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A B S T R A C T

Background: Low-grade inflammation is a hallmark of obesity, hyperinsulinemia and type 2 dia-
betes (T2D), although its role in adolescent T2D and impaired glucose tolerance (IGT) is less
known.
Objectives: To identify novel inflammatory protein biomarkers related to childhood obesity, IGT,
hyperinsulinemia and hyperglucagonemia and increase in age-adjusted BMI over time.
Methods: Children and adolescents with obesity (n = 137; eight with T2D, 45 with IGT, 84 with
normal glucose tolerance (NGT)), and with normal weight (n = 34) were included. Study sub-
jects were 5–18 years old. In the obesity group the majority were above the 99th BMI percentile.
Protein biomarker identification in plasma was performed using proximity extension assay with
a 92-plex inflammation-related protein panel. The biomarkers were tested for their association
with childhood obesity, IGT, hyperinsulinemia, hyperglucagonemia by t-tests and with increased
BMI SDS by linear regression.
Results: Six protein biomarkers not previously studied in childhood obesity were elevated in pe-
diatric obesity, among these CUB domain containing protein 1 (CDCP1). Plasma TNF-related
Weak Inducer of Apoptosis (TWEAK) was lower in the IGT than in the NGT group. Five protein
biomarkers were elevated in hyperinsulinemia and two were elevated in hyperglucagonemia. A
high baseline HGF was associated with increased BMI SDS after a follow-up period of on aver-
age 1.8 years (B = 0.008, 95% CI 0.005–0.011).
Conclusions: Six protein biomarkers not previously described in childhood obesity were identi-
fied, among these CDCP-1. A high HGF is associated with increased BMI over time in children and
adolescents with obesity.

* Corresponding author. Dept of Women's and Children's Health, Uppsala University, Dag Hammarskjölds väg 14B, SE-75237, Uppsala, Sweden.
E-mail address: hannes.manell@kbh.uu.se (H. Manell).
1 Equal contribution.

https://doi.org/10.1016/j.obmed.2023.100481
Received 22 November 2022; Received in revised form 2 February 2023; Accepted 12 February 2023

https://www.sciencedirect.com/science/journal/24518476
https://www.elsevier.com/locate/obmed
mailto:hannes.manell@kbh.uu.se
https://doi.org/10.1016/j.obmed.2023.100481
https://doi.org/10.1016/j.obmed.2023.100481
http://crossmark.crossref.org/dialog/?doi=10.1016/j.obmed.2023.100481&domain=pdf
https://doi.org/10.1016/j.obmed.2023.100481
http://creativecommons.org/licenses/by-nc-nd/4.0/


Obesity Medicine 39 (2023) 100481

2

H. Manell et al.

Abbreviations

BMI -SDS Body Mass Index Standard Deviation Score
CASP-8 Caspase-8
CCL-19 Chemokine (C–C motif) Ligand 19
CDCP1 CUB (complement C1r/C1s, Uegf, Bmp1) domain containing protein 1
DNER Delta- and Notch-like Epidermal Growth Factor-related Receptor
HGF Hepatocyte Growth Factor
IFG Impaired Fasting Glucose
IGT Impaired Glucose Tolerance
KEGG Kyoto Encyclopedia of Genes and Genomes
LOD Limit of Detection
NGT Normal Glucose Tolerance
OGTT Oral Glucose Tolerance Test
OSM Oncostatin M
PEA Proximity extension assay
qPCR Quantitative Polymerase Chain Reaction
T2D Type 2 Diabetes
TWEAK Tumour Necrosis Factor Weak Inducer of Apoptosis
ULSCO Uppsala Longitudinal Study of Childhood Obesity

1. Introduction
A hallmark of obesity is low-grade, chronic inflammation that occurs in multiple tissues of importance to metabolic homeostasis

such as the liver, pancreas and adipose tissue (Gregor and Hotamisligil, 2011). Some of the changes in the adipose tissue with obesity
are hypertrophy of adipocytes, switch of adipose tissue macrophages to proinflammatory phenotype and increased production of
proinflammatory cytokines such as tumour necrosis factor alpha (TNF-α) (Hotamisligil et al., 1993; Lumeng et al., 2007). The result-
ing activation of downstream pathways such as NF-κB can interfere with and reduce insulin signalling (Cai et al., 2005). The elevation
of several proteins involved in inflammation can be detected also in the circulation, e.g. c-reactive protein (CRP), TNF-α, interleukin-
1β (IL-1β), interferon gamma (IFN-γ) and interleukin-6 (IL-6) (Yudkin et al., 1999; Misaki et al., 2010). Several studies have found
plasma markers of inflammation to be associated with increased risk of type 2 diabetes (T2D) (Pradhan et al., 2001; Duncan et al.,
2003).

The increase of childhood obesity over the past decades together with a high prevalence of impaired glucose tolerance (IGT) in
this population demands for better identification of risk markers for weight gain and IGT (Ng et al., 2014; Sinha et al., 2002). Previous
studies have shown that hyperinsulinemia and hyperglucagonemia are associated with IGT in children and adolescents (Manell et al.,
2016). Low-grade chronic inflammation is also found in children and adolescents with obesity, and several markers of inflammation,
such as CRP, IFN-γ, IL-6 and complement factors, are reported to be elevated in the plasma of these patients (Wärnberg et al., 2006;
Ford, 2003; Yoshida et al., 2006; Utsal et al., 2012; Albataineh et al., 2019). Furthermore, one study found that a high CRP at baseline
was associated with increased BMI-for-age in children and adolescents (Lourenço et al., 2014). Associations with diabetes and pre-
diabetes are less studied in the paediatric population.

The aim of the present study was to identify novel inflammatory protein biomarkers related to childhood obesity, IGT, hyperinsu-
linemia and hyperglucagonemia and increase in age-adjusted BMI over time. To address this, we took on a hypothesis generating ap-
proach and applied the proximity extension immunoassay (PEA) with a pre-set panel of 92 proteins related to inflammation on fasting
plasma samples of children and adolescents of the Uppsala Longitudinal Study of Childhood Obesity (ULSCO) cohort.

2. Subjects, materials and methods
2.1. Study subjects

All study subjects were part of the ULSCO cohort, the details of recruitment and procedures of the ULSCO cohort have previously
been outlined in detail (Forslund et al., 2014). Children and adolescents with obesity were recruited to the ULSCO cohort among pa-
tients referred to the paediatric obesity clinic at Uppsala University Children's Hospital. All new patients to the clinic were asked for
participation in the ULSCO study cohort. The clinic is a tertiary clinic specialized in severe childhood obesity that requires referral
from a physician. In general, patients are accepted to the clinic if they have severe obesity with non-satisfactory treatment results
from primary and/or secondary health care providers. Study subjects with normal weight were recruited to the ULSCO cohort
through advertisement at the hospital and at local schools. The ULSCO cohort at the time of study was comprised of study subjects
4–18 years old with normal weight or with obesity and with varying glucose tolerance status, defined according to WHO criteria
(World Health Organization and International Diabetes Federation, 2006).Given the hypothesis generating nature of the study we
aimed for the largest possible sample size, in order to increase power. Inclusion criteria were age <18 years and having undergone an
oral glucose tolerance test (OGTT) at the clinic. Exclusion criteria were known syndromic obesity, diabetes mellitus of any type diag-
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nosed prior to the first visit within the ULSCO cohort or treatment with pharmaceutical agents to lower blood glucose or body weight
prior to the first visit within the ULSCO cohort. According to these criteria we included in total 171 individuals, this group is hence-
forth referred to as cohort 1. Cohort 1 included controls with normal weight (n = 34) and subjects with obesity, among these 84 had
normal glucose tolerance (NGT), 19 had isolated impaired fasting glucose (IFG), 24 had isolated IGT, 21 had combined IFG and IGT,
and eight children with obesity had T2D. All lean controls had normal fasting glucose and normal glucose tolerance. Among the 137
children and adolescents with obesity in cohort 1, a subgroup of 69 individuals had a follow-up visit with anthropometric measure-
ments taken.

To validate the longitudinal study findings in the subgroup of cohort 1, an entirely separate group of children and adolescents
from the ULSCO cohort was studied, henceforth referred to as the longitudinal cohort. Inclusion criteria for the longitudinal cohort
were age <18 years, BMI SDS data and fasting plasma samples available from at least two visits to the clinic with at least 6 months
between visits and a BMI SDS ≥2. Exclusion criteria were those already included for cohort 1, listed above, and treatment with phar-
maceutical agents to lower blood glucose or body weight. By the latter criterion, 31 subjects were excluded due to Metformin treat-
ment, five were excluded due to Acarbose treatment and one was excluded due to Exenatide treatment. In total, 61 subjects with obe-
sity were included in the longitudinal cohort. Baseline visits to the clinic were between April 2012 and October 2016, and the mean
follow-up time was 1.8 years (range 0.6–3.8 years). All subjects of the longitudinal cohort were treated by the lifestyle intervention
program in place at the childhood obesity clinic including individualized advice regarding diet, physical exercise and sleep with regu-
lar visits to nurse and/or dietician.

The study was performed in accordance with relevant guidelines and regulations and approved by the Swedish Ethical Review Au-
thority (Uppsala regional ethical review committee registration number 2012/318). Written informed consent was obtained from the
study subjects’ legal guardians and also from the study subjects themselves for study subjects ≥12 years old.

2.2. Anthropometrics and biochemical analyses
Body weight was assessed by a standard digital scale (Seca, Hamburg, Germany) with subjects wearing indoor clothing and no

shoes, subtracting 0.5 kg for clothes. BMI was calculated as weight (kg)/height (m) and BMI for age, i.e. BMI standard deviation score
(BMI-SDS) was calculated according to the WHO 2006–2007 growth reference (de Onis et al., 2007). Blood samples were collected
and handled as previously described (Forslund et al., 2014). In brief, after an over-night fasting of minimum 10 h, study subjects in-
gested glucose (1.75 g/kg body weight up to maximum 75 g) dissolved in water and blood samples were collected from a patient ve-
nous catheter. Samples for protein biomarkers and HGF quantification were collected in EDTA tubes (Vacutainer, Becton Dickinson),
and immediately centrifuged and the plasma was stored in a biobank at −80 °C until analysis. Plasma glucose (Abbott Architect, Ab-
bott Diagnostics, IL), insulin (Cobas E602, Roche Diagnostics, IN) and high sensitivity C-reactive Protein (hs-CRP; Abbott Architect,
Abbott Diagnostics, IL) were quantified at the Uppsala University hospital laboratory in accordance with local standard operating
procedures. Plasma glucagon was quantified by sandwich ELISA (Mercodia AB, Uppsala, Sweden) with two end-viewing antibodies,
minimizing cross-reactivity with other proglucagon peptides. HGF was quantified by a sandwich electrochemiluminescence im-
munoassay (MSD, Rockville, MD). Values below limit of detection (LOD) in the hs-CRP assay (n = 14) was set to LOD of 0.2 mg/l and
were included in the analysis.

2.3. Multiplex protein analyses
Relative protein levels of a panel of 92 protein biomarkers associated with inflammation was measured by a commercial technol-

ogy Multiplex Proximity Extension Assay (PEA, Inflammation I panel, Olink Proteomics™, Uppsala, https://www.olink.com/
products-services/target/inflammation/). Multiplex PEA is a unique technology which enables high-throughput immunoassays of 92
proteins simultaneously using minimal volumes of biological sample as little as 1 μl. The assay was performed according to the manu-
facturer's instructions as previously described (Shen et al., 2019). Briefly, for each protein, the assay uses two antibodies, conjugated
with complementary DNA oligonucleotides. When the pair of antibodies recognizes and binds to the target protein molecule, and thus
in proximity to each other, the DNA oligonucleotides hybridize to each other, are extended by enzymatic polymerization, and are sub-
sequently amplified and quantified by microfluidic real-time qPCR. Quantification cycle value was then converted to Normalised Pro-
tein eXpression (NPX) value. NPX is on log2 scale that one unit increase denotes to a two-fold increase in concentration of the protein
of interest. Limit of detection (LOD) was determined as three times standard deviation above the average value of negative controls.
This format of multiplex PEA detects relative quantification rather than absolute concentration. The target protein specificity of the
PEA probes was tested by performing the whole assay against all of the recombinant proteins used in the panel. The panel showed
good repeatability and reproducibility with an average inter-assay CV of 17% as reported on the Olink website (Olink Target 96 In-
flammation Validation Data, https://www.olink.com/products-services/target/inflammation/). Due to technical issues with the anti-
body, brain-derived neurotrophic factor (BDNF) was removed from the analysis, and thus 91 proteins were analyzed (Table S1).
Sixty-six proteins that were above LOD in >75% of samples were used for further analysis (Table S1). Among these 66 proteins, 57
were above LOD in all samples. For the remaining 9 proteins, any samples below LOD were set equal to the LOD.

2.4. Pathway analysis
In the enrichment analysis, we examined which pathways in Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa and

Goto, 2000) were overrepresented, when comparing the differentially expressed set of proteins (n = 27) to the non-differentially ex-
pressed set of proteins (n = 39). We identified a number of pathways that were uniquely enriched among the differentially expressed
proteins, i.e. they did not have a false discovery rate of ≤0.05 in the enrichment analysis of the non-differentially expressed proteins
(Table S2). For the upstream regulator analysis, the 27 differentially expressed proteins were analyzed using Ingenuity Pathway

https://www.olink.com/products-services/target/inflammation/
https://www.olink.com/products-services/target/inflammation/
https://www.olink.com/products-services/target/inflammation/
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Analysis (QIAGEN Inc., https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis) (Krämer et al., 2014). Gener-
ally, only those upstream regulators with an activation z-score ≥2.0 or ≤ -2.0 were retained, which are, in practice, considered signifi-
cant (“Ingenuity Upstream Regulator Analysis in IPA,” Ingenuity Systems Whitepaper). The molecule types excluded in the analysis
were “chemical - kinase inhibitor,” “chemical drug,” “chemical reagent,” “chemical toxicant,” “chemical - endogenous mammalian”
and “chemical non-endogenous mammalian.”

2.5. Data management and statistical analysis
When differences between two groups were compared, Welch's T-test was used or Mann-Whitney U test in case of non-normally

distributed data. To compare levels of proteins related to inflammation between individuals with high vs. low plasma insulin and
glucagon, children with obesity were divided into quartiles of fasting insulin and glucagon, respectively. The highest quartile was
compared to the lowest quartile in the analyses of high vs. low insulin and glucagon, respectively. To control for potential confound-
ing by age, associations between the protein biomarkers and plasma insulin and glucagon was analyzed by multiple regression includ-
ing age in the regression model. Plasma levels of proteins related to inflammation from the multiplex panel were also tested for their
association with hs-CRP by multiple linear regression adjusting for BMI, age and sex. Plasma levels of proteins related to inflamma-
tion were tested for their association with increased BMI by linear regression with BMI SDS change between visits as independent
variable. In the longitudinal cohort, HGF at baseline was tested for its association with BMI SDS change between visits by linear re-
gression. To test whether the association was independent of age at baseline, sex, BMI SDS at baseline, and time to follow up, these pa-
rameters were included in multiple regression models. Adjustment for multiple testing was done by the Benjamini-Hochberg method
with FDR adjusted p value < 0.05 as significant for all analyses that included all the 66 proteins of the panel. Data in the text and ta-
bles are means ± SD unless otherwise noted. Missing data points were handled by pairwise deletion from analyses. Statistical analy-
sis was done by GraphPad Prism version 8.0.1 for Mac (GraphPad Software, San Diego, CA, USA) and RStudio version 0.98.1091
(RStudio Inc. Boston, MA, USA). Study data were collected and managed using REDCap (Research Electronic Data Capture) tools.
REDCap is a secure, web-based software platform designed to support data capture for research studies (Harris et al., 2009).

3. Results
3.1. Study population

Children with obesity and NGT and those with normal weight were similar in age, while the obesity groups with IGT and T2D were
older (Table 1). BMI SDS was similar across the groups of glucose tolerance in children and adolescents with obesity. In the group of
children with obesity, 70 out of 137 study subjects were above the 99th percentile of BMI (Table 1). The rest were above the 95th per-
centile except for one subject who was at the 92nd percentile. There were slightly more males than females in all groups except for the
T2D group, where the sex distribution was even. Fasting and 2-h OGTT glucose was higher in children with obesity and IGT and T2D
than in children with obesity and NGT. Fasting insulin and glucagon were lowest in subjects with normal weight and gradually higher
from the obesity NGT, through the obesity IGT to the obesity T2D group. CRP was higher in obesity without clear differences across
the glucose tolerance groups.

Table 1
Study population characteristics of cohort 1 and the longitudinal cohort of children and adolescents with obesity presented as median and interquartile range or
mean ± SD. NGT = normal glucose tolerance. IGT = impaired glucose tolerance. T2D = type 2 diabetes. a 0/0/0/0/0/14 samples missing per column, b 6/9/7/1/
1/17 samples missing per column, c 0/4/2/1/1/7 samples missing per column.

Cohort 1 (n = 171) Longitudinal cohort
(n = 85)

Normal weight
(n = 34)

All obesity
(n = 137)

Obesity NGT
(n = 84)

Obesity IGT
(n = 45)

Obesity T2D
(n = 8)

Age, y 12.7 (8.4–15.1) 14.0 (10.9–16.3) 12.4 (10.1–14.5) 15.6 (13.2–16.9) 16.2 (12.3–17.2) 11.9 ± 3.2
Weight, kg 43.3 ± 17.8 94.2 ± 32 89.4 ± 32.4 103.1 ± 31.6 95.1 ± 20.9 79.3 ± 30.5
BMI 16.8 (15.9–20.1) 33.5 (28.9–38.1) 32.9 (27–37.8) 35.5 (32.6–38.9) 32.7 (30.8–36) 29.8 (27.4–35.4)
BMI SDS −0.3 ± 0.9 3.2 ± 0.6 3.2 ± 0.6 3.2 ± 0.5 2.8 ± 0.7 3.3 ± 0.5
BMI percentile 43.7 (29.3–63-6) 99.1 (98.4–99.5) 99.1 (98.4–99.5) 99.2 (98.7–99.6) 98.9 (95.6–99.3) 99.1 (98.7–99.4)

Male sex, n (%) 21 (62) 78 (57) 47 (56) 27 (60) 4 (50) 44 (52)
Impaired fasting glucose, n

(%)
1 (3) 40 (29) 19 (23) 21 (47) 4 (50) 15 (18)

Fasting glucose, mmol/l 5.4 (5.2–5.6) 5.7 (5.4–6.1) 5.6 (5.3–6.0) 6.0 (5.4–6.2) 6.4 (5.2–7.4) 5.6 (5.4–5.9)
2-h glucose, mmol/la 6.1 (5.6–6.8) 7.4 (6.7–8.7) 7.0 (6.4–7.3) 8.7 (8.4–9.1) 11.6 (9.3–13.1) 7.9 (6.9–8.8)
Fasting insulin, pmol/l 36 (22–45) 110 (73–159) 107 (67–140) 123 (83–203) 239 (111–577) 123 (83–198)
Fasting glucagon, pmol/lb 7.8 (6.3–10.4)a 10.9 (8.4–14.8) 10.1 (7.3–13.7) 11.8 (9.8–15.5) 15.8 (13.0–18.6) 11.4 (8.5–16.4)
hs-CRP, mg/lc 0.20 (0.20–0.39) 3.00 (1.30–6.70) 3.05 (1.68–6.15) 3.85 (1.13–9.25) 1.20 (1.10–2.00) 3.5 (1.8–8.2)
NGT/IGT/T2D/unknown, n 34/0/0/0 84/45/8/0 84/0/0/0 0/45/0/0 0/0/8/0 33/38/0/14
Time to follow-up, y 1.8 ± 0.7
HGF, pg/ml 128 ± 32
Increased BMI to follow-up,

n (%)
31 (36)

https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis
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3.2. Inflammatory proteins in obesity
All proteins of the multiplex panel and their full names are listed in Table S1. Eight proteins correlated with hs-CRP, among these

IL-6 (Table S1). Relative protein concentrations in obesity compared to normal weight (fold change) are presented in Fig. 1. Proteins

Fig. 1. Fold change in protein plasma abundance in children and adolescents with obesity compared to subjects with normal weight (linear scale). Red bars denote pro-
teins statistically significantly different between groups. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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significantly higher in obesity are presented in Fig. 2A. Proteins statistically significantly lower in obesity are presented in Fig. 2B. To
the best of our knowledge Cub-domain Containing Protein-1 (CDCP-1), Oncostatin M (OSM), AXIN1, Chemokine (C–C motif) Ligand
19 (CCL-19), Caspase-8 (CASP-8) and Delta- and Notch-like Epidermal Growth Factor-related Receptor (DNER) are not previously
studied in the context of childhood obesity.

3.3. Pathway analysis
Given the number of significantly different proteins in the obesity group, we applied pathway and upstream regulator analysis.

The top three enriched pathways were the PI3K-Akt, Rap1 and Ras signalling pathways (Table S2). The top predicted activated up-
stream regulator was TNF-α (Table S3, Fig. S1A&D). Several cytokines were predicted as activated upstream regulators such as IL-1β,
IFN-γ, IL-15 and IL-18, the latter consistent with the observed measurements of elevated IL-18 (Table S3, Fig. S1B&E). Furthermore,
several transcription regulators such as IRF1, NFκB, STAT1 and STAT3 were predicted as activated (Table S3). Among predicted in-
hibited upstream regulators was IL-10 (Table S3, Fig. S1C).

3.4. Inflammatory proteins and IGT, hyperinsulinemia and hyperglucagonemia
Plasma concentrations of TNF-related Weak Inducer of Apoptosis (TWEAK) were lower in the obesity and IGT/T2D group than in

the obesity and NGT group (Fig. 3A). Since IGT/T2D development in children and adolescents is associated with high fasting plasma
insulin and glucagon (Manell et al., 2016), we next sought to test whether the inflammatory proteins were associated with hyperinsu-
linemia and/or hyperglucagonemia. Plasma concentrations of FGF-21, IL-18R1, HGF, and CDCP-1 were higher in children and adoles-
cents with obesity and high insulin than in those with low insulin (Fig. 3B). Plasma concentrations of TWEAK, cluster of differentia-
tion 5 (CD5) and tumor necrosis factor receptor superfamily member 9 (TNFRSF9) were lower in children and adolescents with obe-
sity and high insulin than in those with low insulin (Fig. 3B). Plasma concentrations of matrix metalloproteinase-10 (MMP-10), TN-
FRSF9, interleukin-12 subunit beta (IL-12B), TWEAK, CD6 and CD5 were lower in children and adolescents with obesity and high
glucagon than in those with low glucagon (Fig. 3C).

The children and adolescents with obesity and high insulin were older than those with low insulin (15.3 ± 2.0 vs. 10.6 ± 3.3
years, p < 0.001). The same was true for those with high vs. low glucagon (15.5 ± 2.2 vs. 12.2 ± 3.2 years, p < 0.001). To investi-
gate potential confounding or mediation by age in the associations of inflammatory proteins with high insulin and glucagon, age was
included in the linear regression models (Table 2). For associations with insulin and glucagon the introduction of age to the model re-
sulted in weaker associations with the inflammatory proteins overall except for the association between CDCP1 and insulin, which
was stronger after adjusting for age (Table 2). Association of insulin with CD5 and TNFRSF9 was removed entirely when including
age (Table 2). Association of glucagon with MMP-10, TWEAK and TNFRSF9 was reduced to approximately half the magnitude when
introducing age to the model and were no longer statistically significant (Table 2). A summary of associations between inflammatory
proteins and obesity-related phenotypes is presented in Fig. S2. Neither HGF (p = 0.75) nor CDCP1 (p = 0.27) differed between boys
and girls.

3.5. Longitudinal study
To assess whether any of the inflammatory proteins could potentially influence the progress of obesity, the proteins were tested for

their association with BMI change over time. Among the subjects of cohort 1, 69 out of 137 individuals also had a follow-up visit with
BMI assessment at the clinic. All relative protein concentrations from the panel of inflammatory proteins were tested for their associa-
tion with the change in BMI SDS between the first and second visit for subjects in cohort 1. Plasma HGF was the only protein posi-
tively correlated with the change in BMI SDS (B = 0.33, 95% CI 0.13–0.52) after correction for multiple testing.

To confirm this, fasting plasma HGF was measured by a second method providing absolute concentrations (electrochemilumi-
nescense immunoassay) in a second longitudinal cohort of children and adolescents with obesity (Table 1). Mean follow-up time was
1.8 years (range 0.6–3.8). There was a positive association between fasting plasma HGF at baseline and the change in BMI SDS over
the follow-up period (B = 0.008, 95% CI 0.005–0.011; Table 3). To test whether this association was confounded or mediated by age,
sex, BMI at baseline and/or follow-up time, the cohort was stratified by these parameters. The regression line was slightly steeper in
samples from children above 11 years of age compared to those from children below 11 years of age (B = 0.009, 95% CI 0.004–0.014
vs. B = 0.006, 95% CI 0.002–0.010) and in samples from females compared to those from males (B = 0.011, 95% CI 0.003–0.020 vs.
B = 0.007, 95% CI 0.003–0.010 in females). The regression line was progressively flatter with increasing baseline BMI SDS
(B = 0.013, 95% CI 0.005–0.020 in <3 BMI SDS, B = 0.008, 95% CI 0.002–0.013 in 3–3.4 BMI SDS and B = 0.006, 95% CI
0.000–0.012 in ≥3.5 BMI SDS group) strata. When divided by follow-up time, the group with the longest follow-up time tended to
have a larger variation in the change in BMI SDS and the regression slope was steeper for this group (B = 0.004, 95% CI 0.001–0.008
in <1.5 years follow-up; B = 0.007, 95% CI 0.004–0.010 in 1.5–2 years follow-up and B = 0.012, 95% CI 0.002–0.023 in >2 years
follow-up). The association between baseline HGF and change in BMI SDS remained largely unchanged after adjustment for age, sex,
BMI SDS at baseline and time to follow-up (Table 3).

4. Discussion
We identified six novel protein biomarkers related to inflammation with association to childhood obesity. Secondly, we identified

one protein, TWEAK, that was associated with IGT in childhood obesity. Thirdly, several of the proteins associated with childhood
obesity were associated with hyperinsulinemia and/or hyperglucagonemia, among these CDCP1. Fourthly, HGF was identified as a
protein that was associated with further increase in BMI over time in children and adolescents with obesity.
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Fig. 2. Proteins statistically significantly higher (panel A) or lower (panel B) in children and adolescents with obesity (n = 137, red circles) than in subjects with nor-
mal weight (n = 34, blue circles). NPX = Normalised Protein Expression, ie. relative protein abundance on a log2 scale. */**/***/**** <0.05/<0.01/<0.001/
<0.0001 vs. subjects with normal weight. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
◀

Among the novel protein biomarkers CDCP1 is of particular interest since it, to the best of our knowledge, has not been studied
previously in the context of neither childhood nor adult obesity and hyperinsulinemia. Recently however, a large study of adults
found CDCP1 associated with BMI, body fat % and waist circumference using the same multiplex protein panel as in the present study
(Klevebro et al., 2021). CDCP1 is a transmembrane glycoprotein that is a substrate for Src-family kinases, and has been studied for its
role to promote cell migration and motility in tumour metastasis (Uekita and Sakai, 2011). The cleavage of a 65 kD extracellular frag-
ment of CDCP1 and the membrane-retained fragment's association with integrin leads to increased signalling through the PI3K-Akt
pathway promoting survival and motility of tumour cells (Casar et al., 2014). Pathway analysis revealed the PI3K-Akt signalling path-
way as upregulated in obesity, along with Ras and Rap1 pathways. These pathways have in common increased survival and prolifera-
tion of cells and have been implicated in the link between obesity and cancer (Chen, 2011). The present results suggest that these
pathways are activated already in paediatric obesity. The upregulated PI3K-Akt signalling pathway is of interest since it is of impor-
tance for both insulin signalling in target tissues and insulin secretion from beta-cells (Elghazi et al., 2007; Taniguchi et al., 2006). In-
terestingly, CDCP1 has been identified as a cell-surface marker of pancreatic endocrine cells during embryonic development (Kelly et
al., 2011). Whether CDCP1 is of any functional importance in beta-cells is currently not known. Future studies exploring a potential
role of CDCP1 in insulin secretion from beta-cells and insulin signalling in target tissues, such as the liver and adipose tissue, would be
highly interesting.

The only protein identified to be associated with IGT in children and adolescents with obesity was TWEAK, with lower concentra-
tions in IGT than NGT. Furthermore, low plasma TWEAK was associated with hyperinsulinemia and hyperglucagonemia. TWEAK is a
member of the TNF-family of cytokines and also known as TNF superfamily member 12 (TNFSF12). Lower circulating TWEAK was
found to increase the risk of T2D in adults (Díaz-López et al., 2013). Interestingly, gain and loss of function studies of TWEAK in mice
suggests that lower TWEAK signaling is associated with a healthier phenotype with better glucose tolerance, less hepatic steatosis and
higher insulin sensitivity (Bennett et al., 2014; Sato et al., 2014). Whether lowered TWEAK concentration precedes the development
of IGT and T2D in adolescents should be studied longitudinally. Overall, the observed upregulation of pro-inflammatory cytokines
and pathways seem closer related to the obesity state itself than to glucose intolerance in children and adolescents. This could possi-
bly be due to the small group of adolescents with T2D in the present study, although levels of inflammatory markers in general, in-
cluding CRP did not tend to be higher in those with T2D. As recently reviewed by Reinehr and Roth (2018), some cytokines such as
TNF-α were found to be elevated in adolescent T2D, while other cytokines such as IL-1β and IFN-γ were not, as opposed to the adult
situation. Thus, the hyperglycemia found in adolescent obesity might be less closely related to inflammation than in adults. Impor-
tantly though, the lack of cross-sectional correlations as found in the present study does not exclude inflammation as potentially im-
portant in the T2D progression in children and adolescents. To assess this, longitudinal studies are warranted.

In the cross-sectional part of the present study, HGF was 48% higher in obesity than in subjects with normal weight. The associa-
tion between obesity and HGF is well known from previous studies in adults (Rehman et al., 2003; Silha et al., 2005; Hiratsuka et al.,
2005; Bell et al., 2006) and adolescents (Jung et al., 2011). HGF is also known to decrease in parallel with weight after weight loss
surgery (Bell et al., 2006; Swierczynski et al., 2005). However, the possible role of HGF in maintaining obesity in humans has, to the
best of our knowledge, not previously been shown. In the present study a high fasting plasma HGF correlated positively with the
change in BMI SDS over time in children and adolescents with obesity. To illustrate the effect size, the estimated correlation coeffi-
cient of 0.008 would mean that for each SD higher HGF from the average (Table 1), a child and adolescent with obesity would be ex-
pected to increase ∼0.3 units more in BMI SDS over the next two years. We would argue that this is a clinically relevant effect size. Ro-
dent studies have shown that HGF functions as a growth factor for beta-cells and that the HGF-receptor c-Met seems to work in syn-
ergy with the insulin receptor to promote intracellular signalling via insulin receptor substrates (IRSs) (Fafalios et al., 2011; Garcia-
Ocaña et al., 2000; Araújo et al., 2012; Demirci et al., 2012). These studies suggest that HGF can increase both circulating insulin and
promote insulin signalling in target tissues. Insulin is a powerful anabolic hormone and there is increasing evidence of a causal role of
hyperinsulinemia in the development of obesity (Mehran et al., 2012; Templeman et al., 2015). Thus, an increased insulin signalling
is a possible mechanism through which HGF could promote weight gain and maintain obesity, as observed in the present study. An in-
teresting aspect of future study is whether HGF is affected by incretin therapy, like other inflammatory proteins are (Tardio et al.,
2019).

There are some important limitations to the present study. The multiplex assay only provides relative protein abundances and,
thus, we cannot provide actual plasma concentrations. Except for HGF, the identified biomarkers were not confirmed by a second
method. The longitudinal study was relatively small and the precision of the estimation of regression coefficients were poor, illus-
trated by the wide confidence intervals. Furthermore, although the correlation was corrected for age, sex and BMI at baseline, there is
the possibility of other confounding factors such as socioeconomic status, which was not taken into account. Another important limi-
tation is the lack of pubertal staging according to Tanner, a potential confounder especially with regards to insulin and glucose toler-
ance. However, the inclusion of age in the models would to some extent diminish a confounding effect of pubertal stage. Due to the
lack of other body composition measurements beyond BMI we cannot draw any conclusions regarding whether certain biomarkers
are associated with a particular distribution of adipose tissue. The follow-up period was relatively short and the present study pro-
vides no insight as to whether HGF is associated with increased age-adjusted BMI other than in the short term. Given the age of the
participants the results are not readily generalisable to adults with obesity. Furthermore, the study population was to a vast majority
of western European or Middle Eastern descent and thus the results should be generalisable to these groups but more caution should
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Fig. 3. Plasma levels of TWEAK in children and adolescents with obesity and normal (NGT) and impaired (IGT) glucose tolerance (panel A). Proteins statistically sig-
nificantly higher or lower in children and adolescents with high vs low fasting plasma insulin (panel B) and glucagon (panel C). NPX = Normalised Protein Expres-
sion, i.e. relative protein abundance on a log2 scale. */**/***/**** <0.05/<0.01/<0.001/<0.0001 vs. low insulin or vs. glucagon or vs. NGT.
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Table 2
Linear regression analysis of fasting plasma insulin and glucagon with noted inflammation-related proteins, unadjusted and adjusted for age in children and adoles-
cents with obesity (n = 137).

Coefficient (95% CI) p Coefficient (95% CI) - adjusted for age p

Insulin
FGF-21 37 (25, 49) <0.01 29 (17, 41) <0.01
IL-18R1 74 (41, 107) <0.01 65 (35, 96) <0.01
HGF 85 (47, 122) <0.01 72 (38, 107) <0.01
CDCP1 54 (25, 84) <0.01 64 (37, 90) <0.01
TWEAK −97 (−132, −62) <0.01 −65 (−104, −27) <0.01
CD5 −68 (−118, −17) 0.01 −6.4 (−60, 47) 0.81
TNFRSF9 −38 (−65, −11) 0.01 2.2 (−29, 33) 0.89
Glucagon
MMP10 −1.8 (−3.1, −0.6) <0.01 −1.0 (−2.2, 0.3) 0.13
TNFRSF9 −2.5 (−3.9, −1.1) <0.01 −1.2 (−2.8, 0.4) 0.14
IL-12B −2.9 (−4.4, −1.4) <0.01 −1.9 (−3.5, −0.3) 0.02
TWEAK −3.3 (−5.2, −1.5) <0.01 −1.7 (−3.8, 0.3) 0.10
CD6 −3.1 (−4.8, −1.5) <0.01 −1.9 (−3.6, −0.1) 0.04
CD5 −5.3 (−7.8, −2.8) <0.01 −3.4 (−6.2, −0.6) 0.02

Table 3
Linear regression models with change in BMI SDS to follow-up as dependent variable and baseline concentration of hepatocyte growth factor (HGF) alone as inde-
pendent variable (Model 1) or adjusted for age (Model 2), sex (Model 3), BMI SDS at baseline (Model 4), time to follow-up (Model 5) and all of the above (Model
6).

Model 1 Coefficient
(95% CI)

Model 2 Coefficient
(95% CI)

Model 3 Coefficient
(95% CI)

Model 4 Coefficient
(95% CI)

Model 5 Coefficient
(95% CI)

Model 6 Coefficient
(95% CI)

HGF, pg/ml 0.008 (0.005–0.011) 0.008 (0.004–0.011) 0.008 (0.004–0.011) 0.008 (0.005–0.012) 0.007 (0.003–0.010) 0.007 (0.004–0.011)
Age, y – 0.004 (−0.034–0.042) – – – 0.002 (−0.04–0.04)
Sex (0 = m,

1 = f)
– – −0.03 (−0.25–0.19) – – 0.10 (−0.13–0.32)

BMI SDS at
baseline

– – – 0.14 (−0.07–0.34) – 0.14 (−0.08–0.36)

Time to follow-
up, y

– – – – −0.19 (−0.34–−0.04) −0.20 (−0.37–−0.04)

be taken when generalising to other ethnic groups. Taken together, the design of the study and the mentioned limitations make con-
clusions regarding a causal effect between high HGF and increased age-adjusted BMI impossible to draw from this study.

In conclusion, we identified six novel inflammation related proteins with association to childhood obesity, among these CDCP-1.
This puts CDCP-1 forward as an interesting biomarker to explore further in the obesity context. Furthermore, TWEAK was identified
as a protein biomarker potentially associated with IGT in childhood obesity. We identified five protein biomarkers potentially associ-
ated with hyperinsulinemia, among these CDCP-1, and two potentially associated with hyperglucagonemia after adjustment for age.
These would however require further study taking also pubertal status into account. Finally, we conclude that a high HGF in children
and adolescents with obesity is associated with further short term increased BMI. This positions HGF as a potential marker to identify
children and adolescents in need of more intense treatment efforts. This would however need to be established in larger studies and
also preferably in studies in the preschool age given its importance for future BMI trajectories (Geserick et al., 2018).
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