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Abstract
Aims/hypothesis In adults, circulating inflammatory media-
tors and activated CD14++ monocytes link obesity to its met-
abolic and cardiovascular complications. However, it is largely
unknown whether these inflammatory changes already occur
in childhood obesity. To survey inflammatory changes during
the early stages of obesity, we performed a comprehensive
analysis of circulating inflammatory mediators, monocyte pop-
ulations and their function in childhood obesity.
Methods In lean and obese children aged 6 to 16 years (n0
96), 35 circulating inflammatory mediators including adipo-
kines were measured. Hierarchical cluster analysis of the
inflammatory mediator profiles was performed to investi-
gate associations between inflammatory mediator clusters
and clinical variables. Whole-blood monocyte phenotyping

and functional testing with the toll-like receptor 4 ligand,
lipopolysaccharide, were also executed.
Results First, next to leptin, the circulating mediators chem-
erin, tissue inhibitor of metalloproteinase 1, EGF and TNF
receptor 2 were identified as novel inflammatory mediators
that are increased in childhood obesity. Second, cluster
analysis of the circulating mediators distinguished two obe-
sity clusters, two leanness clusters and one mixed cluster.
All clusters showed distinct inflammatory mediator profiles,
together with differences in insulin sensitivity and other
clinical variables. Third, childhood obesity was associated
with increased CD14++ monocyte numbers and an activated
phenotype of the CD14++ monocyte subsets.
Conclusions/interpretation Inflammatory mediator clusters
were associated with insulin resistance in obese and lean
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children. The activation of CD14++ monocyte subsets,
which is associated with increased development of athero-
sclerosis in obese adults, was also readily detected in obese
children. Our results indicate that inflammatory mechanisms
linking obesity to its metabolic and cardiovascular compli-
cations are already activated in childhood obesity.
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Abbreviations
ALT Alanine-aminotransferase
BMI-SD BMI SD for age and sex
BsP Bootstrapping probability
CCL Chemokine (C-C motif) ligand
CCR Chemokine (C-C motif) receptor
CX3CR1 Chemokine (C-X3-C motif) receptor 1
CXCL Chemokine (C-X-C motif) ligand
CXCR2/5 Chemokine (C-X-C motif) receptor 2/5
EN-RAGE Extracellular newly identified RAGE bind-

ing protein
FABP-4 Fatty acid binding protein 4
GM-CSF Granulocyte-macrophage colony-

stimulating factor
HGF Hepatic growth factor
hsCRP High-sensitivity C-reactive protein
IP-10 IFN-gamma-induced protein 10
LPS Lipopolysaccharide
M-CSF Macrophage colony-stimulating factor
MCP-1 Monocyte chemotactic protein-1
MIA Multiplex immunoassay
MIF Macrophage migration inhibitory factor
MIP-1α Macrophage inflammatory protein 1α
PAI-1 Plasminogen activator inhibitor 1
RBP-4 Retinol binding protein 4
SAA-1 Serum amyloid A
sCD14 Soluble CD14
sICAM Soluble intercellular adhesion molecule
sVCAM Soluble vascular cell adhesion molecule
TIMP-1 Tissue inhibitor of metalloproteinase 1
TLR-4 Toll-like receptor 4
TNF-R2 TNF receptor 2
VEGF Vascular endothelial growth factor

Introduction

Obesity induces local inflammation in adipose tissue [1, 2].
As adipokines, i.e. inflammatory mediators produced by
adipose tissue, are secreted into the circulation, this local
obesity-induced inflammation in adipose tissue is conveyed
to other sites in the body, ranging from cardiovascular tissue
to circulating immune cells [3]. The resulting low-grade

systemic inflammation is a pivotal link between obesity,
type 2 diabetes and cardiovascular disease [4, 5]. In obese
adults, low-grade inflammation is characterised by higher
levels of inflammatory adipokines such as leptin, which is
an important risk marker for the development of type 2
diabetes [6]. Furthermore, monocytes in obese adults are
in a pro-inflammatory state [7, 8]. Monocytes can be
divided into three populations, based on their levels of
CD14 and CD16: classical (CD14++CD16−), intermediate
(CD14++CD16+) and non-classical (CD14+CD16++) [9–11].
Interestingly, greater numbers and activation of the CD14++

populations were associated with hyperglycaemia and in-
creased atherosclerosis in obese adults [12–14]. Taken
together, circulating inflammatory mediators, such as adi-
pokines, and activated CD14++ monocytes seem to act as
inflammatory agents linking obesity to its metabolic and
cardiovascular complications.

Whereas most of the knowledge on obesity-induced in-
flammation comes from studies in adults, childhood obesity
provides an excellent opportunity to study inflammatory
changes during the early stages of obesity, without confound-
ing lifestyle habits such as smoking and co-existing inflam-
matory conditions like arthritis [15]. Earlier studies on small
sets of circulating mediators showed greater levels of inflam-
matory mediators, including high-sensitivity C-reactive pro-
tein (hsCRP), leptin, IL-6 and IL-8, together with decreased
levels of the insulin-sensitising adipokine, adiponectin, and
higher leucocyte numbers in obese children than in lean con-
trols [15–18]. These studies indicated that low-grade systemic
inflammation is already present during childhood obesity.
Considering the link between low-grade inflammation and
both diabetes and cardiovascular disease, inflammatory
changes at a young age may provide potential avenues for
early detection and prevention of these complications [19, 20].

Here, we used two novel approaches to perform an in-
depth analysis of inflammatory mediator profiles in childhood
obesity and to study the involvement of monocyte subpopu-
lations in low-grade systemic inflammation. First, we com-
pared plasma inflammatory mediator profiles of obese
children with those of lean controls. For this, 35 inflammatory
mediators, including adipokines, were measured using a re-
cently developed multiplex immunoassay (MIA) [21]. We
also conducted cluster analysis of the inflammatory mediators
to see whether clinically different obese and lean control
groups can be distinguished on the basis of their mediator
profiles. Second, circulating monocytes in obese children and
lean controls were phenotyped in detail, using a recently
published flow cytometry procedure [22], and submitted to
functional testing with the toll-like receptor 4 (TLR-4)
ligand, lipopolysaccharide (LPS). Taken together, this
is the first comprehensive study of systemic inflamma-
tion in childhood obesity to address circulating inflam-
matory mediator profiles and monocyte activation status.
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Methods

Participants This cross-sectional study included 96 children
aged 6 to 16 years, all patients of the Paediatric Outpatient
Department of the Meander Medical Center (Amersfoort,
the Netherlands). The BMI and BMI SD for age and sex
(BMI-SD) were calculated for all children, based on results
of the Fifth Dutch Growth Study (2008–2010) [23]. Child-
hood obesity was defined as BMI-SD >2.5, which roughly
corresponds to the international definition of obesity as
BMI >30 kg/m2 projected to 18 years of age [23, 24]. The
population of 96 children consisted of 30 healthy lean children
(BMI-SD −2.0 to 2.0), 60 age- and sex-matched obese chil-
dren (BMI-SD >2.5) (Table 1), and six other children who
either had a BMI-SD between 2 and 2.5, or could not be age-
and sex-matched (electronic supplementary material [ESM]
Table 1). Most of the analyses were performed with data from
all 96 children. To compare lean and obese children, only the
age and sex-matched groups (30 lean children vs 60 obese
children) were used.

Exclusion criteria for all participants were: acute or
chronic inflammatory and/or infectious conditions (e.g.
asthma, Morbus Pfeiffer), endocrine disorders (e.g. hypothy-
roidism), growth disorders (e.g. growth hormone deficiency)

and intoxication (smoking, drug use). Written informed con-
sent was obtained from all children and/or their parents. The
study was approved by the Institutional Medical Ethical Re-
view Board (METC 09/217 K).

Clinical variables For bioelectrical impedance measure-
ments (total body fat %), a foot–hand bio-impedance analy-
ser was used in accordance with the manufacturer’s
instructions (Model BIA 101; Akern, Florence, Italy)
[25]. Blood pressure was measured in participants while
seated and after a 5 min rest, using an automated
oscillometric method (Dinamap; GE Healthcare, Amer-
sham, UK) with an appropriately sized cuff. The lowest
reading of three measurements was used. Blood pressure
was normalised for age, height and sex, and expressed
as a percentile. Waist circumference was measured to
the nearest 1 mm in light expiration at the midpoint between
the lowest rib and the iliac crest, in accordance with previous
studies [26].

Blood samples Routine laboratory testing included: fasting
glucose, fasting insulin, HbA1c, hsCRP, lipids and liver
enzymes. For the other analyses, blood samples were taken
in sodium-heparin tubes between 08:00 and 10:00 hours

Table 1 Clinical characteristics

Lean controls Obese children

Variable Boys Girls Boys Girls

n 14 16 27 33

Age (years) 11.3±2.8 11.5±3.5 12.1±2.6 12.4±2.7

BMI-SDa 0.0±1.1 0.6±0.9 3.7±0.6*** 3.3±0.4†††

Waist circumference (cm) 62±8 64±9 90±12*** 86±11†††

Total body fat (%) 25.3±7.1 30.0±4.5 39.2±5.1*** 40.7±3.0†††

QUICKI 0.44 (0.41–0.44) 0.37 (0.34–0.45) 0.33 (0.30–0.34)*** 0.32 (0.31–0.33)†††

Systolic blood pressure (%)b 48.5±29.3 61.3±31.4 79.7±19.7*** 77.6±24.6

Diastolic blood pressure (%)b 38.8±21.4 46.4±27.0 48.4±28.7 52.6±27.7

Total cholesterol (mmol/l) 3.9±0.9 4.3±0.7 4.2±0.9 4.2±0.7

HDL-cholesterol (mmol/l) 1.4±0.3 1.7±0.9 1.2±0.3* 1.2±0.2†

LDL-cholesterol (mmol/l) 2.2±0.7 2.4±0.6 2.5±0.8 2.5±0.7

Triacylglycerol (mmol/l) 0.6 (0.4–0.7) 0.8 (0.5–1.1) 1.0 (0.6–1.4)* 0.9 (0.7–1.3)

AST (U/l) 28 (25–37) 25 (20–31) 28 (23–32) 23 (19–28)

ALT (U/l) 19 (17–22) 14 (12–17) 24 (19–38)* 18 (14–30)

hsCRP (mg/l) 0.15 (0.15–0.48) 0.33 (0.16–0.73) 1.70 (0.78–3.20)*** 2.05 (0.88–3.8)†††

Normally distributed data are shown as mean ± SD, non-parametric data as median (interquartile range); for clinical characteristics of the six
children who either had a BMI-SD between 2 and 2.5, or could not be age- and sex-matched, see ESM Table 1
aSD scores, normalised for age and sex
bPercentiles, normalised for age, height and sex

*p<0.05 (male lean vs male obese), †p<0.05 (female lean vs female obese), ***p<0.001 (male lean vs male obese) and †††p<0.001 (female lean vs
female obese)

AST, aspartate aminotransferase
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following an overnight fast. For inflammatory mediator
profiling (n096), heparinised blood samples were centri-
fuged at 150g for 10 min, after which plasma was ali-
quotted and stored at −80°C until analysis. For monocyte
phenotyping (n083, 30 lean, 49 age- and sex-matched
obese children, four extra children) and functional studies
(n066, 25 lean, 41 age- and sex-matched obese children),
whole-blood staining for flow cytometry and whole-blood
stimulation with the TLR-4 ligand, LPS, were performed
immediately.

Inflammatory mediator profiling Plasma sample preparation
was performed exactly as described previously [21, 27].
Inflammatory mediator levels were measured with an MIA
as described recently [21]. The MIA shows a high sensitiv-
ity compared with regular ELISAs, although we cannot rule
out the possibility that ELISAs may incidentally show a
better sensitivity [21]. Plasma samples were measured un-
diluted for most of the mediators. For the measurement of
mediators naturally occurring in very high concentrations,
100 or 1,000 times dilutions were used. Adipsin, cathepsin
S, chemerin, leptin, plasminogen activator inhibitor-1 (PAI-
1), retinol binding protein 4 (RBP-4), resistin, serum amy-
loid A (SAA-1), tissue inhibitor of metalloproteinase-1
(TIMP-1), thrombopoietin, soluble intercellular adhesion
molecule (sICAM) and soluble vascular cell adhesion mol-
ecule (sVCAM) were measured in a 100 times dilution, and
adiponectin and soluble CD14 (sCD14) in a 1,000 times
dilution.

Monocyte phenotyping The monocyte phenotyping protocol
was adapted from Heimbeck et al [22] and performed in the
dark at 4°C. In short, 100 μl whole blood was incubated for
20 min with titrated antibody mixes of: CD14 pacific blue
(Biolegend, San Diego, CA, USA), HLA-DR PE-Cy7
(Biolegend), CD16 APC (Caltag, Buckingham, UK) and
CD3 Percp-Cy5.5 (Biolegend), together with either CD62L
FITC (Biolegend) and CD11b PE (BD Biosciences, Heidel-
berg, Germany), or chemokine (C-Cmotif) receptor 5 (CCR5)
FITC (BD Biosciences) and CCR2 PE (RnD, Minneapolis,
MN, USA), or Chemokine (C-X3-C motif) receptor 1
(CX3CR1) FITC and CXCR2 PE (both from Biolegend);
alternatively, isotype control antibodies were added. After
the staining, samples were analysed with a flow cytometer
(FACS Canto II; BD Biosciences). Monocytes were gated on
the basis of their forward or sideward scatter properties and
CD14/CD16 staining, after exclusion of CD3-positive and
HLA-DR-negative cells. Monocyte surface marker levels
were measured and quantified as the median fluorescence
intensity for all surface markers.

Monocyte functional studies For monocyte functional stud-
ies, we tested the TLR-4 response of obese children and lean

control monocytes, using a protocol adapted from Scholtes
et al [28]. In short, 0.5 ml whole blood was stimulated for
4 h with 100 ng/ml of the Escherichia coli-derived TLR-4
ligand, LPS (Sigma-Aldrich, St Louis, MO, USA). Subse-
quently, blood samples were centrifuged at 150g for 10 min,
after which plasma was aliquotted and stored at −80°C until
analysis. IL-6 and TNF-α levels in the plasma were mea-
sured with the MIA described above.

Statistical analyses Differences between obese children and
controls were studied in the matched obese and control
groups, and calculated with an independent-sample Stu-
dent’s t test for normally distributed data or with a Mann–
Whitney U test for non-parametric comparisons. Correla-
tions between two variables were assessed as a Pearson
correlation coefficient for normally distributed data and as
a Spearman correlation coefficient for non-parametric
comparisons.

For regression analysis of the inflammatory mediators
with BMI-SD, the age- and sex-dependence of the inflam-
matory mediators was determined by comparing the levels
of inflammatory mediators between boys and girls, and
performing correlation analysis of the inflammatory media-
tors with age. Next, simple correlation analysis with BMI-
SD (Pearson, Spearman) was performed for inflammatory
variables not depending on age or sex. For inflammatory
variables depending on age and/or sex, partial correlations
with BMI-SD were calculated, while controlling for age and
sex.

For inflammatory mediator profiling (Table 2) and mono-
cyte phenotyping (ESM Table 2), the p values were cor-
rected for multiple testing using Benjamini and Hochberg’s
false discovery rate correction for multiple testing [29].

Non-supervised hierarchical cluster analysis was per-
formed for the whole study population and for all inflamma-
tory mediators, using a method adapted from van den Ham et
al [30]. As quality control testing revealed that participants
and mediators with >10% missing values clustered together
and interfered with the analysis, these participants (n08, seven
obese children, one other child) and mediators (IFN-γ, IL-6,
TNF-α, RBP-4, SAA-1, granulocyte-macrophage colony-
stimulating factor [GM-CSF], macrophage inflammatory pro-
tein 1α [MIP-1a], extracellular newly identified RAGE bind-
ing protein [EN-RAGE], chemokine [C-X-C motif] ligand
8 [CXCL8]) were excluded from the cluster analysis. Where
values were missing in <10% of participants, measurement
values below the detection limit were set to the lowest detec-
tion limit. The data were log-transformed and normalised per
mediator to have a mean of 0 (i.e. yi ¼ xi� 1

n

Pn
i¼0 xi) and a

range of −1 to 1 (i.e. zi ¼ yi
max1�i�n yij j ). Subsequently, the

normalised data were hierarchically clustered using Ward’s
(minimum variance) linkage and 1-ρ as distance measure,
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Table 2 Circulating inflammatory mediators

Obesity status Regression (BMI-SD)

Variable Units Lean Obese Age/sex correction Correlation coefficient

Cytokines

IFN-γd pg/ml 0.95 (0.95–1.96) 0.95 (0.95–0.95) None −0.112

IL-6d pg/ml 0.13 (0.13–62.1) 0.13 (0.13–52.2) None −0.032

IL-10 pg/ml 11.9 (9.6–19.7) 11.4 (9.3–15.8) Age 0.012

IL-18 pg/ml 313 (235–375) 373 (313–476)* None 0.217

TNF-αc pg/ml 2.3 (1.1–4.2) 1.3 (0.01–2.6) None −0.305*

Adipokines

Adiponectinb μg/ml 33.5±10.8 29.5±10.0 Age −0.134

Adipsina ng/ml 615 (595–643) 605 (575–624) None −0.179

Cathepsin S ng/ml 56.4±11.7 60.0±11.2 None 0.240*

Chemerin μg/ml 2.8±0.4 3.0±0.5* None 0.273*

FABP-4a ng/ml 23.6 (20.5–27.9) 24.0 (21.5–27.0) None −0.060

HGF pg/ml 282 (223–339) 365 (260–523)* None 0.154

Leptin ng/ml 123 (111–159) 298 (210–452)*** Sex 0.627***

Omentin pg/ml 3.8 (3.3–4.4) 4.0 (3.5–4.5) None 0.032

PAI-1a μg/ml 168±45.3 151±41.0 None −0.181

RBP-4c μg/ml 153 (139–180) 156 (143–168) Age −0.048

Resistina ng/ml 919 (901–963) 925 (890–985) None 0.037

SAA-1d μg/ml 68.4 (35.4–100) 40.0 (24.7–100) None −0.212

TIMP-1 ng/ml 23.0 (7.6–26.2) 25.6 (21.7–30.3)* None 0.238*

Thrombopoietin μg/ml 12.3 (12.0–12.9) 12.3 (11.7–12.8) None −0.178

Monocytes

GM-CSFd pg/ml 0.12 (0.12–2.7) 0.12 (0.12–0.12) None −0.143

M-CSFa pg/ml 56.0 (44.5–72.2) 50.1 (35.9–69.2) None −0.212

MIFb pg/ml 877 (311–1,262) 1,083 (591–1,696) None 0.119

MCP-1/CCL2a pg/ml 408±144 380±185 None −0.150

MIP-1a/CCL3c pg/ml 49.4 (20.0–76.3) 40.5 (12.9–84.2) None −0.025

MIP-1b pg/ml 77.9 (63.3–95.8) 95.5 (67.2–144) None 0.128

sCD14b μg/ml 7.4 (6.0–9.6) 7.7 (6.5–9.9) None 0.209

Chemotaxis/other

EGFa pg/ml 57.2±38.6 90.5±61.1* None 0.228*

EN-RAGEc pg/ml 35.5 (2.28–64.8) 6.6 (0.12–48.5) None −0.160

CXCL8/IL-8c pg/ml 44.5 (23.5–69.7) 64.9 (34.4–211)* Age 0.122

IP-10 pg/ml 291 (199–388) 395 (291–471)* None 0.206

TNF-R1a ng/ml 2.6±0.7 2.7±0.8 None 0.042

TNF-R2 ng/ml 2.6±0.6 3.0±0.6* None 0.273*

sICAM μg/ml 3.0 (2.8–3.2) 3.1 (2.9–3.3) None 0.010

sVCAM μg/ml 5.1±0.5 5.2±0.5 Age 0.072

VEGFb pg/ml 113 (57.6–159) 156 (87.0–238) None 0.104

Circulating inflammatory mediator levels for age and sex-matched lean (n030) and obese (n060) children. For clarity, mediators are classified according
to origin and function: classical cytokines, adipokines, mediators affecting monocyte function and mediators involved in chemotaxis/other

Normally distributed data are shown as mean±SD, non-parametric data as median (interquartile range). For regression analysis with BMI-SD,
inflammatory mediators of the six children who either had a BMI-SD between 2 and 2.5, or could not be age- and sex-matched were also included
(total of 96 children)

Mediators for which values were missing, mostly due to undetectable levels, are indicated as follows: a1–3% missing values, b3–10% missing
values, c>10% missing values, d>30% missing values

*p<0.05, ***p<0.001

CCL, chemokine (C-C motif) ligand; FABP-4, fatty acid binding protein 4; MCP-1, Monocyte chemotactic protein-1
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where ρ stands for pairwise complete Pearson correla-
tion. To assess the robustness of mediator and patient
clusters, bootstrapping (n010,000) was applied and the
consensus clusters used for further analyses. Heatmaps
were created by combining the mediator and study
population clustering. To compare the distribution of
clinical variables for obesity (BMI-SD, waist circumference,
body fat percentage) and insulin sensitivity (QUICKI) be-
tween two different clusters, a Mann–Whitney U test was
used.

Statistical analyses were performed with SPSS 15.0 for
Windows (SPSS, Chicago, IL, USA) and R, a free software
environment for statistical computing and graphics [31].
Bootstrapping was performed using the Pvclust package
[32].

Results

Circulating inflammatory mediators Obese children and
lean controls had characteristic differences in clinical varia-
bles (Table 1). First, together with age- and sex-corrected
BMI-SD, waist circumference and total body fat percentage
were increased in the obese children. Second, obese
boys and girls had lower insulin sensitivity than lean
controls (p<0.001), as determined by QUICKI, a well-
established surrogate measure for insulin sensitivity in
adults and children [33, 34]. Third, obese boys had higher
systolic blood pressure corrected for age and height (p<0.001),
higher triacylglycerol levels (p00.018) and higher alanine-
aminotransferase (ALT) levels (p00.020). Finally, obese boys
and girls had lower HDL-cholesterol levels (p00.030
and p00.004, respectively), and higher hsCRP levels
(p<0.001) than lean controls (Table 1).

Profiling of circulating inflammatory mediators, in-
cluding adipokines, also showed characteristic differences
between obese children and lean controls. As expected
[35], leptin levels were more than twofold higher in
obese children than in lean controls (Table 2). Further-
more, after correction for multiple testing, several novel
childhood obesity-associated inflammatory mediators
were identified. Plasma levels of IL-18, chemerin, hepatic
growth factor (HGF), TIMP-1, EGF, CXCL8 (IL-8), IFN-
gamma-induced protein 10 (IP-10) and TNF receptor 2
(TNF-R2) were higher in obese children than in lean
controls. For five of these mediators (leptin, chemerin,
TIMP-1, EGF and TNF-R2, fold inductions 2.4, 1.1, 1.1,
1.6 and 1.2, respectively), the association with childhood
obesity seemed particularly relevant, as linear regression
analysis also showed a positive correlation with BMI-SD
(Table 2, ESM Fig. 1).

In conclusion, next to leptin, the inflammatory mediators
chemerin, TIMP-1, EGF and TNF-R2 were identified as

circulating mediators that are increased in childhood obesity
and correlate with BMI-SD. Differences in these mediators
could not be attributed to differences in age or sex between
obese children and lean controls, as the groups were age-
and sex-matched and none of the five increased inflamma-
tory mediators was correlated with age. Only leptin was
correlated with sex, i.e. had higher levels in girls than in
boys, as reported before [35], but this sex effect did not
influence the positive correlation between leptin and BMI-
SD (Table 2).

Cluster analysis distinguishes clinically different obese and
lean control groups To identify clusters of inflammatory
mediators and investigate whether obese children and con-
trols can be distinguished via such clusters, non-hierarchical
cluster analysis of the inflammatory mediator profiles was
performed.

First, we identified three robust clusters of inflammatory
mediators that met the requirements of bootstrapping prob-
ability (BsP)>50% (ESM Fig. 2a). Correlation analysis on
the three robust clusters was performed to verify the results
(ESM Fig. 2b). As expected, all three robust clusters showed
a high correlation between the inflammatory mediators:
adipsin and thrombopoietin (BsP 100, R200.91); cathepsin
S and chemerin (BsP 57, R200.53); and the third cluster
consisting of IL-18, TNF-R2 and IP-10 (BsP 80; correlation
between IL-18 and TNF-R2, R200.46 and correlation be-
tween IL-18 and IP-10, R200.36; ESM Fig. 2b). Taken
together, cluster analysis showed three robust clusters of
inflammatory mediators. Two of these clusters seemed par-
ticularly interesting (adipsin and thrombopoietin, cathepsin
S and chemerin), as they were part of a larger cluster of
inflammatory mediators, including leptin, which roughly
distinguished lean and obese children, as shown in a heatmap
(Fig. 1a).

Second, cluster analysis of the inflammatory mediator
profiles distinguished lean and obese children, and showed
five distinct participant clusters (Fig. 1a). Obese children
were predominantly concentrated in clusters I and II, while
clusters III and IV mainly comprised lean controls, and
cluster V was mixed (Fig. 1a, g). As chemerin, leptin,
TIMP-1, EGF and TNF-R2 concentrations were increased
in childhood obesity and correlated with BMI-SD (Table 2),
the levels of these mediators for all five clusters were
studied in detail (Fig. 1b-f, ESM Fig. 3b). Furthermore,
the relationships between inflammatory mediators and clin-
ical variables were investigated (Fig. 1g-k). Comparison of
the obesity clusters I and II showed that several inflamma-
tory mediators, e.g. leptin, TIMP-1, EGF, chemerin, macro-
phage migration inhibitory factor (MIF) and vascular
endothelial growth factor (VEGF), occurred at high levels
in cluster I, but not in cluster II (Fig. 1d, e, ESM Fig. 3b).
The high inflammatory mediator levels in obesity cluster I
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coincided with a trend towards lower insulin sensitivity
(QUICKI) than that in cluster II (p00.07) (Fig. 1h). Simi-
larly, the inflammatory mediator profiles of leanness clusters
III and IV distinguished clinically different lean control
groups. Thus the lean controls in cluster III had higher levels
of inflammatory mediators such as TIMP-1 and TNF-R2
(Fig. 1d and f), but mainly were conspicuous for their high
levels of the insulin-sensitising adipokine, adiponectin,
compared with leanness cluster IV (Fig. 1b). The high levels
of adiponectin in cluster III coincided with a trend towards
lower waist circumference (p00.09) and significantly higher
insulin sensitivity (QUICKI, p00.01) (Fig. 1h and i).

In summary, high levels of inflammatory mediators (lep-
tin, TIMP-1, EGF, VEGF and MIF) coincided with a trend
towards lower insulin sensitivity in obesity cluster I vs II,
while high levels of insulin-sensitising adiponectin coincid-
ed with higher insulin sensitivity in leanness cluster III vs
IV. In other words, obesity cluster II and leanness cluster III

seem to represent healthy groups, compared with their
counterparts.

Monocyte phenotyping and functional analysis To study the
involvement of monocyte subsets in the low-grade inflam-
mation occurring in childhood obesity, monocyte subtype
numbers were determined and extensive monocyte pheno-
typing (i.e. surface marker expression) was performed on
whole blood samples. First, monocytes were gated as clas-
sical (CD14++CD16−), intermediate (CD14++CD16+) and
non-classical (CD14+CD16++) monocyte subsets, in accor-
dance with previous studies (Fig. 2a) [9, 10, 13]. Quantifi-
cation of monocyte subset numbers revealed that the
numbers of CD14++ classical and intermediate monocytes,
but not those of non-classical monocytes correlated posi-
tively with BMI-SD (Fig. 2b). Second, the surface expres-
sion of the following adhesion factors and chemokine
receptors that are involved in atherosclerosis was studied:

I   Obese

II  Obese

III Lean

IV Lean

V  Mixed

B
M

I-
S

D

-2

4

2
0

Max

Mean

Min

R
es

is
tin

A
di

ps
in

T
ro

m
bo

po
ie

tin
Le

pt
in

C
at

he
ps

in
 S

C
he

m
er

in
sI

C
A

M
P

A
I-

1
V

E
G

F
M

IF
H

G
F

T
N

F
-R

1
F

A
B

P
-4

M
-C

S
F

IL
-1

8
T

N
F

-R
2

IP
-1

0
M

IP
-1

b
E

G
F

T
IM

P
-1

A
di

po
ne

ct
in

sV
C

A
M

sC
D

14
M

C
P

-1
O

m
en

tin
IL

-1
0

a

B
M

I-
S

D

Cluster Cluster Cluster Cluster Cluster

Cluster Cluster Cluster Cluster Cluster

Q
U

IC
K

I

W
ai

st
 c

irc
um

fe
re

nc
e

(c
m

)

T
ot

al
 b

od
y 

fa
t

(%
) 

S
ys

to
lic

 B
P

(%
) 

Le
pt

in
 (

ng
/m

l)

T
IM

P
-1

 (
ng

/m
l)

E
G

F
 (

pg
/m

l)

T
N

F
-R

2 
(n

g/
m

l)

b c d e f

g h i j k

A
di

po
ne

ct
in

(µ
g/

m
l)

40

10
I II III IV V

*

I II III IV V

700

400

100

*

I II III IV V

40

20

* *

I II III IV V

400

200

0

*

I II III IV V

4

2

* *

4
2

0

-2
I II III IV V

0.4

0.3

I II III IV V

*
110

90

70

50
I II III IV V

50
40
30
20

I II III IV V

100

50

0
I II III IV V

Fig. 1 Cluster analysis of the
inflammatory mediators. (a)
Hierarchical cluster analysis of
the inflammatory mediator
profiles was performed in 88 of
the 96 children, resulting in two
obesity clusters, two leanness
clusters and one mixed cluster.
The heatmap shows log-
transformed inflammatory me-
diator levels for all individual
children. White blocks represent
missing values. (b) Distribution
of adiponectin, (c) leptin, (d)
TIMP-1, (e) EGF and (f) TNF-
R2 over the five clusters, and
(g–k) over clinical characteris-
tics as labelled. Medians are
represented by a black bar. Blue
and red dots represent age- and
sex-matched lean (n030) and
obese (n053) children, respec-
tively. Black dots represent
children who either had a BMI-
SD between 2 and 2.5, or could
not be age- and sex-matched
(n05). *p<0.05
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CD62L, CD11b, CCR2, CCR5, CX3CR1 and chemokine
(C-X-C motif) receptor 2 (CXCR2) (Fig. 2c–e) [36, 37].
Subsequently, correlations were calculated between, on the
one hand, monocyte subset numbers, and adhesion factor
and chemokine expression, and, on the other hand, the
clinical variables BMI-SD, waist circumference, total body
fat percentage, QUICKI and systolic blood pressure. Corre-
lation coefficients for all significant correlations (p<0.05,
without multiple testing correction) are shown in a heatmap
(Fig. 2f). After correction for multiple testing, classical
monocyte numbers and CD11b abundance on the classical
and intermediate monocyte subsets remained as the mono-
cyte markers most significantly correlated with BMI-SD
(ESM Table 2).

To verify the increased numbers and activated pheno-
type of classical monocytes in obese children functionally,
whole-blood samples were stimulated with the TLR-4
ligand, LPS. Although other TLR-4-proficient cells can
also secrete IL-6 and TNF-α, monocytes account for most
of the cytokine production in response to whole-blood
stimulation with LPS [28], with classical monocytes se-
creting high levels of IL-6, while non-classical monocytes
produce more TNF-α [10]. The IL-6 and TNF-α levels
after LPS stimulation therefore give an indication of the
balance between classical and non-classical monocytes.
Interestingly, intermediate monocytes do not have striking
levels of IL-6 or TNF-α production upon LPS stimulation
[10], but their involvement was not tested with this assay.
In line with the high numbers and activated phenotype of
classical monocytes observed in obese children, we ob-
served higher IL-6 levels upon LPS stimulation in them
than in lean controls, but no differences in TNF-α levels
(Fig. 2g and h).

Taken together, especially classical (CD14++CD16−)
monocytes seem to be involved in the low-grade system-
ic inflammation seen in childhood obesity, as this subset
showed increased numbers, increased CD11b levels and
high IL-6 production in response to LPS in obese chil-
dren compared with lean controls. While intermediate
(CD14++CD16+) monocytes also exhibited greater expres-
sion of the activation marker CD11b, the non-classical
(CD14+CD16++) monocytes showed no alterations in
number or phenotype in obese children.

Discussion

Across diverse adult patient groups, circulating inflam-
matory mediators and activated CD14++ monocytes have
been identified as inflammatory agents linking obesity
to its metabolic and cardiovascular complications [3, 12,
13]. To the best of our knowledge, this is the first
comprehensive study of inflammatory mediator profiles

and monocyte populations in childhood obesity, thereby
providing novel insights into the inflammatory changes
that occur during the early stages of obesity.

First, next to leptin, the mediators chemerin, TIMP-1,
EGF and TNF-R2 were identified as novel inflammatory
mediators that are increased in childhood obesity. All of
these mediators act at the crossroads of metabolism and
inflammation, and have been associated with decreased
insulin sensitivity in mouse models, obese adults and obese
children [38–41]. Interestingly, high chemerin levels were
recently associated with endothelial activation in obese chil-
dren [42]. The relatively subtle differences observed by us
in the levels of these circulating proteins between lean and
obese individuals are in agreement with other studies [39,
42]. Local concentrations (i.e. in the target tissue) may
display larger differences, but this remains to be established.
Our second insight was that, in cluster analysis of the
inflammatory mediators, clinically different obese and lean
control groups emerged. Comparing the two obesity clus-
ters, high levels of inflammatory mediators such as leptin,
TIMP-1 and EGF coincided with a trend towards lower
insulin sensitivity. In the two leanness clusters, high levels
of the insulin-sensitising adipokine, adiponectin, coincided
with higher insulin sensitivity. Our third insight was that
childhood obesity is associated with increased classical
monocyte numbers and an activated phenotype of the clas-
sical and intermediate monocyte subsets, including in-
creased IL-6 production upon TLR-4 stimulation. Taken
together, our findings reveal an association between inflam-
matory mediator clusters and insulin resistance, both in
obese and lean control groups. Furthermore, activation of
CD14++ monocyte subsets, which is associated with in-
creased atherosclerosis in obese adults [12, 13], was already
readily detected in obese children.

Our comprehensive approach enabled the identification
of several novel inflammatory mediators in childhood obe-
sity. Moreover, cluster analysis showed the relevance of
inflammatory mediators for important clinical variables
such as insulin sensitivity (QUICKI). Nevertheless, this
study has two weaknesses. First, obese children and lean
controls were age- and sex-matched, but age- and sex-
mediated effects on inflammatory mediators could not al-
ways be excluded. The small differences in age and sex
distribution between the obese and lean control clusters,
though statistically non-significant, may have influenced
the mediator clustering (ESM Fig. 3a). Second, the relative-
ly small obese and lean control groups, and the wide age-
range of our participants could have masked differences
between lean and obese children. Thus while we report
a significant correlation between chemerin and BMI-SD,
an even stronger correlation was recently observed in a
larger cohort with older children [42]. At the same time,
subtle differences in inflammatory mediators may also
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have been missed due to the relatively small groups
with a wide age-range. For example, we were unable
to confirm the increased IL-10 levels previously ob-
served in obese adolescent girls [18]. Moreover, based
on previous studies [43], we would also have expected
lower adiponectin levels in obese children than in con-
trols, but merely observed a trend (p00.09). Interesting-
ly, however, cluster analysis revealed that, compared
with the other clusters, leanness cluster III was striking
for its high adiponectin levels, coinciding with high
insulin sensitivity.

Increased numbers of circulating monocytes have been
reported in obese children and adults [8, 44]. While CD14++

monocytes have been implicated in the development of
atherosclerosis in obese adults [12–14], this is, to our
knowledge, the first study showing that CD14++ monocyte
numbers are already increased in childhood obesity. We also
showed that CD14++ monocytes in obese children are strik-
ing for their high levels of CD11b, compared with lean
controls. CD11b is an α-integrin that plays a key role in
cell-adhesive interactions and the migration of cells to in-
flammatory sites [45]. Recently, however, CD11b was also
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identified as a negative regulator of TLR-4-mediated inflam-
matory responses. In fact, CD11b abundance is upregulated
upon TLR-4 stimulation [28] and inhibits inflammatory path-
ways downstream of TLR-4 [46]. Taken together, the high
CD11b expression on CD14++ monocytes in obese children
may propagate monocyte migration to inflammatory sites,
such as vascular lesions or adipose tissue. Alternatively, the
increased monocyte CD11b expression in childhood obesity
may reflect TLR-4 stimulation and serve to inhibit TLR-4-
mediated inflammatory pathways. In obesity, increased trans-
location of bacterial LPS from the gut and spillover of satu-
rated fatty acids can induce TLR-4 signalling [47–49] and
may contribute to the observed upregulation of CD11b on
CD14++ monocytes. Yet it is important to note that IL-6
secretion in response to TLR-4 stimulation is still increased
in obese children (Fig. 2d). Thus, increased monocyte CD11b
expression does not prevent a higher TLR-4-mediated inflam-
matory response in obese children. Furthermore, three intrigu-
ing questions with respect to monocyte activation in
childhood obesity remain. First, while previously investigated
in adults [12–14], the effects of CD14++ monocytes on vas-
cular function in obese children requires further study. Sec-
ond, definitions of the recently identified intermediate
monocyte subset vary and its role in vascular disease is as
yet unclear [10, 11]. Our results suggest that intermediate
monocytes are upregulated in childhood obesity and activated
like classical monocytes, but the question of whether these
cells fulfil a specific role in childhood obesity requires further
investigation. Third, as adipokines are known to modulate
leucocyte function [3], monocyte function may be affected
by inflammatory mediator profiles. Indeed, we observed
the highest number of intermediate monocytes in obesity
cluster I, coinciding with its inflammatory mediator profile
(ESM Fig. 4a). Moreover, leanness cluster III showed the
lowest number of classical monocytes, coinciding with its
high adiponectin levels (ESM Fig. 4a). Nevertheless, no
differences in monocyte phenotype (e.g. CD11b expres-
sion) were observed between the clusters (ESM Fig. 4b),
and further investigation is needed to address the interac-
tion between adipokines and circulating monocytes in
childhood obesity.

In conclusion, this study addressed two inflammatory
modes of action in childhood obesity. On the one hand,
inflammatory mediator clusters were found to correlate with
insulin resistance in obese and lean control groups. On the
other hand, activation of CD14++ monocytes, which is asso-
ciated with increased atherosclerosis development in obese
adults [12, 13], was readily detectable in childhood obesity.
Thus inflammatory mediators and activated CD14++ mono-
cytes seem to be part of the inflammatory link between obesity
and its metabolic and cardiovascular complications, and may
provide potential avenues for early detection and prevention
of these complications.
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