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Abstract: Background/Objective: Secreted frizzled-related protein 5 (Sfrp5) is an anti-inflammatory
adipokine that has been implicated in the pathophysiology of obesity and its metabolic complications.
Despite the fact that numerous studies have been carried out in adults, limited data on Sfrp5 exist
for youth, especially in relation to overweight and obesity. Methods: In our study, we assessed
the concentrations of Sfrp5, total oxidative (TOS) and antioxidative (TAS) status, high-sensitivity
C-reactive protein (hs-CRP), and several cytokines (IL-1α, IL-1β, IL-2, IL-6, IL-8, IL-12, TNF-α)
in 120 children and adolescents (mean age ± SE: 11.48 ± 0.25 years; 48 prepubertal, 72 pubertal;
74 males and 46 females) before and 1 year after the implementation of a personalized, structured,
lifestyle intervention program of healthy diet, sleep, and physical exercise. Results: Based on the
body mass index (BMI), participants were categorized as having morbid obesity (n = 63, 52.5%),
obesity (n = 21, 17.5%), overweight (n = 22, 18.33%), or normal BMIs (n = 14, 11.67%), based on the
International Obesity Task Force (IOTF) cut-off points. Following the 1-year lifestyle intervention
program, a significant improvement in anthropometric measurements (BMI, BMI-z score, diastolic
blood pressure, WHR, and WHtR), body-composition parameters, hepatic enzymes, lipid profile,
inflammation markers, and the insulin-sensitivity profile (HbA1C, HOMA index) was observed in
all subjects. Sfrp5 decreased in subjects with obesity (p < 0.01); however, it increased significantly
(p < 0.05) in patients with morbid obesity. Linear regression analysis indicates that TNF-α and systolic
blood pressure were the best positive predictors and hs-CRP was the best negative predictor for
Sfpr5 concentration at initial assessment and glucose concentration for ∆Sfrp5, while TNF-α and TAS
were the best positive predictors for Sfpr5 concentration at annual assessment. Conclusions: These
results indicate that Sfrp5 is associated with severe obesity and is increased following weight loss in
children and adolescents with morbid obesity. It is also related to metabolic homeostasis, as well as
inflammation and oxidative status.
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1. Introduction

Obesity has become a significant health problem of our time, and it is rapidly evolving
into a pandemic. The prevalence of obesity worldwide more than doubled from 1990 to
2022 [1]. According to the International Classification of Diseases (ICD), obesity is defined
as a chronic, relapsing, multifactorial disease [2]. Excessive fat accumulation in human
tissues is a marker of it, which in turn leads to a multitude of negative effects on human
health. The swift rise in childhood obesity is of particular concern, given that it not only
poses immediate health risks but also sets the stage for long-term consequences.

In addition to being responsible for energy conversion and storage, adipose tissue
represents a dynamic endocrine organ [3]. Given its dimensions, it is the body’s biggest
endocrine gland, producing hormones referred to as adipokines. Adipokines are inter-
mediaries with endocrine, paracrine, and autocrine actions, as well as pro-inflammatory
or anti-inflammatory actions. More than 600 adipokines have been described, including
leptin, adiponectin, visfatin, ghrelin, and resistin [4]. The positive energy balance observed
in obesity leads to a substantial malfunction of adipose tissue. Adipocytes multiply (hy-
perplasia) and become larger (hypertrophy), remodeling of the stroma is observed, and
the adipokine secretion profile is altered, resulting in low-grade chronic inflammation [5,6].
This prolonged inflammation, in turn, triggers a host of complications, such as dyslipidemia,
endothelial dysfunction, hypertension, insulin resistance, diabetes mellitus type 2, fatty-
liver disease, and malignancies [7]. Adipokines are important players in the etiology of
obesity and its related disorders by regulating the equilibrium between anti-inflammatory
and pro-inflammatory actions and acting on nearly all of the human body’s systems. There-
fore, the investigation of adipokines and the mechanism by which they act is of particular
interest. Adipokines enable us not only to better understand the underlying pathogenetic
mechanisms of these complications but also to investigate novel treatments.

A recently recognized adipokine, first described by Ouchi et al., is secreted frizzled-
related protein 5 (Sfrp5) [8]. Sfrp5 is a member of the Sfrp proteins, which in humans
include five members produced in a variety of tissues, such as the subcutaneous, visceral,
and pericardial adipose tissue, the heart, the liver, the pancreas, and mononuclear blood
cells [9]. Sfrp5 is secreted by healthy adipocytes; it serves as an essential mediator in the
Wnt (wingless-related integration site) signaling pathway and preserves anti-inflammatory
and insulin-sensitizing properties. It possesses an N-terminal cysteine-rich domain (CRD),
which shares a high degree of homology to wingless-type (Wnt) receptor frizzled proteins,
and a small C-terminal hydrophilic domain [10]. Sfrp5 influences several cellular processes,
such as differentiation, proliferation, and migration, by opposing extracellular Wnt proteins
and preventing them from interacting with the Frizzled (Frz) receptor [11]. Furthermore, it
promotes adipogenesis and serves as an indicator of mature adipocytes [12].

Low-grade, chronic inflammation is linked to obesity, and adipokine dysfunction
has a significant impact on its promotion. Therefore, it is speculated that Sfrp5 possibly
contributes to the pathophysiology of obesity and its complications. Research has been
performed elucidating Sfrp5’s role in obesity. Animal studies have indicated a decrease in
the expression of Sfrp5 in obese models, while Sfrp5 deficiency causes insulin resistance,
glucose intolerance, and hepatosteatosis [8,13]. Clinical studies in adults suggest that Sfrp5
plays a prominent role in regulating adipogenesis, inflammation, glucose homeostasis,
lipid metabolism, cardiovascular disease, non-alcoholic fatty-liver disease (NAFLD), and
oxidative stress [14–17]. However, limited data exist concerning the association of Sfrp5
with obesity and its comorbidities in children and adolescents [18–21].

Although sufficient evidence suggests that there is downregulation of Sfrp5 in obesity and
upregulation after weight loss, much research has revealed contradicting findings [12,14,22–24].
Therefore, deeper research studies are needed to clarify how excess fat regulates Sfrp5 and
how it is affected along with alterations in body mass index (BMI), especially in children.
Studies in children and adolescents offer us the opportunity to improve our insight into the
pathogenesis of obesity in the initial periods of its development without the confounding
effects of medications and/or metabolic complications.
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The aim of our prospective study was to investigate the effect of a 1-year personalized,
comprehensive, structured, multidisciplinary, lifestyle-intervention program of diet, sleep,
and exercise on Sfrp5 concentrations in children and adolescents with obesity, overweight,
and normal BMIs. Furthermore, we aimed to address potential associations of Sfrp5 with
cardiovascular risk factors and glucose metabolism.

2. Patients and Methods
2.1. Study Population and Ethics

The present study was prospectively designed. The study population consisted of
one hundred and twenty (n = 120; 48 prepubertal, 72 pubertal; 74 males and 46 females)
children and adolescents who were recruited from our Center for the Prevention and
Management of Overweight and Obesity in Childhood and Adolescence, Division of
Endocrinology, Metabolism, and Diabetes, First Department of Pediatrics, National and
Kapodistrian University of Athens Medical School. The study was conducted in accordance
with the Declaration of Helsinki. The study was approved by the ethics committee of
‘Aghia Sophia’ Children’s Hospital (Approval Number: EB-PASCH-MoM: 7 April 2021;
Re:10997/26/02/2021). All parents and guardians were asked to sign an informed consent
form after a full explanation of the study, and all children older than seven years old
provided their assent. Based on BMI, subjects were classified as having morbid obesity
(n = 63, 52.5%), obesity (n = 21, 17.5%), overweight (n = 22, 18.33%), or normal BMIs (n = 14,
11.67%), based on the International Obesity Task Force (IOTF) cut-off points [25]. Exclusion
criteria were (i) chronic or acute diseases, (ii) endocrine disorders, (iii) obesity due to a
known monogenic cause or in the context of a syndrome, (iv) received corticosteroids,
antiepileptics, or other preparations that increase BMI, and (v) malnutrition [BMI Standard
Deviation Score (SDS) ≤ −2].

All participants were assessed at frequent intervals by a multidisciplinary team that
included a Pediatrician, a Pediatric Endocrinologist, a Pediatric Dietician, a professional
fitness Personal Trainer, and—when necessary—a Pediatric Clinical Psychologist. All
subjects joined an individualized management program, which offered guidance and
assistance to both participants and their families regarding healthy dietary choices, sleep,
and exercise [26–31].

2.2. Methods
2.2.1. Anthropometric and Body-Composition Parameters

Body weight was measured wearing light clothes and without shoes with the same
calibrated scale (Seca GmbH & Co. KG., Hamburg, Germany). Standing height was
also measured without shoes with a stadiometer (Holtain Limited, Crymych–Dyfed, UK).
Weight and height were used to calculate body mass index as body weight (kg)/height
(m2). Consequently, the BMI z-score was calculated according to the Greek standard growth
charts [32]. Furthermore, the WHO STEPS protocol was used for waist and hip circumfer-
ence measurements by employing the same stretch-resistant tape in standing position (Seca
GmbH & Co. KG., Hamburg, Germany) in the horizontal plane midway between the lowest
rib and the iliac crest at the end of a normal expiration, and in the horizontal plane at the
level of maximum circumference of hips and buttocks, respectively. Resting blood pressure
(BP) measurement was assessed by a sphygmomanometer with an appropriate cuff for
arm circumference (Comfort 20/40, Visomat, Parapharm, Metamorphosi, Attiki, Greece).
Additionally, bioelectrical impedance analysis (BIA) was performed on each individual.
(TANITA MC-780U Multi Frequency Segmental Body Composition Analyzer, Amsterdam,
The Netherlands).

2.2.2. Initial Assessment and Interventions

On the day of the study, all subjects were admitted to the Endocrine Unit early in the
morning, and a comprehensive medical history and clinical examination were performed,
including evaluation of pubertal status; standard anthropometric measurements (weight,
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height, WC, and HC) were gathered by a single trained observer. At 08:00 a.m., blood
samples for initial hematologic, biochemical, and endocrinologic examinations, and Sfrp5
concentrations were collected, following an overnight 12 h fast. Then, they were centrifuged,
immediately separated after collection, and stored at −80 ◦C until assayed. Furthermore,
body-composition analysis was performed.

Subsequently, all participants were evaluated by a Pediatrician and a Pediatric Di-
etitian regarding their daily nutritional habits. Using the United States Department of
Agriculture (USDA) method, a 24 h recall of their meals was completed, detailing food and
beverage intake, as well as their quantity and timing [33]. This information was used to
assess dietetic habits and nutritional status. Children and their parents/guardians received
detailed information on the implications of obesity and the significance of adopting a
healthier lifestyle as a family unit. Guidance was provided on modifying dietary habits,
emphasizing the reduction of processed food consumption and the incorporation of fresh
fruits, vegetables, and whole grains in accordance with the 2010 USDA guidelines and
recommendations from the National Nutritional Guide for Infants, Children, and Adoles-
cents [27–29,33]. In addition, detailed recommendations for adequate sleep were provided
to each participant based on their age, according to the American Academy Consensus
Guidelines [34]. These guidelines suggested 9 to 12 h of sleep per day for children aged
10–12 years and 8 to 10 h per day for adolescents aged 13–18 years. Participants were
advised to prioritize uninterrupted sleep, aiming to start sleeping as early as possible
before midnight and maintaining a consistent sleep schedule every day. Also, children
were advised to limit screen time to less than two hours per day and to turn off all electronic
devices one hour before bedtime.

Additionally, a certified Personal Trainer assessed each participant on their initial visit,
and they recorded their weekly activities and interests. His role included designing and
implementing tailored exercise programs for the children, providing guidance on physical
activities and sports, motivating the children to engage in regular exercise, and promoting
the importance of leading an active lifestyle [27–29].

Subjects with obesity were evaluated every month, those overweight every two
months, and those with normal BMIs every three months. During each follow-up visit,
anthropometric measurements were acquired, and a new 24 h diet recall was conducted,
as previously described. All health professionals discussed the progress, adjusted goals,
and encouraged the active involvement of parents and guardians in the process to provide
additional support to children and adolescents. Detailed hematologic, biochemical and
endocrinologic tests were carried out at the beginning and the end of the study, as well as
at 3–6 monthly intervals as required [26–31].

2.2.3. Annual Assessment

On the day of the annual follow-up visit, all participants were admitted to the En-
docrine Unit early in the morning. A single trained observer collected standard anthropo-
metric metrics (weight, height, WC, and HC), as well as an extensive medical record and
physical exam, which included a Tanner pubertal examination. After a fasting period of
twelve hours, thorough hematologic, biochemical, and endocrinologic tests were conducted
at 8:00 a.m., along with a body-composition study after the clinical evaluation.

2.2.4. Assays

The ADVIA 2110i analyzer was used for standard hematologic investigations (Roche
Diagnostics GmbH, Mannheim, Germany). The concentrations of total cholesterol, high-
density lipoprotein cholesterol (HDL), triglycerides (TG), and glucose were measured in
the analyzer ADVIA 1800 Siemens (Siemens Healthcare Diagnostics, Tarrytown, NY, USA),
while apolipoproteins A1 (ApoA1), B (ApoB) and lipoprotein (a) [Lp(a)] concentrations
were measured by means of latex particle-enhanced immunonephelometric assays on the
BN ProSpec nephelometer (Dade Behring, Siemens Healthcare Diagnostics, Liederbach,
Germany). Hemoglobin A1C (HbA1C) was measured with the employment of reversed-
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phase cation exchange high-performance liquid chromatography on an HA-8160 automated
glycohemoglobin analyzer (Arkray, Kyoto, Japan).

To estimate insulin resistance, the homeostasis model assessment (HOMA-IR) method
was calculated as follows: HOMA-IR = [fasting glucose (mg/dL) × fasting insulin (mU/L)]/
405. The 2009 bedside Schwartz formula was applied for the calculation of the estimated
glomerular filtration rate (eGFR) as follows: eGFR = 0.413 × height (cm)/creatinine (mg/dL).

The concentrations of luteinizing hormone (LH), follicle-stimulating hormone (FSH),
ferritin, estradiol, and insulin were determined using an automated electrochemilumi-
nescense immunoassays analyzer (Cobas e411, Roche Diagnostics GmbH, Mannheim,
Germany), while thyroid-stimulating hormone (TSH), free thyroxine, anti-thyroid per-
oxidase antibodies, anti-thyroglobulin antibodies, adrenocorticotropin (ACTH), cortisol,
testosterone, androstenedione, dehydroepiandrosterone (DHEA), dehydroepiandrosterone
sulfate (DHEAS), insulin-like growth factor-I (IGF-I), and high-sensitivity C-reactive pro-
tein (hs-CRP) concentrations were determined using chemiluminescence immunoassays
on an IMMULITE 2000 immunoassay system (Siemens Healthcare Diagnostics Products
Ltd., Camberley, Surrey, GU15 3YL, K). The total 25-hydroxyvitamin D (25-OH-Vitamin D)
concentration was measured by an automated electrochemiluminescence immunoassay
with the Modular Analytics E170 analyzer (Roche Hellas, Athens, Greece).

The concentrations of Sfrp5 were determined by ELISA Enzyme-Linked Immunosor-
bent Assay (SEC842Hu, Cloud-Clone Corp., Katy, TX 77494, USA) with sensitivity limits
of 0.58 ng/mL. The total oxidative status (TOS) and total antioxidant status (TAS) were
determined using a photometric test system [PerOx(TOS) kit KC510, Immundiagnostik AG,
ImAnOx(TAS) kit KC5200, Immundiagnostik AG, Stubenwald-Allee 8a, 64625 Bensheim,
Germany]. The cytokines IL-1α, IL-1β, IL-2, IL-6, IL-8, IL-12, and tumor-necrosis factor-
α (TNF-α) were determined by ELISA Enzyme-Linked Immunosorbent Assay [DLA50,
HSLB00D, HS200, HS600C, HS800, HS120, HSTA00E respectively, Quantikine ELISA, R&D
Systems (Minneapolis, MN, USA)].

2.2.5. Statistical Analysis

The statistical analysis was carried out utilizing Statistica 14 software [TIBCO Software
Inc. (2020), Palo Alto, CA, USA]. All variables were normally distributed. Results are
expressed as mean ± standard error of the mean (SE). The statistical significance level
was set at p < 0.05. At initial assessment, anthropometric parameters were compared
among subjects with morbid obesity, obesity, overweight, and normal BMIs, with a one-
factor analysis of variance test (one-factor ANOVA). The effects of lifestyle intervention
for all variables assessed at the beginning of the study (‘initial assessment’) and after
1 year (‘annual assessment’) were compared by employing a repeated-measures analysis of
variance test (repeated-measures ANOVA) with and without obesity/overweight/normal
BMI as between subjects’ factors. Significant main effects were revealed by Fischer’s Least
Significant Difference (LSD) post-hoc test. The associations of the studied variables were
studied by Pearson’s R coefficient.

Standard forward stepwise multiple linear regression models were applied to exam-
ine possible predictors of Sfrp5, initially and annually (mean), and the respective change
(delta) of Sfrp5 (∆Sfrp5), all taken separately as dependent variables. In the first model,
inflammation parameters (TAS, TOS, hs-CRP, TNF-α, and IL-6) at initial assessment were
used as independent variables. In the next model, the metabolic-syndrome parameters
[Systolic Blood Pressure (SBP), WC, glucose concentration, TG, and High-Density Lipopro-
tein (HDL)] at initial assessment were used as independent variables. In the last model, the
metabolic syndrome parameters (WC, SBP, glucose concentration, TG, and HDL) at initial
assessment were used as independent variables for ∆Sfrp5.
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3. Results
3.1. Clinical Characteristics and Body Composition, Biochemical, and Endocrinologic Parameters

A total of 120 [48 prepubertal (40%) and 72 pubertal (60%); 74 males (62%) and
46 females (38%)] children and adolescents aged 6–18 years old (mean age ± SE:
11.48 ± 0.25 years) were studied prospectively. The clinical characteristics of all par-
ticipants were categorized as follows: having morbid obesity, obesity, overweight, or a
normal BMI based on IOTF criteria at baseline and are presented in Table 1. The clinical
characteristics after 6 months and 1 year of the lifestyle intervention program was imple-
mented are presented in Table 2. More specifically, body weight (p < 0.01), BMI (p < 0.01),
BMI-z score (p < 0.01), diastolic blood pressure (DBP) (p < 0.01), WC (p < 0.01), HC (p < 0.01),
waist-to-hip ratio (WHR) (p < 0.05) and waist-to-height ratio (WHtR) (p < 0.01) decreased
significantly at the 6-month and annual assessments. Furthermore, BMI z-score (p < 0.01),
DBP (p < 0.01), and WHtR (p < 0.01) also decreased significantly from the 6-month to the
12-month assessment.

Table 1. (A) Clinical characteristics of all participants at baseline. Participants were categorized
as having morbid obesity, obesity, overweight, or a normal BMI based on IOTF criteria at initial
assessment. (B) Pubertal status and gender of subjects in each BMI category at initial assessment and
the respective percentages in parentheses.

(A)

Morbid Obesity
(n = 63)

Obesity
(n = 21)

Overweight
(n = 22)

Normal BMI
(n = 14) p

Age (years) 11.56 ± 0.37 11.14 ± 0.53 12.02 ± 0.52 10.75 ± 0.70 NS
Height (cm) 153.25 ± 1.96 153.19 ± 2.75 149.49 ± 1.98 145.80 ± 4.45 NS

BW (kg) 75.55 ± 3.11 63.31 ± 3.09 † 54.30 ± 2.16 † 39.24 ± 3.49 †,‡,# <0.01
BMI (kg/m2) 31.22 ± 0.68 26.57 ± 0.44 † 24.07 ± 0.40 †,‡ 17.95 ± 0.72 †,‡,# <0.01
BMI z-score 3.56 ± 0.16 2.12 ± 0.07 † 1.31 ± 0.11 †,‡ −0.33 ± 0.17 †,‡,# <0.01

Waist circumference (cm) 97.98 ± 1.89 91.76 ± 1.84 † 81.79 ± 1.40 †,‡ 66.38 ± 2.79 †,‡,# <0.01
Hip circumference (cm) 107.16 ± 1.94 96.18 ± 1.59 † 89.55 ± 1.76 † 79.42 ± 3.44 †,‡,# <0.01

WHR 0.91 ± 0.01 0.95 ± 0.01 † 0.92 ± 0.02 ‡ 0.84 ± 0.02 †,‡,# <0.01
SBP (mmHg) 110.46 ± 1.52 107.49 ± 3.22 103.34 ± 2.54 † 94.54 ± 3.09 †,‡,# <0.01
DBP (mmHg) 73.47 ± 0.97 68.88 ± 2.09 † 64.91 ± 2.16 † 59.92 ± 2.04 †,‡ <0.01

(B)

Pubertal Status Total (n = 120)

Pre-pubertal 24 (38%) 12 (57%) 6 (27%) 6 (43%) 48 (40%)
Pubertal 39 (62%) 9 (43%) 16 (73%) 8 (57%) 72 (60%)

Gender

Male 35 (56%) 16 (76%) 13 (59%) 10 (71%) 74 (62%)
Female 28 (44%) 5 (24%) 9 (41%) 4 (29%) 46 (38%)

Abbreviations: BMI, body mass index; BW, body weight; DBP, diastolic blood pressure; SBP, systolic blood pressure;
WHR, waist-to-hip ratio; all variables are presented as mean ± SE of mean. Participants were categorized as
obese and overweight based on IOTF criteria at initial assessment. One-way ANOVA was used to compare
all measurable variables. LSD post-hoc test indicated significant main effects. Statistical significance p < 0.05
and strong significance (p < 0.01) are presented. NS: nonsignificant difference (p > 0.05). †: indicates significant
difference from morbidly obese. ‡: indicates significant difference from obese. #: indicates significant difference
from overweight.

Biochemical, endocrinologic, and body-composition parameters at initial and annual
assessment are presented in Table 3. After the implementation of the lifestyle intervention
program, all participants showed a significant decrease in the concentrations of glucose
(p < 0.01), hepatic enzymes [(aspartate aminotransferase (AST) (p < 0.05), alanine transami-
nase (ALT) (p < 0.01), gamma-glutamyl transferase (γGT) (p < 0.01)], triglycerides (p < 0.05),
and ApoB (p < 0.01), and a significant increase in the concentrations of HDL (p < 0.01), Lp(a)
(p < 0.01), and 25-OH-Vitamin D (p < 0.01). Indicators of insulin sensitivity, including fasting
serum insulin concentrations, HbA1C, and HOMA-IR (p < 0.01), improved significantly
after the implementation of the multidisciplinary lifestyle intervention program. When
analyzing the body composition of all patients, fat percentage and fat mass decreased
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significantly (p < 0.01), whereas fat free mass, muscle mass percentage, bone mass, total
body water, and basal metabolic rate (BMR) increased (p < 0.01) at the annual assessment.

Table 2. Clinical characteristics of all participants at initial, 6-month, and annual assessments.

Initial Assessment 6-Month Assessment Annual Assessment p

Age (years) 11.48 ± 0.25 11.97 ± 0.26 * 12.50 ± 0.25 *,** p < 0.01
Body weight (kg) 65.27 ± 2.13 63.86 ± 2.20 * 64.16 ± 1.87 * p < 0.01

Height (cm) 151.68 ± 1.31 154.29 ± 1.35 * 157.39 ± 1.20 *,** p < 0.01
BMI (kg/m2) 27.55 ± 0.56 25.85 ± 0.62 * 25.33 ± 0.48 * p < 0.01
BMI z-score 2.44 ± 0.15 1.80 ± 0.16 * 1.56 ± 0.13 *,** p < 0.01

SBP (mmHg) 106.84 ± 1.22 106.43 ± 1.16 105.24 ± 1.09 NS
DBP (mmHg) 69.58 ± 0.89 67.14 ± 0.79 * 64.17 ± 0.76 *,** p < 0.01

Waist circumference (cm) 90.39 ± 1.47 88.44 ± 1.79 * 86.18 ± 1.31 * p < 0.01
Hip circumference (cm) 98.83 ± 1.47 96.6 ± 1.70 * 96.04 ± 1.16 * p < 0.01

WHR 0.91 ± 0.01 0.91 ± 0.01 0.90 ± 0.01 * p < 0.05
WHtR 0.59 ± 0.01 0.58 ± 0.01 * 0.55 ± 0.01 *,** p < 0.01

Abbreviations: BMI, body mass index; BP, diastolic blood pressure; SBP, systolic blood pressure; WHR, waist-
to-hip ratio; WHtR, waist-to-height ratio; all data are presented as mean ± standard error of mean. One-way
ANOVA was used to compare all measurable variables. LSD post-hoc test indicated significant main effects.
Statistical significance p < 0.05 and strong significance (p < 0.01) are presented. NS: nonsignificant difference
(p > 0.05). *: indicates significant difference from initial assessment. **: indicates significant difference from
6-month assessment.

Table 3. (A) Biochemical parameters in all participants at initial and annual assessment. (B) En-
docrinologic parameters in all participants at initial and annual assessment. (C) Body-composition
parameters in all participants at initial and annual assessment.

(A)

Initial Assessment Annual Assessment p

Glucose (mg/dL) 91.24 ± 0.65 89.13 ± 0.66 * <0.01
Urea (mg/dL) 27.88 ± 0.62 28.15 ± 0.59 NS

Creatinine (mg/dL) 0.58 ± 0.01 0.62 ± 0.01 * <0.01
eGFR (mL/min/1.73 m2) 109.06 ± 1.82 110.15 ± 1.61 NS

AST (U/L) 23.20 ± 0.80 21.09 ± 0.83 * <0.05
ALT (U/L) 23.18 ± 1.81 17.78 ± 0.87 * <0.01
γGT (U/L) 14.34 ± 0.95 12.34 ± 0.48 * <0.01
ALP (U/L) 254.01 ± 9.14 229.37 ± 9.64 * <0.01

Phosphorus (mg/dL) 4.86 ± 0.05 4.87 ± 0.07 NS
Albumin (g/dL) 4.80 ± 0.02 4.84 ± 0.03 NS

Cholesterol (mg/dL) 157.83 ± 2.77 156.43 ± 2.36 NS
Triglycerides (mg/dL) 87.89 ± 5.63 80.24 ± 4.24 * <0.05

HDL (mg/dL) 50.74 ± 1.13 53.30 ± 1.01 * <0.01
LDL (mg/dL) 89.73 ± 2.54 87.37 ± 2.16 NS

Uric acid (mg/dL) 5.03 ± 0.11 4.98 ± 0.11 NS
Magnesium (mg/dL) 2.13 ± 0.01 2.10 ± 0.01 NS

K (mmol/L) 4.53 ± 0.03 4.46 ± 0.02 * <0.05
Na (mmol/L) 140.23 ± 0.13 140.03 ± 0.15 NS
Ca (mmol/L) 9.98 ± 0.03 9.93 ± 0.03 NS

ApoA1 (mg/dL) 135.52 ± 2.28 134.23 ± 1.75 NS
ApoB (mg/dL) 79.59 ± 2.03 73.90 ± 1.67 * <0.01
Lp(a) (mg/dL) 19.09 ± 2.55 22.39 ± 3.06 * <0.01

(B)

Initial Assessment Annual Assessment p

TSH (µUI/mL) 2.74 ± 0.13 2.69 ± 0.13 NS
FT4 (mg/dL) 1.08 ± 0.01 1.14 ± 0.02 * <0.01
T3 (ng/dL) 136.99 ± 2.05 133.73 ± 2.60 NS

Anti-TG (IU/mL) 30.02 ± 7.07 31.44 ± 9.25 NS
Anti-TPO (IU/mL) 32.45 ± 9.67 20.66 ± 4.15 * <0.05

IGF-I (ng/mL) 223.07 ± 11.11 269.12 ± 9.01 * <0.01
Androstenedione (ng/mL) 1.08 ± 0.10 1.28 ± 0.10 * <0.01

Testosterone (ng/mL) 83.43 ± 10.19 134.09 ± 14.31 * <0.01
DHEA-s (µg/dL) 130.26 ± 8.47 160.37 ± 9.86 * <0.01
Prolactin (ng/mL) 9.50 ± 0.49 9.47 ± 0.54 NS

LH (mUI/mL) 2.45 ± 0.36 3.22 ± 0.49 NS
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Table 3. Cont.

(B)

Initial Assessment Annual Assessment p

FSH (mUI/mL) 2.97 ± 0.20 3.50 ± 0.21 * <0.01
E2 (pg/mL) 25.58 ± 1.78 35.23 ± 3.19 * <0.01

PTH (pg/mL) 36.31 ± 1.33 40.63 ± 1.45 * <0.01
25-OH-Vitamin D (ng/mL) 22.55 ± 0.67 25.07 ± 0.64 * <0.01

ACTH (pg/mL) 26.02 ± 2.33 24.18 ± 1.25 NS
Cortisol (µg/dL) 13.21 ± 0.67 13.19 ± 0.46 NS
Insulin (µUI/mL) 21.97 ± 1.26 17.19 ± 0.83 * <0.01

HbA1C (%) 5.33 ± 0.02 5.27 ± 0.03 * <0.01
HOMA-IR 5.03 ± 0.30 3.83 ± 0.19 * <0.01

(C)

Initial Assessment Annual Assessment p

Fat Percentage (%) 37.07 ± 0.84 31.99 ± 0.80 * <0.01
Fat Mass (kg) 25.01 ± 1.29 21.37 ± 1.05 * <0.01

Muscle Mass Percentage (%) 37.16 ± 1.03 40.60 ± 1.04 * <0.01
Bone Mass (kg) 2.02 ± 0.05 2.20 ± 0.05 * <0.01

Fat Free Mass (kg) 39.18 ± 1.08 42.80 ± 1.10 * <0.01
Total Body Water 28.68 ± 0.79 31.33 ± 0.80 * <0.01

Basal Metabolic Rate (Kilojoule) 6521.24 ± 117.91 6741.98 ± 116.65 * <0.01
Impedance 691.21 ± 7.95 676.41 ± 8.06 * <0.01

Phase Angle 5.38 ± 0.05 5.36 ± 0.05 NS

Abbreviations: ACTH, adrenocorticotropic hormone; ALP, alkaline phosphatase; ALT, alanine transaminase;
anti-TG, antibodies against thyroglobulin; anti-TPO, thyroid peroxidase antibodies; ApoA1, apolipoprotein
A1; ApoB, apolipoprotein B; AST, aspartate aminotransferase; DHEA-s, dehydroepiandrosterone sulfate; E2,
estradiol; eGFR, estimated glomerular filtration rate; FSH, follicle stimulating hormone; FT4, free thyroxine; γGT,
gamma-glutamyl transferase; HbA1C, hemoglobin A1C; HDL, high-density lipoprotein; HOMA-IR, homeostatic
model assessment for insulin resistance; IGF-1, insulin-like growth factor 1; LDL, low-density lipoprotein; LH,
luteinizing hormone; Lp(a), lipoprotein a; PTH, parathormone; T3, triiodothyronine; TSH, thyroid stimulating
hormone; vitamin D, total 25-OH-vitamin D. All variables are presented as mean ± SE of mean. One-way ANOVA
was used to compare all measurable variables. LSD post-hoc test indicated significant main effects. Statistical
significance p < 0.05 and strong significance (p < 0.01) are presented. NS: nonsignificant difference (p > 0.05) *:
indicates significant difference from initial assessment.

3.2. Adipose Tissue Inflammation-Associated Factors and Subgroups Analysis

The concentrations of adipokine Sfrp5 (Figure 1), as well as interleukins and hs-CRP
at initial and annual assessments, are presented in Table 4. There was a significant decrease
in hs-CRP (p < 0.05), Sfrp5 (p < 0.01), and TOS (p < 0.01), and a significant increase in TNF-α
(p < 0.01), IL-1β (p < 0.01), and IL-8 (p < 0.01) concentrations after the lifestyle intervention
program was implemented for 1 year. The comparisons of clinical, biochemical, and
endocrinologic parameters, adipose tissue inflammation-associated parameters, and body-
composition parameters according to BMI are presented in Table 5. BMI z-score at each
subgroup initially and annually is also presented in Figure 2. There was no significant
difference in Sfrp5 concentrations among the groups; however, Sfrp5 increased in subjects
with morbid obesity following weight loss (p < 0.05). TOS was significantly higher in
the morbid obesity group compared to the normal BMI group, both at initial and annual
assessment, and it decreased significantly after weight loss (p < 0.05).

Table 4. Adipose tissue inflammation-associated parameters in all participants at initial and
annual assessment.

Initial Assessment Annual Assessment p

hs-CRP (mg/L) 4.02 ± 0.46 3.31 ± 0.40 * <0.05
TAS (µmol/L) 253.97 ± 5.14 257.68 ± 4.95 NS
TOS (µmol/L) 788.55 ± 40.52 659.62 ± 40.21 * <0.01

TNF-α (pg/mL) 0.99 ± 0.03 1.36 ± 0.13 * <0.01
SFRP5 (ng/mL) 20.97 ± 1.12 18.70 ± 1.06 * <0.01
IL-1α (pg/mL) 1.17 ± 0.14 1.21 ± 0.12 NS
IL-1β (pg/mL) 0.10 ± 0.01 0.18 ± 0.02 * <0.01
IL-2 (pg/mL) 0.08 ± 0.01 0.12 ± 0.03 NS
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Table 4. Cont.

Initial Assessment Annual Assessment p

IL-6 (pg/mL) 1.99 ± 0.11 1.80 ± 0.12 NS
IL-8 (pg/mL) 11.52 ± 0.56 14.40 ± 0.96 * <0.01
IL-12 (pg/mL) 0.56 ± 0.02 0.02 ± 0.55 NS

Abbreviations: hs-CRP, high sensitivity C-reactive protein; SFRP5, secreted frizzled-related protein 5; IL, inter-
leukin; TAS, total antioxidant status; TNF-α, tumor-necrosis factor-α; TOS; total oxidant status. All variables
are presented as mean ± SE of mean. Participants were categorized as obese and overweight based on IOTF
criteria at initial assessment. One-way ANOVA was used to compare all measurable variables. LSD post-hoc test
indicated significant main effects. Statistical significance p < 0.05 and strong significance (p < 0.01) are presented.
NS: nonsignificant difference (p > 0.05). *: indicates significant difference from initial assessment.
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Figure 1. Concentrations of Sfrp5 at initial and annual assessment. The asterisk (*) indicates statisti-
cally significant difference.
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Table 5. (A) Clinical parameters of all participants at initial and annual assessment. (B) Biochemical parameters of all participants at initial and annual assessment.
(C) Endocrinologic parameters of all participants at initial and annual assessment. (D) Adipose tissue inflammation-associated variables of all subjects at initial and
annual assessment. (E) Body composition of all participants at initial and annual assessment.

(A)

Initial Assessment Annual Assessment pbetween

timepointsMorbidly Obese Obese Overweight Normal BMI pwithin Morbidly Obese Obese Overweight Normal BMI pwithin

Age (years) 11.56 ± 0.37 11.14 ± 0.53 12.02 ± 0.52 10.75 ± 0.70 NS 12.59 ± 0.37 * 12.18 ± 0.54 * 13.03 ± 0.52 * 11.74 ± 0.69 * NS <0.01

Height (cm) 153.25 ± 1.96 153.19 ± 2.75 149.49 ± 1.98 145.80 ± 4.45 NS 158.43 ± 1.79 * 159.22 ± 2.67 * 155.95 ± 1.77 * 152.22 ± 4.20 * NS <0.01

BW (kg) 75.55 ± 3.11 63.31 ± 3.09 † 54.30 ± 2.16 † 39.24 ± 3.49 †,‡ # <0.05 72.62 ± 2.75 * 63.20 ± 2.93 54.60 ± 1.90 † 42.61 ± 3.42 *,†,‡ <0.05 <0.05

BMI (kg/m2) 31.22 ± 0.68 26.57 ± 0.44 † 24.07 ± 0.40 †,‡ 17.95 ± 0.72 †,‡,# <0.05 28.27 ± 0.64 * 24.60 ± 0.43 *,† 22.32 ± 0.45 *,† 17.94 ± 0.66 †,‡,# <0.05 <0.05

BMI z-score 3.56 ± 0.16 2.12 ± 0.07 † 1.31 ± 0.11 †,‡ −0.33 ± 0.17 †,‡,# <0.01 2.44 ± 0.15 * 1.35 ± 0.08 *,† 0.54 ± 0.11 *,†,‡ −0.49 ± 0.15 †,‡,# <0.01 <0.05

Waist
circumference (cm) 97.98 ± 1.89 91.76 ± 1.84 † 81.79 ± 1.40 †,‡ 66.38 ± 2.79 †,‡,# <0.01 92.79 ± 1.70 * 88.07 ± 1.66 * 78.52 ± 1.44 *,†,‡ 65.58 ± 2.44 †,‡,# <0.01 <0.01

Hip
circumference (cm) 107.16 ± 1.94 96.18 ± 1.59 † 89.55 ± 1.76 † 79.42 ± 3.44 †,‡,# <0.01 101.87 ± 1.51 * 94.90 ± 1.83 † 90.57 ± 1.53 † 80.27 ± 3.13†,‡ <0.01 <0.05

WHR 0.91 ± 0.01 0.95 ± 0.01 † 0.92 ± 0.02 ‡ 0.84 ± 0.02 †,‡,# <0.01 0.91 ± 0.01 0.93 ± 0.01 0.87 ± 0.01 *,†,‡ 0.82 ± 0.01 †,‡,# <0.01 <0.05

WHtR 0.64 ± 0.01 0.60±0.0.1 † 0.55±0.01 †,‡ 0.45± 0.01†,‡,# <0.01 0.59 ± 0.01 * 0.55 ± 0.01 *,† 0.50 ± 0.01 *,†,‡ 0.43 ± 0.01 †,‡,# <0.01 <0.01

SBP (mmHg) 110.46 ± 1.52 107.49 ± 3.22 103.34 ± 2.54 † 94.54 ± 3.09 †,‡,# <0.05 107.19 ± 1.54 * 107.02 ± 2.17 101.89 ± 2.25 98.73 ± 3.60 † <0.05 <0.05

DBP (mmHg) 73.47 ± 0.97 68.88 ± 2.09 † 64.91 ± 2.16 † 59.92 ± 2.04 †,‡ <0.05 66.30 ± 1.08 * 62.69 ± 1.43 * 62.98 ± 1.78 58.28 ± 1.51 † <0.05 <0.05

(B)

Initial Assessment Annual assessment pbetween

timepointsMorbidly Obese Obese Overweight Normal BMI pwithin Morbidly Obese Obese Overweight Normal BMI pwithin

Ferritin (µg/L) 53.85 ± 4.34 54.71 ± 6.61 45.90 ± 6.14 48.29 ± 8.14 NS 52.90 ± 3.89 47.05 ± 6.33 42.00 ± 6.38 58.00 ± 15.38 NS NS

Iron (µg/L) 79.88 ± 5.23 78.87 ± 8.74 83.35 ± 7.08 79.00 ± 9.03 NS 77.68 ± 4.20 81.83 ± 7.38 92.23 ± 8.17 84.57 ± 9.41 * NS <0.05

Glucose (mg/dL) 91.71 ± 0.83 91.52 ± 1.77 92.59 ± 1.72 86.57 ± 1.17 †,‡,# <0.05 88.73 ± 0.93 * 88.95 ± 1.60 90.55 ± 1.45 89.00 ± 2.02 NS <0.05

Urea (mg/dL) 26.71 ± 0.78 27.43 ± 1.32 28.95 ± 1.52 32.14 ± 2.3 †,‡ <0.05 28.10 ± 0.87 27.71 ± 1.05 27.14 ± 1.34 30.64 ± 1.90 NS NS

Creatinine
(mg/dL) 0.60 ± 0.02 0.56 ± 0.03 0.57 ± 0.02 0.57 ± 0.02 NS 0.63 ± 0.02 * 0.58 ± 0.03 0.61 ± 0.02 * 0.61 ± 0.02 * NS <0.05

eGFR
(mL/min/1.73 m2) 108.36 ± 2.11 117.51 ± 5.16 110.75 ± 3.22 106.19 ± 3.43 NS 107.61 ± 2.42 118.79 ± 6.25 † 107.49 ± 2.91 ‡ 103.50 ± 2.71 ‡ <0.05 NS

AST (U/L) 22.25 ± 1.09 26.57 ± 2.46 22.68 ± 1.59 23.21 ± 1.74 NS 21.27 ± 1.48 21.10 ± 1.34 * 20.45 ± 1.05 21.2 ± 9 0.99 NS <0.05
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Table 5. Cont.

(B)

Initial Assessment Annual assessment pbetween

timepointsMorbidly Obese Obese Overweight Normal BMI pwithin Morbidly Obese Obese Overweight Normal BMI pwithin

ALT (U/L) 22.71 ± 2.12 33.29 ± 6.72 ‡ 19.91 ± 3.67 ‡ 15.29 ± 1.84 <0.05 17.92 ± 1.33 * 20.95 ± 2.53 * 16.86 ± 1.27 13.86 ± 0.68 NS <0.05

gGT (U/L) 14.41 ± 1.01 19.10 ± 4.31 † 11.95 ± 0.67 ‡ 10.64 ± 0.55 ‡ <0.05 12.22 ± 0.60 * 15.14 ± 1.84 * 10.82 ± 0.51 11.07 ± 0.63 NS <0.05

ALP (U/L) 231.00 ± 13.29 292.29 ± 17.26 † 270.64 ± 21.87 274.00 ± 21.25 <0.05 201.19 ± 12.33 * 266.90 ± 21.90 *,† 245.86 ± 23.41 * 278.69 ± 30.00 † <0.05 <0.01

Phosphorus
(mg/dL) 4.79 ± 0.07 4.97 ± 0.09 4.98 ± 0.13 4.81 ± 0.14 NS 4.73 ± 0.11 5.10 ± 0.12 † 5.03 ± 0.14 4.90 ± 0.16 <0.05 NS

Cholesterol
(mg/dL) 156.13 ± 3.39 163.81 ± 8.08 160.00 ± 7.96 153.07 ± 5.97 NS 158.30 ± 2.79 162.38 ± 7.02 151.32 ± 6.39 * 147.14 ± 6.27 NS <0.05

Triglycerides
(mg/dL) 99.05 ± 9.26 99.00 ± 11.73 64.91 ± 5.58 †,‡ 57.14 ± 7.64 †,‡ <0.05 87.81 ± 6.87 * 91.57 ± 7.62 63.82 ± 6.21 55.00 ± 7.00 †,‡ <0.05 <0.05

HDL (mg/dL) 47.83 ± 1.37 47.19 ± 1.68 55.77 ± 2.26 †,‡ 61.29 ± 4.90 †,‡ <0.05 52.17 ± 1.41 * 50.38 ± 1.63 * 56.05 ± 2.29 58.43 ± 3.77 ‡ <0.05 <0.05

LDL (mg/dL) 88.78 ± 2.87 97.14 ± 7.07 91.25 ± 8.31 80.50 ± 4.86 NS 88.78 ± 2.49 94.19 ± 6.48 82.72 ± 6.33 * 78.14 ± 4.41 NS <0.05

Uric acid (mg/dL) 5.29 ± 0.15 5.06 ± 0.27 4.82 ± 0.18 4.07 ± 0.29 †,‡ <0.05 5.14 ± 0.15 5.04 ± 0.29 4.91 ± 0.19 4.23 ± 0.25 † <0.05 NS

Magnesium
(mg/dL) 2.13 ± 0.02 2.13 ± 0.02 2.15 ± 0.03 2.07 ± 0.04 NS 2.10 ± 0.02 2.13 ± 0.02 2.07 ± 0.03 2.09 ± 0.03 NS NS

K (mmol/L) 4.51 ± 0.03 4.56 ± 0.06 4.59 ± 0.07 4.50 ± 0.08 NS 4.44 ± 0.03 4.54 ± 0.06 4.47 ± 0.06 4.40 ± 0.09 NS NS

Na (mmol/L) 140.33 ± 0.16 140.10 ± 0.29 140.55 ± 0.39 139.50 ± 0.23 NS 139.98 ± 0.20 139.52 ± 0.34 139.91 ± 0.36 141.14 ± 0.35 *,†,‡,# <0.05 <0.05

Ca (mmol/L) 9.96 ± 0.04 10.05 ± 0.08 10.02 ± 0.06 9.92 ± 0.06 NS 9.92 ± 0.04 9.99 ± 0.07 9.92 ± 0.06 9.90 ± 0.06 NS NS

ApoA1 (mg/dL) 133.30 ± 3.62 132.95 ± 3.27 137.91 ± 3.74 145.14 ± 7.42 NS 133.67 ± 2.66 134.22 ± 3.44 133.95 ± 3.36 136.93 ± 5.76 NS NS

ApoB (mg/dL) 80.10 ± 2.30 87.20 ± 6.38 † 77.77 ± 5.76 ‡ 69.36 ± 4.00 ‡ <0.05 74.88 ± 2.09 * 82.39 ± 3.50 * 70.10 ± 5.11 *,‡ 64.71 ± 3.07 ‡ <0.05 <0.01

Lp(a) (mg/dL) 16.42 ± 3.00 19.55 ± 6.72 22.78 ± 6.88 24.57 ± 9.26 NS 19.57 ± 3.89 * 23.01 ± 7.56 26.69 ± 8.37 * 26.37 ± 9.13 NS <0.05

(C)

Initial Assessment Annual Assessment pbetween

timepointsMorbidly Obese Obese Overweight Normal BMI pwithin Morbidly Obese Obese Overweight Normal BMI pwithin

TSH (µUI/mL) 2.70 ± 0.18 3.14 ± 0.32 2.80 ± 0.29 2.26 ± 0.28 NS 2.92 ± 0.21 2.76 ± 0.30 2.15 ± 0.20 *,† 2.34 ± 0.23 <0.05 <0.05

FT4 (mg/dL) 1.07 ± 0.02 1.08 ± 0.04 1.07 ± 0.02 1.15 ± 0.03 NS 1.15 ± 0.02 * 1.17 ± 0.04 * 1.10 ± 0.03 1.15 ± 0.04 NS <0.05

T3 (ng/dL) 135.27 ± 2.95 151.85 ± 4.42 † 133.46 ± 4.25 ‡ 129.07 ± 4.57 ‡ <0.05 129.94 ± 3.84 153.19 ± 5.39 † 129.74 ± 4.89 ‡ 127.85 ± 5.73 ‡ <0.05 NS

Anti-TG (IU/mL) 36.05 ± 13.41 31.93 ± 11.93 20.00 20.00 NS 36.98 ± 17.16 35.10 ± 16.07 20.00 20.00 NS NS
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Table 5. Cont.

(C)

Initial Assessment Annual Assessment pbetween

timepointsMorbidly Obese Obese Overweight Normal BMI pwithin Morbidly Obese Obese Overweight Normal BMI pwithin

Anti-TPO (IU/mL) 41.61 ± 18.06 34.72 ± 20.50 18.66 ± 2.67 16.66 ± 3.12 NS 22.49 ± 6.47 26.99 ± 13.76 15.12 ± 2.21 12.04 ± 1.03 NS NS

IGF-1 (ng/mL) 225.91 ± 17.99 194.79 ± 19.70 240.81 ± 21.94 222.14 ± 26.72 NS 268.27 ± 13.27 * 273.00 ± 23.44 * 291.91 ± 16.80 * 231.86 ± 22.87 # <0.05 <0.05

Androstenedione
(ng/mL) 1.28 ± 0.16 0.64 ± 0.08 † 1.07 ± 0.22 0.82 ± 0.20 <0.05 1.50 ± 0.17 * 0.99 ± 0.17 * 1.10 ± 0.19 1.01 ± 0.21 NS <0.05

Testosterone
(ng/mL) 70.42 ± 11.11 61.69 ± 16.21 99.71 ± 28.84 150.14 ± 48.50 † <0.05 109.89 ± 16.71 * 107.09 ± 26.48 * 191.73 ± 41.84 *,†,‡ 192.94 ± 55.19 † <0.05 <0.01

DHEA-s (µg/dL) 146.47 ± 13.08 130.21 ± 18.53 107.33 ± 13.07 93.40 ± 21.73 NS 173.67 ± 13.85 * 172.36 ± 26.71 * 138.85 ± 18.98 * 117.24 ± 26.56 NS <0.01

Prolactin (ng/mL) 10.94 ± 0.82 8.18 ± 0.73 8.00 ± 0.71 † 7.38 ± 0.67 <0.05 10.39 ± 0.95 8.87 ± 0.70 8.63 ± 0.60 7.52 ± 0.83 NS NS

LH (mUI/mL) 2.94 ± 0.55 1.25 ± 0.29 2.76 ± 1.05 1.56 ± 0.39 NS 3.85 ± 0.88 2.10 ± 0.38 3.18 ± 0.53 2.08 ± 0.52 NS NS

FSH (mUI/mL) 3.10 ± 0.30 2.47 ± 0.45 3.04 ± 0.43 3.06 ± 0.52 NS 3.66 ± 0.31 * 3.01 ± 0.55 3.68 ± 0.38 3.23 ± 0.65 NS <0.05

E2 (pg/mL) 28.11 ± 3.19 23.68 ± 2.72 23.41 ± 2.50 21.26 ± 2.22 NS 41.50 ± 5.67 * 24.58 ± 2.77 33.53 ± 4.75 26.11 ± 2.40 NS <0.05

PTH (pg/mL) 34.83 ± 1.49 34.97 ± 2.79 37.95 ± 2.27 40.85 ± 6.46 NS 39.21 ± 1.94 * 42.20 ± 3.31 * 40.99 ± 3.14 * 43.84 ± 5.38 NS <0.05

Vitamin D
(ng/mL) 22.18 ± 1.01 19.96 ± 0.90 22.20 ± 1.33 26.74 ± 1.79 †,‡,# <0.05 24.14 ± 0.90 22.98 ± 1.32 * 26.28 ± 1.27 * 29.66 ± 1.97 †,‡ <0.05 <0.05

ACTH (pg/mL) 23.94 ± 2.56 30.64 8 ± 0.44 27.29 ± 7.27 26.05 ± 4.13 NS 23.45 ± 1.76 25.22 ± 3.30 26.02 ± 2.74 22.93 ± 3.48 NS NS

Cortisol (µg/dL) 13.73 ± 1.12 11.23 ± 0.84 13.72 ± 1.28 13.10 ± 1.35 NS 13.45 ± 0.70 12.48 ± 1.00 13.14 ± 0.88 13.12 ± 1.34 NS NS

Insulin (µUI/mL) 24.09 ± 1.71 29.08 ± 3.67 16.56 ± 1.79 †,‡ 10.25 ± 1.39 †,‡ <0.05 18.10 ± 1.31 * 21.12 ± 1.37 * 15.38 ± 1.50 10.08 ± 1.04 †,‡ <0.05 <0.05

HbA1c (%) 5.34 ± 0.03 5.39 ± 0.07 5.38 ± 0.05 5.17 ± 0.05 †,‡,# <0.05 5.26 ± 0.03 * 5.30 ± 0.07 * 5.35 ± 0.06 5.15 ± 0.06 # <0.05 <0.05

HOMA-IR 5.52 ± 0.42 6.63 ± 0.87 3.90 ± 0.47 †,‡ 2.21 ± 0.31 †,‡ <0.05 4.00 ± 0.30 * 4.71 ± 0.36 * 3.51 ± 0.38 2.24 ± 0.25 †,‡ <0.05 <0.05

(D)

Initial Assessment Annual Assessment pbetween

timepointsMorbidly Obese Obese Overweight Normal BMI pwithin Morbidly Obese Obese Overweight Normal BMI pwithin

Hs-CRP (mg/L) 4.56 ± 0.61 3.89 ± 0.76 3.69 ± 1.43 0.60 ± 0.23 NS 3.67 ± 0.56 2.60 ± 0.72 2.43 ± 0.94 4.17 ± 1.55 NS NS

TAS (µmol/l) 256.06 ± 6.93 252.86 ± 16.67 244.69 ± 9.31 260.50 ± 12.10 NS 263.41 ± 6.59 251.96 ± 16.44 248.24 ± 8.85 255.00 ± 12.29 NS NS

TOS (µmol/l) 874.76 ± 59.78 718.91 ± 77.01 823.47 ± 91.82 450.21 ± 70.33 †,# <0.05 695.21 ± 51.68 * 730.94 ± 128.35 635.83 ± 90.89 * 426.49 ± 69.27 †,‡ <0.05 <0.05

TNF-α (pg/mL) 1.06 ± 0.05 1.02 ± 0.08 0.89 ± 0.07 0.81 ± 0.08 NS 1.23 ± 0.11 1.53 ± 0.43 1.60 ± 0.44 * 1.32 ± 0.28 NS <0.05

SFRP5 (ng/mL) 21.92 ± 1.86 21.57 ± 2.98 20.03 ± 3.28 23.29 ± 3.40 NS 23.25 ± 4.75 * 18.61 ± 2.65 18.22 ± 3.30 19.64 ± 2.20 NS <0.05
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Table 5. Cont.

(D)

Initial Assessment Annual Assessment pbetween

timepointsMorbidly Obese Obese Overweight Normal BMI pwithin Morbidly Obese Obese Overweight Normal BMI pwithin

IL-1α (pg/mL) 1.02 ± 0.03 1.01 ± 0.01 1.88 ± 0.73 †,‡ 1.00 ± N/A <0.05 1.09 ± 0.09 1.27 ± 0.27 1.55 ± 0.55 1.10 ± 0.08 NS NS

IL-1β (pg/mL) 0.11 ± 0.01 0.10 ± 0.03 0.08 ± 0.01 0.08 ± 0.02 NS 0.17 ± 0.03 0.25 ± 0.04 *,† 0.20 ± 0.05 * 0.15 ± 0.03 <0.05 <0.05

IL-2 (pg/mL) 0.07 ± 0.01 0.13 ± 0.06 0.07 ± N/A 0.07 ± N/A NS 0.08 ± 0.01 0.29 ± 0.18 *,† 0.07 ± N/A*,‡ 0.16 ± 0.06 <0.05 <0.05

IL-6 (pg/mL) 2.21 ± 0.17 2.17 ± 0.22 1.55 ± 0.12 † 1.40 ± 0.31 † <0.05 1.90 ± 0.15 1.92 ± 0.31 1.34 ± 0.20 1.90 ± 0.47 NS NS

IL-8 (pg/mL) 11.26 ± 0.67 10.54 ± 0.72 12.87 ± 2.12 11.97 ± 1.32 NS 13.45 ± 1.02 13.88 ± 2.45 16.11 ± 3.29 16.95 ± 3.30 * NS <0.05

IL-12 (pg/mL) 0.56 ± 0.02 0.61 ± 0.05 0.52 ± 0.02 0.52 ± 0.02 NS 0.54 ± 0.02 0.57 ± 0.05 0.57 ± 0.04 0.50 ± N/A NS NS

(E)

Initial Assessment Annual Assessment pbetween

timepointsMorbidly Obese Obese Overweight Normal BMI pwithin Morbidly Obese Obese Overweight Normal BMI pwithin

Fat Percentage (%) 42.34 ± 0.85 37.09 ± 0.94 † 32.05 ± 1.23 †,‡ 21.23 ± 1.36 †,‡,# <0.01 36.65 ± 0.92 * 32.10 ± 1.21 *,† 26.29 ± 1.39 *,†,‡ 19.79 ± 1.12 †,‡,# <0.01 <0.01

Fat Mass (kg) 32.14 ± 1.87 22.81 ± 1.06 † 17.09 ± 1.11 † 8.49 ± 1.20 †,‡,# <0.01 27.12 ± 1.53 * 19.97 ± 0.84 *,† 14.38 ± 0.98 *,† 8.58 ± 1.03 †,‡ <0.01 <0.01

Muscle Mass
Percentage (%) 39.98 ± 1.55 37.24 ± 2.16 34.28 ± 1.47 ‡ 28.85 ± 2.52 †,‡ <0.05 43.13 ± 1.57 * 41.09 ± 2.33 * 38.20 ± 1.47 * 32.24 ± 2.52 *,†,‡ <0.05 <0.01

Bone Mass (kg) 2.16 ± 0.08 2.04 ± 0.11 1.87 ± 0.07 † 1.62 ± 0.13 †,‡ <0.05 2.32 ± 0.08 * 2.22 ± 0.12 * 2.07 ± 0.07 * 1.79 ± 0.13 *,†,‡ <0.05 <0.01

Fat Free Mass (kg) 42.14 ± 1.63 39.27 ± 2.27 36.15 1 ± 0.55
† 30.47 ± 2.65 †,‡ <0.05 45.45 ± 1.65 * 43.31 ± 2.44 * 40.27 ± 1.54 * 34.03 ± 2.65 *,†,‡ <0.05 <0.01

Total Boby Water 30.85 ± 1.19 28.75 ± 1.66 26.46 ± 1.13 † 22.30 ± 1.93 †,‡ <0.05 33.28 ± 1.21 * 31.70 ± 1.79 * 29.48 ± 1.13 * 24.91 ± 1.94 *,†,‡ <0.05 <0.01

Basal Metabolic
Rate (Kilojoule) 6910.33 ± 176.44 6599.70 ± 238.03 6013.27 ±

140.20 †
5456.50 ± 254.59

†,‡ <0.05 7089.25 ± 176.94
*

6872.52 ± 244.57
*

6268.45 ± 133.01
*,†

5727.57 ± 250.69
*,†,‡ <0.05 <0.01

Impedance 662.26 ± 10.30 705.25 ± 20.09 † 722.01 ± 16.12
† 753.03 ± 19.34 † <0.05 655.02 ± 10.24 700.17 ± 24.06 † 683.47 ± 17.91 * 727.61 ± 17.53 *,† <0.05 <0.05

Phase Angle 5.44 ± 0.06 5.30 ± 0.14 5.30 ± 0.10 5.30 ± 0.10 NS 5.37 ± 0.07 5.38 ± 0.15 5.30 ± 0.12 5.35 ± 0.13 NS NS
Abbreviations: ACTH, adrenocorticotropic hormone; ALP, alkaline phosphatase; ALT, alanine transaminase; anti-TG, antibodies against thyroglobulin; anti-TPO, thyroid peroxidase antibodies; apoA1, apolipoprotein A1;
apoB, apolipoprotein B; AST, aspartate aminotransferase; BMI, body mass index; BW, body weight; DBP, diastolic blood pressure; DHEA-s, dehydroepiandrosterone sulfate; E2, estradiol; eGFR, estimated glomerular
filtration rate; FSH, follicle stimulating hormone; FT4, free thyroxine; hs-CRP, high sensitivity C-reactive protein; γGT, gamma-glutamyl transferase; HbA1C, hemoglobin A1C; HDL, high-density lipoprotein; HOMA-IR,
homeostatic model assessment for insulin resistance; IGF-1, insulin-like growth factor 1; IL, interleukin; LDL, low-density lipoprotein; LH, luteinizing hormone; Lp(a), lipoprotein a; PTH, parathormone; SBP, systolic
blood pressure; SFRP5, secreted frizzled related protein 5; T3, triiodothyronine; TAS, total antioxidant status; TNF-α, tumor-necrosis factor-a; TOS; total oxidant status; TSH, thyroid stimulating hormone; vitamin D, total
25-OH-vitamin D; WHR, waist-to-hip ratio; WHtR, waist-to-height ratio. All variables are presented as mean ± SE of mean. One-way ANOVA was used to compare all measurable variables. LSD post-hoc test indicated
significant main effects. Statistical significance p < 0.05 and strong significance (p < 0.01) are presented. NS: nonsignificant (p > 0.05) difference. *: indicates significant difference from initial assessment. †: indicates significant
difference from morbid obesity. ‡: indicates significant difference from obese. #: Indicates significant difference from overweight. N/A: not applicable.
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SBP and DBP were higher in subjects with morbid obesity and decreased significantly
following weight loss (p < 0.05). The concentrations of ALT (p < 0.05) and γGT (p < 0.05)
decreased significantly, while AST decreased in patients with obesity (p < 0.05). HDL
increased (p < 0.05), and ApoB (p < 0.05) decreased in the morbid obesity and obesity
subgroups, while TG decreased in the morbid obesity group (p < 0.05). Insulin sensitivity
was lower in the morbid obesity/obesity group in comparison with the normal-BMI group
initially and annually, as evidenced by insulin, HbA1C, and HOMA-IR levels. Furthermore,
a significant improvement was noted in these indices in the morbid obesity/obesity group
at the 12-month follow-up.

3.3. Correlation Coefficient Analysis According to BMI

The correlation coefficient analysis for Sfrp5 is presented in Supplemental Table S1.
In the normal-BMI group, Sfrp5 concentrations correlated positively with TG (r = 0.665,
p < 0.05), insulin (r = 0.611, p < 0.05), HOMA index (r = 0.553, p < 0.05), TNF-α (r = 0.699,
p < 0.05) and IL-6 (r = 0.569, p < 0.05) concentrations, as well as fat mass (r = 0.614, p < 0.05),
and negatively correlated with HDL (r = −0.623, p < 0.05) and ApoA1 (r = −0.565, p < 0.05)
concentrations. In the overweight group, Sfrp5 concentrations correlated positively with IL-
8 (r = 0.488, p < 0.05) concentrations. In the obesity group, Sfrp5 concentrations correlated
positively with BMI (r = 0.48 p < 0.05), SBP (r = 0.61, p < 0.05), and uric acid concentrations
(r = 0.707, p < 0.05). In the morbid obesity group, Sfrp5 correlated positively with IL-12
concentrations (r = 0.604, p < 0.05). No significant correlation was observed between ∆Sfrp5
and ∆BMI (p > 0.05).

3.4. Predictors of Sfrp5 and ∆Sfrp5

When inflammation parameters at initial assessment (TAS, TOS, hs-CRP, TNF-α, and
IL-6) in a standard forward stepwise regression model were used as independent variables,
TNF-α concentration (b = 0.288, p < 0.05) was the best positive predictor, while hs-CRP
was the best negative predictor (b = −0.232, p < 0.05) of Sfrp5 concentration. When
inflammation parameters at the annual assessment (TAS, TOS, hs-CRP, TNF-α, and IL-6)
were used in a standard forward stepwise regression model as independent variables, TNF-
α concentration (b = 0.277, p < 0.05) was the best positive predictor of Sfrp5 concentrations,
followed by TAS concentrations (b = 0.228, p < 0.05).

When metabolic syndrome parameters at initial assessment (glucose concentration,
SBP, WC, TG, and HDL) were used as independent variables in a standard forward step-
wise regression model, SBP (b = 0.233, p < 0.05) was the best positive predictor of Sfrp5
concentrations. When metabolic syndrome parameters at initial assessment (glucose con-
centration, SBP, WC, TG, and HDL) were used in a standard forward stepwise regression
model as independent variables, glucose concentration (b = 0.208, p < 0.05) was the best
positive predictor for the change of Sfrp5 (∆Sfrp5).

All the predictors are presented in Supplemental Table S2.

4. Discussion

Sfrp5 is a relatively novel adipokine with anti-inflammatory properties [35]. In our
study, we examined the impact of a 1-year personalized, structured, comprehensive, mul-
tidisciplinary lifestyle intervention program of diet, sleep, and exercise in Sfrp5 concen-
trations in children and adolescents with morbid obesity, obesity, overweight, and normal
BMIs. We demonstrated that Sfrp5 concentrations increased significantly in patients with
morbid obesity after the lifestyle intervention program was implemented for 1 year. We
also showed that TNF-α and SPB were the best positive predictors, and hs-CRP was the
best negative predictor for Sfpr5 concentrations at the initial assessment, while TNF-α and
TAS were the best positive predictors for Sfpr5 concentrations at the annual assessment,
and glucose concentration was the best positive predictor for ∆Sfrp5. In addition, there
was a significant improvement in anthropometric measurements (decrease in BMI, BMI
z-score, DBP, WHR, WHtR, and percentage of fat; increase in muscle mass and fat-free
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mass), hepatic enzymes (AST, ALT, and γ-GT), lipid profile (TG, ApoB; increase in HDL
concentrations), inflammation markers (decrease in hs-CRP and TOS) and the insulin sensi-
tivity profile (HbA1C and HOMA index) in all patients. To the best of our knowledge, this
is a novel study investigating Sfrp5 concentrations in a pediatric population and the first
one with a 12-month duration to evaluate prospective changes in Sfrp5.

Sfrp5 concentrations increased significantly following weight loss in the subgroup
of subjects with morbid obesity, consistent with the presence of low-grade inflammation
in these patients [36]. This upregulation of Sfrp5 is consistent with prior research that
examined the impact of an intervention program in children [19,20] and adults [34,35] with
obesity. The reverse has been shown in animal models, where a high-fat/high-sucrose
diet for 24 weeks resulted in decreased expression of Sfrp5 in leptin-deficient (ob/ob)
mice and wild-type (WT) mice [8]. These findings suggest that Sfrp5 may be able to
reverse the effect of obesity, owing to its ability to sequester WNT5A [wingless-type mouse
mammary tumor virus (MMTV) integration site family member 5A] from the Frz receptor
and mitigate the inflammation caused by WNT5A. This difference was noted only in the
morbid obesity group and can be attributed to the fact that these patients have a greater
degree of inflammation, as indicated by the higher concentrations of IL-6 in our study,
especially in children who are relatively free of the complications of obesity. This elevation
of Sfrp5, which was evident only in the morbid obesity subgroup, is consistent with prior
research in children with obesity (defined as exceeding the 90th and 95th percentile) [19,20].
It is likely that the selection of the study population in previous studies (mainly children
with obesity), could explain why the increased Sfrp5 concentrations were noted only in the
morbid obesity subgroup. In our study we applied Greek standards based on the proposal
of IOTF. Furthermore, the increase in Sfrp5 concentrations in patients with morbid obesity
was accompanied by improvement in clinical parameters (decreased BMI, BMI z-score, DBP,
WHR, WHtR, and percentage of fat percentage; increased muscle mass and fat-free mass),
hepatic enzymes (decreased ALT, γ-GT), lipid profile (decreased TG, ApoB; increased HDL
concentrations), and insulin-sensitivity indices (HbA1C, HOMA index).

According to our findings, Sfrp5 concentrations did not differ significantly between
lean and obese subjects. It should be noted that concentrations of Sfrp5 in our study
are lower compared to adult studies, but this can be attributed to the age difference of
our study population, as other studies in children’s populations have also shown [18–20].
Although some previous studies have indicated a regulation of Sfrp5 by BMI [15,18,37,38],
our results are consistent with several other studies that supported no difference in Sfrp5
concentrations between obese and lean subjects in adult patients [12,15,22,23]. This may be
partially explained by the fact that the effect on serum Sfrp5 concentrations may differ from
the effect on its expression in adipose tissue. Several studies indicated that Sfrp5 represents
a marker of mature adipocytes rather than preadipocytes [12,22,39], while others suggested
that it is not actively secreted from human white adipose tissue (WAT) [24]. Furthermore,
Sfrp5 expression levels in animal studies were dependent on the duration of obesity [8,40].
The adipose tissue of mice fed a high-fat diet for a brief period of time showed higher
levels of Sfrp5; however, when mice were given a high-fat diet over an extended length of
time and the volume of adipocytes increased to a plateau stage, the Sfrp5 gene expression
was downregulated. Jura et al. also proposed that the Sfrp5 gene expression decreased
when the adiposity reached a plateau [40]. Thus, the correlation of Sfrp5 with BMI could
be less evident, considering its time-dependent nature, especially in children with milder
adipose-tissue inflammation.

After the 1-year lifestyle intervention program was implemented, fasting glucose
concentration at baseline was the best predictor for the change of Sfpr5. This finding is
consistent with prior research that has underscored the importance of Sfrp5 in glucose
metabolism [15,21]. Sfrp5-deficient mice fed a high-fat, high-sucrose diet had impaired
glucose metabolism [8]. In addition, Sfrp5 has a protective role in maintaining beta cell func-
tion while promoting glucose-dependent insulin secretion [41]. In 3T3-L1 pre-adipocytes,
treatment with antidiabetic drugs, including metformin and rosiglitazone, increases Sfrp5
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mRNA expression and protein secretion [39]. Hyperglycemia decreases circulating Sfrp5
concentrations during oral glucose tolerance tests (OGTT) in healthy and insulin-sensitive
individuals, suggesting a direct effect of hyperglycemia [42]. These results concur with ours,
given that glycemia predicts the decrease of Sfrp5 concentrations observed in all patients.

Our finding that Sfrp5 concentration is associated with blood pressure is also in
accordance with other studies in children [20] and adults [15] with obesity, where Sfrp5 was
negatively associated with SBP and DBP. Specifically, in vitro studies have shown that Sfrp5
exerts vasodilating properties by modulating nitric oxide (NO) production via inhibiting
the WNT5A/JNK pathway in endothelial cells [43]. In rat thoracic aorta, treatment with
Sfrp5 reversed the WNT5A-induced impaired vasorelaxation in a dose-dependent manner
through an endothelial NO synthase-dependent pathway [38]. Thus, Sfrp5 may regulate
blood pressure through the WNT signaling pathway.

Thus far, our knowledge of the association of Sfrp5 with interleukins and oxidative
status has been scarce; therefore, we aimed to investigate this association in our study.
TNF-α and TAS were the best positive predictors for Sfpr5 concentrations at initial and
annual assessments, respectively, while hs-CRP was the best negative predictor. A high
WNT5A/SFRP5 ratio, either in plasma or in perivascular adipose tissue surrounding human
arteries, is related to significantly higher O2 generation in these vessels [44]. Srfp5 is closely
related to antioxidant status and is associated with markers of oxidative stress [14]. In
human aortic smooth-muscle cells (VSMCs), Sfrp5 protects against oxidative stress-induced
apoptosis by inhibiting the Wnt/β catenin signaling pathway [45,46].

Hs-CRP is a well-established indicator of subclinical inflammation, and its relation to
obesity is well-documented. We demonstrated that hs-CRP is a negative predictor of Sfrp5
concentrations. Macrophage infiltration is thought to be an indicator of adipose tissue
inflammation, given that macrophages surround necrotic adipocytes to create characteristic
crown-like structures (CLCs) [47]. In line with our findings, fat-biopsy specimens of subjects
with obesity with macrophage CLSs presented lower Sfrp5 expression in comparison
with subjects with obesity who were negative for CLS [8]. Furthermore, serum Sfrp5
concentrations in subjects with coronary artery disease (CAD) and adults with obesity were
inversely related to hs-CRP concentrations [15,23,48]. These data are in accordance with
the anti-inflammatory effects of Sfrp5 and may indicate its role in subclinical inflammation.
However, in our study, TNF-α positively predicted Sfrp5 concentrations; TNF-α is produced
by macrophages and monocytes but it also rises in reaction to higher levels of exercise in
lean subjects and females [49,50]. Thus, we can speculate that this result is influenced by
the inclusion of normal-BMI children and the status of physical fitness.

Our study presents notable strengths. To the best of our knowledge, this is one of
the first studies investigating Sfrp5 concentrations in a pediatric population and the first
one with a 12-month duration to evaluate prospective changes in Sfrp5. Furthermore,
the exclusion of children and adolescents with chronic or acute disease offered us the
opportunity to gain insight into the role of Sfrp5 in the initial periods of the pathophysiology
of obesity. A limitation of this prospective study is the lack of a randomized control group
without intervention, which is owing to the fact that all patients were consecutive attendees
at our Center for the Prevention and Management of Childhood Obesity. The assessment
of intervention program compliance based on the reported medical history is another
limiting factor.

5. Conclusions

We conclude that Sfrp5 is related to obesity and, specifically, to morbid obesity in
childhood and adolescence. An individualized lifestyle intervention program consisting of
a healthy diet, good quality sleep, and physical exercise for 1 year resulted in a significant
increase in Sfrp5 concentrations in children and adolescents with severe obesity, along with
a significant amelioration in parameters of metabolic syndrome, such as body composition
and clinical indices of obesity, hepatic enzymes, markers of inflammation, indices of insulin
resistance, and profile of lipids. These results may indicate that Sfrp5 mediates weight loss
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and improves cardiometabolic risk parameters by reducing pro-inflammatory cytokines and
promoting antioxidant status. Additional research is required to outline the physiological
processes underlying Sfrp5 regulation related to BMI and dietary modification in the
pediatric population.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/nu16183133/s1, Supplemental Table S1: correlation coefficient
analysis between assessed variables and Sfrp5 concentrations in the morbid obesity, obesity, over-
weight, and normal BMI groups at initial assessment. Supplemental Table S2: predictors of Sfrp5 and
∆Sfrp5. Supplemental Figures S1–S23: normality plots of the most relevant variables.

Author Contributions: Conceptualization, E.C.; methodology, D.K., G.P., M.M., A.M., F.B. and E.C.;
software, G.P.; validation, G.P., A.M., F.B. and E.C.; formal analysis, G.P. and E.C.; investigation,
D.K., E.M., G.P., M.M., M.P., P.K. and E.C.; resources, E.C.; data curation, D.K., G.P., M.M., A.V., E.R.,
A.-M.T., E.Z., P.K. and E.C.; writing—original draft preparation, D.K. and G.P.; writing—review and
editing, D.K., G.P., M.M., A.V., E.R., A.-M.T., A.M., F.B., E.M., E.Z., M.P., P.K. and E.C.; visualization,
E.C.; supervision, A.M., F.B., P.K. and E.C.; project administration, P.K. and E.C.; funding acquisition,
E.C. All authors have read and agreed to the published version of the manuscript.

Funding: The study has been co-financed by (i) the National Strategic Reference Framework (NSRF)
2007–2013 under the Operational Program “Human Resources Development” (EP.AN.A.D) 2007–2013
and was co-funded by the European Social Fund (ESF) and National Funding (Program entitled
“Development of a National System for the Prevention and Management of Overweight and Obesity
in Childhood and Adolescence in Greece”, with the promotional phrase “Lose Weight—Gain Life”
(MIS 370545)); and (ii) European Regional Development Fund of the European Union and Greek na-
tional funds through the Operational Program “Competitiveness, Entrepreneurship, and Innovation”
(EPAnEK 2014–2020), under the call RESEARCH–CREATE–INNOVATE (project code: T1EDK-01386,
MIS: 5030543, Acronym: PEDOBESITY, Program entitled “Development of Intelligent Multi-level
Information Systems and Specialized Artificial Intelligence Algorithms for Personalized Management
of Obesity in Childhood and Adolescence”).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Committee on the Ethics of Human Research of “Aghia Sophia”
Children’s Hospital (Approval Number: EB-PASCH-MoM: 7 April 2021, Re:10997/26/02/2021).

Informed Consent Statement: A parent or guardian gave informed consent to every study participant,
and all adolescents gave their assent.

Data Availability Statement: The corresponding author can provide the data from this study upon
request. Because of privacy restrictions, the data are not accessible to the public.

Acknowledgments: We wish to express our gratitude to the personnel at the Center for the Prevention
and Management of Overweight and Obesity, as well as all of the participants and their families.

Conflicts of Interest: The authors declare no conflict of interest. The funder was not involved in the
study design, collection, analysis, interpretation of data, the writing of this article or the decision to
submit it for publication.

References
1. Obesity and Overweight. Available online: https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight

(accessed on 19 April 2024).
2. Harrison, J.E.; Weber, S.; Jakob, R.; Chute, C.G. ICD-11: An international classification of diseases for the twenty-first century.

BMC Med. Inform. Decis. Mak. 2021, 21, 206. [CrossRef]
3. Cypess, A.M. Reassessing Human Adipose Tissue. N. Engl. J. Med. 2022, 386, 768–779. [CrossRef]
4. Lehr, S.; Hartwig, S.; Sell, H. Adipokines: A treasure trove for the discovery of biomarkers for metabolic disorders. Proteom. Clin.

Appl. 2012, 6, 91–101. [CrossRef]
5. Salans, L.B.; Cushman, S.W.; Weismann, R.E. Studies of human adipose tissue. Adipose cell size and number in nonobese and

obese patients. J. Clin. Investig. 1973, 52, 929–941. [CrossRef] [PubMed]
6. Spalding, K.L.; Arner, E.; Westermark, P.O.; Bernard, S.; Buchholz, B.A.; Bergmann, O.; Blomqvist, L.; Hoffstedt, J.; Näslund, E.;

Britton, T.; et al. Dynamics of fat cell turnover in humans. Nature 2008, 453, 783–787. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/nu16183133/s1
https://www.mdpi.com/article/10.3390/nu16183133/s1
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://doi.org/10.1186/s12911-021-01534-6
https://doi.org/10.1056/NEJMra2032804
https://doi.org/10.1002/prca.201100052
https://doi.org/10.1172/JCI107258
https://www.ncbi.nlm.nih.gov/pubmed/4693656
https://doi.org/10.1038/nature06902
https://www.ncbi.nlm.nih.gov/pubmed/18454136


Nutrients 2024, 16, 3133 18 of 19

7. Heymsfield, S.B.; Gonzalez, M.C.C.; Shen, W.; Redman, L.; Thomas, D. Weight loss composition is one-fourth fat-free mass:
A critical review and critique of this widely cited rule. Obes. Rev. 2014, 15, 310–321. [CrossRef]

8. Ouchi, N.; Higuchi, A.; Ohashi, K.; Oshima, Y.; Gokce, N.; Shibata, R.; Akasaki, Y.; Shimono, A.; Walsh, K. Sfrp5 is an anti-
inflammatory adipokine that modulates metabolic dysfunction in obesity. Science 2010, 329, 454–457. [CrossRef]

9. Bovolenta, P.; Esteve, P.; Ruiz, J.M.; Cisneros, E.; Lopez-Rios, J. Beyond Wnt inhibition: New functions of secreted Frizzled-related
proteins in development and disease. J. Cell Sci. 2008, 121 Pt 6, 737–746. [CrossRef]

10. Marinou, K.; Christodoulides, C.; Antoniades, C.; Koutsilieris, M. Wnt signaling in cardiovascular physiology. Trends Endocrinol.
Metab. 2012, 23, 628–636. [CrossRef]

11. Prestwich, T.C.; MacDougald, O.A. Wnt/β-catenin signaling in adipogenesis and metabolism. Curr. Opin. Cell Biol. 2007,
19, 612–617. [CrossRef]

12. Wang, R.; Hong, J.; Liu, R.; Chen, M.; Xu, M.; Gu, W.; Zhang, Y.; Ma, Q.; Wang, F. SFRP5 acts as a mature adipocyte marker but
not as a regulator in adipogenesis. J. Mol. Endocrinol. 2014, 53, 405–415. [CrossRef] [PubMed]

13. Zhao, A.; Jiang, F.; Yang, G.; Liu, H.; Li, L. Sfrp5 interacts with Slurp1 to regulate the accumulation of triglycerides in hepatocyte
steatosis model. Biochem. Biophys. Res. Commun. 2019, 512, 256–262. [CrossRef]

14. Carstensen, M.; Herder, C.; Kempf, K.; Erlund, I.; Martin, S.; Koenig, W.; Sundvall, J.; Bidel, S.; Kuha, S.; Roden, M.; et al. Sfrp5
correlates with insulin resistance and oxidative stress. Eur. J. Clin. Investig. 2013, 43, 350–357. [CrossRef]

15. Carstensen-Kirberg, M.; Kannenberg, J.M.; Huth, C.; Meisinger, C.; Koenig, W.; Heier, M.; Peters, A.; Rathmann, W.; Roden,
M.; Herder, C.; et al. Inverse associations between serum levels of secreted frizzled-related protein-5 (SFRP5) and multiple
cardiometabolic risk factors: KORA F4 study. Cardiovasc. Diabetol. 2017, 16, 109. [CrossRef] [PubMed]

16. Koutaki, D.; Michos, A.; Bacopoulou, F.; Charmandari, E. The Emerging Role of Sfrp5 and Wnt5a in the Pathogenesis of Obesity:
Implications for a Healthy Diet and Lifestyle. Nutrients 2021, 13, 2459. [CrossRef] [PubMed]

17. Song, Y.; Ma, Y.; Zhang, K.; Zhang, W.; Xiong, G.; Qi, T.; Shi, J.; Qiu, H.; Zhang, J.; Han, F.; et al. Secreted frizzled-related protein 5:
A promising therapeutic target for metabolic diseases via regulation of Wnt signaling. Biochem. Biophys. Res. Commun. 2023,
677, 70–76. [CrossRef] [PubMed]

18. Prats-Puig, A.; Soriano-Rodríguez, P.; Carreras-Badosa, G.; Riera-Pérez, E.; Ros-Miquel, M.; Gomila-Borja, A.; de Zegher, F.;
Ibáñez, L.; Bassols, J.; López-Bermejo, A. Balanced duo of anti-inflammatory SFRP5 and proinflammatory WNT5A in children.
Pediatr. Res. 2014, 75, 793–797. [CrossRef]

19. Tan, X.; Wang, X.; Chu, H.; Liu, H.; Yi, X.; Xiao, Y. SFRP5 correlates with obesity and metabolic syndrome and increases after
weight loss in children. Clin. Endocrinol. 2014, 81, 363–369. [CrossRef]

20. Yin, C.; Chu, H.; Li, H.; Xiao, Y. Plasma Sfrp5 and adiponectin levels in relation to blood pressure among obese children. J. Hum.
Hypertens. 2017, 31, 284–291. [CrossRef]

21. Bai, Y.; Du, Q.; Jiang, R.; Zhang, L.; Du, R.; Wu, N.; Li, P.; Li, L. Secreted Frizzled-Related Protein 5 is Associated with Glucose and
Lipid Metabolism Related Metabolic Syndrome Components among Adolescents in Northeastern China. Diabetes Metab. Syndr.
Obes. Targets Ther. 2021, 14, 2735–2742. [CrossRef]

22. Schulte, D.M.; Müller, N.; Neumann, K.; Oberhäuser, F.; Faust, M.; Güdelhöfer, H.; Brandt, B.; Krone, W.; Laudes, M. Pro-
inflammatory wnt5a and anti-inflammatory sFRP5 are differentially regulated by nutritional factors in obese human subjects.
PLoS ONE 2012, 7, e32437. [CrossRef]

23. Catalán, V.; Gómez-Ambrosi, J.; Rodríguez, A.; Pérez-Hernández, A.I.; Gurbindo, J.; Ramírez, B.; Méndez-Giménez, L.; Rotellar,
F.; Valentí, V.; Moncada, R.; et al. Activation of noncanonical Wnt signaling through WNT5A in visceral adipose tissue of obese
subjects is related to inflammation. J. Clin. Endocrinol. Metab. 2014, 99, E1407–E1417. [CrossRef] [PubMed]

24. Ehrlund, A.; Mejhert, N.; Lorente-Cebrián, S.; Aström, G.; Dahlman, I.; Laurencikiene, J.; Rydén, M. Characterization of the Wnt
inhibitors secreted frizzled-related proteins (SFRPs) in human adipose tissue. J. Clin. Endocrinol. Metab. 2013, 98, E503–E508.
[CrossRef] [PubMed]

25. Cole, T.J.; Bellizzi, M.C.; Flegal, K.M.; Dietz, W.H. Establishing a standard definition for child overweight and obesity worldwide:
International survey. BMJ 2000, 320, 1240–1243. [CrossRef]

26. Kassari, P.; Papaioannou, P.; Billiris, A.; Karanikas, H.; Eleftheriou, S.; Thireos, E.; Manios, Y.; Chrousos, G.P.; Charmandari, E.
Electronic registry for the management of childhood obesity in Greece. Eur. J. Clin. Investig. 2018, 48, e12887. [CrossRef]

27. Genitsaridi, S.M.; Giannios, C.; Karampatsou, S.; Papageorgiou, I.; Papadopoulos, G.; Farakla, I.; Koui, E.; Georgiou, A.; Romas, S.;
Terzioglou, E.; et al. A Comprehensive Multidisciplinary Management Plan Is Effective in Reducing the Prevalence of Overweight
and Obesity in Childhood and Adolescence. Horm. Res. Paediatr. 2020, 93, 94–107. [CrossRef]

28. Tragomalou, A.; Moschonis, G.; Kassari, P.; Papageorgiou, I.; Genitsaridi, S.M.; Karampatsou, S.; Manios, Y.; Charmandari, E.
A National e-Health Program for the Prevention and Management of Overweight and Obesity in Childhood and Adolescence in
Greece. Nutrients 2020, 12, 2858. [CrossRef] [PubMed]

29. Karampatsou, S.I.; Genitsaridi, S.M.; Michos, A.; Kourkouni, E.; Kourlaba, G.; Kassari, P.; Manios, Y.; Charmandari, E. The Effect
of a Life-Style Intervention Program of Diet and Exercise on Irisin and FGF-21 Concentrations in Children and Adolescents with
Overweight and Obesity. Nutrients 2021, 13, 1274. [CrossRef] [PubMed]

30. Paltoglou, G.; Raftopoulou, C.; Nicolaides, N.C.; Genitsaridi, S.M.; Karampatsou, S.I.; Papadopoulou, M.; Kassari, P.; Charmandari,
E. A Comprehensive, Multidisciplinary, Personalized, Lifestyle Intervention Program Is Associated with Increased Leukocyte
Telomere Length in Children and Adolescents with Overweight and Obesity. Nutrients 2021, 13, 2682. [CrossRef]

https://doi.org/10.1111/obr.12143
https://doi.org/10.1126/science.1188280
https://doi.org/10.1242/jcs.026096
https://doi.org/10.1016/j.tem.2012.06.001
https://doi.org/10.1016/j.ceb.2007.09.014
https://doi.org/10.1530/JME-14-0037
https://www.ncbi.nlm.nih.gov/pubmed/25324487
https://doi.org/10.1016/j.bbrc.2019.03.035
https://doi.org/10.1111/eci.12052
https://doi.org/10.1186/s12933-017-0591-x
https://www.ncbi.nlm.nih.gov/pubmed/28851362
https://doi.org/10.3390/nu13072459
https://www.ncbi.nlm.nih.gov/pubmed/34371968
https://doi.org/10.1016/j.bbrc.2023.08.008
https://www.ncbi.nlm.nih.gov/pubmed/37549604
https://doi.org/10.1038/pr.2014.29
https://doi.org/10.1111/cen.12361
https://doi.org/10.1038/jhh.2016.76
https://doi.org/10.2147/DMSO.S301090
https://doi.org/10.1371/journal.pone.0032437
https://doi.org/10.1210/jc.2014-1191
https://www.ncbi.nlm.nih.gov/pubmed/24840810
https://doi.org/10.1210/jc.2012-3416
https://www.ncbi.nlm.nih.gov/pubmed/23393180
https://doi.org/10.1136/bmj.320.7244.1240
https://doi.org/10.1111/eci.12887
https://doi.org/10.1159/000507760
https://doi.org/10.3390/nu12092858
https://www.ncbi.nlm.nih.gov/pubmed/32961973
https://doi.org/10.3390/nu13041274
https://www.ncbi.nlm.nih.gov/pubmed/33924457
https://doi.org/10.3390/nu13082682


Nutrients 2024, 16, 3133 19 of 19

31. Tragomalou, A.; Paltoglou, G.; Manou, M.; Kostopoulos, I.V.; Loukopoulou, S.; Binou, M.; Tsitsilonis, O.E.; Bacopoulou, F.;
Kassari, P.; Papadopoulou, M.; et al. Non-Traditional Cardiovascular Risk Factors in Adolescents with Obesity and Metabolic
Syndrome May Predict Future Cardiovascular Disease. Nutrients 2023, 15, 4342. [CrossRef]

32. Chiotis, D.; Krikos, X.; Tsiftis, G.; Hatzisymeaon, M.; Maniati-Christidi, M.; Dacou-Voutetakis, C. Body mass index and prevalence
of obesity in subjects of Hellenic origin aged 0–18 years, living in the Athens area. Ann. Clin. Pediatr. Univ. Atheniensis 2004,
51, 139–154.

33. Conway, J.M.; Ingwersen, L.A.; Moshfegh, A.J. Accuracy of dietary recall using the USDA five-step multiple-pass method in men:
An observational validation study. J. Am. Diet. Assoc. 2004, 104, 595–603. [CrossRef] [PubMed]

34. Paruthi, S.; Brooks, L.J.; D’Ambrosio, C.; Hall, W.A.; Kotagal, S.; Lloyd, R.M.; Malow, B.A.; Maski, K.; Nichols, C.; Quan, S.F.; et al.
Consensus Statement of the American Academy of Sleep Medicine on the Recommended Amount of Sleep for Healthy Children:
Methodology and Discussion. J. Clin. Sleep Med. 2016, 12, 1549–1561. [CrossRef] [PubMed]

35. Wang, D.; Zhang, Y.; Shen, C. Research update on the association between SFRP5, an anti-inflammatory adipokine, with obesity,
type 2 diabetes mellitus and coronary heart disease. J. Cell. Mol. Med. 2020, 24, 2730–2735. [CrossRef] [PubMed]

36. Kawai, T.; Autieri, M.V.; Scalia, R. Adipose tissue inflammation and metabolic dysfunction in obesity. Am. J. Physiol. Cell Physiol.
2021, 320, C375–C391. [CrossRef] [PubMed]

37. Hu, Z.; Deng, H.; Qu, H. Plasma SFRP5 levels are decreased in Chinese subjects with obesity and type 2 diabetes and negatively
correlated with parameters of insulin resistance. Diabetes Res. Clin. Pract. 2013, 99, 391–395. [CrossRef]

38. Xu, Q.; Wang, H.; Li, Y.; Wang, J.; Lai, Y.; Gao, L.; Lei, L.; Yang, G.; Liao, X.; Fang, X.; et al. Plasma Sfrp5 levels correlate with
determinants of the metabolic syndrome in Chinese adults. Diabetes Metab. Res. Rev. 2017, 33, e2896. [CrossRef]

39. Lv, C.; Jiang, Y.; Wang, H.; Chen, B. Sfrp5 expression and secretion in adipocytes are up-regulated during differentiation and are
negatively correlated with insulin resistance. Cell Biol. Int. 2012, 36, 851–855. [CrossRef]

40. Jura, M.; Jarosławska, J.; Chu, D.T.; Kozak, L.P. Mest and Sfrp5 are biomarkers for healthy adipose tissue. Biochimie 2016,
124, 124–133. [CrossRef]

41. Carstensen-Kirberg, M.; Hatziagelaki, E.; Tsiavou, A.; Chounta, A.; Nowotny, P.; Pacini, G.; Dimitriadis, G.; Roden, M.; Herder, C.
Sfrp5 associates with beta-cell function in humans. Eur. J. Clin. Investig. 2016, 46, 535–543. [CrossRef]

42. Hu, W.; Li, L.; Yang, M.; Luo, X.; Ran, W.; Liu, D.; Xiong, Z.; Liu, H.; Yang, G. Circulating Sfrp5 is a signature of obesity-related
metabolic disorders and is regulated by glucose and liraglutide in humans. J. Clin. Endocrinol. Metab. 2013, 98, 290–298. [CrossRef]
[PubMed]

43. Cho, Y.K.; Kang, Y.M.; Lee, S.E.; Lee, Y.L.; Seol, S.M.; Lee, W.J.; Park, J.Y.; Jung, C.H. Effect of SFRP5 (Secreted Frizzled-Related
Protein 5) on the WNT5A (Wingless-Type Family Member 5A)-Induced Endothelial Dysfunction and Its Relevance With Arterial
Stiffness in Human Subjects. Arterioscler. Thromb. Vasc. Biol. 2018, 38, 1358–1367. [CrossRef]

44. Akoumianakis, I.; Sanna, F.; Margaritis, M.; Badi, I.; Akawi, N.; Herdman, L.; Coutinho, P.; Fagan, H.; Antonopoulos, A.S.;
Oikonomou, E.K.; et al. Adipose tissue-derived WNT5A regulates vascular redox signaling in obesity via USP17/RAC1-mediated
activation of NADPH oxidases. Sci. Transl. Med. 2019, 11, eaav5055. [CrossRef]

45. Deng, D.; Diao, Z.; Han, X.; Liu, W. Secreted Frizzled-Related Protein 5 Attenuates High Phosphate-Induced Calcification in
Vascular Smooth Muscle Cells by Inhibiting the Wnt/ß-Catenin Pathway. Calcif. Tissue Int. 2016, 99, 66–75. [CrossRef] [PubMed]

46. Wang, X.; Peng, Q.; Jiang, F.; Xue, L.; Li, J.; Fan, Z.; Chen, P.; Chen, G.; Cai, Y. Secreted frizzled-related protein 5 protects against
oxidative stress-induced apoptosis in human aortic endothelial cells via downregulation of Bax. J. Biochem. Mol. Toxicol. 2017,
31, e21978. [CrossRef]

47. Murano, I.; Barbatelli, G.; Parisani, V.; Latini, C.; Muzzonigro, G.; Castellucci, M.; Cinti, S. Dead adipocytes, detected as crown-like
structures, are prevalent in visceral fat depots of genetically obese mice. J. Lipid Res. 2008, 49, 1562–1568. [CrossRef]

48. Miyoshi, T.; Doi, M.; Usui, S.; Iwamoto, M.; Kajiya, M.; Takeda, K.; Nosaka, K.; Nakayama, R.; Okawa, K.; Takagi, W.; et al. Low
serum level of secreted frizzled-related protein 5, an anti-inflammatory adipokine, is associated with coronary artery disease.
Atherosclerosis 2014, 233, 454–459. [CrossRef]

49. Nemet, D.; Oh, Y.; Kim, H.S.; Hill, M.; Cooper, D.M. Effect of intense exercise on inflammatory cytokines and growth mediators in
adolescent boys. Pediatrics 2002, 110, 681–689. [CrossRef]

50. Dixon, D.; Goldberg, R.; Schneiderman, N.; Delamater, A. Gender differences in TNF-alpha levels among obese vs nonobese
Latino children. Eur. J. Clin. Nutr. 2004, 58, 696–699. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/nu15204342
https://doi.org/10.1016/j.jada.2004.01.007
https://www.ncbi.nlm.nih.gov/pubmed/15054345
https://doi.org/10.5664/jcsm.6288
https://www.ncbi.nlm.nih.gov/pubmed/27707447
https://doi.org/10.1111/jcmm.15023
https://www.ncbi.nlm.nih.gov/pubmed/32004418
https://doi.org/10.1152/ajpcell.00379.2020
https://www.ncbi.nlm.nih.gov/pubmed/33356944
https://doi.org/10.1016/j.diabres.2012.11.026
https://doi.org/10.1002/dmrr.2896
https://doi.org/10.1042/CBI20120054
https://doi.org/10.1016/j.biochi.2015.05.006
https://doi.org/10.1111/eci.12629
https://doi.org/10.1210/jc.2012-2466
https://www.ncbi.nlm.nih.gov/pubmed/23185036
https://doi.org/10.1161/ATVBAHA.117.310649
https://doi.org/10.1126/scitranslmed.aav5055
https://doi.org/10.1007/s00223-016-0117-7
https://www.ncbi.nlm.nih.gov/pubmed/26895007
https://doi.org/10.1002/jbt.21978
https://doi.org/10.1194/jlr.M800019-JLR200
https://doi.org/10.1016/j.atherosclerosis.2014.01.019
https://doi.org/10.1542/peds.110.4.681
https://doi.org/10.1038/sj.ejcn.1601852

	Introduction 
	Patients and Methods 
	Study Population and Ethics 
	Methods 
	Anthropometric and Body-Composition Parameters 
	Initial Assessment and Interventions 
	Annual Assessment 
	Assays 
	Statistical Analysis 


	Results 
	Clinical Characteristics and Body Composition, Biochemical, and Endocrinologic Parameters 
	Adipose Tissue Inflammation-Associated Factors and Subgroups Analysis 
	Correlation Coefficient Analysis According to BMI 
	Predictors of Sfrp5 and Sfrp5 

	Discussion 
	Conclusions 
	References

