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Insulin exerts a vasodilatory effect through the release of nitric oxide (NO) from the endothelium. We have recently

demonstrated that insulin also inhibits the expression of intracellular adhesion molecule-1 (ICAM-1) and monocyte chemo-

attractant protein-1 (MCP-1), 2 major proinflammatory mediators, by human aortic endothelial cells (HAEC) and the proin-

flammatory mediator, nuclear factor (NF-�B), in the nucleus in parallel with an increase in endothelial nitric oxide synthase

(e-NOS) expression. The inhibition of ICAM-1 by insulin is NO dependent. Because tumor necrosis factor-� (TNF-a ) is

proinflammatory and may thus inhibit the action of insulin at the endothelial cell level, we have now investigated whether

TNF-a affects (1) insulin receptor content; (2) insulin receptor (IR) autophosphorylation induced by insulin, and (3) e-NOS

expression by the endothelial cells. TNF-� (1 to 5 ng/mL) caused e-NOS inhibition in a dose-dependent fashion as measured

by Western blotting. This inhibition was reduced with insulin addition. TNF-� also inhibited tyrosine autophosphorylation of

the IR in HAEC induced by insulin and reduced IR �-subunit protein expression in HAEC. These effects of insulin and TNF-�
were independent of cell proliferation, as cell counts did not change with insulin or TNF-�. Our data demonstrate that TNF-�
may exert its effect by inhibiting IR autophosphorylation in HAEC and also by reducing IR protein (IRP) expression. Although

the inhibition of IR autophosphorylation by TNF-� is known to occur at the adipocyte level, the data on the inhibitory effect

of TNF-� on insulin-induced e-NOS expression and IRP contents are novel.

Copyright 2002, Elsevier Science (USA). All rights reserved.

INSULIN HAS BEEN shown to have a potent vasodilatory
effect in vivo on the arterial and the venous system. This

effect is inhibited by N G-monomethyl-L-arginine (L-NMMA),
an inhibitor of nitric oxide synthase (NOS), and methylene
blue, a NOS and guanylate cyclose inhibitor.1-3 Thus, the
vasodilatory effect of insulin appears to be mediated by the
NOS-cyclic guanosine monophosphate (cGMP) pathway. In-
deed, it has been shown that insulin induces an acute release of
nitric oxide (NO) by human umbilical vein endothelial cells
(HUVEC).4,5 We have recently shown that insulin at physio-
logic and pharmacologic concentrations increases endothelial
NOS (e-NOS) expression in human aortic endothelias cells
(HAEC),6 and that insulin also exerts an anti-inflammatory
effect at the endothelial cell level by reducing the expression of
intracellular adhesion molecule -1 (ICAM-1), monocyte che-
moattractant protein-1 (MCP-1), and the pro-inflammatory
transcription factor, nuclear factor-�B (NF-�B).7,8 Insulin-in-
duced vasodilatation is impaired in patients with type 2 diabe-
tes and/or obesity, 2 clinical states characterized by insulin
resistance.9-11 It is not clear why this resistance to the vasodi-
latory effect of insulin occurs in these patients.

It has recently been shown that adipose tissue expresses the
cytokine TNF-� constitutively,12 and that this expression is
enhanced in the animal models of obesity, such as the OB/OB
mouse, the db/db mouse, and the fa/fa Zucker rat.13 The neu-
tralization of TNF-� by soluble receptor to TNF-� (TNF-R),
restores the normalization of insulin sensitivity in these insulin-
resistant models.12 Thus, metabolic insulin resistance in obesity
may be modulated by TNF-�. An increased expression of
TNF-� has also been demonstrated in adipose tissue of obese
humans; this expression decreases with weight loss.14,15 We
have recently demonstrated that serum TNF-� concentrations
are elevated in obese patients, and that the concentrations
decrease with weight loss, with a concomitant decrease in
serum insulin concentrations.16 Thus, it is possible that TNF-�
may be a mediator of insulin resistance in obesity. In addition,
Yoshizumi et al17 have demonstrated that treatment of bovine

aortic endothelial cells with TNF-� downregulates e-NOS ex-
pression at the mRNA level by shortening its half-life. These
facts raise the possibility that TNF-� may also contribute to the
impaired vasodilatory response to insulin in obesity and type 2
diabetes. Therefore, we considered the possibility that TNF-�
may also antagonize the effect of insulin at the endothelial cell
level and thus create a state of insulin resistance, as in insulin-
induced vascular responses. Furthermore, TNF-� is proinflam-
matory and is known to increase intranuclear NF-�B and to
induce adhesion molecules and chemokines.

This report describes the effect of TNF-� on the expression
of e-NOS by HAEC and the interaction of this cytokine with
insulin in terms of insulin-induced e-NOS expression, insulin
receptor (IR) autophosphorylation, and IR content.

MATERIALS AND METHODS

Cell Isolation and Harvesting

Human endothelial cells were harvested from human aortae and
arterial vessels obtained from a 10-year-old Caucasian boy and a
27-year-old Caucasian male using the method described by Gospoda-
rowicz et al.18 The dissected aortae and arteries were placed in phos-
phate-buffered saline (PBS) supplemented with antibiotics. The vessels
were incubated with 0.1% collagenase/dispase solution (Boehringer
Mannheim, Indianapolis, IN) for 20 minutes. This suspension was spun
and the cells collected and harvested in flasks coated with fetal bovine
serum (FBS). The identity of the cells was confirmed by immunohis-
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tochemical staining, which was positive for factor VIII, Ulex europae-
ous, EN4, CD31, and negative for �-actin. All experiments were
performed using cultures at a passage of 5 to 6. HAEC were allowed to
reach 90% confluence, and cells were then taken to phenol-free endo-
thelial cell growth media (Clonetics, Walkersville, MD) containing 2%
charcoal/dextran stripped FBS (Hyclone, Logan, UT) for 24 hours. On
the second day, the cells were induced with insulin (0, 100, and 1,000
�U/mL) and TNF-� (1 and 5 ng/mL). The medium was changed every
2 days for 6 days. After induction, the cells were collected and ho-
mogenized for Western blotting. For IR autophosphorylation, HAEC
were incubated with TNF-� for 24 hours then induced with insulin for
10 minutes. The Institutional Review Board of State University of New
York at Buffalo based at Millard Fillmore Hospitals approved the
study.

Cell Proliferation Assay

The CellTiter 96 Aqueous nonradioactive proliferation assay (Pro-
mega, Madison, WI) was used to determine the number of viable cells.
A total of 5,000 cells were cultured in a 100-�L volume/well in 96-well
plates. Media was changed on a daily basis. Samples were run in
triplicate. The absorbance was recorded at 490 nm using an enzyme-
linked immunosorbent assay (ELISA) plate reader.

Immunoprecipitation

IR was immunoprecipitated from HAEC by the method described by
Springer.19 Cell lysate was prepared by incubating harvested and
washed cells in 1X lysis buffer (50 mmol/L Tris pH 7.4, 150 mmol/L
NaCl, 1% Triton X-100, 1 mmol/L dithiothreitol (DTT), 1 mmol/L
phenylmethyl sulfonyl fluoride (PMSF), 50 mmol/L sodium fluoride, 1
mmol/L orthovanadate, 25 mmol/L beta glycerol phosphate, 100
mmol/L sodium pyrophosphate, 1.5 mg/mL benzimidine, 20 �g/mL
aprotinin, 20 �g/mL leupeptin, and 10 �g/mL pepstatin A) for 1 hour
on ice. Lysate was centrifuged at 10,000 � g for 30 minutes in a
microcentrifuge. Clarified supernatant was collected, and total protein
concentration was determined using BCA protein assay (Pierce, Rock-
land, IL). A total of 2 to 3 mg of HAEC clarified cell lysate was
precleared by the addition of 100 �L protein A sepharose slurry (50%)
with mixing for 2 hours at room temperature. Lysate was centrifuged
for 1 minute at 200 � g, and the supernatant was collected. Precleared
supernatant was then incubated with 8 �g of polyclonal antibody
against IR �-subunit (Transduction Labs, Lexington, KY) for 8 hours
at 4°C with agitation. The immune complex was precipitated by the
addition of 100 �L protein A sepharose slurry with gentle mixing for
6 hours at 4°C followed by centrifugation for 1 minute at 200 � g. The
pellet was washed twice with 1 mL of wash buffer 1 (10 mmol/L
Tris-HCl, pH 8.0, 150 mmol/L NaCl, 0.1% Triton X-100, 0.025%
sodium azide). The pellet was then washed by wash buffer 2 (10
mmol/L Tris-HCl, pH 8.0, 150 mmol/L NaCl, 0.025% sodium azide)

followed by wash buffer 3 (50 mmol/L Tris-HCl, pH 6.8). A total of 40
�L of 2X gel loading buffer (100 mmol/L Tris-Cl, pH 6.8, 20 mmol/L
DTT, 4% sodium dodecyl sulfate [SDS], 0.2% bromophenol blue, and
20% glycerol) was added to the pellet, and the sample was boiled for
10 minutes followed by a 5-minute centrifugation at 10,000 � g, and
the supernatant was collected and loaded into 6% polyacrylamide gels
(SDS-polyacrylamide gel electrophoresis [PAGE]).

Western Blotting

Total cell lysate was prepared by washing the adherent cells with
PBS followed by 1 mL boiling lysis buffer (1% SDS, 1 mmol/L sodium
ortho-vanadate, 10 mmol/L Tris pH 7.4). Twenty micrograms of total
cell lysate was electrophoresed on 6% gels (SDS- PAGE). The proteins
were transferred to polyvinylidene difluoride (PVDF) membrane. The
membrane was blocked and incubated with a monoclonal antibody
against e-NOS (Transduction Labs). A monoclonal antibody against IR
�-subunit (Transduction Labs) was used to detect IR quantity and an
antiphosphotyrosine antibody (clone 4G10; Upstate Biotechnology,
Lake Placid, NY) was used for tyrosine phosphorylation detection.
Finally, the membrane was washed and developed using super signal
chemiluminescence reagent (Pierce).

Statistical Analysis

The t test was used to for statistical analysis using SigmaStat soft-
ware (Jandel Scientific, San Rafael, CA). The results are expressed as
mean � SE.

RESULTS

HAEC incubated with different concentrations of TNF-� (1
to 5 ng/mL) showed a dose-dependent inhibition of e-NOS, and
only at high x-ray film exposure, e-NOS bands were detected
on the 6th day (Fig 1). HAEC homogenates showed a dose-
dependent increase in e-NOS following incubation with 0, 100,
and 1,000 �U/mL of insulin for 6 days (Fig 2A). Insulin-
induced e-NOS increase diminished significantly after the ad-
dition of 1 ng/mL TNF-� (Fig 2B). These effects of insulin and
TNF-� were independent of cell proliferation, because cell
counts increased in cultures with and without insulin and
TNF-� at various concentrations to a similar extent. IR tyrosine
autophosphorylation induced with insulin was inhibited by
TNF-� (P � .001; Fig 3). In addition, IR protein (IRP) content
also decreased significantly after TNF-� addition (Fig 4, P �
.05). There was no dose-related difference in the extent of
TNF-�–induced suppression of IR content. Normalization of
IR tyrosine phosphorylation (IRTP) to IRP content showed that

Fig 1. Western blot showing the inhibition of

e-NOS by TNF-� over a period of 6 days. Note that

TNF-� inhibits e-NOS significantly after 2 days, and

this inhibition increases after 4 and 6 days.
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the reduction in IRTP was inhibited independently of the
change in the IR content; the ratio of IR phosphorylation to IRP
content diminished more markedly at 1,000 �U/mL insulin
concentration than at 100 �U/mL without there being a signif-
icant difference in IRP content at the 2 concentrations (Fig 5).

DISCUSSION

TNF-� has been demonstrated to downregulate the expres-
sion of e-NOS mRNA in endothelial cells by a mechanism
involving destabilization of e-NOS mRNA.17 Our data demon-
strate clearly for the first time that TNF-� inhibits insulin-
induced increase in e-NOS expression and causes a decrease in
IRP content and IR phosphorylation in HAEC. These effects
are observed within 2 days of incubation. Longer periods of
incubation with TNF-� cause a progressive marked inhibition
of e-NOS, both with and without insulin coincubation. It is

possible that TNF-� may contribute to the inability of insulin to
cause vasodilatation in patients with obesity and type 2 diabetes
with obesity through this mechanism, as both tissue expres-
sion12-15 and plasma16 content of TNF-� are elevated in the
obese.

It has recently been shown that TNF-� induces a decrease in
insulin-induced tyrosine phosphorylation of the IR and insulin
receptor substrate-1 (IRS-1) in the adipocyte. This step is
essential for the continuation/amplification of the insulin signal
at the postreceptor level. Our data with endothelial cells are
consistent with the observations on adipocytes. Our experi-
ments show that TNF-� causes a reduction in insulin-induced
tyrosine phosphorylation of the IR and also causes a 40%
decrease of IRP concentrations within 24 hours of exposure.
The concomitant decrease in e-NOS expression, IR content,
and IR phosphorylation in HAEC following incubation with

Fig 2. (A) A representative Western blot showing

the effect of insulin and insulin and TNF-� on e-NOS

over a period of 6 days. This blot is representative of

4 different experiments. (B) Densitometric analysis

of e-NOS expression following incubation with in-

sulin or insulin and TNF-�.
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TNF-� suggest that the reduction in e-NOS may be mediated
by the reduction in IR and IRTP. However, further investiga-
tion would be required to establish a definite causal/mechanis-
tic relationship.

Whereas a diminution in insulin-induced IR phosphorylation
by TNF-� has been demonstrated in adipocytes, there is no
previous demonstration of TNF-�–induced reduction in IRP
content in the adipocyte. Thus, TNF-� may alter postreceptor
events by a reduction in IR autophosphorylation. Hotamisligil
et al20 have also demonstrated that TNF-� causes serine phos-
phorylation of IRS-1, and that this serine phosphorylated de-
rivative of IRS-1 actually mediates the inhibition of insulin-
induced tyrosine phosphorylation of the IR in adipocytes.
Experiments to establish a possible similar role for serine
phosphorylation of IRS-1 in the inhibition of IRTP in the
endothelial cell would be of considerable interest. In view of
the inhibitory effect of TNF-� on insulin-induced e-NOS ex-
pression, it would be of interest to investigate whether TNF-�
also inhibits the acute effect of insulin on NO release by
endothelial cells.

We have recently demonstrated that insulin reduces the
expression of ICAM-1 in HAEC, and that this inhibition is

Fig 3. IRTP after a 24-hour incubation with or without 1 ng/mL

TNF-�. HAEC were induced with insulin for 10 minutes. All values

were normalized to 100%, and the following values were expressed

as percent of basal level. The results are presented as mean � SE.

Fig 4. IRP content after a 24-hour incubation with or without 1

ng/mL TNF-�. HAEC were induced with insulin for 10 minutes. All

values were normalized to 100%, and the following values were

expressed as percent of basal level. The results are presented as

mean � SE. Note that insulin did not alter IRP, while TNF-� sup-

pressed IRP consistently at all concentrations of insulin.

Fig 5. IRTP/IRP content ratio. Following incubation with insulin

IRTP/IRP ratio increases, as expected. IRTP/IRP consistently decreases

following incubation with TNF-�. Thus, TNF-� causes both a decrease in

IRP and IRTP independently. The results are presented as mean � SE.
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mediated by NO, because the specific inhibition of e-NOS
results in the neutralization of this effect.7 Because TNF-� is
known to increase the expression of ICAM-1,21 it is possible
that it induces this increase through the inhibition of insulin
action and e-NOS in endothelial cells. The expression of
ICAM-1 by the endothelium is important in the pathogenesis of
inflammation and atherosclerosis. Its concentrations in plasma
have been shown to be predictive of clinical events in coronary
heart disease and cerebrovascular disease.22 Our recent work
also shows that insulin inhibits the intranuclear content of
NF-�B and the expression of MCP-1 in endothelial cells.8

Insulin has now been shown to exert an NF-�B suppres-
sive effect in vivo and thus may be anti-inflammatory.23 Fur-
thermore, troglitazone, an insulin sensitizer and a peroxi-

some proliferator-activated receptor� (PPAR�) agonist, also
has potent anti-inflammatory effects, including the suppression of
TNF-�24; troglitazone also restores vascular reactivity to normal
following a short period of treatment.25 It is known that TNF-�, a
proinflammatory cytokine, stimulates intranuclear NF-�B and the
expression of proinflammatory chemokines.

In conclusion, TNF-� inhibits insulin-induced enhancement
of e-NOS expression, IRP content and tyrosine phosphorylation
of IR in HAEC. Thus, increased expression and serum concen-
trations of TNF-� in the obese may contribute to the impair-
ment of the vasodilatory effect of insulin in obesity and other
insulin-resistant states, such as type 2 diabetes. These effects
may be relevant to the pathogenesis of macrovascular disease
in these states.
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