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The prevalence of type 2 diabetes mellitus (T2DM) and metabolic syndrome (MetS) has increased in the pediatric population.
Irisin, an adipomyokine, is involved in white adipose tissue browning, energy expenditure, insulin sensitivity, and anti-
inflammatory pathways. Data on the associations among circulating irisin levels, soluble cell adhesion molecules (sCAMs), and
inflammatory cytokines is scarce in children and adolescents with MetS and T2DM. Subjects aged 6-16 years were grouped into
T2DM, MetS, and healthy controls. Serum irisin levels were significantly lower in the MetS (6.6 [2.8-18.0] ng/mL) and T2DM
(6.8 [2.2-23.2] ng/mL) groups compared with controls (30.3 [24.6-57.1] ng/mL). Negative correlations between irisin and the
BMI percentile (R = −0:358), WC percentile (R = −0:308), and triglycerides (R = −0:284) were identified, while positive
associations with TC (R = 0:287), HDL-c (R = 0:488), and LDL-c (R = 0:414) were observed. Significant negative correlations
were found between irisin and sNCAM (R = −0:382), sICAM-2 (R = −0:300), sVCAM-1 (R = −0:292), MCP-1 (R = −0:308), and
IFN-α2 (R = −0:406). Of note, lower concentrations of most sCAMs (sICAM-1, sPSGL-1, sP-selectin, sEpCAM, sICAM-2,
sALCAM, sPECAM-1, sCD44, sVCAM-1, sICAM-3, sL-selectin, and sNCAM) were shown in T2DM subjects compared with
MetS patients. Lower irisin levels induce a lack of inhibition of oxidative stress and inflammation. In T2DM, higher ROS, AGEs,
glucotoxicity, and inflammation trigger endothelial cell apoptosis, which downregulates the sCAM expression as a compensatory
mechanism to prevent further vascular damage. In opposition, in subjects with MetS that have not yet developed T2DM and its
accompanying stressors, the upregulation of the sCAM expression is ensued.

1. Introduction

Childhood obesity and its related disorders, including type 2
diabetes mellitus (T2DM) and metabolic syndrome (MetS),
are worldwide growing public health problems. According
to the World Health Organization (WHO), in 2016, more

than 340 million children and adolescents aged 5 to 19 years
old were either overweight or obese (defined as body mass
index- (BMI-) for age >1 or >2 standard deviations, respec-
tively, above the WHO growth reference median) [1]. Addi-
tionally, the prevalence and incidence of MetS [2] and T2DM
[3] have also increased in the pediatric population. For
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instance, the reported prevalence of MetS among adolescents
in the United States increased from 4.2% in the National
Health and Nutrition Examination Survey (NHANES) III
to 6.4% in NHANES IV [4], while the incidence of T2DM
amongst subjects 10 to 19 years old increased from 9.0 per
100,000 individuals per year in 2003 to 13.8 per 100,000 indi-
viduals per year in 2015 [5]. Moreover, cardiovascular
disease, responsible for premature morbidity and mortality,
is initiated and maintained by the chronic metabolic and
inflammatory alterations present in these diseases [6].

Indeed, the low-grade systemic inflammation in children
with MetS and T2DM, characterized by the augmented levels
of tumor necrosis factor-alpha (TNF-α), interferon-gamma
(IFN-γ), interleukin- (IL-) 1, and IL-6, has been previously
described [7]. The hypertrophic adipose tissue has been
shown to promote the downstream activation of nuclear
factor-kappa B (NF-κB) via multiple pathways including
toll-like receptor 4 (TLR4) activation, mechanical stress,
and hypoxia [8]. Subsequently, increased expression of
inflammation drivers ensues, including inflammatory cyto-
kines, chemokines, intercellular adhesion molecules
(ICAMs), and vascular cell adhesion molecules (VCAMs),
among others [9]. In addition, endothelial dysfunction is
considered an initiating event of vascular diseases [10], start-
ing early in childhood in patients with obesity, MetS, and
T2DM, and has been strongly associated with a proinflam-
matory state [11]. For instance, higher levels of soluble E-
selectin (sE-selectin), sVCAM-1, and sICAM-1 were found
in obese children and adolescents [11, 12], in those with
insulin resistance and MetS [13, 14], and in adolescents and
young adults with T2DM [15].

Understanding the pathways involved in the inflamma-
tory and vascular complications that accompany obesity,
MetS, and T2DM in the pediatric population has become
an important research topic. In this regard, irisin, a novel adi-
pomyokine secreted mainly by the skeletal muscle following
acute bouts of exercise [16, 17], and to a lesser extent by
adipose tissue, might contribute to these pathogenic changes
[18, 19]. It was first identified in exercised mice overexpress-
ing the Ppargc1a gene, resulting in increased transcription of
the peroxisome proliferator-activated receptor-γ coactivator
1-α (PGC-1α) protein [16]. PGC-1α has been described to
promote the expression of the transmembrane fibronectin
type III domain-containing protein 5 (FNDC5), which
releases the 112-amino acid peptide irisin [20]. This adipo-
myokine promotes uncoupling protein-1 (UCP1) expression
in adipocytes and thus “browning” of white adipose tissue,
increased energy expenditure, thermogenesis, and improved
insulin sensitivity [16]. Preclinical studies have described
direct protective effects on the vascular endothelium in the
context of obesity [21], T2DM [22], and hypertension [23].
Importantly, irisin has also shown anti-inflammatory
properties in macrophages and adipocytes [24–28], and it
has been described to favor glucose uptake [29].

Most of the clinical studies in adults have demonstrated
increased irisin levels and positive associations with adiposity
parameters in patients with obesity [30]. In obese patients
diagnosed with MetS, both higher [31] and lower [32] irisin
concentrations have been described when compared with

those without MetS. On the other hand, in adult populations
with T2DM, lower irisin levels have been reported when
compared with healthy controls [33]. In the pediatric popula-
tion, specifically regarding children with MetS and T2DM,
reports are either controversial or scarce [34]. For instance,
positive correlations between plasma irisin concentration
and both triglyceride levels and the Homeostatic Model
Assessment (HOMA) index were described in nondiabetic
children [35] and adolescents with MetS [36]. On the con-
trary, lower serum irisin concentrations were shown in over-
weight and obese children with MetS compared with those
without MetS [37, 38]. Some authors have suggested that
changes in the concentration of irisin might play a role in
the pathogenesis of MetS [31–33, 36–38]. Noteworthy, a
study in pediatric patients with T2DM reported decreased
levels of irisin when compared with healthy controls [39].
In addition, evidence concerning the hypothesized role of iri-
sin in endothelial function and inflammation is scarce in the
pediatric population. Increased plasma levels of adhesion
molecules, alongside lower plasma irisin concentrations and
negative correlations between irisin and E-selectin, ICAM-
1, and TNF-α were found in obese children when compared
with lean controls [40]. Furthermore, an increase in endothe-
lial progenitor cells and plasma irisin levels was shown in
overweight/obese children, which was attributed to a
compensatory mechanism elicited in an attempt to repair
vascular damage [35].

Overall, the role of irisin remains understudied and
controversial in the pediatric population, especially in the
context of MetS and T2DM. Data on the relationship of this
adipomyokine with the endothelial dysfunction and inflam-
mation is limited in this age group, highlighting the impor-
tance of providing an insight into the understanding of its
potential role in the pathophysiology of these diseases. In
addition, there are no studies, to our knowledge, describing
the association between circulating irisin levels, a broad panel
of soluble cell adhesion molecules (CAMs), and a compre-
hensive panel of inflammatory cytokines in the pediatric
population of both patients withMetS and T2DM. Therefore,
the aim of this study is to determine the relationship of irisin
with a broad panel of soluble markers of endothelial dysfunc-
tion and inflammatory cytokines, as well as biochemical
parameters in children and adolescents with T2DM, MetS,
and healthy controls.

2. Materials and Methods

2.1. Study Population. We performed a cross-sectional study
in a cohort of 56 pediatric patients aged 6-16 years old. The
subjects were grouped into T2DM (11 girls and 10 boys), MetS
without T2DM (8 girls and 11 boys), and healthy controls (9
girls and 8 boys). All patients were of Mexican origin living
in the northeastern region of this country. Patients classified
as T2DM met at least one of the four criteria defined by the
American Diabetes Association [41]: (1) glycated
hemoglobin ðHb1AcÞ ≥ 6:5%, (2) fasting plasma glucose ≥
126mg/dL, (3) 2 − hour plasma glucose ≥ 200mg/dL during
an oral glucose tolerance test with 1.75 g/kg of glucose (75 g
maximum), or (4) randomplasma glucose ≥ 200mg/dL in a
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patient with symptoms of hyperglycemia or a hyperglycemic
crisis [41]. Patients in theMetS groupmet at least three criteria
according to Cook et al.’s modified definition of MetS: (1)
triglycerides ≥ 110mg/dL [42], (2) high − density lipoprotein
cholesterol ðHDL − cÞ levels ≤ 40mg/dL (for both boys and
girls) [42], (3) waist circumference ðWCÞ ≥ 90th percentile for
age and sex [43], (4) fasting glucose levels ≥ 100mg/dL and ≤
125mg/dL [44] and/or the HOMA index ≥ 2:5 [45], or (5)
systolic or diastolic arterial blood pressure ≥ 90th percentile for
age, sex, and height and/or treatment with any antihyperten-
sive medication [46]. Patients in the MetS group were
excluded if they met the diagnostic criteria for T2DM. The
healthy control group consisted of children with normal
weight-for-height, weight-for-age, and BMI-for-age values,
according to the Centers for Disease Control and Prevention
(CDC) criteria for boys and girls [47]. They were excluded
from this group if they presented any previous medical condi-
tions and metabolic abnormalities (including dyslipidemias
and/or glucose alterations) or used antihypertensive medica-
tion. The protocol was thoroughly explained to patients and
their legal guardians, written informed consent was obtained
from the latter, and verbal assent was given by the children.
Patients diagnosed with T2DM and MetS were recruited from
the Hospital Regional de Alta Especialidad Materno Infantil
within a period of 2 years. Healthy controls were also recruited
during a 2-year period from the outpatient routine pediatric
clinics. The Ethics and Research Commissions of the School
of Medicine of Tecnologico de Monterrey approved this pro-
tocol under the code “AIEMPPDM2SM,” while the Mexican
Secretariat of Health gave its approval with the Bioethics
National Commission code “CONBIOETICA-19-CEI-011-
20161017” and the Ethics Committee code “13CI19039138.”

2.2. Anthropometric and Clinical Parameters. Standardized
protocols were followed to obtain weight (in kilograms),
height (in centimeters), WC (in centimeters), BMI (in
kg/m2), and fat mass (in grams) [43]. Height was measured
with a stadiometer (SECA® 217, SECA Mexico, Mexico City,
Mexico). A bioimpedance technique with a TANITA® BF-
689 scale (Tanita Corporation of America, Inc., Arlington
Heights, IL, USA) was used to measure body fat percentage
(BF%). These values were interpreted according to the CDC
weight-for-age, weight-for-height, height-for-age, and WC-
for-age percentile charts for boys and girls [47]. The BMI
percentile for sex and age was calculated according to the
CDC’s BMI Percentile Calculator for Child and Teen [48].
Tanner’s scale was used to determine every patient’s pubertal
stage. Systolic and diastolic blood pressures (SBP and DBP,
respectively) were registered with the patient in a seated posi-
tion and at rest. Blood pressure measurements were obtained
in triplicate using a mercury sphygmomanometer with an
appropriate cuff size. SBP and DBP percentiles were obtained
according to the Fourth Report on the Diagnosis, Evaluation,
and Treatment of High Blood Pressure in Children and
Adolescents [49].

2.3. Biochemical Parameters. Peripheral venipuncture after
an overnight 12-hour fasting was performed to withdraw
blood samples of patients. The samples were immediately

processed to collect serum and plasma by centrifugation
and were then stored at -80°C. Fasting glucose levels were
obtained using the hexokinase/glucose-6-phosphate dehy-
drogenase method with the Glucose 3L82 (304772/R02)
reagent kit, with intra- and interassay coefficients of variation
(CV) of ≤5% (Denka Seiken Co. Ltd., Tokyo, Japan), while
serum insulin concentrations were measured via chemilumi-
nescence using the Architect Insulin 8K41-27 reagent kit,
with intra- and interassay CV of ≤7% (Abbott Laboratories
Diagnostic Division, IL, USA), both determined with the
Architect cSystem. Glycated hemoglobin (HbA1c) was
obtained with a high-resolution liquid chromatography on
the Variant II (BioRad D10®) system, with intra- and interas-
say CV of ≤5%. The HOMA index was calculated using the
Matthews formula [fasting insulin ðmIU/mLÞ × fasting
glucose ðmg/dLÞ/405] [50]. Triglycerides were measured by
the glycerol-phosphate-oxidase reaction using the Triglycer-
ide 7D74-20 (30-3140/R3) reagent kit, with intra- and inter-
assay CV of ≤5% (Abbott Laboratories Diagnostic Division,
Chicago, IL, USA) using the Architect cSystem. The Choles-
terol 7D62 (304796/R02) reagent kit, with intra- and interas-
say CV of ≤3% (Abbott Laboratories Diagnostic Division,
Chicago, IL, USA), was used to obtain total cholesterol
(TC) concentrations with an enzymatic assay using the
Architect cSystem. Through an accelerator selective deter-
gent method, HDL-c was determined by the Ultra HDL
3K33-21 (306571/R03) assay kit, with intra- and interassay
CV of ≤4% (Abbott Laboratories Diagnostic Division,
Chicago, IL, USA) utilizing the Architect cSystem. Low-
density lipoprotein cholesterol (LDL-c) was calculated from
the triglyceride, TC, and HDL-c values using Friedewald’s
formula [ðTCÞ – ðHDLcÞ − ðtriglycerides/5Þ] [51].

2.4. Serum Irisin. The serum irisin concentration was deter-
mined by the sandwich enzyme-linked immunosorbent assay
(ELISA) using a human irisin ELISA kit (SK00170-08) (Avis-
cera Bioscience Inc., Santa Clara, CA, USA). This assay’s
sensitivity is 75-100 pg/mL, with intra- and interassay coeffi-
cients of variation of 4-6% and 8-10%, respectively. It has a
standard curve linear range of 0.8-51.2 ng/mL.

2.5. Adhesion Molecule and Cytokine Levels. AHuman Adhe-
sionMolecule Panel (13-plex) was used in order to determine
the concentration of soluble cell adhesion molecules in
plasma using the LEGENDplexTM Multi-Analyte Flow
Cytometry Assay Kit (cat. No. 740945) (BioLegend®, San
Diego, CA, USA) for the indirect assessment of the endothe-
lial dysfunction. The soluble molecules measured, along with
their intra- and interassay coefficients of variation (respec-
tively), included the following: sICAM-1 (CV 4-7%, 8-
15%), soluble P-selectin glycoprotein ligand-1 (sPSGL-1)
(CV 5-7%, 9-18%), sE-selectin (CV 4-6%, 5-16%), soluble
P-selectin (sP-selectin) (CV 5-7%, 7-17%), soluble epithelial
cell adhesion molecule (sEpCAM) (CV 5-7%, 7-15%),
sICAM-2 (CV 5-8%, 6-17%), soluble activated leukocyte cell
adhesion molecule (sALCAM) (CV 6-9%, 7-19%), soluble
platelet endothelial cell adhesion molecule (sPECAM-1)
(CV 3-7%, 7-16%), CD44 (CV 2-5%, 5-12%), sVCAM-1
(CV 5-7%, 10-18%), sICAM-3 (CV 6-7%, 11-15%), soluble
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L-selectin (sL-selectin) (CV 5-6%, 13-14%), and soluble neu-
ral cell adhesion molecule (sNCAM) (CV 3-7%, 8-12%). A
Human Inflammation Panel (13-plex) was used to quantify
plasma soluble cytokine levels with the LEGENDplexTM

Multi-Analyte Flow Cytometry Assay Kit (cat. No. 740118)
(BioLegend®, San Diego, CA, USA). The cytokines measured,
along with their intra- and interassay coefficients of variation
(respectively), included IL-1β (CV 3.5-3.7%, 13.2-16.0%),
IFN-α2 (CV 3.6-3.9%, 20.1-23.9%), IFN-γ (CV 3.0%-3.3%,
12.6-18.4%), TNF-α (CV 3.2-3.4%, 11.1-13.3%), monocyte
chemoattractant protein-1 (MCP-1) (CV 2.5-2.6%, 8.3-
8.4%), IL-6 (CV 2.8-3.5%, 20.2-20.5%), IL-8 (CV 2.9-3.0%,
11.0-16.9%), IL-10 (CV 2.6-2.7%, 9.1-12.7%), IL-12p70 (CV
3.2%, 11.5-14.1%), IL-17A (CV 2.1-2.4%, 7.6-21.4%), IL-18
(CV 3.3%, 6.6-7.6%), IL-23 (CV 2.6-3.3%, 9.3-9.8%), and
IL-33 (CV 3.6-4.3%, 19.4-21.9%). The FACSCanto II (Becton
Dickinson, Franklin Lakes, NJ, USA) flow cytometer was
used for both the plasma soluble adhesion molecule and
inflammatory cytokine panel measurements. According to
BioLegend®’s recommendation, each measurement was
performed in triplicate. The concentration for each analyte
was obtained using the standard curves provided and the
LEGENDplexTM v8.0 software (license: [a6d7e4db-f091-
4109-a70e-5ed3b61c2716]).

2.6. Statistical Analysis. The Prism GraphPad (version 8.0,
GraphPad Software; San Diego, CA, USA) and the open-
source R platforms (R package version 3.6.1; The R Founda-
tion, Vienna, Austria), using packages “Hmisc” [52],
“PMCMRplus” [53], and “ComplexHeatmap” [54], were
used to carry out the statistical analyses [55]. To assess the
normality of the sample’s distribution, Shapiro-Wilk tests
were performed for each variable. To compare the three
groups when analysing adhesion molecules and cytokine
profiles, Kruskal-Wallis with Dunn’s multiple comparison
tests was employed for nonparametric data, while ordinary
one-way ANOVA with Holm-Sidak’s multiple comparison
tests was used for parametric data. For the rest of the
variables, Kruskal-Wallis with Nemenyi’s tests was applied
for nonparametric data, while ordinary one-way ANOVA
with Tukey’s honest significant difference tests was used for
the parametric data for comparison among groups. Chi-
squared test and Fisher’s exact test were applied to compare
categorical variables among the three groups. The correlation
coefficients for variables were assessed with Spearman’s rank
correlation test. Multivariate logistic regression analyses were
performed to evaluate the age and sex variables as potential
confounders. The Prism GraphPad v8.0 software was used
with the following license: ACTGP-7ACDA3BF-
DC092574-6A27F761-C26AE4D0. The BioRender® plat-
form (BioRender, Toronto, ON, Canada) was used with a
premium member’s account (A01191497@itesm.mx) to
create an original figure.

3. Results

3.1. Demographic and Anthropometric Characteristics. The
demographic and anthropometric characteristics of the
studied population are presented in Table 1. No significant

differences of sex distribution among the groups were
identified. The age difference between the T2DM group
(13:8 ± 1:5 years) and healthy controls (11:4 ± 2:8 years)
was noted (p = 0:004), while no age difference was observed
between the MetS patients (12:4 ± 2:1 years) and the other
two groups. Additionally, most of the children from the
healthy control group were classified as Tanner stage 1
(37.5%), while children from the T2DM group were mainly
classified as Tanner stage 4 (42.9%) (p = 0:006); no difference
was seen between the MetS patients and the other two
groups. The median BMI of both the MetS (26.0) and
T2DM (27.7) groups were significantly higher compared
with that of the healthy controls (17.8) (p < 0:001). This sta-
tistical difference was preserved when considering the
median BMI percentile of the MetS (98th percentile) and
T2DM (96th percentile) groups compared with healthy con-
trols (60th percentile) (p < 0:001), although no difference
was seen between theMetS and T2DM patients. These results
were independent of sex and age. A similar pattern was seen
regarding WC, as the MetS (89:0 ± 12:4 cm) and T2DM
(95:7 ± 16:4 cm) groups presented higher values when com-
pared with healthy controls (64:1 ± 6:0 cm) (p < 0:001). The
MetS (85th percentile) and T2DM (85th percentile) groups
also showed higher median values of theWC percentile com-
pared with healthy controls (25th percentile) (p < 0:001).
These findings were also independent of sex and age. A ten-
dency towards a higher median SBP percentile in both the
MetS and T2DM groups (79th and 62nd percentile, respec-
tively) compared with the healthy controls group (38th

percentile) was found, although it did not reach statistical
significance (p = 0:053).

3.2. Biochemical Parameters. The biochemical parameters of
the three study groups are shown in Table 2. The serum irisin
concentration was lower in both the MetS and T2DM groups
(6.6ng/mL [2.8-18.0ng/mL] and 6.8ng/mL [2.2-23.2ng/mL],
respectively), compared with the controls (30.3ng/mL [24.6-
57.1ng/mL]) (p = 0:004) (Figure 1). The observed differences
of irisin between the three groups were independent of sex
and age. When comparing with healthy controls (87.0mg/dL
[79.0-89.0mg/dL]), glucose levels were higher in the MetS
(94.0mg/dL [89.5-103.5mg/dL]) and T2DM (115.0mg/dL
[92.0-169.0mg/dL]) groups (p < 0:001). Insulin shared this pat-
tern, with higher concentrations in both the MetS (20.1mIU/L
[15.3-25.8mIU/L]) and T2DM (22.9mIU/L [10.6-29.8mIU/L])
groups in comparison with the healthy controls (6.6mIU/L
[5.4-7.9mIU/L]) (p < 0:001). On the other hand, HOMA index
levels were significantly higher in patients with T2DM
(9:1 ± 7:0) versus those with MetS (5:4 ± 2:2) and healthy con-
trols (1:3 ± 0:4) (p < 0:001), while the MetS group also differed
from the control group. These results were independent of sex
and age for the three study groups. Higher levels of triglycerides
were also found in patients with T2DM (154.0mg/dL [112.0-
187.0mg/dL]) and MetS (144.0mg/dL [128.0-213.5mg/dL])
versus controls (90.0mg/dL [65.8-98.5mg/dL]) (p < 0:001).
In addition, HDL-c was shown to be higher in healthy
controls (53:8 ± 13:0mg/dL) as opposed to the MetS
(38:6 ± 7:8mg/dL) and T2DM (37:2 ± 7:9mg/dL) groups
(p < 0:001). The differences regarding triglycerides and
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HDL-c were also independent of sex and age. In contrast,
LDL-c levels were lower in the T2DM group
(75:9 ± 20:6mg/dL) when compared with the control group
(98:6 ± 23:8mg/dL) (p = 0:021).

3.3. Endothelial Dysfunction Markers. The results for levels of
soluble cell adhesion molecules are summarized in Table 3.
sICAM-1, sPSGL-1, sEpCAM, sICAM-2, sALCAM, sCD44,
sVCAM-1, sICAM-3, sL-selectin, and sNCAM circulating
levels were significantly lower in patients from both the
healthy controls and T2DM groups when compared with
the MetS group (from p = 0:015 to p < 0:0001). The higher
levels of adhesion molecules in the MetS group were inde-
pendent of sex and age. The T2DM group also presented sig-
nificantly lower levels of sP-selectin and sPECAM-1 when
compared with the MetS group (p = 0:018 and p = 0:002,

respectively), but not with the healthy controls. sE-Selectin
levels were significantly higher in the MetS patients when
compared with healthy controls (p = 0:024), while no differ-
ence with the T2DM patients was observed. There were no
significant differences between the healthy controls and the
T2DM groups for any of the soluble adhesion molecules.

3.4. Cytokine Profile. The cytokine profile of the three study
groups is shown in Table 4. The group with T2DM presented
significantly higher levels of MCP-1 and IL-18 when com-
pared with the control group (p = 0:011 and p = 0:003,
respectively); these results were independent of sex and age.
There was no statistical difference between groups for the rest
of the cytokines, although there was a slight tendency
towards higher plasma cytokine levels in both the MetS and
T2DM groups when compared with healthy controls.

Table 1: Demographic, anthropometric, and clinical characteristics of children and adolescents with type 2 diabetes mellitus, metabolic
syndrome, and healthy controls.

Healthy controls (n = 16) Metabolic syndrome (n = 19) Type 2 diabetes mellitus (n = 21) p value

Age (years) 11.4 (±2.8)c 12.4 (±2.1) 13.8 (±1.5)a 0.0040

Weight (kg) 37.6 (29.2-46.2)b,c 71.1 (52.8-82.1)a 67.1 (61.4-87.4)a <0.0010
Height (cm) 145.0 (133.0-159.3)c 154.0 (150.0-165.0) 159.0 (155.0-165.0)a 0.0190

BMI (kg/m2) 17.8 (16.4-18.5)b,c 26.0 (24.0-31.6)a 27.7 (25.8-31.0)a <0.0010
BMIp 60.0 (41.8-68.8)b,c 98.0 (93.0-99.0)a 96.0 (93.0-99.0)a <0.0010
WC (cm) 64.1 (±6.0)b,c 89.0 (±12.4)a 95.7 (±16.4)a <0.0010
WCp 25.0 (15.0-25.0)b,c 85.0 (75.0-90.0)a 85.0 (75.0-95.0)a <0.0010
Hip (cm) 66.0 (±6.5)b,c 96.8 (±12.7)a 101.9 (±16.5)a <0.0010
WC-to-hip ratio 1.0 (±0.0) 0.9 (±0.1) 0.9 (±0.1) 0.1180

WC-to-height ratio 0.4 (±0.0)b,c 0.6 (±0.1)a 0.6 (±0.1)a <0.0010
SBP (mmHg) 99.0 (96.0-104.0)b,c 114.0 (101.5-117.0)a 113.0 (108.0-120.0)a <0.0010
SBPp 38.0 (28.8-40.5) 79.0 (29.5-88.5) 62.0 (36.0-90.0) 0.0530

DBP (mmHg) 64.0 (63.5-66.5) 66.0 (62.5-71.5) 68.0 (63.0-80.0) 0.3390

DBPp 61.6 (±8.9) 60.6 (±26.8) 65.2 (±25.7) 0.7980

Data are presented as mean (±standard deviation) for parametric data and as median (interquartile range) for nonparametric data. aStatistical difference when
compared vs. healthy control group; bstatistical difference when compared vs. metabolic syndrome group; cstatistical difference when compared vs. type 2
diabetes mellitus group. BMI: body mass index; BMIp: BMI percentile; WC: waist circumference; WCp: waist circumference percentile; SBP: systolic blood
pressure; SBPp: systolic blood pressure percentile; DBP: diastolic blood pressure; DBPp: diastolic blood pressure percentile. Statistical difference was
established as p value ≤ 0.05.

Table 2: Biochemical parameters in children and adolescents with type 2 diabetes mellitus, metabolic syndrome, and healthy controls.

Healthy controls (n = 16) Metabolic syndrome (n = 19) Type 2 diabetes mellitus (n = 21) p value

Irisin (ng/mL) 30.3 (24.6-57.1)b,c 6.6 (2.8-18.0)a 6.8 (2.2-23.2)a 0.0040

Glucose (mg/dL) 87.0 (79.0-89.0)b,c 94.0 (89.5-103.5)a 115.0 (92.0-169.0)a <0.0010
Insulin (mIU/L) 6.6 (5.4-7.9)b,c 20.1 (15.3-25.8)a 22.9 (10.6-29.8)a <0.0010
HOMA index 1.3 (±0.4)b,c 5.4 (±2.2)a,c 9.1 (±7.0)a,b <0.0010
TC (mg/dL) 151.0 (±21.3) 159.8 (±33.2) 149.1 (±28.6) 0.4600

TG (mg/dL) 90.0 (65.8-98.5)b,c 144.0 (128.0-213.5)a 154.0 (112.0-187.0)a <0.0010
HDL-c (mg/dL) 53.8 (±13.0)b,c 38.6 (±7.8)a 37.2 (±7.9)a <0.0010
LDL-c (mg/dL) 98.6 (±23.8)c 87.6 (±27.0) 75.9 (±20.6)a 0.0210

Data are presented as mean (±standard deviation) for parametric data and as median (interquartile range) for nonparametric data. aStatistical difference when
compared vs. healthy controls group; bstatistical difference when compared vs. metabolic syndrome group; cstatistical difference when compared vs. type 2
diabetes mellitus group. HOMA: Homeostatic Model Assessment; TC: total cholesterol; TG: triglycerides; HDL-c: high-density lipoprotein cholesterol; LDL-
c: low-density lipoprotein cholesterol. Statistical difference was established as p value ≤ 0.05.
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3.5. Correlation of Irisin with Anthropometric Characteristics,
Biochemical Parameters, Cytokine Profile, and Adhesion
Molecules. When analysing all three groups as a whole
(Figure 2), a negative correlation was found between irisin
and the BMI percentile (R = −0:358, p = 0:008), WC percen-
tile (R = −0:308, p = 0:025), weight (R = −0:360, p = 0:008),
and WC-to-height ratio (R = −0:321, p = 0:019). On the
other hand, a positive correlation was observed between iri-
sin and TC (R = 0:287, p = 0:037), HDL-c (R = 0:488, p <
0:0001), and LDL-c (R = 0:414, p = 0:002), while a negative
correlation was obtained with triglycerides (R = −0:284, p =
0:039). No significant correlation was found between irisin
and glucose, insulin, or the HOMA index. The irisin concen-
tration was independent of the Tanner stage for the three
groups. Additionally, adhesion molecules sICAM-1, sE-
selectin, sICAM-2, sALCAM, sCD44, sVCAM-1, sICAM-3,
sL-selectin, and sNCAM correlated positively with the BMI
percentile, WC percentile, and WC-to-height ratio (R = 0:3
to R = 0:5, p < 0:05), as well as with insulin levels and the
HOMA index (R = 0:3 to R = 0:4, p < 0:05).

Regarding irisin, the cytokine profile, and cellular
adhesion molecules (Figure 3), a significant negative correla-
tion between irisin and MCP-1 (R = −0:308, p = 0:025), IFN-
α2 (R = −0:406, p = 0:003), sNCAM (R = −0:382, p = 0:005),
sICAM-2 (R = −0:300, p = 0:029), and sVCAM-1
(R = −0:292, p = 0:034) was found.

When performing a group analysis, irisin was shown to
have a positive correlation with the SBP percentile
(R = 0:545, p = 0:024) and a negative association with MCP-
1 (R = −0:514, p = 0:035) in patients withMetS. In this group,
a tendency towards a positive correlation of irisin with IL-10
was observed (R = 0:445), although not statistically signifi-
cant (p = 0:073). Regarding the T2DM group, a positive cor-
relation was shown between the irisin concentration and TC
(R = 0:598, p = 0:005) as well as LDL-c levels (R = 0:550, p

= 0:012). Complete correlation analyses by groups are
presented as Supplementary Tables (available here).

4. Discussion

4.1. Irisin Concentration in Pediatric Type 2 Diabetes Mellitus
and Metabolic Syndrome Patients and Its Relationship with
Clinical and Biochemical Parameters. Our results showed
lower irisin levels in the group with MetS when compared
with healthy controls, as well as an inverse association
between the irisin concentration and BMI percentile, WC
percentile, and weight. In agreement with our findings,
decreased serum irisin levels in adults [32], children, and
adolescents [37, 38, 56] have been reported. On the contrary,
Jang et al. described increased irisin levels in adolescents with
MetS [36]. On the other hand, the irisin concentration has
been mostly reported to be decreased in adult patients [30]
as well as children and adolescents [39] with T2DM. These
findings are in line with our results, as we also observed sig-
nificant lower serum irisin levels in the T2DM group when
compared with healthy controls. Although the exact mecha-
nisms underlying these findings are unclear, PGC-1α and
Fndc5 might be involved. In a study evaluating the skeletal
muscle, healthy individuals were found to present a fourfold
increase of the expression of PGC-1α after an acute bout of
exercise, while no increase was observed in patients with
T2DM [57]. Consistent with this observation, the decreased
gene expression of Fndc5 in adipose tissue of patients with
T2DM correlated with a reduction in the plasma irisin con-
centration [18]. These findings suggest that the lower expres-
sion of PGC-1αmay underlie the lower irisin levels shown in
this population. In addition, MetS and T2DM patients share
the pathologic features of insulin resistance and low-grade
systemic inflammation, which in turn are accompanied with
increased concentrations of glucose, free fatty acids, and pro-
inflammatory cytokines. Interestingly, each of these stimuli
has been shown to decrease the expression of Fndc5 in pre-
clinical studies [18, 58, 59].

Results regarding the relationship of irisin and anthropo-
metric parameters are still controversial in pediatric patients.
Positive correlations between the serum irisin concentration
and BMI, BMI percentile, BF%, and WC have been reported
[35, 36, 60, 61]. Our results are in agreement with other stud-
ies that have found an inverse association between irisin
levels and both BMI and WC in obese children and adoles-
cents [37, 40]. Our observations are also consistent with a
study in adults with T2DM that described an inverse associ-
ation between serum irisin and WC, in which the authors
hypothesized that body composition may adversely influence
physiological effects of irisin, such as the increase in oxygen
consumption and the augmented glucose tolerance [33].
Thus, our results might likely represent a downregulation
of irisin by decreased expression of PGC-1α and Fndc5,
attributed to the metabolic dysfunction present in patients
with MetS and T2DM.

Regarding clinical and biochemical parameters, studies
have also reported contradictory findings. Interestingly, in
agreement with a study in adults with MetS [31], our results
demonstrated a positive correlation between irisin and the
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Figure 1: Serum irisin concentration in children and adolescents
with type 2 diabetes mellitus, metabolic syndrome, and healthy
controls. Healthy controls (30.3 ng/mL [24.6-57.1 ng/mL]),
metabolic syndrome (6.6 ng/mL [2.8-18.0 ng/mL]), and type 2
diabetes mellitus (6.8 ng/mL [2.2-23.2 ng/mL]). Data are presented
as median (interquartile range) for nonparametric data. ∗p < 0:05;
∗∗p < 0:01.
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SBP percentile, possibly implying a compensatory response
to prevent a further increase in blood pressure. The latter
hypothesis is supported by a study in which the irisin treat-
ment decreased blood pressure in a hypertensive rat model
via increased nitric oxide production by endothelial cells
[23]. On the other hand, we observed no association between
irisin levels and the HOMA index. This is a debated topic [31,
33, 35–37, 40], given that controversial results could be
related to the already altered insulin sensitivity in patients
with MetS and T2DM. Furthermore, our results showed a
negative correlation between irisin and triglyceride levels, as
has been previously reported in children [37], while positive

associations were seen between irisin and TC, LDL-c, and
HDL-c levels. The strongest correlation was found with
HDL-c, a finding that has been obtained in other studies
including patients with T2DM [62] and MetS [63]. This
result, along with the known role of HDL-c as an anti-
inflammatory and antioxidant lipoprotein [64], suggests that
irisin may participate in the endothelial protection in the set-
ting of abnormal glucose homeostasis. Regarding the correla-
tion of irisin with both TC and LDL-c, others have also
reported this finding, considering high LDL-c to be one
of the strongest predictive factors for high serum irisin
concentrations [36]. Thus, this association might also

Table 3: Adhesion molecule profile in children and adolescents with type 2 diabetes mellitus, metabolic syndrome, and healthy controls.

Concentration (pg/mL) Healthy controls (n = 16) Metabolic syndrome (n = 19) Type 2 diabetes mellitus (n = 21) p value

sICAM-1 122.2 (49.7-230.0)b 653.7 (276.8-808.1)a,c 146.5 (93.5-337.4)b <0.0001
sPSGL-1 3.3 (1.8-4.7)b 5.8 (4.0-8.9)a,c 3.5 (2.4-5.6)b 0.0021

sE-selectin 62.3 (28.1-115.4)b 177.0 (64.7-316.9)a 64.2 (53.7-114.6) 0.0238

sP-selectin 146.4 (48.1-575.2) 319.9 (131.4-648.0)c 107.9 (107.9-253.8)b 0.0180

sEpCAM 0.1 (0.1-0.2)b 0.4 (0.1-0.8)a,c 0.1 (0.1-0.3)b 0.0152

sICAM-2 42.5 (17.1-81.1)b 254.8 (137.8-300.1)a,c 59.3 (34.6-113.5)b <0.0001
sALCAM 59.8 (26.6-102.8)b 256.0 (150.8-350.2)a,c 80.4 (45.0-134.1)b <0.0001
sPECAM-1 61.7 (21.7-92.9) 96.0 (52.0-154.3)c 41.7 (15.7-64.7)b 0.0021

sCD44 110.1 (62.3-192.0)b 389.6 (290.2-421.7)a,c 145.1 (84.3-207.5)b <0.0001
sVCAM-1 740.4 (426.9-1121.0)a 2887.0 (2305.0-4893.0)a,c 1201.0 (727.9-1682.0)b <0.0001
sICAM-3 51.2 (26.7-70.5)b 133.2 (102.8-197.6)a,c 48.4 (30.9-92.2)b <0.0001
sL-selectin 2634.0 (1203.0-3759.0)b 5818.0 (3590.0-9547.0)a,c 2472.0 (1664.0-518.0)b 0.0002

sNCAM 93.3 (69.1-171.1)b 397.2 (320.4-632.3)a,c 127.7 (64.3-201.7)b <0.0001
Data are presented as median (interquartile range) for nonparametric data. aStatistical difference when compared vs. healthy controls group; bstatistical
difference when compared vs. metabolic syndrome group; cstatistical difference when compared vs. type 2 diabetes mellitus group. ICAM: intercellular
adhesion molecule; PSGL: P-selectin glycoprotein ligand; EpCAM: epithelial cell adhesion molecule; ALCAM: activated leukocyte cell adhesion molecule;
PECAM: platelet endothelial cell adhesion molecule; VCAM: vascular cell adhesion molecule; NCAM: neural cell adhesion molecule. Statistical difference
was established as p value ≤ 0.05.

Table 4: Cytokine profile in children and adolescents with type 2 diabetes mellitus, metabolic syndrome, and healthy controls.

Concentration (pg/mL) Healthy controls (n = 16) Metabolic syndrome (n = 19) Type 2 diabetes mellitus (n = 21) p value

IL-1β 0.8 (0.1-1.9) 0.6 (0.3-1.9) 0.9 (0.5-2.7) 0.5264

IFN-α2 0.4 (0.1-3.8) 3.8 (0.2-12.9) 1.5 (0.2-5.4) 0.0936

IFN-ɣ 2.2 (0.3-4.4) 3.5 (1.4-5.0) 4.0 (1.7-5.3) 0.2004

TNF-α 1.4 (0.5-2.9) 1.7 (0.9-2.3) 1.4 (0.7-2.0) 0.8198

MCP-1 197.2 (±38.6)c 215.7 (±65.7) 258.2 (±70.4)a 0.0108

IL-6 2.5 (1.3-4.5) 3.7 (1.7-4.6) 3.7 (2.2-5.0) 0.2763

IL-8 4.6 (2.4-7.0) 6.0 (2.9-8.9) 7.8 (5.4-12.5) 0.0516

IL-10 1.6 (±1.1) 1.7 (±0.9) 2.2 (±1.0) 0.1528

IL-12p70 0.4 (0.1-0.8) 0.5 (0.2-1.4) 0.6 (0.2-1.1) 0.6901

IL-17A 6.7 (1.5-11.7) 13.8 (5.1-21.5) 6.6 (4.7-16.5) 0.1451

IL-18 139.6 (102.6-177.2)c 203.0 (119.8-246.1) 216.2 (169.2-257.4)a 0.0027

IL-23 4.4 (2.3-6.7) 4.4 (3.0-8.2) 6.7 (2.4-8.3) 0.6348

IL-33 8.3 (2.3-12.0) 7.3 (4.1-21.4) 10.1 (5.2-15.2) 0.4732

Data are presented as median (interquartile range) for nonparametric data and as mean (±standard deviation) for parametric data. aStatistical difference when
compared vs. healthy controls group; bstatistical difference when compared vs. metabolic syndrome group; cstatistical difference when compared vs. type 2
diabetes mellitus. IL: interleukin; IFN: interferon; TNF: tumor necrosis factor; MCP: monocyte chemoattractant protein. Statistical difference was
established as p value ≤ 0.05.
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point towards a compensatory mechanism, considering the
reported role of irisin in reducing hepatic cholesterol syn-
thesis and lipogenesis [65].

4.2. Potential Role of Irisin in the Pathogenesis of Pediatric
Type 2 Diabetes Mellitus and Metabolic Syndrome. The sig-
nificant lower serum irisin concentration observed in both
the T2DM and MetS groups might potentially play a patho-
genic role in these diseases. Irisin has been shown to increase
the expression of UCP1 [16] and to enhance the oxidative
metabolism and energy consumption [29]. These effects ulti-
mately represent a stimulus for glucose uptake through
increased membrane translocation of GLUT-4 [29]. There-
fore, lower irisin levels in the T2DM and MetS groups could
reduce the expression of UCP1, decrease oxidative metabo-
lism, and favor hyperglycemia. Moreover, AMP-activated
protein kinase (AMPK) has been demonstrated to be another
mechanism through which irisin modulates glucose metabo-
lism [66]. AMPK has been reported to inhibit hepatic gluco-
neogenesis and lipogenesis [66] and to upregulate glucose
uptake in the skeletal muscle [67]. Hence, the lower irisin
levels observed in both the MetS and T2DM groups could
lead to increased gluconeogenesis and lipogenesis, further
exacerbating hyperglycemia. The loss of the insulin-
sensitizing effect of irisin may represent another deleterious
component. In addition, higher irisin concentrations have

been shown to favor an anti-inflammatory role by decreasing
the membrane expression of TLR4 and downregulating the
mitogen-activated protein kinase (MAPK) signaling pathway
[25], ultimately decreasing the NF-κB activation [25]. The
loss of this anti-inflammatory stimulus due to the lower irisin
levels in our T2DM group could play a role in their low-grade
systemic inflammation.

4.3. Adhesion Molecules and Inflammatory Cytokines in
Patients with Type 2 Diabetes Mellitus and Metabolic
Syndrome. We observed higher levels of all soluble CAMs
in the group withMetS. It is important to note that to the best
of our knowledge, no previous studies have reported a com-
parison including the wide array of adhesion molecules we
analysed regarding MetS and T2DM patients in the pediatric
population. Previous studies have demonstrated increased
levels of sICAM-1 in children [13] and adults with MetS
[68, 69], and a positive association between sICAM-1 and
insulin resistance was confirmed in children with obesity
[12]. Our results showed a positive correlation between
sICAM-1, sE-selectin, sICAM-2, sALCAM, sCD44,
sVCAM-1, sICAM-3, sL-selectin, and sNCAM with insulin
levels and the HOMA index. These findings could indicate
that our patients in the MetS group might already present
some degree of endothelial dysfunction.
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Figure 2: Correlation heat map for irisin and adhesion molecules with anthropometric and biochemical parameters in children and
adolescents with type 2 diabetes mellitus, metabolic syndrome, and healthy controls. Colored squares of the heat map represent
Spearman’s rho correlation coefficients; the coefficients’ font appears black and bold when correlations are statistically significant and grey
when they are not. Squares filled in shades of blue represent negative correlations, while those filled in shades of red represent positive
correlations. Statistical significance was established as p value ≤ 0.05. BMI: body mass index; BMIp: BMI percentile; WC: waist
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blood pressure percentile; HOMA: Homeostatic Model Assessment; TC: total cholesterol; HDL: high-density lipoprotein cholesterol; LDL:
low-density lipoprotein cholesterol; TG: triglycerides; sICAM: soluble intercellular adhesion molecule; sPSGL: soluble P-selectin
glycoprotein ligand; sEpCAM: soluble epithelial cell adhesion molecule; sALCAM: soluble activated leukocyte cell adhesion molecule;
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Regarding T2DM, studies involving CAMs in this popu-
lation have shown contradictory results. Greater levels of
sICAM-1 and sVCAM-1 have also been observed in children
with T2DM compared with healthy controls [15]. On the
other hand, in adult patients with T2DM, serum levels of
sL-selectin were lower in comparison with controls [70],
while others have described no differences [71–73]. Our
results showed no significant difference in the concentration
of soluble CAMs in children and adolescents with T2DM
compared with healthy controls. Of note, the T2DM group
presented lower levels of adhesion molecules when compared
with the MetS group. Explanations for these findings are
unclear but could suggest the involvement of cellular path-
ways including microRNAs (miRNAs) [74–77], advanced
glycation end-products (AGEs) [78], and reactive oxygen
species (ROS) [79]. As described by Jansen et al., the
in vitro apoptosis of human coronary artery endothelial cells
resulted in the generation of endothelial microparticles (apo-
ptotic bodies) that led to posttranscriptional modifications of
ICAM-1 mRNA through translational silencing induced by
microRNA- (miR-) 222 [74]. After treatment with TNF-α,
which increased the ICAM-1 expression, the incubation with
endothelial microparticles under hyperglycemic conditions
decreased mRNA and protein levels of ICAM-1 and dimin-
ished leukocyte adhesion [74]. Likewise, miR-126 was shown
to downregulate the translation of VCAM-1 mRNA, result-
ing in decreased membrane expression of this adhesion mol-
ecule [76]. This could explain our findings regarding lower
sVCAM-1 levels in the T2DM group when compared with

the MetS group. The lower expression of E-selectin and
ICAM-1 via miR-31 and miR-17-3p, respectively, which are
induced by TNF-α, has been related to a decrease in adhesion
of neutrophils to endothelial cells [77]. Therefore, given our
results, we hypothesize that the development of overt
T2DM in the pediatric population might possibly cause an
increase of their low-grade systemic inflammation, with sub-
sequent endothelial cell apoptosis that generates endothelial
microparticles. These microparticles, through augmented
miRNA expression, might trigger counterregulatory or com-
pensatory mechanisms that ultimately result in the downreg-
ulation of the expression of soluble CAMs, when compared
with patients with MetS that have not yet developed T2DM.
In addition, hyperglycemia has been proven to accelerate
the production of AGEs that activate inflammatory pathways
by engaging AGE receptors (RAGEs) in the vascular endothe-
lium [78] and macrophages [80]. Furthermore, hyperglycemia
has been shown to activate AGE-independent deleterious
pathways that result in the endothelial oxidative stress and
apoptosis [79]. Hence, the effect of important endothelial apo-
ptosis may not yet be observed in patients with MetS without
T2DM, possibly due to relatively lower levels of oxidative
stress, when compared with overt T2DM subjects. Thus, it
may be hypothesized that higher levels of ROS observed in
T2DM, generated by multiple stressors (RAGE and TNF-R
signaling, mitochondrial dysfunction, lipotoxicity, etc.),
induce apoptosis, while lower ROS concentrations present in
MetS engage instead in pathways triggered by the activation
of NF-κB, which increases antiapoptotic molecules [81].

IL-1𝛽
IFN-𝛼2

IFN-𝛾
TNF-𝛼
MCP-1

IL-6
IL-8

IL-33
IL-23
IL-18

IL-10
IL-12p70

IL-17A

Irisin

Ir
isi

n

sI
CA

M
-1

sP
SG

L-
1

sE
-s

el
ec

tin

sP
-s

el
ec

tin

sE
pC

A
M

sI
CA

M
-2

sA
LC

A
M

sP
EC

A
M

-1

sC
D

44

sV
CA

M
-1

sI
CA

M
-3

sL
-s

el
ec

tin

sN
CA

M

Spearman’s rho

–1

–0.5

0

0.5

1

Figure 3: Correlation heat map for irisin and adhesion molecules with cytokine profile in children and adolescents with type 2 diabetes
mellitus, metabolic syndrome, and healthy controls. Colored squares of the heat map represent Spearman’s rho correlation coefficients; the
coefficients’ font appears black and bold when correlations are statistically significant and grey when they are not. Squares filled in shades
of blue represent negative correlations, while those filled in shades of red represent positive correlations. Statistical significance was
established as p value ≤ 0.05. IL: interleukin; IFN: interferon; TNF: tumor necrosis factor; MCP: monocyte chemoattractant protein;
sICAM: soluble intercellular adhesion molecule; sPSGL: soluble P-selectin glycoprotein ligand; sEpCAM: soluble epithelial cell adhesion
molecule; sALCAM: soluble activated leukocyte cell adhesion molecule; sPECAM: soluble platelet endothelial cell adhesion molecule;
sVCAM: soluble vascular cell adhesion molecule; sNCAM: soluble neural cell adhesion molecule.

9Journal of Diabetes Research



Furthermore, we observed lower levels of sPECAM-1 in
T2DM patients compared with the MetS group. PECAM-1
has been described to be degraded by matrix
metalloproteinase-2 (MMP-2), an enzyme found to be
upregulated by hyperglycemia [82]. This represents another
regulatory pathway that may limit the expression of adhesion
molecules in our patients with T2DM. AGEs could also
downregulate PECAM-1, as endothelial cells that have been
treated with AGEs and TNF-α showed a more prominent
decrease in the PECAM-1 mRNA expression compared with
endothelial cells only treated with TNF-α, but no change in
expression was seen when cells were only treated with AGEs
[83]. Therefore, these results might imply that AGEs permis-
sively enhance the PECAM-1 downregulation only in the
presence of a proinflammatory milieu.

In the context of T2DM, proinflammatory cytokines have
been shown to contribute to endothelial injury in association
with increased glucose levels. Our results showed significant
higher levels of the proinflammatory cytokines MCP-1 and
IL-18 and a tendency toward higher IL-8 levels in the
T2DM group. In relation to these cytokines, experiments
performed in human retinal endothelial cells demonstrated
that diabetes-related endothelial injury was mediated by
glucose-induced proinflammatory cytokine elevation, lead-
ing to the apoptosis of endothelial cells [84]. IL-1β and
TNF-α have been shown to stimulate the secretion of other
proinflammatory cytokines, such as IL-8 and MCP-1 by
endothelial cells [84], while the caspase-1 activation has been
demonstrated to produce IL-1β and IL-18 [85]. These mech-
anisms of cytokine secretion might thus be present in our
patients with T2DM. Higher concentrations of MCP-1 and
IL-18 in the context of T2DM have been shown in adult
patients [86, 87]. MCP-1 has been described to be released
by adipocytes in response to hyperglycemia [88] and has
been considered an important driver of monocyte influx into
sites of inflammation [8]. Overall, both inflammation and
hyperglycemia promote a compensatory response consisting
of lower expression of endothelial CAMs to counteract and
limit inflammation, at least in the early stages of metabolic
disease, as what can be seen in our young patients. Moreover,
MCP-1 and IL-18 are involved in the leukocyte influx into
adipose tissue, representing a perpetuating cycle of inflam-
mation driven by Th1 lymphocytes; this pathway constitutes
a primary initial step in the early stages of atherogenesis [8,
88, 89]. Furthermore, the reasons for the lack of significant
higher values of TNF-α, IL-1β, and IL-6 in the T2DM and
MetS groups are unclear but might involve technical aspects
in their measurement [90–92].

4.4. Irisin and Its Association with Endothelial Dysfunction
and Inflammatory Markers. The relationship between irisin,
adhesion molecules, and endothelial dysfunction may be a
relevant component in the pathophysiology of vascular
damage in MetS and T2DM. Our results showed lower irisin
levels in the MetS and T2DM groups when compared with
healthy controls. In vitro and animal studies have shown that
irisin decreases the endothelial dysfunction by upregulat-
ing endothelial nitric oxide synthase (eNOS) and
phosphoinositide-3-kinase (PI3K)/Akt phosphorylation

and activation [93]. It also reduces endothelial dysfunction
by downregulating the protein kinase C-β/nicotinamide
adenine dinucleotide phosphate (PKC-β/NADPH) and
NF-κB/inducible nitric oxide synthase (iNOS) pathways
[22]. The results reported in these studies might suggest
that the protective role of irisin in decreasing endothelial
dysfunction might be altered in our pediatric patients with
MetS and T2DM. Of note, there is no report to date eval-
uating a wide array of molecules such as the panel used in
this study in children and adolescents diagnosed with
MetS or T2DM. In this regard, our results showed a neg-
ative correlation between irisin and sVCAM-1, sICAM-2,
and sNCAM. Yin and colleagues reported an inverse asso-
ciation between irisin and E-selectin and ICAM-1, but no
correlation with VCAM-1 in children with obesity [40]. It
is important to highlight that this study did not include
patients diagnosed with T2DM or MetS. We then hypoth-
esize that low irisin levels may potentially contribute to
the higher levels of soluble CAMs observed in the MetS
group. On the other hand, in the context of T2DM, other
mechanisms may be responsible for the downregulation of
these adhesion molecules as a compensatory mechanism.
Considering that irisin has been described to protect
against endothelial oxidative stress [22, 94], low levels of
irisin in the T2DM group may allow the loss of this anti-
oxidant mechanism. Additionally, endothelial cell apopto-
sis in the context of T2DM induced by ROS [79], AGEs
[78], and glucotoxicity [78, 80] could then trigger the
release of miRNAs that reduce the expression of CAMs
[74–77]. This effect may not be observed in patients with
MetS, theoretically due to the lower glucotoxicity, AGEs,
and ROS (as opposed to what is seen in T2DM patients),
with a subsequent tendency for endothelial cell activation,
instead of apoptosis. Consequently, this endothelial cell
activation upregulates the expression of adhesion mole-
cules [95] in patients with MetS.

We observed an inverse correlation between the serum
irisin concentration and both MCP-1 and IFN-α2 consider-
ing the total population of children and adolescents. When
analysing the MetS group by itself, a negative association
with MCP-1 was also present, while a tendency towards a sig-
nificant positive correlation of irisin with the anti-
inflammatory cytokine IL-10 was observed. Irisin decreases
the expression and secretion of the proinflammatory cyto-
kines TNF-α, IL-1β, IL-6, and MCP-1 in macrophages by
modulating TLR4/NF-κB signaling [25]. Altogether, the neg-
ative association between irisin andMCP-1, as well as the fact
that our patients presented hypoirisinemia, could potentially
suggest a loss of this adipomyokine’s anti-inflammatory role.
In addition, irisin has been found to promote the M2 macro-
phage polarization [27, 28], which in turn induces the IL-10
production [96]. The observed tendency for IL-10 to be pos-
itively associated with irisin in MetS patients might suggest
that the hypoirisinemia seen in this group may represent a
lack of stimulus for the macrophage M2 polarization and
IL-10 production. On the other hand, it has been proposed
that type I interferons, including IFN-α2, might play an
important role in the infiltration of CD8+ T cells into the
liver [97] and adipose tissue [98, 99]. The inverse relationship
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between irisin levels and IFN-α2 shown in our results might
imply that the lower irisin levels observed in patients with
MetS and T2DM are not capable of counteracting the
CD8+ T cell infiltration into the liver and adipose tissue.

Overall, our results regarding the inverse relationship
between irisin and sNCAM, sICAM-2, sVCAM, MCP-1,
and IFN-α2, as well as the pathogenic role that these mole-
cules have in the progression of MetS and T2DM, lead us
to hypothesize that the low irisin levels observed in our
patients might blunt the downregulating effects of irisin
towards these inflammatory and cell adhesion molecules.

4.5. An Integrated Overview of the Hypothesized Interplay
between Irisin, Inflammation, and Endothelial Dysfunction
in Pediatric Patients with Type 2 Diabetes Mellitus and
Metabolic Syndrome. Our proposed view of the interplay
between irisin, proinflammatory cytokines, and endothelial
dysfunction in the context of pediatric MetS and T2DM is
integrated in Figure 4. In summary, hypoirisinemia, possibly
triggered by hyperglycemia-induced stress [18, 58], could

promote an exacerbation of the low-grade systemic inflam-
matory state. This state might be attributed to the lack of
inhibition of proinflammatory cytokine synthesis by the adi-
pose tissue macrophages and reduced M2 polarization [27,
28]. This microenvironment promotes insulin resistance,
resulting in increased circulating free fatty acids and hyper-
glycemia [100]. Free fatty acids exacerbate the inflammatory
response by engaging TLR4 in macrophages [8], while hyper-
glycemia accelerates the production of AGEs, which also
elicit the M1 macrophage polarization [80]. Inflammatory
cytokines drive the upregulation of endothelial CAMs such
as VCAM-1, ICAM-1, and E-selectin, through the activation
of NF-κB [9], thus favoring an influx of inflammatory cells
into the vascular intima and the progression of vascular dis-
ease. Notably, TNF-αmay also induce the downregulation of
CAMs by means of miRNAs as a negative feedback mecha-
nism to limit inflammation [77] in the context of T2DM.
Considering that hyperglycemia is higher in T2DM, AGEs
could engage endothelial RAGEs to a greater degree in
T2DM than in MetS. Hence, an increase of the endothelial
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oxidative stress could trigger significant endothelial cell
apoptosis [81] that leads to the release of microparticles con-
taining miRNAs. These miRNAs downregulate endothelial
CAMs [74], further limiting inflammatory cell influx as a
compensatory mechanism against the progression of vascu-
lar damage that is observed in early stages of this disease.
On the other hand, the endothelial ROS generation may be
relatively lower in MetS when compared with T2DM, which
could be insufficient to trigger a significant amount of endo-
thelial cell apoptosis. Consequently, a lack of inhibition of
endothelial CAMs might ensue. Moreover, insulin resistance
produces increased lipogenesis in the liver and an unfavor-
able lipid profile that stimulates atherosclerotic plaque for-
mation [6], further contributing to vascular damage.
Additionally, low irisin levels promote the lipid accumula-
tion and apoptosis of foam cells [101], the exacerbation of
proinflammatory cytokine secretion [24], and the endothe-
lial ROS production [22, 94], all of which contribute to
plaque growth and destabilization. Finally, IL-18, in the
presence of IL-12, maintains a proinflammatory microenvi-
ronment driven by Th1 cells in both the adipose tissue and
the vasculature [89].

There are some limitations present in our study. All of the
patients are of Hispanic origin; therefore, our conclusions
may not apply to other populations and must be interpreted
with caution. Importantly, this is a cross-sectional study;
hence, our results should be viewed as associations and can-
not be used to draw definite conclusions regarding cause-
and-effect relationships. On the other hand, one of our
strengths is that to the best of our knowledge, this is the first
study that analyses pediatric patients diagnosed with MetS
and T2DM, as well as healthy controls in order to assess
the association of irisin with a wide array of soluble adhesion
molecules and inflammatory cytokines. The analysis of this
information is also integrated in an original figure
(Figure 4), where the interplay of the results of in vitro and
animal model studies are represented to try to further clarify
the molecular mechanisms that might be implicated in our
results. Finally, all of the information presented in this study
is completely objective, as no questionnaires or other subjec-
tive methods were used.

5. Conclusions

Obesity and its related metabolic diseases, including T2DM
and MetS, in the pediatric population are a worldwide public
health concern with an increasing prevalence and incidence
within this age group. The role of irisin, a novel adipomyo-
kine, is controversial in children and adolescents and has
been scarcely studied in MetS and T2DM, as well as its asso-
ciation with CAMs and inflammation. To the best of our
knowledge, this is the first study evaluating the association
between irisin and a wide array of inflammatory cytokines
and adhesion molecules in the context of pediatric patients
with T2DM and MetS. Our results showed significant lower
serum irisin levels in both MetS and T2DM patients com-
pared with healthy controls. Decreased concentrations of
sICAM-1, sPSGL-1, sEpCAM, sICAM-2, sALCAM, sCD44,
sVCAM-1, sICAM-3, sL-selectin, sNCAM, sP-selectin, and

sPECAM-1 were found in the T2DM group when compared
with MetS patients. In addition, higher concentrations of
MCP-1 and IL-18 were observed in the T2DM group com-
pared with healthy controls. Irisin was negatively correlated
with sNCAM, sVCAM, sICAM-2, IFN-α2, and MCP-1,
while sICAM-1, sE-selectin, sICAM-2, sALCAM, sCD44,
sVCAM-1, sICAM-3, sL-selectin, and sNCAM correlated
positively with BMI and WC percentiles, the HOMA index,
and insulin levels. Metabolic stressors such as the hyperglyce-
mic state seen in MetS and T2DM patients might be able to
induce hypoirisinemia through a decrease in the Fndc5
expression. We hypothesize that hypoirisinemia may
increase ROS and favor a proinflammatory state mediated
by an increase in the TLR4 expression, which results in the
NF-κB activation. In addition, in an overt diabetic state, other
mechanisms such as ROS, AGEs, and glucotoxicity trigger
endothelial cell apoptosis, with consequent production of
miRNA-containing microparticles. These miRNAs eventu-
ally lead to a downregulation of endothelial CAMs as a com-
pensatory mechanism to prevent further progression of
vascular damage. Considering that the levels of inflammation
and oxidative stress in children and adolescents with MetS
might be lower than those present in T2DM, the hypoirisine-
mia seen in MetS patients might promote an upregulation of
CAMs. Further research on the association of irisin and vas-
cular complications in pediatric patients with MetS and
T2DM are needed, including in vitro and experimental
models, to better clarify and understand the mechanisms
underlying the pathophysiological role of irisin in these
metabolic diseases.
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