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Aims Tumour necrosis factor-� (TNF-�) is a proinflamma-
tory cytokine, which is implicated in some metabolic
disorders and may play a role in the development of
cardiovascular disease. We examined whether plasma
TNF-� is related to established cardiovascular risk indica-
tors, plasma levels of soluble cellular adhesion molecules
and carotid artery intima–media thickness determined by
ultrasound examination in a population-based cohort of 96
healthy 50-year-old men.

Methods and Results TNF-� and cellular adhesion mol-
ecules were measured with enzyme-linked immunosorbent
assays. Plasma TNF-� concentration was associated with
systolic and diastolic blood pressure, degrees of alimentary
lipaemia, plasma very low density lipoprotein triglyceride,
low density lipoprotein (LDL) cholesterol concentrations
and peak LDL particle size. Two indices of insulin resist-
ance as well as all soluble cellular adhesion molecules
correlated positively with TNF-�. The plasma TNF-�
concentration was associated with common carotid
0195-668X/02/050376+08 $35.00/0
intima–media thickness in univariate analysis. In contrast,
soluble E-selectin and postprandial triglycerides, but not
TNF-�, were independent determinants of common carotid
intima–media thickness.

Conclusion The plasma TNF-� concentration is associ-
ated with degrees of early atherosclerosis and correlates
with metabolic and cellular perturbations that are
considered important for the vascular process.
(Eur Heart J, 2002; 23: 376–383, doi:10.1053/euhj.2001.
2805)
� 2001 The European Society of Cardiology
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Introduction

Tumour necrosis factor-� (TNF-�) is a cytokine with a
wide range of proinflammatory activities[1,2]. It is pri-
marily produced by monocytes/macrophages[3], al-
though significant amounts are also secreted by several
other cell types. Disturbances in the TNF-� metabolism
have been implicated in metabolic disorders, such as
obesity and insulin resistance[4,5], indicating that pertur-
bations of TNF-� metabolism may affect the onset of
non-insulin-dependent diabetes mellitus and play a role
in the development of cardiovascular disorders. Indeed,
increased plasma concentrations of TNF-� have been
found in patients with premature coronary artery dis-
ease[6]. However, it remains unclear whether elevated
serum TNF-� in patients with manifest atherosclerosis
derives from atherosclerotic plaques or from non-
vascular sources. Be that as it may, the primary
proinflammatory cytokine TNF-�, in turn, elicits the
expression of the messenger cytokine interleukin-6,
which induces expression of hepatic genes encoding
acute-phase reactants, as well as the production of other
effector molecules in the inflammatory response, such as
cellular adhesion molecules for leukocytes[7]. Adhesion
of circulating leukocytes to endothelial cells with
ensuing transendothelial migration is considered an
important early step in atherogenesis[8], and increased
Revision submitted 1 May 2001, accepted 1 June 2001, and
published online 19 September 2001.

Correspondence: Tiina Skoog MSc, King Gustaf V Research
Institute, Karolinska Hospital, S-171 76 Stockholm, Sweden.
� 2001 The European Society of Cardiology



TNF-� and atherosclerosis in men 377
Methods
Subjects

A total of 96 50-year-old Caucasian men living in the
northern parts of the county of Stockholm participated
in the study. They were randomly selected from a
registry comprising all permanent residents. Inclusion
criteria, in addition to male sex and age of 50 years, were
North European or North American descent, the pres-
ence of an apolipoprotein E3/E3 genotype and acquisi-
tion of technically satisfactory carotid ultrasound
images. Exclusion criteria were chronic disease of any
kind, a history of coronary artery disease or arterial
thromboembolic disease, familial hypercholesterolae-
mia, body mass index >32 kg . m�2, alcohol abuse or
psychiatric disorders that would interfere with com-
pliance, and participation in other ongoing studies. The
recruitment procedures and the representativeness of the
cohort have been described[19]. The Ethics Committee of
the Karolinska Hospital approved the study, and all
subjects gave their informed consent to participate.
Study protocol

Blood samples were first obtained in the early morning
after an overnight fast. Participants then ingested a
mixed meal. The test meal consisted of pasta, boiled
drawn chicken breast meat, green peas and mayon-
naise[19]. The mayonnaise was prepared from soybean oil
(Karlshamns Oils & Fats AB, Karlshamn, Sweden). The
total energy content of the meal was 1000 kcal with
60 E% from fat, 13 E% from protein and 27 E% from
carbohydrate. This corresponds to a fat load of approxi-
mately 65 g. Postprandial blood samples were drawn
every hour for determination of plasma triglycerides and
after 3 and 6 h for determination of apo B-48 and apo
B-100 in Svedberg flotation rate (Sf) >400, Sf 60-400, Sf
20-60 and Sf 12-20 lipoprotein fractions. Water and tea,
but no other food and no smoking, were allowed during
the test. A carotid artery ultrasound examination was
performed in connection with the oral fat load.
Measurements of TNF-� and circulating
cellular adhesion molecules

TNF-�, sICAM-1, soluble vascular cell adhesion mol-
ecule type-1 (sVCAM-1) and soluble E-selectin were
measured in duplicate in citrate plasma samples with use
of commercially available enzyme-linked immunosorb-
ent assays (ELISAs), based on the quantitative sandwich
enzyme immunoassay technique, according to the manu-
facturer’s instructions (R&D Systems, Minneapolis,
MN, U.S.A.).
Plasma lipids and lipoproteins and free fatty
acids

Fasting plasma concentrations of cholesterol and trig-
lycerides in VLDL, LDL and HDL were determined by
a combination of preparative ultracentrifugation, pre-
cipitation of apo B-containing lipoproteins and lipid
analyses[20]. Triglyceride-rich lipoproteins were subfrac-
tionated by cumulative density gradient ultracentrifuga-
tion[21]. Consecutive runs calculated to float Sf >400, Sf
60-400 and Sf 20-60 particles were made, and the Sf
12-20 fraction was recovered after the last ultracentrifu-
gal run by slicing the tube 29 mm from the top after the
Sf 20-60 lipoproteins had been aspirated. The apo B-48
and apo B-100 concentrations in all fractions were then
determined by sodium dodecyl sulphate polyacrylamide
gel electrophoresis[22]. LDL peak particle size was deter-
mined by subjecting a sample of isolated LDL to high-
resolution non-denaturing polyacrylamide gradient (3–
7·5%) gel electrophoresis[23]. Plasma free fatty acids were
expression of cellular adhesion molecules may accord-
ingly be one mechanism by which TNF-� is implicated
in atherothrombotic disease. That the plasma concen-
tration of the soluble form of at least one cellular
adhesion molecule, intercellular adhesion molecule
type-1 (sICAM-1), is in fact elevated several years before
the occurrence of clinical manifestations of coronary
artery disease was recently demonstrated in two prospec-
tive epidemiological studies[9,10], and pathological
studies have shown increased cellular adhesion molecule
expression in several components of the atherosclerotic
plaque[11–14]. Furthermore, the plasma concentrations of
one or more soluble cellular adhesion molecules have
been found to correlate with carotid intima–media
thickness[9,15–17], a marker of early atherosclerosis, and
with severity of angiographically assessed atheroscler-
osis of the abdominal aorta and pelvic and leg arteries[18]

in cross-sectional studies of various populations, but
study results in relation to measures of atherosclerosis
have been far from consistent.

The present study was conducted to explore the
relationships of plasma TNF-� to established clinical
and metabolic risk indicators for coronary artery disease
and to plasma levels of soluble cellular adhesion mol-
ecules in a population-based cohort of healthy 50-year-
old men. A second objective was to examine the
associations of TNF-� and soluble cellular adhesion
molecules with carotid intima–media thickness, along
with a wide range of other biochemical and clinical risk
markers, the hypothesis being that the proinflammatory
cytokine TNF-� may influence the atherosclerotic pro-
cess both by causing metabolic perturbations and by
increasing the expression of cellular adhesion molecules.
The clinical characteristics and the relationships of
plasma concentrations of fasting and postprandial lipo-
proteins to common carotid intima–media thickness
observed in this cohort have been reported[19].
Eur Heart J, Vol. 23, issue 5, March 2002
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measured by an enzymatic colorimetric method (Wako
Chemicals GmbH, Germany).
Determination of glucose, insulin and
proinsulin

Blood glucose was measured by a glucose oxidase
method (Kodak Ektachem, Rochester, New York,
U.S.A.). Insulin and intact proinsulin were measured by
ELISAs based on two monoclonal antibodies (DAKO
Insulin and DAKO Intact Proinsulin, DAKO Diagnos-
tics Ltd., Cambridgeshire, U.K.). The monoclonal anti-
bodies used in the insulin assay have very low cross-
reactivity with proinsulin. Insulin sensitivity was
calculated from the fasting glucose and insulin
concentrations using Homeostasis Model Assessment
(HOMA)[24].
Carotid artery ultrasound examinations

Measurement of carotid artery intima–media thickness
was done according to the European Lacidipine Study
on Atherosclerosis ultrasound protocol[25]. The ultra-
sound device used was a 2000 II s.a., Biosound, Inc.,
Indianapolis, IN, U.S.A., with an 8 MHz high-
resolution annular array scanner. The scannings were
recorded on S-VHS videotapes and sent to the Center
for Medical Ultrasound, Division of Vascular Ultra-
sound Research, Wake Forest University, Winston-
Salem, NC, U.S.A., for reading. In the present report,
only the common carotid artery wall intima–media
thickness (mean of right and left artery registrations) is
used as a measure of early atherosclerosis, and intima–
media thickness henceforth refers to this segment of the
carotid artery. The intra-sonographer coefficients of
variation were 3·8% and 5·1%, respectively, for the two
sonographers. The inter-sonographer coefficient of
variation was 4·7%.
Statistical analyses

The individual values of skewed variables were log-
normalized before parametric statistical tests. To esti-
mate the overall response of plasma triglycerides during
the entire 6-h postprandial period, the total area under
the curve or the incremental area under the curve with
respect to the fasting plasma triglyceride level were
calculated. The associations between TNF-� on the one
hand and cellular adhesion molecules and clinical and
metabolic variables on the other were assessed by calcu-
lation of Spearman rank correlation coefficients. Rela-
tionships of TNF-�, cellular adhesion molecules, clinical
characteristics and metabolic variables to intima–media
thickness were assessed by calculation of univariate
Pearson correlation coefficients. A first multivariate
model was subsequently generated by multiple stepwise
linear regression analysis to identify variables indepen-
dently correlating with intima–media thickness. Vari-
ables showing a significant univariate association with
Eur Heart J, Vol. 23, issue 5, March 2002
the intima–media thickness variable were included in the
multivariate analysis. A second multivariate model was
then generated by including TNF-� in the regression
equation as a forced variable. In addition, the multivari-
ate models were generated separately in smokers and
non-smokers. A forward approach was used for the
multivariate analysis, with significance levels set to less
than 0·25 to enter and greater than 0·10 to leave the
model. All statistical tests were two-sided and P-values
of less than 0·05 were considered significant.
Table 1 General characteristics of the study group

Number of subjects 96
Smokers (%)

Current 33
Previous 29

Blood pressure (mmHg)
Systolic 122 (115–130)
Diastolic 80 (75–85)

BMI (kg . m�2) 25·2 (23·7–27·0)
WHR 0·94 (0·90–0·97)
Positive family history of CHD (%)* 12
Common carotid artery IMT (mm)

Far wall 0·85 (0·75–0·95)
Near wall 0·86 (0·79–0·95)

Cholesterol (mmol . l�1)
Plasma 5·38 (4·63–5·86)
LDL 3·68 (3·09–4·16)
HDL 1·18 (0·93–1·36)

Triglycerides (mmol . l�1)
Plasma 1·08 (0·80–1·68)

Insulin (pmol . l�1) 32 (25–49)
Proinsulin (pmol . l�1) 2·8 (2·2–3·8)

Values are percentage subjects in group or median (interquartile
range). *A positive family history of CHD was considered to be
present when coronary heart disease had been diagnosed in at least
one first-degree relative under the age of 60. BMI=body mass
index; WHR=waist to hip circumference ratio; IMT=intima–
media thickness; LDL=low density lipoprotein; HDL=high den-
sity lipoprotein.
Table 2 Plasma concentrations of TNF-� and soluble
adhesion molecules

TNF-� (ng . ml�1) 1·90 (1·60–2·20)
sVCAM-1 (ng . ml�1) 322 (293–372)
sICAM-1 (ng . ml�1) 170 (148–212)
sE-selectin (ng . ml�1) 46 (34–57)

Values are median (interquartile range). TNF-a=tumour necrosis
factor-a; sCAM=soluble adhesion molecule; sVCAM-1=soluble
vascular cell adhesion molecule-1; sICAM-1=soluble intercellular
adhesion molecule-1; sE-selectin=soluble E-selectin.
Results

Basic clinical and metabolic characteristics of the 96
participants are summarized in Table 1 whereas distri-
butions of TNF-� and soluble cellular adhesion mol-
ecules are given in Table 2. Two-thirds were current or
previous smokers. The vast majority of the participants
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were non-obese, normotensive and without a family
history of coronary heart disease. The ultrasound exami-
nation revealed that, taken as a group, the 50-year-old
men enrolled in the study had a fairly normal common
carotid artery intima–media thickness.
Table 3 Relationships of plasma TNF-� concentration to clinical risk indicators and
plasma concentrations of soluble cell adhesion molecules

Tobacco
consumption BMI WHR SBP DBP sVCAM-1 sICAM-1 sE-selectin

TNF-� 0·105 0·219* 0·144 0·327** 0·333** 0·317** 0·376*** 0·350***

Values are Spearmann rank correlation coefficients. BMI=body mass index; WHR=waist-to-hip
circumference ratio; SBP=systolic blood pressure; DBP=diastolic blood pressure; sVCAM-
1=soluble vascular cell adhesion molecule type-1; sICAM-1=soluble intercellular adhesion mol-
ecule type-1; sE-selectin=soluble E-selectin. *P<0·05; **P<0·01; ***P<0·001.
Table 4 Relationships of plasma TNF-� concentration to metabolic risk indicators

VLDL
TG

LDL
Chol

HDL
Chol

Peak LDL
particle size Insulin Proinsulin HOMA IR FFA TG AUC

TNF-� 0·306** 0·217* �0·290** �0·326** 0·188 0·195 0·215* 0·274* 0·358***

Values are Spearmann rank correlation coefficients. VLDL=very low density lipoprotein; LDL=low density lipoprotein; HDL=high
density lipoprotein; TG=triglyceride; Chol=cholesterol; HOMA IR=homeostasis model assessment of insulin resistance; FFA=free fatty
acids; TG AUC=area under the postprandial triglyceride curve. *P<0·05; **P<0·01; and ***P<0·001.
Table 5 Relationships of plasma TNF-� concentration to plasma concentrations of subfractions of triglyceride-rich
lipoproteins in the fasting state and 3 h after intake of a mixed meal

Sf 60-400 apo B-100 Sf 60-400 apo B-48 Sf 20-60 apo B-100 Sf 20-60 apo B-48

0 h 3 h 0 h 3 h 0 h 3 h 0 h 3 h

TNF-� 0·271* 0·308** 0·138 0·198 0·317** 0·220* 0·109 0·132

Values are Spearmann rank correlation coefficients. Sf=Svedberg flotation rate; apo=apolipoprotein *P<0·05; and **P<0·01.
Relationships of plasma TNF-�
concentration to clinical and metabolic risk

indicators for coronary artery disease

To explore whether plasma concentrations of TNF-� are
related to levels of established risk indicators for cor-
onary artery disease, univariate Spearman rank corre-
lation coefficients were calculated between TNF-� on the
one hand and clinical risk indicators and soluble cellular
adhesion molecules (Table 3), major plasma lipopro-
teins, indices of insulin resistance and postprandial
lipaemia (Table 4), and subfractions of triglyceride-rich
lipoproteins in the fasting state and during alimentary
lipaemia (Table 5) on the other. The plasma TNF-�
concentration showed moderately strong positive corre-
lations with the systolic and diastolic blood pressures as
well as with the plasma concentrations of all the soluble
cellular adhesion molecules examined. Weaker but stat-
istically significant correlations were also found with
body mass index. In contrast, the measure of cumulative
lifetime tobacco consumption and the waist-to-hip cir-
cumference ratio were unrelated to plasma TNF-�.
Amongst the metabolic risk indicators, fasting and post-
prandial VLDLs, both the larger (reflected by the Sf
60-400 apo B-100 concentration) and the smaller particle
species (reflected by the Sf 20-60 apo B-100 concen-
tration), correlated positively with TNF-�, whereas
chylomicron remnants did not, irrespective of particle
size. A fairly strong relation was also found with the
degree of alimentary lipaemia after intake of the test
meal. In addition, associations were present with the
fasting plasma concentrations of LDL cholesterol (posi-
tive) and HDL cholesterol (inverse) and the peak LDL
particle size, the latter reflecting the LDL subfraction
distribution. Furthermore, two of the indices of insulin
resistance, the HOMA measure and the postabsorptive
free fatty acid concentration, correlated positively with
the plasma TNF-� concentration. Basal insulin and
proinsulin, on the other hand, were not significantly
correlated with TNF-�.
Eur Heart J, Vol. 23, issue 5, March 2002
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Table 6 Multiple stepwise regression analysis of determinants of common carotid
intima–media thickness

Variables considered for inclusion
in the multivariate models

Univariate
correlation
coefficient

TNF-� 0·253†
Log TG at 2 h 0·281‡
Log Sf 60-400 apo B-100 at 3 h 0·243†
LDL cholesterol 0·261†
LDL peak particle size �0·255‡
Log basal insulin 0·277†
Log basal proinsulin 0·278†
HOMA insulin resistance 0·249†
sE-selectin 0·299†

Regression
coefficient

F-to-remove Increase in
multiple R2

Multivariate model I
sE-selectin 0·002 5·16 0·09
Log TG at 2 h 0·142 6·09 0·05

Multiple R2 0·14
Multivariate model II*

TNF-� 0·035 4·85 0·06
Log basal insulin 0·126 6·01 0·07

Multiple R2 0·13

TG=triglycerides; Log=log normalized values; Sf=Svedberg flotation rate; Apo=apolipoprotein;
HOMA=homeostasis model assessment; sE-selectin=soluble E-selectin. *TNF-� was included as a
forced variable. †P<0·05; ‡P<0·01.
Determinants of common carotid
intima–media thickness

The plasma TNF-� concentration, the measured cellular
adhesion molecules and all clinical and metabolic risk
indicators for coronary artery disease (irrespective of
whether they correlated with the plasma TNF-� concen-
tration or not) were evaluated in relation to common
carotid intima–media thickness. Table 6 summarizes the
variables that correlated significantly with intima–media
thickness in univariate analysis and the results of the two
multivariate analyses. The plasma TNF-� concentration
correlated significantly with common carotid intima–
media thickness in univariate analysis. In addition,
significant relations with this intima–media thickness
measure were seen for the triglyceride concentrations
measured in the early postprandial phase, at 1 to 4 h
after intake of the test meal, with the strongest corre-
lation attained at 2 h. Of the triglyceride-rich lipopro-
teins particle measurements, only the large VLDL (Sf
60-400 apo B-100) concentration at 3 h was found to
correlate significantly with intima–media thickness. The
fasting plasma concentration of the major apo B con-
taining lipoprotein, LDL, was also associated with
intima–media thickness. Furthermore, significant corre-
lations existed for basal plasma insulin and proinsulin
along with the HOMA index of insulin resistance.
Of note, only soluble E-selectin amongst the soluble
Eur Heart J, Vol. 23, issue 5, March 2002
cellular adhesion molecules determined related to
intima–media thickness. Furthermore, none of the clini-
cal risk indicators (blood pressure, cumulative tobacco
consumption, alcohol intake, waist-to-hip circumference
ratio and body mass index) correlated significantly with
intima–media thickness.

In the first multivariate model (Table 6), soluble
E-selectin proved to be the strongest determinant of
intima–media thickness, accounting for 9% of the vari-
ation, whereas the postprandial plasma triglyceride con-
centration at 2 h after intake of the test meal contributed
another 5%. The addition of other variables, including
TNF-�, did not significantly increase the value of the
multiple R2. In the second model (Table 6), TNF-� was
added as a forced variable to the variables considered
for inclusion in the first model. Now, basal insulin
turned out to be the strongest predictor of intima–media
thickness, accounting for 7% of its variation, with
TNF-� contributing another 6%. In this model, soluble
E-selectin and postprandial triglycerides were no longer
significant predictors of intima–media thickness (non-
significant P-values whereas regression coefficients were
largely unchanged).

Separate multivariate analyses in smokers and non-
smokers, respectively, showed that postprandial triglyc-
erides and soluble E-selectin were strong determinants of
intima–media thickness amongst current smokers (in-
crease in multiple R2 of 0·40 and 0·14, respectively),
whereas these variables were not significantly related to
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intima–media thickness amongst non-smokers. Of note,
in univariate analysis the plasma TNF-� concentration
correlated strongly with common carotid intima–media
thickness in smokers (r=0·529, P<0·01) but not in
non-smokers (r=0·155, ns).
Discussion

The present study examined the hypothesis that the
proinflammatory cytokine TNF-� influences the athero-
sclerotic process by causing metabolic perturbations and
by increasing the expression of cellular adhesion mol-
ecules. On the assumption that plasma TNF-� reflects
TNF-� actions in tissues, we investigated the relations of
the plasma TNF-� concentration to established clinical
and metabolic risk indicators for cardiovascular disease
and to plasma levels of soluble cellular adhesion mol-
ecules in a representative group of healthy middle-aged
men. Common carotid intima–media thickness was used
as a surrogate measure of early atherosclerosis. The
main finding was that the plasma TNF-� concentration
related to a number of established risk indicators, such
as systolic and diastolic blood pressure, degree of ali-
mentary lipaemia, plasma VLDL triglyceride and LDL
cholesterol concentrations and peak LDL particle size.
In addition, two indices of insulin resistance, the HOMA
measure and the postabsorptive free fatty acid concen-
tration, correlated positively with the plasma TNF-�
concentration. Secondly, the plasma concentrations of
all soluble cellular adhesion molecules measured were
related to the plasma level of TNF-�. Thirdly, soluble
E-selectin and postprandial triglycerides, which were
fairly strongly influenced by TNF-�, proved to be inde-
pendent determinants of common carotid intima–media
thickness, taking all other clinical and metabolic risk
indicators into account, whereas the plasma TNF-�
concentration itself was not. However, in univariate
analysis, the plasma TNF-� level correlated significantly
with intima–media thickness. In addition, when the
effects of TNF-� were adjusted for by including TNF-�
as a forced variable in the multivariate analysis, soluble
E-selectin and postprandial triglycerides were no longer
significantly related to common carotid intima–media
thickness. Furthermore, the relationships of soluble
E-selectin and postprandial triglycerides to intima–
media thickness were largely accounted for by the smok-
ers contained in the study group. It should also be
emphasized in this context that the population studied is
healthy and contains only a few high-risk men who are
smoking, obese and hypertensive, a fact which may have
influenced the results. These restrictions notwithstand-
ing, our findings support the notion that increased
production of TNF-� is an early event in atherosclerosis
and that TNF-� may influence the expression of meta-
bolic and cellular perturbations that are important for
the vascular process.

To the best of our knowledge this is the first large-
scale clinical study using the carotid intima–media thick-
ness surrogate measure of atherosclerosis that has
included plasma TNF-� determinations along with
measurements of soluble cellular adhesion molecules
and detailed assessments of clinical and metabolic risk
indicators. The serum/plasma concentration of TNF-�
was studied earlier in postinfarction patients. In a group
of young, male postinfarction patients, the plasma con-
centration of TNF-� turned out to be significantly
higher in patients than in age-matched controls[6] and, in
a more heterogeneous group, TNF-� was persistently
elevated in postinfarction patients at increased risk of
recurrent coronary events[26]. The possibility that the
elevation of the cytokine in blood in these studies
depended on tissue injury caused by the myocardial
infarction was addressed by measuring plasma TNF-� at
least 3 months after the acute event.

As circulating levels of TNF-� are low and both
synthesis and actions of TNF-� are local, the question
arises of whether it is relevant to measure the TNF-�
concentration in blood. However, a functional C to A
polymorphism at position -863 in the promoter of the
TNF-� gene is associated with the serum concentration
of TNF-� in healthy individuals, suggesting that differ-
ences in TNF-� production are reflected in the blood[27].

The positive correlations between the plasma TNF-�
concentration and common carotid intima–media thick-
ness and between plasma TNF-� and soluble cellular
adhesion molecules in the present study provide human
in vivo evidence for the central role of TNF-� expression
in atherogenesis. Atherosclerotic lesions start to
progress at sites of arterial inflammation (see[28] for
review). Dysfunctional endothelial cells become acti-
vated and start to express chemokines for monocytes as
well as proinflammatory cytokines such as TNF-�.
TNF-� then induces the expression of E-selectin,
P-selectin, ICAM-1 and VCAM-1 (see[29] for review).
The expression of E- and P-selectin on endothelial cells
is required for leukocytes to tether and roll on the
endothelium. ICAM-1 and VCAM-1 subsequently ar-
rest the leukocytes so they can cross the endothelial layer
and enter the underlying tissue. Intimal macrophages
derived from monocytes during the next stage start
engulfing modified LDL, convert to foam cells and so
generate the fatty streak, the precursor of the atheroscle-
rotic plaque. Smaller and denser LDL particles are
particularly atherogenic[23], and it is notable in this
context that the plasma TNF-� concentration was
inversely correlated with LDL peak particle size in the
present study.

How then would TNF-� influence lipoprotein metab-
olism, insulin sensitivity and blood pressure, as indicated
by our data? Some information can be gained from
reports of experimental studies in animal models and in
human subjects. In rodents, infusion of TNF-� leads to
an increase in plasma triglyceride and cholesterol con-
centrations and stimulates hepatic lipid synthesis[30].
TNF-� infusion in mice also produce elevated plasma
insulin levels[31], and both the TNF-� mRNA and
protein levels are raised in rodent models of obesity
and diabetes[4]. Neutralization of TNF-� in one of the
Eur Heart J, Vol. 23, issue 5, March 2002
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obesity models improved insulin sensitivity, resulting in
a significant increase in the insulin-stimulated peripheral
uptake of glucose[4]. In addition, expression of TNF-� in
adipose tissue is elevated in obese human subjects, and
weight reduction decreases the TNF-� mRNA levels in
adipose tissue and increases insulin sensitivity[32]. On the
molecular level, TNF-� may cause insulin resistance by
phosphorylating serine instead of tyrosine in insulin
receptor substrate-1[33,34] which then interferes with in-
sulin receptor autophosphorylation and insulin signal
transduction. TNF-� can also cause insulin resistance by
down-regulating the expression of the insulin responsive
glucose transporter GLUT4[35]. Furthermore, TNF-�
increases the production of endothelin-1[36] and
angiotensinogen[37], which are both implicated in
hypertension.

In conclusion, the present study shows that the
plasma TNF-� concentration is associated with degree
of early atherosclerosis and correlates with metabolic
and cellular perturbations that are considered to be
important for the atherosclerotic process. It thus sup-
ports the notion that increased production of TNF-� is
an early and central event in atherogenesis.
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