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ABSTRACT

Although obesity has become the most common metabolic disorder
in the developed world and is highly associated with insulin resistance
and noninsulin-dependent diabetes mellitus, the molecular mecha-
nisms underlying these disorders are not clearly understood. Tumor
necrosis factor-a (TNF-«) is overexpressed in obesity and is a candi-
date mediator of obesity-induced insulin resistance. Complete lack of
TNF-« function through targeted mutations in TNF-a gene or both of
its receptors results in significant improvement of insulin sensitivity
in dietary, chemical, or genetic models of rodent obesity. In this study,

we have analyzed the in vivo role of TNF signaling from p55 [TNF
receptor (TNFR) 1] and p75 (TNFR 2) TNFR in the development of
insulin resistance by generating genetically obese mice (0b/0b) lack-
ing p55 or p75 TNFRs. In the 0b/0b mice, the absence of p55 caused
a significant improvement in insulin sensitivity. p75 deficiency alone
did not affect insulin sensitivity but might potentiate the effects of p55
deficiency in animals lacking both TNFRs. These results indicate that
TNF-«a is a component of insulin resistance in the ob/ob model of
murine obesity and p55 TNFR is the predominant receptor mediating
its actions. (Endocrinology 139: 4832—4838, 1998)

BESITY, with an increasing prevalence, has become the
most common metabolic disorder in the developed
world (1). Currently, 54.4% of U.S. adults are overweight
[body mass index (BMI) >25] and 22.5% are obese (BMI >30
kg/m?), representing an 8% increase over 1980 levels (2).
Furthermore, obesity is a major risk factor for insulin resis-
tance and noninsulin-dependent diabetes mellitus (NIDDM)
as well as hypertension, dyslipidemias, and cardiovascular
disease (3). In the United States, approximately 17% of obese
and 11% of overweight adults suffer from NIDDM associated
with obesity (2, 4). Although it has long been recognized that
obesity-induced insulin resistance is one of the critical com-
ponents of NIDDM (3), the molecular mechanisms linking
obesity and insulin resistance have remained elusive.

One molecule with a potential role in obesity-related in-
sulin resistance is tumor necrosis factor-a (TNF-a) (5). TNF-«
is overexpressed in adipose tissue in many rodent models of
obesity and affects insulin sensitivity (6—11). Complete ab-
sence of TNF-a gene or both of its receptors results in sig-
nificant improvement in insulin sensitivity in mice with di-
etary, hypothalamic, or genetic obesity (11, 12). In humans,
elevated TNF-a expression in adipose and muscle tissue is
positively correlated with the degree of obesity and the level
of hyperinsulinemia, and negatively related to the adipose
tissue lipoprotein lipase activity (13-15). Several recent stud-
ies also show that circulating TNF-« levels are increased in
obese patients with NIDDM (16, 17) and positively correlate
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with serum leptin concentrations, an adipocyte-derived pro-
tein of energy homeostasis. Finally, people carrying a Ncol
polymorphism of the TNF-a gene, which leads to a higher
rate of transcription of TNF-«, have higher basal serum in-
sulin levels, decreased insulin sensitivity, and increased per-
cent body fat and serum leptin concentrations (18). Another
polymorphism in the 5" region of TNF-a gene has also been
shown to correlate with adiposity in the Pima Indian
population (19).

The molecular mechanism of TNF-a-induced insulin re-
sistance primarily involves the inhibition of the insulin re-
ceptor tyrosine kinase activity in cultured adipocytes, hep-
atoma cells, fibroblasts, and myeloid 32D cells (10, 20-22)
and in whole animals (11, 23). In addition to its direct actions
on insulin-sensitive tissues, TNF-« regulates leptin secretion
(24-26) and free fatty acid (FFA) release from adipocytes (27).
In the absence of TNF-q, there is significant reduction in
obesity-induced hyperlipidemia and hyperleptinemia, both
of which could contribute to changes in insulin sensitivity
(11, 24). In cultured adipocytes, TNF-a could also down-
regulate the expression of the insulin-sensitive glucose trans-
porter-4 (GLUT4) and other molecules involved in insulin
action (9, 28). However, the in vivo relevance of this mech-
anism in regard to TNF-a-induced insulin resistance is not
clear in obese animal models (11).

TNF-a is shown to function through its two transmem-
brane receptors, p55 and p75 (29, 30). These receptors un-
dergo ligand-induced multimerization and associate with a
distinct set of signaling molecules such as TNF receptor-
associated death domain protein (TRADD) and TNF recep-
tor-associated factors (TRAFs) (31-35). Although the ligand
binding domains of both TNF receptors (TNFR) show a high
degree of homology, each have distinct intracellular domains
indicating different biological functions. To date, p55 recep-
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tor signaling is demonstrated to be the dominant effector in
TNF-abiology including apoptosis, tissue necrosis, and non-
specific immunity (29, 33, 36-40). So far, p75 receptor has
been implicated in few activities such as thymocyte growth,
T cell cytotoxicity, and granulocyte colony-stimulating factor
expression (40, 41).

Very little is known about TNF-« signaling in adipocytes,
primarily because of the limitations of current experimental
systems. In vitro studies suggest that both p75 and p55 re-
ceptors might mediate TNF-« action on insulin signaling in
murine (42) and human (43) adipocytes. Although these
studies demonstrated a dominant role for p55, p75 function
was also necessary for the inhibition of insulin receptor sig-
naling by TNF-q, especially in human adipocytes (43). Al-
though it has been previously shown that the lack of TNF-a
function improves insulin sensitivity in obese animals, no
study has demonstrated which TNFR(s) mediates this func-
tion in vivo. To address this question, we generated lean and
obese (ob/ob) mice with targeted null mutations in each
TNFR. TNF-a signaling through either p55 or p75 has been
completely abolished in these animals (44, 45). Analysis of
these animals demonstrated that TNF-« action on insulin
sensitivity in obesity is mediated predominantly through the
p55 TNER.

Materials and Methods
Generation of ob/ob-TNFR-deficient mice

Animals with targeted null mutations at both TNFR1 and TNFR2 loci
(p55~/~, p75~/") were generated by crossing p75 /" mice (C57BL/6
and 129 mixed background back-crossed into C57BL/6 for two gener-
ations) with p55~/~ (C57BL/6 background) (44, 45). Obese (0b/ob) mice
deficient in each TNFR were generated by crossing mice with targeted
null mutations at both TNFR1 and TNFR2 loci (p55~/~, p75~/") with
Ob/ob mice (C57BL/6 background), to ;)roduce animals heterozygous at
the TNFR1, TNFR2, and ob loci (p55*/~, p75+/ ~, Ob/ob). The resulting
triple heterozygotes were then crossed with each other to produce
OB/OB and ob/ob littermates with mutations at one or both TNFRs. This
same cross also generated OB/OB and ob/ob wild-type littermates as
controls (11). The genetic background of the final progeny of this cross
is estimated to be at least 90% C57BL/6 (46). The phenotype of the
double mutant animals was previously reported elsewhere (11). All
animals that are heterozygous (mutant) at the ob locus remained lean
throughout the study compared with the wild-type littermates. We
therefore, refer to the animals that are not homozygous for the ob mu-
tation as lean in the text. All mice that are homozygous for the ob
mutation (ob/ob) developed obesity and hence are referred to as obese in
the text. All animal experimentation was carried out in accordance with
the NIH guidelines for the care and use of laboratory animals and was
approved by an institutional review board.

Analysis of gene expression

Total RNA was extracted from tissue samples by cesium chloride
extraction protocol (47), and 30 ug RNA was used for Northern blot
analysis, as described previously (9). Complementary DNA probes for
TNF-a, p55, p75, and the 36B4 (gift of Dr. Kevin Claffey, Harvard
Medical School, Boston, MA) were radioactively labeled to specific ac-
tivities of at least 10° dpm/ug with [**P]a-deoxycytidine triphosphate
(6000 Ci/mmol) by the random priming method, as described previ-
ously (9). Differences in loading were adjusted to 18S ribosomal marker
36B4 expression.

Body composition analysis

Whole body composition was determined by digesting mice in al-
coholic potassium hydroxide at 60 C until complete saponification (48).
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Carcasates were then analyzed for total protein by biuret assay and total
glycerol content (GPO-Trinder, Sigma Chemical Co., St. Louis, MO). Fat
body mass per lean body mass was calculated as the arbitrary ratio of
whole body glycerol (millimoles per liter) over protein (grams per liter).
Epididymal fat pads from 20-week-old mice were excised bilaterally and
weighed.

Metabolic measurements

Total body weights were measured weekly from age 4-16 weeks.
Blood samples were collected after a 6-h daytime fast at 4, 8, and 12
weeks of age. Glucose concentrations in plasma were measured by using
glucoanalyzer blood glucose strips (Medisense, Bedford, MA). Serum
insulin was measured with a monoclonal antirat insulin RIA (Linco
Research, Inc., St. Louis, MO). Glucose and insulin tolerance tests were
performed on conscious mice following a 6-h daytime fast. Glucose
tolerance tests were done by ip administration of glucose (1.8 mg/g) and
measurement of blood glucose at 15, 30, 60, 90, and 120 min from tail
blood samples. Insulin tolerance tests were done similarly except for the
injection of human insulin (1 IU/kg) (Eli Lilly & Co., Indianapolis, IN)
and an additional blood glucose measurement at 45 min.

Results
Generation of TNFR-deficient mice

A total of 1054 progeny were generated from the
p55*/ 7, p75*/~, Ob/ob intercross. The genotype of all an-
imals at all three loci was determined by PCR-based as-
says. The segregation of alleles in these progeny had a
Mendelian distribution (data not shown) demonstrating
that the loss of either TNFR resulted in a viable phenotype
and did not have any effect on the survival of the ob/ob or
OB/OB mice under laboratory conditions. Analysis of total
RNA from the white adipose tissue of obese animals con-
firmed the lack of TNFR expression in the corresponding
mutants (Fig. 1). The absence of one TNFR did not have a
significant effect on the expression of the other receptor.
The levels of p55 transcript in the obese p75-deficient
(ob/ob-p75~/ ") animals were the same as obese wild-type
control (ob/ob) levels. Likewise, the levels of p75 transcript
in the obese p55-deficient animals (0b/ob-p55~ /") were
similar to those of the obese wild-type control (ob/ob) mice.
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Fic. 1. Northern blot analysis of total RNA from white adipose tissue
of ob/ob, 0b/ob-p55~'~,0b/0b-p75~'~, and ob/ob-p55 /" p75~'" mice.
Blots were hybridized to P32-labeled p55, p75, TNF-q, and 36B4 com-
plementary DNA and were scanned and quantitated by NIH Image
3.01 image analysis program (Bethesda, MD).
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Additionally, the GLUT4, peroxisome proliferator-acti-
vated receptor-vy, and adipsin transcript levels in the white
adipose tissue and GLUT4 transcript levels in the muscle
tissue were not altered in obese animals deficient in
TNEFRs. TNF-B and plasma membrane glycoprotein (PC-1)
transcripts in white adipose tissue or TNF-a in muscle
tissue were undetectable. All obese animals displayed
markedly elevated levels of TNF-a expression in adipose
tissue compared with their lean counterparts (data not
shown). There was a trend for higher TNF-a messenger
RNA levels in all obese receptor-deficient animals, espe-
cially in mice lacking both receptors (ob/ob-p55 /"
p75~ /") when compared with ob/ob animals (Fig. 1).

Growth curves of TNFR-deficient mice

We monitored the growth and total body weight of the
entire progeny for 16 weeks (Fig. 2A). No significant dif-
ference in body weights was observed between the lean
receptor-deficient and wild-type animals throughout the
study. In the lean (OB/OB) group, the wild-type, p55-
deficient (p55~/"), p75-deficient (p75 /"), and p55-p75-
deficient (p55~/ " p75 /") mice weighed 32.1 + 0.4, 30.7 +
0.7,30.4 = 0.6, and 29.3 = 1.0 g, respectively, at week 16.
Although the p55~/ p75 /" lean animals gained less
weight than the wild-type controls, this difference was not
statistically significant. The intercross between mice het-
erozygous for both TNFR mutations and the ob mutation
also generated wild-type, p55~/~, p75 /", and p55 /"
P75~/ mice, which are homozygous for the ob mutation
(ob/ob). The ob/ob animals developed early onset and severe
obesity regardless of the TNFR allele they carried (Fig. 2A).
Similar to the lean group, no significant difference was
observed in the body weights of ob/ob animals that were
wild type or mutant at TNFR loci (61.6 = 0.5, 62.6 = 1.1,
58.7 + 1.3, and 61.3 = 1.9 g for ob/ob, ob/ob-p55~/~, ob/ob-
p75 /7, and ob/ob-p55 /" p75 /" mice, respectively).
These results indicate that the absence of TNF-a signaling
did not significantly affect body weight in either the lean
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or obese state (Fig. 2A) in this experimental model within
the duration of our analysis. No heterozygosity effects
were seen for any of the genes segregating in this cross
with regard to total body weight (data not shown).

Body composition analysis and lipid profile

To determine the effect of TNF-a signaling from each of its
receptors on adiposity, we determined the epididymal fat
pad weights and performed total body composition analysis
on both lean and obese animals. In the lean group, the wild-
type animals had significantly smaller epididymal fat pads
(Fig. 2B) compared with the p55~/ " p75 /" mice (0.55 *
0.07 g and 0.78 *+ 0.08 g, respectively). However, in the body
composition analysis, fat mass per lean body mass was not
significantly different between wild-type and receptor-defi-
cient mice (0.064 = 0.009, 0.070 = 0.007, 0.060 = 0.005, and
0.067 £ 0.007 mmol glycerol/g protein for the wild-type,
p55~/7, p75 /7, and p55 7/ p75 /" mice, respectively).
There was no significant difference in fat mass per lean body
mass among obese animals (0.209 = 0.010, 0.204 * 0.013,
0.194 = 0.009, and 0.203 = 0.015 mmol glycerol /g protein for
ob/ob, ob/ob-p55~"~, ob/ob-p75~/~, and ob/ob-p55~/ p75 '~
mice, respectively). These results suggest that the lack of
either TNFR did not significantly effect the overall adiposity
in the OB/OB or ob/ob mice.

In the obese group, all the genotypes developed a mild
hyperlipidemia with increased plasma total triglyceride,
glycerol, and FFA levels by 8 and 12 weeks of age compared
with the lean animals (data not shown). Within the lean and
obese animals, the lack of either or both of the TNFRs did not
effect the plasma total triglyceride, glycerol, or FFA levels
significantly. Stimulation of lipolysis by the nonspecific
B-adrenergic receptor agonist isoproterenol (10 mg/kg) or
B3-specific agonist CL 316,243 (0.1 mg/kg) in wild-type con-
trol and TNFR-deficient animals resulted in similarly ele-
vated plasma glycerol and FFA levels (data not shown).
These data indicate that lack of TNFRs did not affect either
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F1G. 2. Body weights of OB/OB (lean) and 0b/0b (obese) wild-type, p55~'~, p75~/~, and p55~/ " p75~/ mice (A). In OB/ OB group, n = 244, 97,
85, and 24 for wild-type, p55~'~, p75~/~, and p55 /" p75~'~ mice, respectively. In 0b/ob group, n = 99, 23, 23, 17, for ob/ob, ob/ob-p55~'~,
0b/ob-p75~'~, and ob/ob-p55~/"p75~'~ animals, respectively. Epididymal fat pad weights of lean (OB/OB) and obese (0b /0b) wild-type, p55~',
P75/, and p55 /" p75~'~ mice (B). In OB/ OB group, n = 16, 17, 16, and 10 for wild-type, p55 ', p75 /", and p55 '~ p75 /'~ mice, respectively.
In ob/ob group, n = 13, 12, 10, and 7 for ob/ob, ob/ob-p55~", 0b/0ob-p75~"'~, and 0b/0b-p55~'"p75~'~ animals, respectively. Epididymal fat
pads of 20-week-old male mice were dissected bilaterally and weighed. Comparisons between groups are done by ANOVA (Statview 4.01, Abacus
Concepts, Berkeley, CA). Statistical significance is indicated by *, P < 0.05. Data are shown as mean * SEM.
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the steady state lipid profile or B-adrenergic-stimulated li-
polysis in ob/ob model of obesity.

Glucose homeostasis

To determine the effects of the absence of TNF signaling
on glucose homeostasis in obese and lean animals, we mea-
sured plasma glucose and insulin concentrations in the
TNFR-deficient animals after a 6-h daytime fast. All of the
lean animals remained euglycemic during the experimental
period, and there was no significant difference in plasma
glucose among genotypes with the exception of the p55~/~
p75~ /" mice, which tended to have lower plasma glucose
concentrations by 8 weeks of age when compared with all
other genotypes (11) (12.242 + 0.300, 12.015 + 0.341, 12.424 +
0.314, and 9.739 = 0.501 mmol/liter for wild-type, p55~ /",
p75 /" ,and p55 ' p75 /", respectively, P < 0.05) (Fig. 3A).
The plasma insulin levels of all lean mice also remained
within normal boundaries throughout the study [53.058 =+
6.453, 63.813 * 10.396, 67.039 = 6.812, and 34.775 * 2.868
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F16. 3. Glucose homeostasisin OB/OB and ob/ob, wild-type, p55 /",
p75~'", and p55 /" p75~/" mice during fasting. Glucose (A) and in-
sulin (B) concentrations in plasma were measured, as described in
Materials and Methods. Comparisons between groups are done by
ANOVA. Statistical significance is indicated by *, P < 0.05. In OB/ OB
group, n = 60, 44, 40, and 23, and in 0b/0b group, n = 51, 23, 23, and
17 for wild-type, p55~/~, p75 /", and p55 /" p75 '~ mice, respectively.
Data are shown as mean * SEM. Data for wild-type and p55~/ p75~"~
animals are reprinted by permission from Nature (389:610-614).
Copyright 1997 Macmillan Magazines Ltd.
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pmol/liter for wild-type, p55~/~, p75 /", and p55 /"
p75~/~, respectively, at 8 weeks of age (11)] (Fig. 3B). The
lowest plasma insulin concentration among all genotypes
however, was also observed in the lean p55~/ " p75~/~ mice
(P < 0.05) (11).

In the obese group, the ob/ob animals (wild type at TNFR
loci) developed a moderate and transient hyperglycemia by
8 weeks of age (22.527 = 0.774 mmol/liter), which subsided
by 12 weeks of age (Fig. 3A). The ob/ob-p75~ /"~ animals dis-
played an essentially identical pattern of plasma glucose
levels (22.937 = 1.820 mmol/liter at 8 weeks of age) as did
the ob/ob mice during the entire study period. In contrast, the
increases in plasma glucose levels at week 8 in the ob/ob-
p55~/~ were minor (17.567 = 0.865 mmol/liter) compared
with the ob/ob and ob/ob-p75~/~ mice (P < 0.05). The plasma
glucose levels observed in ob/ob-p55~/ p75~ /" mice
[18.568 = 1.047 mmol/liter (11)] were similar to those ob-
served in 0b/ob-p55~/~ animals. The ob/ob animals also dis-
played a severe and progressive hyperinsulinemia during
the course of study (Fig. 3B). The development of hyperin-
sulinemia in the 0b/ob-p75~/~ animals was essentially iden-
tical to the ob/ob mice. However, the ob/ob-p55~/~ mice dis-
played significantly lower plasma insulin levels (at 12 weeks,
51945 = 111.13 pmol/liter) compared with the ob/ob
(1129.30 * 193.02 pmol/liter, P < 0.05) and ob/ob-p75’/’
(993.05 = 190.01 pmol/liter, P < 0.05) mice throughout the
study (Fig. 3B). Interestingly, the ob/ob-p55~/ p75 /" ani-
mals showed significantly less hyperinsulinemia [329.10 *
46.61 pmol/liter (11)] than the ob/ob-p55~/~ mice, indicating
that the impact of complete deficiency in TNF-« signaling
exceeds that of p55 deficiency, at least as judged by plasma
insulin levels.

Tolerance tests

At the end of the study, insulin sensitivity was determined
by performing ip insulin (IITT) and glucose (IGTT) tolerance
tests. The deficiency of each receptor alone had no effect on
insulin sensitivity in the lean animals (OB/OB). However,
both of these tests demonstrated increased insulin sensitivity
in the p55~/ p75 /" mice compared with the wild-type
animals [Fig. 4 (11)].

IOTT and IGTT were also performed in obese (0b/ob) ani-
mals that were wild-type or mutant at the TNFR loci. The
ob/ob-p55~/~ mice displayed a significantly stronger hypo-
glycemic response to an ip administered dose of insulin
compared with the ob/ob and 0b/ob-p75~/~ mice, demonstrat-
ing an improvement in insulin sensitivity (Fig. 4). The overall
response to insulin in the ob/ob-p55~/~ mice tended to be
smaller than that of the 0b/ob-p55~/ “p75~/~ animals. Similar
results were also obtained in the IGTT (Fig. 4). Following ip
administration of glucose, the ob/ob-p55 /" animals dis-
played blood glucose profiles consistent with increased in-
sulin sensitivity relative to the ob/ob mice (P < 0.05). The
response to IGTT in the ob/ob-p55~/~ mice was again greater
than the ob/ob-p75 /" but smaller than the ob/ob-p55~/~
p75~ /" animals. There was no significant difference between
the ob/ob and 0b/ob—p75_/ ~ in both of the tolerance tests
(Fig. 4).
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FiG. 4. Insulin (A) and glucose (B) tolerance tests were conducted
after a six h fast. Lean (OB/OB) and obese (0b/0b) control mice (wild
type at receptor loci) are compared with lean and obese p75~/'~, p55 ™/~
and p55 /" p75 /" littermates. Analysis of dynamics of responses to
tolerance tests were done by ANOVA repeated measures analysis and
statistical significance is indicated by *. In OB/OB group,n = 12, 9,
8and 8, and in ob/ob group, n = 41,23, 23 and 17 for wild type, p55 ',
P75/~ and p55 7/ p75 /" mice, respectively. data are shown as
mean * SEM Data for wild type and p55~ " p75~/~ animals are re-
printed by permission from Nature (389:610—614) Copyright 1997
Macmillan Magazines Ltd.

Discussion

In addition to its antitumor and proinflammatory actions,
TNF-« also modulates adipocyte biology and affects sys-
temic glucose and lipid metabolism (49, 50). These metabolic
functions include regulation of lipogenesis and lipolysis and
blocking the action of insulin, especially in the context of
obesity (5,11, 49). The general mechanism of TNF-a-induced
insulin resistance involves inhibition of insulin receptor sig-
naling as demonstrated in variety of cell types (10, 20-22)
and obese animals (11). Interestingly, in cultured 3T3-L1
adipocytes and 32D myeloid cells, antibody-mediated acti-
vation of both p55 and p75 receptors decreased insulin re-
ceptor signaling, although the role of p55 was significantly
stronger than that of p75 (42). Recent experiments using
primary human adipocyte cultures have also shown that
although TNFRI1 specific agonists mimic the inhibitory ef-
fects of TNF-a on insulin signaling, these effects can be
blocked by an antibody antagonistic to TNFR2 (43) suggest-
ing the involvement of both TNFRs in this activity. Although
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the role of TNF-a in insulin action has been demonstrated in
several in vitro experimental systems, no information exists
on the in vivo role of each TNFR in this action. In this study,
we examined the role of each TNFR in mediating the in vivo
effects of TNF-a on glucose homeostasis in OB/OB and ob/ob
mice with targeted null mutations in p55 or p75 TNFRs.

Previously, we and others have demonstrated that obese
mice with a null mutation in TNF-« have significantly im-
proved insulin sensitivity (11, 12). Furthermore, even in the
most severe genetic model of obesity (ob/ob), the lack of
TNF-« function through targeted mutations in both TNFRs
confers a significant but incomplete improvement in insulin
sensitivity (11). In this study, we show that the p55 TNEFR is
primarily responsible for mediating the effects of TNF-a on
insulin signaling in vivo. Obese mice that lack only the p55
TNFR (0b/ob-p55~/ ") show an improvement in insulin re-
sponsiveness, whereas the p75-deficient animals (ob/ob-
p75~/7) are indistinguishable from their wild-type (ob/ob)
littermates. The ob/ob-p55~/~ mice have lower steady state
glucose and insulin levels, indicating improved glucose ho-
meostasis. Furthermore, both the IITT and IGTT demonstrate
a significantly increased hypoglycemic response and glucose
disposal rate in the ob/ob-p55 /" mice, consistent with an
improvement in insulin sensitivity. Overall, the increase in
insulin sensitivity in 0b/ob-p55 /" mice approaches that of
the ob/ob-p55~/ “p75 /" animals indicating that signaling via
p55 TNER is primarily responsible for TNF-a-mediated in-
sulin resistance in these animals. Because the genetic material
of these animals still carry a small portion from the 129 strain,
the possibility remains that an unknown gene close to the p55
or p75 loci may be responsible for the phenotype. This pos-
sibility seems highly unlikely for several reasons. First, in a
smaller breed, the responses to IITT in 0b/ob-p55~/~ mice on
apure C57Bl/6 or C57Bl1/6/129 mix (mice used in this report)
were indistinguishable (data not shown). Second, two inde-
pendent strains of obese TNF-a-deficient (TNF-a /) mice
also demonstrated a similar improvement in obesity-related
insulin resistance as the receptor deficiency (11, 12).

Although the 0b/ob-p75~/~ animals were indistinguish-
able from the ob/ob mice in all of the measures tested, the
0b/ob-p55~/~ animals demonstrated slightly lower insulin
sensitivity compared with the ob/ob-p55~/ " p75~/~ mice. In
light of these data comparing the ob/ob-p55 /" to ob/ob-p55~/~
p75~/~ animals, it is possible that the p75 receptor does in
fact play a smaller role in insulin sensitivity. This might be
more critical in human disease, because several studies have
implicated TNFR?2 in insulin resistance in humans. Adipose
tissue TNFR2 (p80 receptor) expression is elevated in obese
humans, and the level of expression is related to insulin
sensitivity (51). Recently, Eckel et al. (43), demonstrated that
TNFR?2 is essential for TNF-a-induced inhibition of insulin
signaling in human adipocytes. It is not clear whether this
effect of TNFR2 is mediated by direct signaling through
TNFR2 or whether TNFR?2 is regulating the rate of associa-
tion between TNF-a and TNFR1 (ligand passing) as dem-
onstrated by Tartaglia et al. (52). Additional experimental
models will be necessary to establish the role of p75 TNFR
in TNF-a-mediated insulin resistance in vivo.

Although deficiency of each receptor alone had no effect
on insulin sensitivity in the lean animals (OB/OB), increased
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insulin sensitivity was observed in mice lacking both recep-
tors (p55~/ "p75 /7). The p55~/ "p75~/~ mice showed both
a stronger hypoglycemic response to insulin and a higher
glucose disposal rate as well as lower steady state glucose
and insulin measurements when compared with the wild-
type animals. A similar improvement in insulin sensitivity in
the lean state has also been observed in TNF-a-deficient mice
(11, 12), indicating that TNF-a might play a role in the phys-
iological control of glucose homeostasis in the lean state.

Thereis still a significant degree of insulin resistance in the
ob/ob-p55~/"p75~/~ and ob/ob-p55 /~ animals compared
with lean controls, indicating that TNF-a action through the
two known TNFRs plays a partial role in mediating the
insulin resistance associated with the ob/ob phenotype. Pre-
vious work in obese mice lacking TNF-a function demon-
strated varying degrees of protection from obesity-induced
insulin resistance based on the model studied. The lack of
TNF-« resulted in a partial protection in mice with hypo-
thalamic obesity, whereas a more significant level of protec-
tion was seen in a diet-induced model of obesity (11, 12),
suggesting that the choice of experimental model or the
severity of the phenotype may effect the outcome. In addi-
tion, in this genetic model of obesity, there is no difference
in FFA levels between the ob/ob and ob/ob-p55~/ p75~/~
animals described in this study, whereas lower levels of FFA
have been observed in obese mice lacking TNF-« in a diet-
induced model of obesity. This result is similar to that seen
in hypothalamic obesity, where the lack of TNF-a did not
result in a significant difference in the plasma FFA levels,
although lower plasma triglyceride levels have been ob-
served in lean TNF-a-deficient mice. Therefore, in severe
cases of obesity, such as in the ob/ob mouse or in goldthio-
glucose treatment, it is possible that other factors may over-
come the protective effect of TNF-a deficiency. At the mo-
ment, it is not clear whether TNF-a deficiency results in
different phenotypes based on the etiology of obesity or
genetic background or whether it might differ from TNFR
deficiency. Further experiments should clarify these
questions.

Neutralization attempts using antibodies against TNF-a in
several obese rodent models including the ob/ob mice have
generated conflicting results. For example, the use of a neu-
tralizing antibody has failed to generate significant changes
in insulin sensitivity in the ob/ob mice (G.S. Hotamisligil,
unpublished observations), whereas the genetic absence of
TNF-a function significantly improved insulin sensitivity of
these animals (this study) (11), as well as animals suffering
from dietary or hypothalamic obesity (11, 12). In addition, the
use of a synthetic compound that blocks TNF-a production
has been effective in increasing insulin sensitivity in obese
diabetic yellow KK (KKAY) mice (53). Taken together, these
observations might reflect either the lack of effectiveness of
neutralizing antibodies or the duration of the treatments to
block TNF-« action, which primarily occurs in an autocrine/
paracrine fashion. This might have important implications in
human disease, because the use of neutralizing antibodies
have also failed to generate effects on the insulin sensitivity
of obese individuals with established diabetes (54). These
studies also illustrate the need for better characterization of
the individuals who are likely to benefit from anti-TNF-«
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treatments. If a long-term and highly effective blockade of
TNF-« is necessary to prevent its effects on insulin action in
vivo, alternative modalities might be necessary to definitively
address the therapeutic potential of TNF-a in human disease.
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