
main protein). and TRAF2 (TNF receptor associ-
ated factor-2). FADD interacts with FLICE (FADD-
like interleukin 113 converting enzyme to initiate cell
death. TRAF2 recruits NIK (NF-KB inducing kinase)
as well as independently activating JNKs (c-Jun N-
terminal kinases) and SAPKs (stress-activated pro-
tein kinases). RIP (receptor interacting protein) is
recruited by TRAF-2 and leads to activation of
nuclear factor-KB (NF-KB). TRADD and FADD have
also been implicated in activation of the acidic
SMase (sphingomyelinase). whereas FAN (factor
associated with neutral SMase) activates the neu-
tral SMase. MADD (mitogen-activated protein
[MAP] kinase death domain protein) binds to the
DD and activates the p44/42 MAP kinase.

genetic obesity and insulin resistance, increased levels of
both RNA (5-IO-fold) and protein (2-fold) were described,
supporting a link between obesity, diabetes, and TNF-a. In
1993 a direct link between TNF-a and obesity-linked insu-
lin resistance was established when neutralization ofTNF-a
in several rodent models of obesity and insulin resistance
was shown to improve insulin sensitivity and insulin recep-
tor signaling (9, 10). Most interestingly, a direct correlation
was established between the degree of adiposity, increased
TNF-a production and insulin resistance (15).

Mechanisms of TNF-a-Mediated
Insulin Resistance

Effects on Signal Transduction. TNF-a has been
suggested to regulate insulin responsiveness by interfering
with insulin signaling as well as through alteration of glu-
cose transporter gene expression. The insulin signaling
pathway is initiated by the binding of insulin to the insulin
receptor (Ik), which activates the endogenous receptor ty-
rosine kinase and results in autophosphorylation of tyrosine
residues on the l3-subunit of the IR and phosphorylation of
tyrosine residues within insulin receptor substrate-I (IRS-I)
(55). Once phosphorylated, IRS-I serves as a docking mol-
ecule for signaling molecules containing an SH2 (Src ho-
mology domain 2). IRS-I contains multiple potential Serl
Thr phosphorylation sites (14, 56, 57) and phosphorylation
of IRS I on serine and threonine residues interferes with the
subsequent insulin-stimulated tyrosine phosphorylation of
IRS-I by the IR (57-59). Spiegelman and colleagues (14)
have presented data indicating that exposure of adipocytes
to TNF-a results in the increased serine phosphorylation of
IRS-I resulting in the inhibition of insulin-induced tyrosine
phosphorylation of IRS-I (14). The IRS-I mediated inhibi-
tion of IR tyrosine kinase activity could occur by direct or
indirect interactions between the IR and IRS-I (60). Serine-



phosphorylated IRS-I might associate with the IR in a man-
ner that blocks the autophosphorylation reaction. On the
other hand. serine-phosphorylated IRS-I might act indi-
rectly on the IR through an association with an inhibitor that
acts on the IR in a stoichiometric or catalytic fashion (61).
Regardless of the alternative. IRS I is the critical interme-
diary in this model (Fig. 2). TNF-a-induced serine/
threonine phosphorylation of IRS-l may occur through TNF
activation of a variety of kinases. Potential candidates
known to be activated by TNF-a include protein kinases C
and A. ~-casein kinase. and p44/42 and p38 MAP kinases
(55. 60-63). Protein kinase C in particular has been asso-
ciated with phosphorylation of the IR leading to an inhibi-
tion of insulin-induced tyrosine phosphorylation and insulin
action in intact cells (64).

Effects on Synthesis of GLUT4. Clearly. the re-
duced levels of GLUT4 message and protein in the adipose
tissue of patients with noninsulin-dependent diabetes mel-
litus or obesity (5. 6) are consistent with an attenuation of
synthesis. To investigate the potential for TNF-a-induced
regulation at the level of GLUT4 gene expression. the 3T3-
LI adipocytes were exposed to TNF-a. Treatment of the
cells with concentrations of TNF-a as low as 0.2 nM re-
sulted in repression of GLUT4 gene transcription and de-
creased GLUT4 mRNA stability (17. 18). The effect of
TNF-a on GLUT4 transcription was rapid. detectable
(10%-15% suppression) within 60 min and maximal (80%-
90% suppression) within 4 hr. The regulation was not de-
pendent on new protein synthesis and appeared to be con-
trolled by a kinase/phosphatase system (17). It is important
to note that the effects on transcription could be detected
within an hour whereas the loss of protein occurred over
several days. Moreover. the loss of GLUT4 content was
paralleled by the loss of CIEBP-a mRNA and protein (17).

An in-depth analysis of the effect of TNF-a on synthe-
sis relative to an effect on insulin signal transduction re-
vealed that prolonged exposure of the 3T3-Ll adipocytes to

TNF-a resulted in a substantial reduction in the cellular
content of IRS-I and GLUT4 mRNA and protein as well as
a lesser reduction in the amount of insulin receptor (18).
Nevertheless. the remaining proteins appear to be biochemi-
cally indistinguishable from those in untreated adipocytes.
Both the IR and IRS-I were phosphorylated on tyrosine to
the same extent in response to acute insulin stimulation
following exposure to TNF-a. Furthermore. the ability of
the insulin receptor to phosphorylate exogenous substrate in
the test tube was also normal following its isolation from
TNF-a-treated cells. These results were confirmed by the
reduced but obvious level of insulin-dependent glucose
transport and GLUT4 translocation observed in TNF-a-
treated adipocytes. The authors concluded that the observed
insulin resistance resulted from decreased content of the
requisite proteins involved in insulin action. consistent with
an effect on synthesis (18).

The question now became. how was the effect on syn-
thesis mediated? Kaestner (65) had demonstrated the pres-
ence of a CIEBP (CCAAT enhancer binding protein) site at
position -273 in the GLUT4 promoter and suggested that at
least in part. control of GLUT4 gene transcription resided
with the CIEBP family (o-, ~-. and 8-isoforms) oftranscrip-
tion factors interacting at this site. With this consideration.
it was proposed that loss of ClEBP-a played a role in the
TNF-induced decreased transcription of the GLUT4 gene.
Because of the coordinate loss of both GLUT4 and CIEBP-
a. it was not clear that CIEBP-a mediated a direct effect on
the transcription of GLUT4. and we hypothesized that tran-
scriptional suppression could be mediated by manipulation
of the specific CIEBP isoforms occupying the promoter el-
ement. To address this question. the ability of TNF-a to
alter the occupation of the CIEBP site in the GLUT4 pro-
moter was examined using electrophoretic mobility shift
assays (66). In the fully differentiated adipocytes, the data
suggested that the CIEBP site is a ligand for predominantly
aa homodimers. However. after exposure to TNF-a a shift

Figure 2. TNF-a induced insulin resistance. TNF-a
has been suggested to induce insulin resistance in
adipocytes by two mechanisms. With no specific
order intended, there is an activation of kinases and
generation of ceramide. Ceramide has been sug-
gested as the mediator of the effects on transcrip-
tion of the GLUT4 gene, whereas at the CIEBP
(CCAAT enhancer binding protein) site in the
GLUT4 promoter, homodimers of CIEBP-a are re-
placed with heterodimers of the Q- and 13-isoforms
or homodimers of CIEBP-I3. The alternative trans-
lation (truncated) product of the CIEBP-13 mRNA,
which is a transcriptional repressor, may playa role
in the attenuation of transcription. Additionally, via
TNF-induced SerfThr phosphorylation of IRS-1 (in-
sulin receptor substrate 1), insulin signaling is in-
hibited.
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in occupancy of the site occurred, and the ligands were now
all' heterodimers and 13113 homodimers. In terms of the
analysis, it is important to realize that the a- and l3-isoforms
of ClEBP possess alternative translation-initiation codons
that result in the formation of truncated forms of the two
proteins. In the case of the l3-isofonn, a truncated protein of
18 kDa (relative to the 30-kDa full-length protein known as
p30 CIEBPI3 or liver-enriched activating protein, LAP)
lacking the transactivation domain is produced. The trun-
cated protein known as LIP (p 19 CIEBPI3 or liver-inhibitory
protein) can form homodimers or heterodimerize with other
family members and as it lacks the transactivation domain
can attenuate the transcriptional activation properties of the
other isofonns (67, 68). The data suggest that LIP is present
in the dimers binding to the CIEBP site, which suggests that
attenuation of transcription may occur through dimer for-
mation (homo- and hetero-) with the truncated form of

ClEBP-I3·
As both CIEBPa and 13 (LIP and LAP) are present in

the cell at the same time, the question arises as to what
regulates specific dimer formation, The data are consistent
with partner selection in dimer formation being controlled
by selective translocation of the l3-isoform (LAP and LIP)
from the cytosol to the nucleus after exposure of the cells to
TNF (summarized in Fig. 2).

Although the data provide a testable hypothesis, ques-
tions still arise as to what signals initiate: i) Dissociation of
the cxcx-homodimers from the CIEBP site; ii) Translocation
of ClEBPI3 from the cytosol to the nucleus; and iii) Forma-
tion of the appropriate homo- and hetero dimers necessary
to attenuate transcription.

Signaling Processes that Mediate the Effect of
TNF-a on GLUT4 Synthesis

As described above, signal transmission is initiated
through the recruitment and direct association of specific
proteins to the cytosolic domain of the TNF receptors (69)
and is continued through cytosolic kinases with the eventual
activation of specific enzymes and transcription factors. In
attempting to define the specific TNF-a-initiated pathway
responsible for control of GLUT4 gene transcription, the
cytokine was demonstrated to activate an adipocyte sphin-
gomyelinase with generation of ceramide (70). Use of cell-
permeable analogs of cerarnide mimicked the TNF-a effect
and resulted in a marked reduction in the transcription of the
GLUT4 gene (70), suggesting that it might function as a
mediator of TNF-cx action. In the same study, consistent
with previous reports by Lozano et al. (71) and Muller et al.
(72), protein kinase C-t was activated by exposure of the
cells to either TNF-cx or ceramide analogs. The activation
was transient on time frame consistent with its role in a
regulatory event (70). Thus, the data describe a potential
pathway from TNF-cx occupation of its receptor to activa-
tion of a sphingomyelinase, generation of ceramide, and
attenuation of GLUT4 gene transcription. Potentially, cer-
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amide may use protein kinase C-~ as a mediator of tran-
scriptional regulation.

TNF-a Induction of Oxidant Stress

In recent studies the possibility that oxidative stress and
TNF-a may regulate adipocyte GLUT4 expression and
function has been addressed. 3T3-Ll adipocytes exposed to
either prolonged oxidative stress or TNF-a displayed im-
paired insulin responsiveness. This was associated with
both reduced GLUT4 protein and mRNA content, decreased
mRNA stability (17, 73, 74), as well as impaired insulin-
induced GLUT4 translocation (18, 74). The impairment in
GLUT4 translocation following oxidative stress was asso-
ciated with disruption of the normal insulin-stimulated cel-
lular distribution of IRS-l and phosphatidyl inositol (PI)
3-kinase to the low density microsomal (LDM), and impair-
ment of insulin-stimulated protein kinase B activation (75).
The investigators concluded that striking similarities existed
between the responses to both conditions, and that the data
supported the possibility of a common mechanism mediat-
ing the effects of responses to TNF-cx and oxidative stress.
Consistent with this notion, TNF-a caused a rapid reduction
in reduced glutathionine (GSH) levels, with an increase in
the level of GSSG, GSSG/GSH ratio, as well as the protein
mixed disulfide content (76, 77). The reduction in GSH
levels has been suggested to mediate the TNF-cx-induced
activation of the sphingomyelinase and the resulting gen-
eration of ceramide (78). Thus, these data would suggest
that the generation of ceramide and subsequent regulation of
GLUT4 gene transcription may result from a primary event
where the adipocyte addresses an oxidative stress through
the GSH - GSSG equilibrium.

Other Considerations

The data summarized address the ability of TNF-cx to
control expression of GLUT4 gene transcription. While not
yet complete, the available data have contributed to our
understanding of major components of the signal transduc-
tion pathway. However, as detailed earlier, when the adi-
pocytes are exposed to TNF-cx, in addition to the effect on
transcription of the GLUT4 gene, there is a marked desta-
bilization of the GLUT4 mRNA. The half-life decreases
from 9 hr to « 4.5 hr (17, 18). Using in vitro RNA gel shift
assays, protein(s) have been demonstrated to bind to the
GLUT4 3'untranslated region coincident with the alteration
of stability (79). However, mechanism of these events has
yet to be addressed.

The downregulation of both GLUT4 transcription and
mRNA stability rapidly renders the cell unable to produce
GLUT4 protein. Investigations into the TNF-cx-initiated
signals that control mRNA stability are consistent with a
lack of involvement of both ceramide and the p44/42 MAP
kinase (77). Thus, much work remains to understand the
regulation.



Perspective
The data support a critical role for TNF-a in the regu-

lation of glucose utilization and adipose cell metabolism
and provide the basis for the development of targeted inter-
vention in insulin-resistant patients. The description of the
synthesis of TNF-a by adipose tissue, the cloning and char-
acterization of the TNF receptors, the identification of the
TNF-a-initiated signaling mechanisms, as well as genes
that are regulated by TNF-a provide primary targets for
disruption of TNF-a action. Previous studies have shown
that passive immunization against TNF-a has been effective
in protecting animals from the lethal effect of endotoxin
(80) and in three animal models of insulin resistance and
obesity, neutralization of TNF-a resulted in a return to gly-
cemic control (9, 10). However, in the one human study
reported to date, the antibody-mediated neutralization of
TNF-a had no effect on insulin sensitivity in obese nonin-
sulin-dependent diabetes mellitus (NIDDM) subjects (81).
In this study, TNF-a levels in all subjects receiving the
antibody decreased significantly, in most cases falling be-
low the limits of detection of the assay (81). With the con-
sideration that other factors such as elevated free fatty acids
may have been involved in the observed insulin resistance
in these patients, the utility of adsorption/neutralization of
TNF-a as a therapeutic strategy for the amelioration of in-
sulin resistance merits more investigation. In addition, it is
believed that as knowledge of the various target genes and
signaling intermediates of TNF-a grows other strategies
will develop directed toward the specific steps in the path-
way(s).
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