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Abstract
Aims/hypothesis Cytokines may promote or inhibit disease
progression in type 1 diabetes. We investigated whether
systemic proinflammatory, anti-inflammatory and regulato-
ry cytokines associated differently with fasting and meal-

stimulated beta cell function in patients with longer term
type 1 diabetes.
Methods The beta cell function of 118 patients with type 1
diabetes of duration of 0.75–4.97 years was tested using a
standardised liquid mixed meal test (MMT). Serum samples
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obtained at −5 to 120 min were analysed by multiplex bead-
based technology for proinflammatory (IL-6, TNF-α), anti-
inflammatory (IL-1 receptor antagonist [IL-1RA]) and reg-
ulatory (IL-10, TGF-β1–3) cytokines, and by standard pro-
cedures for C-peptide. Differences in beta cell function
between patient groups were assessed using stepwise mul-
tiple regression analysis adjusting for sex, age, duration of
diabetes, BMI, HbA1c and fasting blood glucose.
Results High fasting systemic concentrations of the
proinflammatory cytokines IL-6 and TNF-α were associated
with increased fasting and stimulated C-peptide concentrations
even after adjustment for confounders (p<0.03). Interestingly,
increased concentrations of anti-inflammatory/regulatory IL-
1RA, IL-10, TGF-β1 and TGF-β2 were associated with lower
fasting and stimulated C-peptide levels (p<0.04), losing sig-
nificance on adjustment for anthropometric variables. During
the MMT, circulating concentrations of IL-6 and TNF-α in-
creased (p<0.001) while those of IL-10 and TGF-β1 decreased
(p<0.02) and IL-1RA and TGF-β2 remained unchanged.
Conclusions/interpretation The association between better
preserved beta cell function in longer term type 1 diabetes
and increased systemic proinflammatory cytokines and de-
creased anti-inflammatory and regulatory cytokines is sug-
gestive of ongoing inflammatory disease activity that might
be perpetuated by the remaining beta cells. These findings
should be considered when designing immune intervention
studies aimed at patients with longer term type 1 diabetes
and residual beta cell function.

Keywords Beta cell function .C-peptide .Cytokine .Mixed
meal . Type 1 diabetes

Abbreviations
CCL Chemokine C-C motif ligand
ECPT European C-Peptide Trial
IL-1RA IL-1 receptor antagonist
MMT Mixed meal test

Introduction

Type 1 diabetes is an immune-mediated disease
characterised by a destruction of pancreatic beta cells that
is driven by islet reactive T cells [1, 2]. Proinflammatory
cytokines such as IL-1β, IFN-γ and TNF-α promote the
destruction of pancreatic beta cells [3–5], while regulatory
cytokines (IL-10 and TGF-β1) [6, 7] and anti-inflammatory
cytokines (IL-1 receptor antagonist [IL-1RA]) [8] can coun-
teract beta cell destruction. An imbalance between pro- and
anti-inflammatory and/or regulatory cytokines could be es-
sential for the development of type 1 diabetes [9–11].

In the longitudinal Hvidøre Study of paediatric patients
with newly diagnosed type 1 diabetes, an elevation of anti-

inflammatory mediator (IL-1RA) and proinflammatory cy-
tokine (IL-6) levels [12] was associated with remission and
increased stimulated C-peptide, whereas IL-10, chemokine
C-C motif ligand (CCL)2, CCL3, CCL4 and CCL5 concen-
trations [12–14] decreased over the first year after diagnosis
of diabetes and were negatively associated with C-peptide
level. A general immune activation at the time of diagnosis
of diabetes may also result from increased expression of
IFNG, TNF, IL6, IL4, TGFB and IL10 mRNA compared
with patients with type 1 diabetes of more than 5 years’
duration [15].

These findings of increased concentrations of pro- but
also of anti-inflammatory/regulatory cytokines in patients
with new-onset diabetes might reflect an attempt to
counterregulate the ongoing beta cell destruction in patients
with residual beta cell function. Based on these data, we
hypothesised that patients with longer term type 1 diabetes
with better preserved C-peptide function would also able to
counteract the ongoing inflammatory process by an in-
creased immune-regulatory status. Thus, we analysed the
association between systemic anti-inflammatory,
proinflammatory and regulatory cytokines, and fasting and
mixed-meal-stimulated beta cell function in patients with
type 1 diabetes within the first year of diagnosis and also
in those with longer term diabetes with confirmed residual
beta cell function. Furthermore, we investigated the influ-
ence of a high-protein liquid mixed meal test (MMT) on the
systemic immune status of patients with type 1 diabetes,
since the secretion of cytokines can be affected by food
intake [16–19].

Methods

Study population According to the study protocol of the
European C-Peptide Trial (ECPT), participants with type 1
diabetes and an age range of 8–40 years at the time of
inclusion were allowed to participate the study. Type 1
diabetes was defined as insulin dependency from diagnosis
onwards according to the WHO criteria. Participants receiv-
ing treatment with drugs influencing beta cell function and
insulin sensitivity (e.g. steroids) and also significant con-
comitant disease likely to interfere with glucose metabolism
(e.g. febrile illness) were excluded from the study. A total of
118 patients with type 1 diabetes and a duration of diabetes
ranging from 0.75 to 4.97 years were included for the ECPT
study (Table 1).

Patients underwent a standardised MMT by drinking a
high-protein liquid formula (Boost HP; Mead Johnson
Nutrition, Evansville, IN, USA) [20]. At −5, 0, 30, 90 and
120 min, blood samples were drawn for metabolic and
immunological analyses. Patients were fasted and had had
no food or drink, and had not smoked, since 22:00 hours the
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previous day. Patients were advised against strenuous exer-
cise on the morning of the test.

Table 1 shows the clinical characteristics of the patients.
All the local ethics committees approved the study protocol,
which was in accordance with the Declaration of Helsinki.
All patients gave written informed consent to participate in
the study.

Statistical methods To analyse our data, we used SAS
Enterprise Guide Version 4.2 (SAS Institute, Cary, NC,
USA) and GraphPad Prism version 4 for Windows
(GraphPad Software, La Jolla, CA, USA).

A Kolmogorov–Smirnov test was carried out to test the
normal distribution of the data. Comparisons of C-peptide
concentrations between patient subgroups were made by
multivariate regression analysis with stepwise adjustment
for sex, age, duration of diabetes, BMI, HbA1c and fasting
blood glucose. A Spearman correlation test was applied to
analyse for a correlation between cytokine levels and meta-
bolic variables. Comparisons of fasting circulating concen-
trations of immune mediators between patients with a
duration of diabetes (1) <2 years; (2) 2–3 years; and (3)
>3 years were carried out by a Kruskal–Wallis test followed
by a post hoc (Dunn) test. Comparisons of circulating cyto-
kine concentrations during the MMT were carried out using
the Friedman test. The level of significance was set at p<0.05.
Fasting data for the MMTwere defined as the mean of the −5
and 0 min time points. Data on stimulated levels were defined
as values of the 90 min time points during the MMT.

Biochemical measurements Serum samples were stored at
−20°C and thawed only once for measurement. We mea-
sured the proinflammatory cytokines IL-6 and TNF-α and
the regulatory cytokines IL-10, TGF-β1, TGF-β2 and
TGF-β3 using multiplex bead-based technology in commer-
cially available kits (Fluorokine MAP; R&D Systems,
Wiesbaden, Germany) [21–23]. To measure systemic con-
centrations of the anti-inflammatory cytokine IL-1RA, we
used commercially available ELISA kits (Quantikine

ELISA kits; R&D Systems). The detection limits of the
assays were 0.04 pg/ml for IL-6, 0.24 pg/ml for TNF-α,
0.02 pg/ml for IL-10, 37.8 pg/ml for IL-1RA, 10 pg/ml for
TGF-β1, 5 pg/ml for TGF-β2 and 10 pg/ml for TGF-β3. For
serum concentrations of immune mediators lower than the
detection limit, a value half the detection limit was assigned,
as previously reported [12, 21]. The following proportions
of values fell below the detection limit: 8% of IL-6, 6.8% of
TNF-α, 0% of IL-1RA, 4.2% of IL-10, 0% of TGF-β1 and
TGF-β2, and 60% of TGF-β3 values. The results for
TGF-β3 were not considered in further analysis of the
increased number of values falling below the detection
limit. The cytokine assays showed an interassay varia-
tion of <10% and an intra-assay variation of <14%.

The measurements of blood glucose, C-peptide and
HbA1c were performed at the central laboratory of the
Steno Diabetes Center, Copenhagen, Denmark using
fluoroimmunometric assay (AutoDELFIA; Perkin Elmer
Wallac) as described elsewhere [20]. The interassay CV
was <6% [20].

Results

Association between beta cell function and systemic
cytokine concentrations To assess the relationship between
pancreatic beta cell function and systemic concentrations of
proinflammatory, anti-inflammatory and regulatory cyto-
kines, we divided patients with type 1 diabetes into two
subgroups—low and high—depending on their median
fasting immune mediator levels. Patients with lower than
median systemic concentrations of fasting proinflammatory
cytokines IL-6 and TNF-α revealed a decreased level of
fasting C-peptide (IL-6 p=0.03; TNF-α p=0.02) compared
with patients with higher fasting proinflammatory cytokines
(Fig. 1). The same association was found when analysing
for stimulated C-peptide (IL-6 p=0.02; TNF-α p=0.03).
These differences also remained significant in multiple re-
gression analysis after stepwise adjustment for sex, age,
BMI, duration of diabetes, HbA1c and fasting blood glucose
level.

For anti-inflammatory and regulatory cytokines, we
found that patients with lower fasting concentrations of
anti-inflammatory cytokine IL-1RA and regulatory cyto-
kines IL-10, TGF-β1 and TGF-β2 had higher fasting
C-peptide levels (IL-1RA p=0.04; IL-10 p=0.03; TGF-β1

p=0.04; TGF-β2 p=0.048) (Fig. 1). For IL-1RA and IL-10,
the same association was also found with stimulated
C-peptide levels (IL-1RA p=0.046; IL-10 p=0.04).
However, after using multivariate regression analysis with
stepwise adjustments for sex, age, BMI, duration of diabe-
tes, HbA1c and fasting blood glucose level, we found that
the significance of the association between fasting or

Table 1 Clinical data for the study population

Patient characteristics Value

n (female/male) 118 (48/70)

Age (years) 19.4 (8–40)

Duration of diabetes (years) 2.3 (0.75–4.97)

HbA1c (%) 7.4 (5.0–15.4)

HbA1c (mmol/mol) 57.4 (31.2–144.8)

BMI (kg/m2) 21.3 (15.3–30.3)

Fasting glucose (mmol/l) 8.7 (3.6–22.8)

Baseline C-peptide (pmol/l) 77 (10.0–621.0)

Data are presented as median and range
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stimulated C-peptide IL-1RA, IL-10, TGF-β1 and TGF-β2

concentrations disappeared after adjustment for anthropo-
metric and metabolic variables. The strongest effects were
seen for age and sex.

We also performed an analysis of the association between
C-peptide and cytokine concentrations in the subgroups with a
duration of diabetes of <2, 2–3 and >3 years. Although the
type of correlation—positive or negative—remained
unchanged, almost all associations became non-significant
because of the smaller group size (data not shown).

Correlation between circulating concentrations of immune
mediators and metabolic variables Circulating concentra-
tions of the fasting proinflammatory cytokines TNF-α and
IL-6 correlated positively with BMI, age and fasting and
stimulated C-peptide, and negatively with duration of dia-
betes (all p<0.05) (Table 2). HbA1c correlated positively
with fasting TNF-α (p=0.04) and negatively with fasting

IL-1RA (p=0.02) (Table 2). Systemic concentrations of
fasting anti-inflammatory cytokine IL-1RA and regulatory
cytokines IL-10 and TGF-β2 showed a negative correlation
with fasting as well as with stimulated beta cell function (all
p<0.05), while fasting TGF-β1 correlated negatively with
fasting C-peptide (p=0.04) (Table 2). The regulatory cyto-
kines IL-10, TGF-β1 and TGF-β2 correlated negatively with
age (all p<0.02) (Table 2). Serum concentrations of TGF-β2

correlated negatively with BMI and duration of diabetes (all
p<0.04) (Table 2).

In our previous study [20, 21], we found that the C-peptide
levels decreased with a longer duration of diabetes, as
expected. Based on these findings, we extended our analysis
to the association between duration of diabetes and systemic
concentrations of cytokines. We classified patients into three
subgroups depending on their duration of diabetes (Fig. 2).
We observed that patients with a duration of diabetes of less
than 2 years had increased concentrations of proinflammatory
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Fig. 1 Comparisons of
circulating C-peptide
concentrations in patients with
low and high concentrations of
immune mediators. Patients
were divided into subgroups
below or above the median
levels of fasting concentrations
of immune mediators in order to
investigate the association
between immune mediator
levels and fasting C-peptide
concentrations. Regression
analysis was used to assess p
values. Bars represent medians.
*p<0.05

Table 2 Correlations between circulating concentrations of immune mediators and metabolic variables

Variable BMI Duration of diabetes Age HbA1c Fasting C-peptide Stimulated C-peptide

IL-6 0.23 (0.02) −0.23 (0.01) 0.19 (0.05) 0.001 (0.99) 0.20 (0.002) 0.11 (0.03)

TNF-α 0.29 (0.002) −0.19 (0.04) 0.24 (0.01) 0.12 (0.04) 0.15 (0.04) 0.21 (0.001)

IL 1RA 0.08 (0.40) −0.08 (0.35) −0.04 (0.66) −0.48 (0.02) −0.16 (0.03) −0.15 (0.03)

IL-10 −0.11 (0.27) 0.11 (0.23) −0.21 (0.02) 0.10 (0.29) −0.14 (0.05) −0.17 (0.01)

TGF-β1 −0.18 (0.07) −0.13 (0.20) −0.30 (0.002) 0.06 (0.53) −0.19 (0.04) −0.07 (0.06)

TGF-β2 −0.20 (0.04) −0.24 (0.01) −0.35 (0.0002) 0.06 (0.52) −0.18 (0.02) −0.14 (0.01)

Correlation analyses were carried out by Spearman test. Data are presented as Spearman correlation coefficients r with p values in brackets
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cytokines IL-6 and TNF-α compared with those with a dura-
tion of diabetes from 2–3 years (TNF-α p=0.03) and more
than 3 years (IL-6 p=0.04), while the levels of anti-
inflammatory cytokine IL-1RA and regulatory cytokines IL-
10 and TGF-β1 were similar between all subgroups (Fig. 2).
Patient subgroups with a duration of diabetes of less than
2 years and 2–3 years (all p=0.001) had higher concentrations
of TGF-β2 than those who had been diagnosed for more than
3 years (Fig. 2). Taking the data together, residual C-peptide
concentrations showed an association with systemic immune
status dominated by increased proinflammatory cytokines in
patients with higher C-peptide levels.

In an additional analysis, we performed a Spearman
correlation test to investigate the possible association

between proinflammatory, anti-inflammatory and regulatory
cytokines. The systemic concentrations of proinflammatory
cytokines IL-6 and TNF-α did not show any correlations
with each other or with anti-inflammatory cytokine IL-1RA
and regulatory cytokines IL-10, TGF-β1 and TGF-β2.
However, we observed that the concentrations of IL-1RA
correlated positively with TGF-β1 (r=0.34, p=0.0003) and
TGF-β2 (r=0.28, p=0.0004), and TGF-β1 correlated posi-
tively with TGF-β2 (r=0.70, p<0.0001). Thereby, anti-
inflammatory/regulatory cytokines were associated with
each other but not with proinflammatory cytokines.

Systemic concentrations of cytokines during the liquid
MMT During the MMT, the levels of C-peptide were
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increased, as expected [20]. Circulating concentrations of
the proinflammatory cytokines IL-6 (p<0.0001) and TNF-α
(p=0.001) increased significantly, whereas IL-1RA and
TGF-β2 values remained stable and IL-10 (p=0.02) and
TGF-β1 (p=0.01) decreased during the MMT (Fig. 3). The
increase from fasting to 120 min for IL-6 was 91% and for
TNF-α was 27% (p<0.0001) (Fig. 3). The patient subgroup
with increased (above median) fasting cytokines showed an
increase of 75% for IL-6 and 25% for TNF-α over 120 min
(all p<0.0001). The decrease from fasting to 120 min was
18% for IL-10 (p=0.02) and 10% for TGF-β1 (p=0.04)
(Fig. 3). The patient subgroup above the fasting median
tended to show a decrease in level of 9% for IL-10 and
2% for TGF-β1.

Discussion

We found that fasting systemic concentrations of pro-
inflammatory cytokines TNF-α and IL-6 in patients with
type 1 diabetes were positively associated with fasting and
stimulated C-peptide even after adjustment for metabolic
and anthropometric variables. Fasting systemic concentra-
tions of the anti-inflammatory cytokine IL-1RA and regula-
tory cytokines IL-10, TGF-β1 and TGF-β2 showed a
negative association with pancreatic beta cell function, but
this relationship was lost after adjustment for anthropomet-
ric measures.

The opposite association with residual endogenous
C-peptide secretion for cytokines with opposing function
suggests a biological relevance. A higher secretion capacity
for C-peptide probably indicates a larger residual beta cell
mass. It is conceivable that the presence of beta cells pro-
motes beta cell-directed immune reactivity and inflamma-
tion. Indeed, histological post mortem analyses of
pancreases from patients with type 1 diabetes have demon-
strated local inflammation of the islets only if beta cells were
still present [24]. The insulitis process is thought to decrease
during the years after onset of diabetes, in parallel with the
loss of residual beta cell function. We found a decrease in
systemic concentrations of the proinflammatory cytokines
TNF-α and IL-6 with a longer duration of diabetes.

Both cytokines are known to associate with obesity and
may be released from obese adipose tissue [25]. We confirm
the positive association of BMI with IL-6 and TNF-α in our
group of patients with type 1 diabetes. However, adjustment
for BMI did not abolish the positive association between
C-peptide and systemic IL-6 and TNF-α concentration.
Therefore, we conclude that systemic IL-6 and TNF-α
probably reflect ongoing islet inflammation. It has been
shown in NOD mice and rat models of insulin-dependent
diabetes mellitus that pancreatic cytokine levels correlate
with systemic cytokine concentrations and the degree of

insulitis or islet destruction [26, 27]. Interestingly, findings
in mice show that IL-6 can enhance insulin secretion by
increasing glucagon-like peptide-1 secretion from L-cells
and alpha-cells [28].

It is interesting that we did not detect a correlation be-
tween individual serum concentrations of IL-6 and TNF-α.
There was also no correlation between the two cytokines
during the more acute disease stage 1 month after diagnosis
of type 1 diabetes [12]. The two proinflammatory cytokines
may therefore reflect different qualities of islet inflammation
and/or may be released from different sites in the body.

There was no negative correlation between the two
proinflammatory cytokines and IL-1RA, IL-10 or TGF-β1–3.
This suggests a lack of interdependence, which fits
with the observation that concentrations of the anti-
inflammatory/regulatory cytokines were not associated with
residual beta cell function. In contrast, we previously found
a possible protective effect of IL-1RA during the first year
after diagnosis of diabetes, i.e. a positive association be-
tween IL-1RA levels and stimulated C-peptide concentra-
tions [12]. Peak expression of anti-inflammatory
counterregulatory cytokines may occur prior to the onset
of overt diabetes, as seen in the siblings of patients with type
1 diabetes or in animal models [23, 27], whereas the disease-
related production of these cytokines may regress several
years after diagnosis of diabetes, as observed here. Previous
studies have reported that these anti-inflammatory and reg-
ulatory cytokines are able to protect pancreatic beta cells
from immune destruction [8, 29–31]. The lack of such
activity may promote the persistence of the beta cell de-
structive process in patients with a longer duration of
diabetes.

During the MMT, we observed an increase in
proinflammatory cytokines (IL-6 and TNF-α) and a de-
crease in regulatory mediators (IL-10 and TGF-β1). An
acute meal-induced increase in IL-6 and TNF-α is known
from previous studies with patients with the metabolic syn-
drome and type 2 diabetes and healthy overweight controls,
but has not yet been determined in patients with type 1
diabetes [16–19]. Furthermore, no postprandial data are
available for anti-inflammatory mediators, i.e. IL-1RA, IL-
10, TGF-β1 or TGF-β2. The data from the mixed meal
intake in our study show that the acute food intake of a
high-protein drink slightly increases proinflammatory cyto-
kine concentrations and decreases anti-inflammatory and
regulatory cytokines. It is not known whether meal-
induced systemic cytokines affect islet function or whether
cytokine production is elicited directly in the islet tissue.
Therefore, the effect of post-meal systemic immune activa-
tion on beta cell survival remains to be elucidated.

As we cannot conclude from our observations that the
islets are the source of cytokine production and do not know
the mechanism behind the effects of these altered cytokine
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levels upon a mixed meal intake, these observations require
further mechanistic study.

The current study has some limitations. Although pa-
tients with recognisable acute infections were not included
in the study, there may have been cases of subclinical
infectious disease. Second, in line with the ECPT study
protocol, patients had had no food or drink (with the excep-
tion of water) and had not smoked since 22:00 hours the
preceding day, and were advised against strenuous exercise
on the morning of the MMT. However, as smoking and
strenuous exercise are difficult to control in outpatient con-
ditions, this is a limitation of the study as smoking and
exercise might have influenced the outcome of the MMT.
Third, this study is cross-sectional and the investigated data
related to immune mediators in these patients may not apply
to individual clinical situations owing to the high variability
of cytokine levels between individuals. Longitudinal studies
of changes in cytokine levels over time may possibly pro-
vide information with relevance for individual patients.

In conclusion, the association between better preserved
beta cell function in longer term type 1 diabetes and in-
creased systemic proinflammatory cytokines and decreased
anti-inflammatory and regulatory cytokines is suggestive of
ongoing inflammatory disease activity that might be perpet-
uated by the remaining beta cells and could potentially be
influenced by nutrient composition. These findings should
be considered when designing immune intervention studies
aimed at patients with longer term type 1 diabetes and
residual beta cell function.
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