
Abstract

Aims/hypothesis. Our aim was to examine the possible
direct relationship of interleukin-6 and TNFα with in-
sulin sensitivity in humans.
Methods. We carried out two series of euglycaemic-
hyperinsulinaemic clamp experiments. In the first
(CLAMP1), skeletal muscle mRNA expression and
plasma concentrations of IL-6 and TNFα were exam-
ined in patients with Type 2 diabetes (n=6), subjects
matched for age (n=6), and young healthy (n=11) 
control subjects during a 120-min supra-physiological
hyperinsulinaemic (40 mU·m−2·min−1) euglycaemic
clamp. In the second series of experiments (CLAMP2),
patients with Type 2 diabetes (n=6) and subjects
matched for age (n=7) were studied during a 240-min
high-physiological hyperinsulinaemic (7 mU·m−2·min−1)
euglycaemic clamp, during which arterial and venous
(femoral and subclavian) blood samples were mea-
sured for IL-6 and TNFα flux.
Results. In both experiments the glucose infusion rate in
the patients was markedly lower than that in the other
groups. In CLAMP1, basal skeletal muscle IL-6 and
TNFα mRNA were the same in all groups. They were

not affected by insulin and they were not related to the
glucose infusion rate. In CLAMP2, neither cytokine
was released from the arm or leg during insulin stimula-
tion in either group. In both experiments plasma con-
centrations of these cytokines were similar in the pa-
tients and in the control subjects, although in CLAMP1
the young healthy control group had lower (p<0.05)
plasma IL-6 concentrations. Using data from all sub-
jects, a strong positive correlation (r=0.85; p<0.00001)
was observed between basal plasma IL-6 and BMI.
Conversely, a negative relationship (r=−0.345; p<0.05)
was found between basal plasma TNFα and BMI, al-
though this was not significant when corrected for BMI.
When corrected for BMI, no relationship was observed
between either basal plasma IL-6 or TNFα and GIR.
Conclusions/interpretation. These data show that the in-
creased circulating IL-6 concentrations seen in patients
with Type 2 diabetes are strongly related to fat mass and
not insulin responsiveness, and suggest that neither IL-6
nor TNFα are indicative of insulin resistance.
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Introduction

The cytokines interleukin (IL)-6 [1, 2, 3] and tumor
necrosis factor (TNF)α [3, 4, 5] have been implicated
in causing insulin resistance in patients with obesity
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diabetes in CLAMP1 · D2, Patients with Type 2 diabetes in
CLAMP2 · GIR, Glucose infusion rates · YOUNG, younger
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and Type 2 diabetes, although this remains equivocal.
Obesity and/or insulin resistance is associated with an
IL-6 gene polymorphism [6], higher plasma concen-
trations of IL-6 [3, 7] and IL-6 release from adipose
tissue [8]. However, there is little evidence to suggest
that IL-6 negatively affects insulin action in vivo. To
the contrary, it has been shown that recombinant hu-
man IL-6 infusion into healthy humans does not re-
sult in impaired glucose disposal [9], whereas IL-6
knockout mice become overweight and glucose intol-
erant with advanced age, effects that are partially re-
versed after replacement of IL-6 [10]. Of note, 10 to
35% of the body’s circulating IL-6 is derived from
adipose tissue [11], although neither the precise bio-
logical role [12] nor the source of the remaining se-
creted IL-6 is known. Therefore, IL-6 is possibly in-
creased in patients with impaired insulin action as a
consequence of the increased fat mass rather than be-
ing associated with insulin resistance per se. This has
never been investigated experimentally, but from a
clinical perspective it is important to determine if in-
creased circulating IL-6 is related to insulin sensitivi-
ty as measured during a hyperinsulinaemic-eugly-
caemic clamp, an accurate measure of insulin sensi-
tivity. We hypothesised that circulating IL-6 would
correlate with indices of adiposity and be independent
of insulin responsiveness. Furthermore, since adi-
pose-tissue-derived plasma IL-6 accounts for one-
third of the total circulating levels, and skeletal mus-
cle can produce significant amounts of IL-6 during
muscular work [13, 14], we aimed to determine if
resting limbs would produce significant amounts of
this cytokine.

We have shown previously [15] that IL-6 mRNA is
found in greater quantities in insulin-resistant rodent
skeletal muscle after insulin stimulation compared
with healthy muscle, whereas IL-6 is expressed and
released from skeletal muscle during contractions [13,
16]. This observation is augmented in glycogen-de-
pleted muscle [13, 16], indicating that IL-6 production
is related to metabolic demand. It is not known if IL-6
mRNA expression is higher in the muscles of patients
with Type 2 diabetes and if IL-6 mRNA in human
skeletal muscle is stimulated by insulin.

The role of TNFα in the pathogenesis of insulin re-
sistance has been the subject of numerous investiga-
tions. Specifically, plasma TNFα is increased in pa-
tients with Type 2 diabetes [17, 18, 19] whereas its 
expression is increased in the adipose [20] and skele-
tal muscle [4] tissue of such patients. In vitro, TNFα
decreases the expression of GLUT4 in 3T3-L1
adipocytes [21] and it inhibits the activation of the
major target of the insulin receptor, IRS-1 [22, 23,
24], although it does not impair glucose transport in
the short term [25]. Less, however, is known as to the
effect of TNFα on insulin resistance in humans in
vivo, but a positive correlation has been observed be-
tween TNFα mRNA expression in skeletal muscle and
insulin action in humans [4]. In contrast, administra-
tion of a TNFα-neutralising antibody for 4 weeks had
no effect on improving insulin sensitivity [26].
Whether the increased TNFα concentrations in plasma
correlate with insulin action in patients with Type 2
diabetes is not clear. Since TNFα directly interferes
with activation of insulin signalling proteins, we hy-
pothesised that its expression and circulating concen-
trations would be related to the degree of insulin resis-
tance. Therefore, we measured the expression and cir-
culating concentrations of IL-6 and TNFα in skeletal
muscle of Type 2 diabetic patients and healthy control
subjects, both at rest and after a hyperinsulinaemic-
euglycaemic clamp.

Subjects and methods

Subjects. This study was completed in two stages, the first
(CLAMP1) comprised 23 male volunteers (D1, 6 patients with
Type 2 diabetes; CON1, six healthy, sedentary, age- and BMI-
matched control subjects; and YOUNG, eleven younger con-
trol subjects), and the second, CLAMP2, comprised 13 male
volunteers (D2, six patients with Type 2 diabetes; and CON2,
seven healthy, sedentary age- and BMI-matched control sub-
jects). The experimental protocols were approved by the Hu-
man Ethics Committee of RMIT University (CLAMP1) and
the Ethics Committee of Copenhagen and Fredriksberg Com-
munities, Denmark (CLAMP2), and were carried out accord-
ing to the ‘Declaration of Helsinki’. The physical characteris-
tics of the study participants are presented in Table 1. Normal
glucose tolerance was confirmed in control subjects by an
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Table 1. Subject physical characteristics of groups

Age BMI % Fat Weight Basal plasma concentrations

Glucose (mmol·l−1) Insulin (pmol·l−1) NEFA (mmol·l−1)

D1 46.0±4.2 29.1±5.0 27.0±4.3 93.9±8.5 8.2±1.3 106.3±18.1 1.11±0.11
CON1 49.7±1.6 27.6±1.0 26.0±3.9 85.7±3.1 4.4±0.1* 61.1±4.6* 0.79±0.07*
YOUNG 25.1±1.2*# 23.6±0.5*# 13.3±2.6 77.2±2.4*# 4.2±0.1* 38.8±3.2* 0.74±0.06*
D2 58.3±2.4 32.5±1.6 - 106.0±5.8 8.7±0.8 86.6±29.4 0.99±0.11
CON2 47.6±3.6* 27.3±1.5* - 87.0±5.8* 5.1±0.2* 36.9±9.0* 0.76±0.09*

YOUNG, Young control; CON1 and CON2, old control subjects; D1 and D2, Type 2 diabetic patients. *Different from D; #differ-
ent from CON, p<0.05



OGTT (75 g glucose). The patients with Type 2 diabetes had a
mean time of 4±1 years since diagnosis (range: 6 months to 10
years), and did not exercise regularly. Other than diabetes,
none of the subjects had any significant medical problems, all
were non-smokers and none were taking medications known to
alter carbohydrate metabolism. Subjects were instructed to ab-
stain from any form of vigorous physical activity for 36 h prior
to an experiment, and to maintain their normal diet. The sub-
jects reported to the laboratory after a 12 to 14-h overnight
fast. All subjects except YOUNG were also matched for fit-
ness levels, in that maximal oxygen uptake levels were not dif-
ferent (data not shown) and all were sedentary in that no sub-
ject in the older age group participated in any regular physical
activity.

Assessment of body composition. In Series 1 whole body dual
energy X-ray absorptiometry (DEXA; Lunar DPX, Lunar Ra-
diation, Madison, Wis., USA) was used to measure total and
regional tissue composition (body fat, lean tissue mass and
bone mineral content). Prior to each scan, the DEXA was cali-
brated with known phantoms.

Euglycaemic-hyperinslinaemic clamp. To determine the rela-
tionship between the cytokines and insulin resistance we chose
to determine whole-body insulin-stimulated glucose uptake us-
ing the euglycaemic-hyperinsulinaemic clamp (CLAMP) tech-
nique [27], since it has been described as ‘the gold standard’ as
an index of insulin responsiveness [2]. However, such experi-
ments are non-physiological because the supra-physiological
doses of insulin totally suppress lipolysis. Therefore, the insu-
lin dose chosen in the second experiment was relatively low
(7 mU·m–2·min−1).

In CLAMP1 an antecubital vein was cannulated for infu-
sion of glucose and insulin, and a hand vein was cannulated
retrogradely for blood sampling. After baseline blood samples
were collected, a percutaneous biopsy from the vastus lateralis
muscle was obtained, immediately frozen in liquid nitrogen
and stored at −80 °C until subsequent extraction of mRNA. Af-
ter resting for 5 min, a primed (9 mU·kg−1) continuous infusion
of insulin (Actrapid, Novo Nordisk, Bagsværd Denmark) was
started at a rate of 40 mU·m−2·min−1, and blood glucose con-
centration was measured at 5-min intervals throughout the
clamp. A variable rate infusion of 20% glucose was used to
maintain euglycaemia (5 mmol·l−1) for the duration of the
clamp (120 min). The blood glucose concentration in the dia-
betic subjects was allowed to decrease during the insulin infu-
sion to 5 mmol·l−1, and then maintained at this concentration
for the remainder of the clamp. Samples (2 ml) for subsequent
determination of plasma cytokine concentrations were ob-
tained every 30 min, centrifuged and stored at −80 °C. Whole-
body glucose uptake was calculated from the glucose infusion
rate (mg·kg−1·min−1) required to maintain a blood glucose con-
centration of 5 mmol·l−1. Since repeated biopsies within close
proximity to one another do not alter the stress response at the
second site [28], a second muscle biopsy was obtained 5 cm
distal to the resting sample 120 min after the insulin infusion.
To prevent a decrease in plasma potassium concentration dur-
ing the clamp, 30 mmol KCl (Slow-K; Novartis, Sydney,
NSW, Australia) was administered orally.

Before CLAMP2, subjects were cannulated as per CLAMP1
for glucose and insulin infusion, and also had cannulae placed
in a femoral artery and femoral and subclavian veins for sam-
pling of arterial blood and venous blood draining lower and up-
per extremities respectively. The remaining procedures were as
described for CLAMP1, except venous and arterial samples
were obtained every 60 min, no tissue biopsies were obtained,
and insulin was infused at 7 mU·m−2·min−1. Blood sampling

lines were flushed regularly with normal saline to avoid clot-
ting. Limb release of cytokines was determined as described
previously [14].

Plasma cytokines and non-esterified fatty acids. Plasma con-
centrations of IL-6 and TNFα were determined via quantitative
sandwich ELISA using commercially available kits (R&D 
Systems, Bio-scientific, Gymea, NSW, Australia), with inter-
and intra-assay coefficient of variation, as specified by the
manufacturer, of 7.4% and 7.8% (IL-6) and 6.7% and 13.3%
(TNFα) respectively. Plasma NEFA were analysed by an enzy-
matic colorimetric method (Wako, NEFAC, Tokyo, Japan)
[29].

Cytokine mRNA expression. Muscle samples were extracted for
total RNA, followed by determination of gene expression by
real-time RT-PCR. Methods, primer/probe sequences and
quantification are described elsewhere [29].

Statistical analyses. All data are presented as means ± SEM.
Group physical characteristics were analysed using ANOVA.
To analyse changes over time between groups, a two-way re-
peated measures ANOVA was used. In Series 2 multivariate
analyses of covariance (MANCOVA) were completed to deter-
mine if differences in the subjects’ physical characteristics
would account for a lack of difference between groups for
plasma cytokine data. Newman-Kuels post-hoc tests were used
where significant differences from ANOVA were shown. Sig-
nificance was accepted as a p value of less than 0.05. All sta-
tistics were completed using Statistica software for windows
(StatSoft, version 5.1, 1997, Statistica, Tulsa, Okla., USA).

Results

Glucose infusion rates (GIR) corrected for body mass
are presented in Figure 1. In CLAMP1, the GIR in 
D1 was lower than that in CON1, and it was lower in
both groups than that in YOUNG (2.3±0.6; 7.8±0.7
and 15.4±1.3 mg·kg−1·min−1 respectively, p<0.05). In
CLAMP2, GIR was lower in D2 than in CON2
(0.86±0.05 and 1.26±0.07 mg·kg−1·min−1 respectively,
p<0.05).

Neither skeletal muscle IL-6 nor TNFα mRNA
were different in groups at rest or after CLAMP1. In-
sulin stimulation did not affect the mRNA expression
of these cytokines in any group (Fig. 2). Plasma IL-6
was lower (p<0.05) in YOUNG both before and
throughout CLAMP1 than in D1 and CON1 (Fig. 3).
Despite the differences in GIR when comparing D1
with CON1, no differences were observed in plasma
IL-6 at any point when comparing these groups.

Arterial IL-6 and TNFα levels and release of these
from the arm and leg from CLAMP2 are shown in
Figures 4 and 5. Concordant with CLAMP1, no differ-
ences were observed in the circulating concentrations
of these cytokines in D2 compared with CON2. 
Furthermore, insulin did not stimulate the release of
either cytokine in either D2 or CON2. These data sug-
gest that a substantial amount of IL-6 (~1 ng·min−1),
but not TNFα (<100 pg·min−1) are released from the
limbs. However, subjects in Series 2 differed between
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groups in age, weight and BMI (Table 1). Consequent-
ly, the statistical analyses for arterial, and leg and arm
release of IL-6 and TNFα were repeated, with these
variables included as covariates. Again, no differences
were found between groups for any of these variables
(p>0.05).

Linear regression analyses were completed to de-
termine relationships between insulin-stimulated glu-
cose infusion rates and skeletal muscle mRNA con-
centrations of IL-6 and TNFα from CLAMP1. No 
significant correlations were found between these
variables (IL-6 mRNA vs GIR, r=0.48; TNFα mRNA
vs GIR, r=0.4; p>0.15). Further regression analyses
were completed comparing circulating cytokine levels
with GIR. To include subjects from both CLAMP1
and CLAMP2, glucose disposal rate units were con-
verted to µg·kg−1·min−1 insulin infusion rate−1 to allow
for correction of the different infusion rates in the two
studies. Regression analysis showed a significant in-
verse correlation between resting plasma IL-6 levels
and GIR (r=0.54, p<0.05) when all subjects were in-
cluded. This relationship was abolished when cor-
rected for BMI (exclusion of subjects with BMI
<25 kg·m−2; r=0.04, p=0.87). A similar comparison
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Fig. 1. Glucose infusion rates during the final 30 min of 120-min
(CLAMP1) (a) and 240-min (CLAMP2) (b) hyperinsulin-
aemic–euglycaemic clamp (mg·kg–1·min−1) in young control
subjects (YOUNG; hatched bars), Type 2 diabetic patients (D1,
D2; closed bars) and old control subjects (CON1, CON2; open
bars). *p<0.05 compared to the other two groups

Fig. 2. Skeletal muscle IL-6 (a) and TNFα (b) mRNA be-
fore and after 120-min hyperinsulinaemic–euglycaemic clamp.
Hatched bar, YOUNG; open bar, CON1; closed bar, D1

Fig. 3. Plasma concentrations of IL-6 (a) and TNFα (b) dur-
ing 120-min hyperinsulinaemic-euglycaemic clamp. *=Signifi-
cantly different compared to CON1 and D1, p<0.05; squares,
YOUNG; circles, CON1; triangles, D1



showed no relationship between GIR and plasma
TNFα, whether corrected for BMI (r=<0.001, p=0.95)
or not (r=0.18, p=0.3) (Fig. 6). A significant correla-
tion (r=0.85, p<1.0×10−8) was observed between rest-
ing plasma IL-6 concentrations and BMI (Fig. 7), and
this relationship remained significant when corrected
for BMI (r=0.76, p<0.001). When comparing plasma
TNFα concentrations versus BMI (Fig. 7) an inverse
relationship was observed (r=0.35, p<0.05), although
this correlation was not observed after correction for
BMI (r=0.36, p=0.1).

Since BMI is a measure that also relates to muscle
mass, it is one potential determinant of insulin sensi-
tivity. To provide further evidence that fat mass per se
was related to plasma IL-6 we did correlations be-
tween plasma IL-6 and percent body fat in Series 1
whereby DEXA scans were carried out. Consistent
with our observation when correlating plasma IL-6

with BMI using all subjects (Fig.7), a significant cor-
relation (r=0.71; p=0.01) was observed between rest-
ing plasma IL-6 and total body fat (kg) in subjects in
Series 1. In contrast, no such relationship was ob-
served when correlating lean body mass with resting
plasma IL-6 in subjects in Series 1 (r=0.12, p=0.59).

Discussion

Our results show that increased plasma concentrations
of IL-6 observed in patients with Type 2 diabetes and
control subjects matched for age are not related to in-
sulin-stimulated glucose infusion rates, but are rather
an index of adiposity. In contrast with many studies
[3, 4, 5], these results show that despite the markedly
different rates of glucose infusion when comparing
our populations, there was no evidence that TNFα
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Fig. 4. Arterial IL-6 concentrations (a) during 240-min eug-
lycaemic-hyperinsulinaemic clamp. (b) Release of IL-6 from
the leg. (c) Release of IL-6 from the arm. Circles, CON2; tri-
angles, D2

Fig. 5. Arterial TNFα concentrations (a) during 240-min eug-
lycaemic–hyperinsulinaemic clamp. (b) Release of TNFα from
the leg. (c) Release of TNFα from the arm. Circles, CON2; tri-
angles, D2



was increased in patients diagnosed with Type 2 dia-
betes, nor was there evidence linking its expression to
insulin responsiveness. Furthermore, our results sug-
gest that substantial amounts of IL-6, but not TNFα
are released from tissue(s) within the limbs.

The data from our study are in contrast with two re-
cent reports that showed a direct correlation between
plasma IL-6 concentrations [3] and adipose tissue 
IL-6 content [2] with insulin resistance. Our study is
in agreement with another study which used a very
homogeneous group of subjects (obese, non-diabetic
Pima Indians) whereby fasting plasma IL-6 concentra-
tions were related to percentage body fat, but not insu-
lin sensitivity when corrected for body fat concentra-
tions [30]. In our study, despite a three-fold higher
GIR in CON1 than D1, no differences in plasma IL-6
content were observed when comparing the groups,
and no correlation was observed between basal IL-6
levels and GIR in subjects that were matched for BMI.
This, combined with a very strong correlation between
basal IL-6 levels and BMI—one that remains after ex-
clusion of subjects who have normal BMIs—suggests
that IL-6 does not impair insulin-stimulated glucose
disposal. On closer examination, however, there is an
explanation for these anomalous results. In the two
previous studies [2, 3], the subjects had a BMI of
about 35 kg·m−2. Our data suggest a similar correla-

tion is evident over a wide range of BMIs. However,
because the plasma IL-6 was so strongly related to
BMI, it was important to correct for BMI when corre-
lating GIR with basal plasma IL-6. There was no rela-
tionship between these two parameters when subjects
were matched for BMI. Taken together, therefore, the
studies suggest that IL-6 is only related to insulin 
action when comparing normal weight subjects with
overweight patients.

Since IL-6 secretion from adipose tissue and circu-
lating IL-6 are a function of the degree of fat mass [3]
we suggest that a threshold exists whereby the circulat-
ing IL-6 must be chronically increased at reasonably
high concentrations to have an adverse effect on insu-
lin receptor signalling. In a recent paper [31] the IL-6
dose that reduced tyrosine phosphorylation of IRS-1,
the association of the p85 subunit of phosphatidylino-
sitol (PI) 3-kinase with IRS-1 and the insulin-depen-
dent activation of protein kinase B/Akt, in HepG2 cells
and hepatocytes was 20 ng·ml−1, whereas basal plasma
IL-6 concentrations measured in Type 2 diabetic pa-
tients in our study were <5 pg·ml−1. In addition, acute-
ly increasing IL-6 to high physiological levels by 
rhIL-6 infusion did not impair basal glucose disposal
[9], whereas it actually enhanced it in patients with re-
nal carcinoma [32]. Furthermore, an IL-6 knockout
mouse that became obese and insulin-resistant signifi-
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Fig. 6. Linear regression relationship between resting plasma
IL-6 (a) and TNFα (b) concentrations and glucose infusion
rate corrected for BMI. IL-6 r=0.04, p=0.87; TNFα r=<0.001,
p=0.95. Triangles, D1/2; squares, CON1/2

Fig. 7. Linear regression relationship between resting plasma
IL-6 (a) and TNFα (b) concentrations and BMI. IL-6: r=0.85,
p<1.0×10−8; TNFα: r=0.35, p<0.05. Circles, YOUNG; trian-
gles, D1/2; squares, CON1/2



cantly improved glucose tolerance when the basal IL-6
levels were restored with recombinant mouse IL-6
treatment. Therefore, we suggest that IL-6 may only be
involved in impairing insulin action if it is increased
chronically, and to very high levels, in obese subjects.
At the very least, from a clinical perspective, our 
data suggest that one must be cautious in using basal
plasma IL-6 levels as a marker of insulin resistance.

We have shown previously that in a rat model of 
insulin resistance, IL-6 mRNA increases in skeletal
muscle in response to insulin stimulation compared
with control animals [15]. We hypothesised that this
was due to the defect in insulin-stimulated PI3-kinase
activity, which can inhibit IL-6 expression [33]. In the
present study IL-6 expression was not increased in D1
after insulin stimulation, a result consistent with a re-
cent study in young healthy humans [34]. Since the in-
sulin and cytokine signalling pathways in both rodents
and humans are similar, it is likely that the single ge-
netic defect that resulted in insulin resistance in the
rodent model played a role in signalling the expres-
sion of IL-6 after insulin stimulation. In contrast, the
polygenic nature and the environmental factors associ-
ated with Type 2 diabetes may account for the lack of
increase in skeletal muscle IL-6 mRNA in response to
insulin in our patient population. Another explanation
could be that the insulin dose we administered was a
high physiological dose, one that can be reached with
ingestion of a large bolus of carbohydrate, as shown
previously [35]. This can be evidenced by our lack of
complete suppression of plasma fatty acids, which
would be the case after a supra-physiological insulin
dose during a clamp experiment. Potentially, the insu-
lin dose was not sufficient to activate PI3-kinase to
the extent that it could inhibit IL-6 transcription. This
remains to be determined. Furthermore, we had a rela-
tively small sample size for measures of skeletal mus-
cle mRNA expression and this was a limitation to this
study, which may have resulted in a type 2 error.
However, a recent study [34] showed that insulin had
no effect on skeletal muscle IL-6 mRNA. Therefore,
we are confident of our results with respect to IL-6
mRNA, despite the relatively low number of subjects.

We hypothesised that TNFα expression and circu-
lating concentrations of this cytokine would be related
to the degree of insulin resistance. Our results showed
that neither plasma TNFα concentrations nor TNFα
mRNA in skeletal muscle were different when com-
paring groups. Our observation that basal plasma
TNFα was similar when comparing Type 2 diabetic
patients with control subjects is in agreement with
some [3, 36, 37] but not all [18, 19, 38, 39] studies.
No previous studies have examined the relationship
between plasma TNFα and insulin responsiveness
during a hyperinsulinaemic–euglycaemic clamp, but
our data demonstrate no association in our patients.
There has only been one previous study that measured
TNFα mRNA in Type 2 diabetic skeletal muscle from

humans [4]. In that study, the skeletal muscle from pa-
tients with Type 2 diabetes expressed more TNFα
mRNA than the control subjects. Furthermore, a nega-
tive correlation existed between skeletal muscle TNFα
mRNA expression and GIR. In our study no such re-
sults were observed, and given that the subject charac-
teristics were similar between the two studies, we
have no explanation for these anomalous results. This
is especially puzzling considering that, if anything, we
find that increased BMI is associated with reduced
plasma TNFα levels, and it is well accepted that
TNFα is produced by adipocytes, and it inhibits insu-
lin action in vitro. The only explanation we can sug-
gest for such a finding is that IL-6 produced in skele-
tal muscle suppresses endotoxin-induced TNFα pro-
duction [40]. Therefore, it can be hypothesised that
IL-6 produced by adipocytes suppresses TNFα pro-
duced by the same tissue. We also cannot exclude the
possibility that post-transcriptional modifications oc-
cur, such that TNFα mRNA levels differ from protein
levels in skeletal muscle. Potentially, TNFα protein
may interact or be activated by further proteins within
Type 2 diabetic skeletal muscle in a different manner
to that in healthy skeletal muscle. Therefore, in vivo
measurement of TNFα protein content in Type 2 dia-
betic skeletal muscle, the role of circulating TNFα
protein, and its interaction with insulin signalling pro-
teins is required to reconcile the role of intramuscular
TNFα expression and the pathogenesis of insulin re-
sistance. In this vein, another study [26] showed that
neutralisation of circulating TNFα does not improve
insulin sensitivity in Type 2 diabetic patients. This
study, combined with our data, suggests that, in vivo,
circulating TNFα levels have no effect on insulin ac-
tion, and that any effect that TNFα has must involve
local autocrine/paracrine effects on insulin-sensitive
tissues, and that the mRNA expression may not be
representative of its content or actions within the cell.

It is apparent from present and previous data that
the role of TNFα in the pathogenesis of insulin resis-
tance is equivocal. Although the results from our
study cannot resolve the confusion, it is worth noting
the recent data [41] by authors who demonstrated that
high doses of TNFα (1–2.5 nmol/l, or >15 ng·ml−1)
inhibited the activation of insulin signalling proteins
IRS-1 and Akt, whereas lower doses (150 pmol/l, or
~2 ng·ml−1) did not. Furthermore, short-term (<8 h)
exposure of rat soleus and epitrochlearis muscles to
TNFα neither impairs insulin signalling nor glucose
uptake [25]. Therefore, TNFα may only play a role in
the pathogenesis of insulin resistance in severe cases
of Type 2 diabetes where inflammation and, hence
TNFα levels, are chronically and abnormally high.
This suggestion is, however, speculative and further
human in vivo work is required to further clarify the
role, if any, of TNFα in insulin resistance.

Previous work has shown that IL-6 [8, 11], but not
TNFα [4], is released from subcutaneous abdominal
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adipose tissue. Abdominal adipose tissue has been im-
plicated as a cause of insulin resistance in cases where
it is in excess [42], and due to factors it may release
into the circulation [43]. We show for the first time
that IL-6 is released from the arm and leg in large
quantities, but TNFα is not. Limbs contain a number
of tissues, although unlike the abdominal/thoracic re-
gion, it is realistic to expect that resting IL-6 release is
from metabolic tissues since other tissues that produce
significant amounts of IL-6 are absent. IL-6 is re-
leased from leg muscle during metabolic stress [14].
However, because of the age of the subjects in this
data set (~50 years), the muscle mass of the leg is
likely to be much greater than that of the arm, yet IL-6
release levels are similar between the arm and leg.
Therefore, it is more tempting to speculate that the re-
lease of IL-6 is derived from adipose tissue. Of note,
in our study circulating IL-6 was not increased by 
insulin stimulation after either 2 h (Series 1) or 4 h
(Series 2) of insulin stimulation. In contrast, a recent
study showed that plasma IL-6 increased during 6 h of
insulin infusion [34]. It is possible, therefore, that pro-
longed treatment with insulin increases plasma IL-6.
However, one cannot rule out the possibility that the
increase in plasma IL-6 reported in the previous study
[34] was due to circadian rhythms or other factors in-
dependent of the insulin, because a control trial was
not carried out in either the present or previous [34]
experiments. To this end we have observed that 7 h 
of saline infusion increases plasma IL-6 content 
(Wolsk-Petersen, Carey, Steinberg, Macaulay, Febbraio, 
Pedersen, unpublished observations).

In conclusion, our data show that increased plasma
concentrations of IL-6 in patients with Type 2 diabetes
are not related to insulin-stimulated glucose disposal
but are an indicator of fat mass. Furthermore, despite
the markedly lower rates of glucose disposal in pa-
tients with Type 2 diabetes during a hyperinsuli-
naemic–euglycaemic clamp, there was no evidence
that TNFα was involved in the process of insulin re-
sponsiveness.
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