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Abstract

Background/Objectives: Insulin resistance (IR) in adolescents contributes to the develop-
ment of metabolic and immunological alterations. These alterations can lead to chronic,
systemic, low-grade inflammation in adulthood. Evidence suggests that alterations in
miRNA expression play a significant role in the onset of IR by influencing insulin signal-
ing pathways. Therefore, identifying specific miRNAs may aid in the early diagnosis of
cardiometabolic risk, particularly during the transition from adolescence to adulthood.
Methods: This population-based study aimed to analyze the expression of 21 miRNAs
in the plasma of adolescents. We considered IR status, overweight, sex, and age for the
analyses. The study measured miRNA expression in plasma samples from 187 adolescents
aged 12 to 19 years from the cross-sectional study of the 2015 Sao Paulo Health Survey
(ISA-Nutrition). MiRNA expression was assessed using Exiqon® assays on Fluidigm®
technology (Les Ulis, France). Statistical analyses were performed to identify differences in
miRNA expression and correlations between variables, using a complex research design to
ensure representativeness at the population level. Results: The incidence of IR and over-
weight was high in adolescents (44% and 33%, respectively). High-sensitivity C-reactive
protein (hs-CRP) concentration was higher in overweight adolescents. IR was correlated
with higher plasma expression of miR-122 and miR-139-3p. Furthermore, miR-486, miR-363,
miR-30d, miR-28, miR-223, miR-21, miR-146, miR-130b, miR-126, miR-122, and miR-139-3p
showed specific correlations with individual risk for IR, sex, and adolescent stage. Conclu-
sions: The miRNAs showed differential expression according to sex and adolescent stage,
and were correlated with cardiometabolic risk factors, suggesting their potential utility for
early screening in adolescents. The study highlights age- and sex-related differences in
miRNA levels between adolescents with IR and overweight. The cross-sectional design is a
limitation of this study, as we cannot infer causality for the associations observed here.

Keywords: circulating microRNA; insulin-resistant; overweight; inflammation; chronic
non-communicable diseases

1. Introduction

Insulin resistance (IR) is characterized by impaired responsiveness to insulin in target
tissues, resulting in reduced glucose uptake in specific tissues, such as skeletal muscle and
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white adipose tissue, and consequently, an increase in insulin production by pancreatic beta
cells [1-3]. IR is associated with several metabolic alterations, including hyperglycemia,
hyperinsulinemia, endothelial dysfunction, dyslipidemia, arterial hypertension, and ele-
vated levels of inflammatory biomarkers [1]. These processes preceded the development of
metabolic syndrome (MetS), non-alcoholic liver disease, and type 2 diabetes (T2D) [4].

Excess body fat is the primary risk factor for the development of IR, although genetic
factors also contribute to its occurrence [1]. Metabolic disorders resulting from abdominal
obesity are driven by chronic low-grade systemic inflammation [4-9], which occurs due to
adipocyte hypertrophy and subsequent release of chemokines like monocyte chemotactic
protein 1 (MCP-1), and pro-inflammatory cytokines such as tumor necrosis factor (TNF)-c,
interleukin (IL)-1p and IL-6. Elevated levels of these inflammatory markers are associated
with impaired insulin signaling pathway [5,6]

Identifying predictive biomarkers associated with type 2 diabetes (T2D) is crucial for
early diagnosis, disease management, and understanding the underlying metabolic path-
ways [7,8]. Being endogenous non-coding RNA molecules containing 18 to 25 nucleotides
and involved in the regulation of gene expression through post-transcriptional mechanisms,
microRNAs (miRNAs) [9-11] may be important biomarkers for the detection of IR [12,13].
Importantly, miRNAs are found in body fluids, including blood [14], associated with ex-
osomes (small extracellular vesicles of endosomal origin), microvesicles, lipoproteins, or
ribonucleoproteins [15].

MiRNAs play a significant role in the development and pathophysiology of various
metabolic diseases. Studies have reported distinct patterns of miRNNA expression in serum
and plasma associated with atherosclerotic disease [16], T2D [17-20], progression from
prediabetes to diabetes [21,22], obesity [23-26], IR [27,28], arterial hypertension [29,30],
and MetS [8,31]. Understanding the role that miRNA plays in the metabolic regulation of
a disease before its development may contribute to public health in the context of early
diagnosis and treatment.

Although previous studies have demonstrated the role of miRNAs in adults [7] and
older adults with metabolic diseases [32], evidence remains limited regarding their ex-
pression in adolescents [33-35]. The data generated in adults may not fully translate to
younger populations due to developmental differences that influence disease progression
and therapeutic responses [34,35]. Throughout childhood and adolescence, individuals
experience significant changes related to growth, development, and maturation [34]. In
this context, expanding our understanding of how miRNA expression influences these
processes is essential for clarifying their role in both normal development and the onset
of disease during these stages [34,35]. Furthermore, the complex regulation of puberty
indicates that miRNAs may play a role in these processes, emphasizing the need for further
study [35].

Our study is the first population-based investigation in Brazil to provide novel evi-
dence on circulating miRNA in adolescents according to age, sex and factors associated
with IR. Thereby, we provide evidence that emphasizes key aspects of development and
may contribute to the early identification of cardiometabolic risk at younger ages.

2. Materials and Methods
2.1. Population

In this study, we utilized data from 200 adolescents aged 12 to 19 years, participants in
the Sao Paulo Health Survey with a focus on Nutrition (ISA-Nutrition), a population-based

cross-sectional study conducted in 2015. The sample of adolescents was selected using a
stratified probability method among residents of the urban area of the city of Sao Paulo,
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Brazil, and all participants consented in writing to participate in the research. Additional
details of the method were previously described elsewhere [36,37].

This study was approved by the Ethics Committee of the School of Public Health at
the University of Sao Paulo (CAAE 49221221.2.0000.5421). It was conducted in accordance
with the principles outlined in the Declaration of Helsinki. Adolescents with acute inflam-
matory diseases and cancer using drugs likely to interfere with the evaluated biomarkers
(anti-inflammatories, antibiotics, antiretrovirals, immunomodulators, and anorectics), con-
suming alcoholic beverages, pregnant/lactating women, smokers, and individuals using
enteral/parenteral diet were excluded from the study.

2.2. Anamnesis and Clinical Evaluation

Standard protocols were used to measure weight, height, and waist circumference.
The Body Mass Index (BMI) was classified according to the WHO z-score. Blood pressure
was measured in triplicate from the right arm using a meter model Omron HEM-712C
(Omron HealthCare, Kyoto, Japan). Fasting blood samples were collected, and plasma
glucose and insulin levels were analyzed by colorimetric assay (Cobas; Roche Diagnostics
GmbH, Mannheim, Germany) and multiplex immunoassay (LINCOplex®, Linco Research
Inc., St. Charles, MO, USA), respectively.

The concentrations of total cholesterol, LDL-cholesterol, HDL-cholesterol, and triacyl-
glycerols (TG) were measured in serum by enzymatic colorimetric assay (Cobas—Roche
Diagnostics GmbH® (Mannheim, Germany). VLDL-c concentrations were calculated by
dividing the TG values by 5, as established in the literature [36]. Plasma protein C con-
centrations were obtained by ELISA (Cat. No. HEA821Hu; CloudClone Corp., Houston,
TX, USA).

The homeostasis model assessment index of insulin resistance (HOMA-IR) was calcu-
lated using the formula: [fasting glucose (mg/dL) X fasting serum insulin (uIU/mL)/405],
according to the literature [38]. The cutoff points used for the HOMA-IR and definition of
IR in adolescence were corrected for age and seX, as identified by Nogueira-de-Almeida
et al. [39], where >2.65 for boys and >3.02 for girls aged 11-12.9 years; >3.21 for boys and
>3.46 for girls aged 13-14.9 years; >2.39 for boys and >2.89 for girls aged 15-17.9 years. For
participants aged >18 years, adult categorization was used (HOMA-IR > 2.7) [40].

Hyperinsulinemia was classified according to sex- and age-specific criteria, with
fasting insulin values above the established cutoffs: 11-12.9 years: 12.18 pU/mL (boys)
and 13.26 pU/mL (girls); 13-14.9 years: 13.74 uU/mL (boys) and 14.85 pU/mL (girls);
15-17.9 years: 10.27 uU/mL (boys) and 13.13 pU/mL (girls) [39]. High blood glucose was
defined as fasting glucose levels between 100 and 126 mg/dL [40].

2.3. Procedures for Measurement of miRNA Expression

The measurement of miRNA expression was performed using Exiqon® assays on
Fluidigm® technology (Les Ulis, France). The selection of the 21 miRNAs analyzed in this
study was based on a systematic literature search to identify miRNAs in human plasma that
showed significant associations with overweight and glycemic, lipid, and inflammatory
profiles. The descriptions of the evaluated miRNAs are presented in Table 1.

2.4. Hemolysis Control

Hemolysis control was previously performed in all samples by measuring free
hemoglobin at 414 nm, using a NanoQuant plate in a TECAN spectrophotometer
(Mannedorf, Switzerland).
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Table 1. Nomenclature of miRNA extracted from the plasma of adolescents.

MiRNA Nomenclature of Access miRBase Sequence
miR-15a hsa-miR-15a-5p UAGCAGCACAUAAUGGUUUGUG
miR-16 hsa-miR-16-5p UAGCAGCACGUAAAUAUUGGCG
miR-21 hsa-miR-21-5p UAGCUUAUCAGACUGAUGUUGA
miR-28 hsa-miR-28-3p CACUAGAUUGUGAGCUCCUGGA
miR-30 hsa-miR-30a-5p UGUAAACAUCCUCGACUGGAAG
miR-30d hsa-mir-30d-5p UGUAAACAUCCCCGACUGGAAG
miR-122 hsa-miR-122-5p UGGAGUGUGACAAUGGUGUUUG
miR-126 hsa-miR-126-3p UCGUACCGUGAGUAAUAAUGCG
miR-130 hsa-miR-130b-3p CAGUGCAAUGAUGAAAGGGCAU
miR-139 hsa-miR-139-3p UGGAGACGCGGCCCUGUUGGAGU
miR-140 hsa-miR-140-5p CAGUGGUUUUACCCUAUGGUAG
miR-146 hsa-miR-146a-5p UGAGAACUGAAUUCCAUGGGUU
miR-150 hsa-miR-150-5p UCUCCCAACCCUUGUACCAGUG
miR-222 hsa-miR-222-3p AGCUACAUCUGGCUACUGGGU
miR-223 hsa-miR-223-3p UGUCAGUUUGUCAAAUACCCCA
miR-363 hsa-miR-363-3p AAUUGCACGGUAUCCAUCUGUA
miR-375 hsa-miR-375-3p UUUGUUCGUUCGGCUCGCGUGA
miR-376a hsa-miR-376a-3p AUCAUAGAGGAAAAUCCACGU
miR-532 hsa-miR-532-5p CAUGCCUUGAGUGUAGGACCGU
miR-let7c hsa-miR-let-7c-5p UGAGGUAGUAGGUUGUAUGGUU

Data extracted from miRBase describing the miRNA name and its sequence. hsa, Homo sapiens.

2.5. RNA Extraction

RNA was extracted from 400 pL of plasma using Norgen® (Thorold, ON, Canada)
Plasma/Serum Circulating and Exosomal RNA Purification Kit (Slurry Format) (Cat. 42800),
following the manufacturer’s recommendations. All samples were added 2.7-4 uM
cel-miR-39-3p (IDT) as an extraction control, and the RNA was eluted in 80 puL of
elution buffer.

2.6. Reverse Transcription

For reverse transcription, 15 uL of eluted RNA solution and the miRCURY LNA RT kit
(Cat. 339340), Qiagen-France, were used according to the supplier’s instructions. UniSP6
was used in all reactions (Spike-in kit Cat. 339390; Qiagen-France, Courtaboeuf, France).

2.7. Preamplification

For the 21 miRs analyzed, Spike-in UniSp6 and Spike-in Cel-miR-39 were used as
PCR assay primers, and miRCURY LNA miRNA (Cat. 339306) from Qiagen-France
(Courtaboeuf) was used for the pre-amplification step. The reverse transcription product
was purified with Exonuclease I (Cat. M0293; New England Biolabs France, Evry, France)
and diluted 1/10. After that, 1.25 pL of diluted cDNA was added to the primer mix
in a 5 pL reaction volume. Fluidigm PreAmp Master mix (Cat 100-5580) was used for
pre-amplification according to the supplier’s specifications (Les Ulis, France).

2.8. gPCR

qPCR was performed in triplicate for each assay from 1.5 uL of diluted preamplifica-
tion product (1/10) using Biotium Fast Probe Master Mix (Fremont, CA, USA, Cat. 310005)
in dynamic arrays 96 x 96 IFC (Cat. BMK-M-96.96) on a BiomarkTM instrument (Fluidigm,
Paris, France) according to the supplier’s protocol. Raw Ct values greater than 40 were
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excluded from the analysis. The ACt method was used to estimate relative expression
levels, and the normalization steps were performed as follows:

ACt = Ct (target miR) — Ct [(UniSP6 + cel-miR-39-3p)/2],

AACt = ACt (target miR) — mean ACt (target miR),
27A8Ct (fold change) = (—AACH)?.

The fold change values calculated from the normalized ACt data were used for statisti-
cal analysis, with values between 0 and 1 considered as reduced expression and values > 1
considered as increased expression.

2.9. Target Gene Prediction

Targets for the miRNAs were predicted using TargetScanHuman 8.0 (http://www.
targetscan.org) (accessed on 11 June 2023).

2.10. Statistical Analyses

Complex sampling procedures were employed in the statistical analyses to ensure
representativeness at the population level for Sdo Paulo, Brazil. Details of the sample selec-
tion procedures used in the ISA-Nutrition survey can be found in previous studies [36,37].
Non-parametric tests and histograms were used to analyze the distribution of variables,
and the adjusted Wald test was employed to assess differences between nested models.
Analyses were performed for the entire sample and for participants grouped according
to adolescent stage (early (10-14 years) / middle (15-17 years) and late (18-19 years)),
sex (male/female), and BMI status (Normal weight/Overweight + Obesity). Correlations
(and their confidence intervals) between miRNA expression and lipid, inflammatory, and
anthropometric parameters were estimated using Kendall’s tau-a. Correction for multiple
comparisons was not required for this analysis per recommendations for hypothesis-
generating research data analysis [41]. p-values < 0.05 were considered significant, and data
were presented as mean + SEM (standard error of the mean). All analyses were performed
using Stata/SE 14.0 and all graphs were generated using GraphPad Prism 7.0.

3. Results

The participants’ characteristics are summarized in Table 2. Ten individuals with
hemolyzed samples and three individuals with outlier values were excluded from the
study, resulting in a final sample of 187 adolescents out of the initial 200. Underweight
participants (n = 8) were excluded from analyses stratified by BMI status (normal weight
and overweight + obesity). In addition, the absence of detectable miR-139-3p expression
in some individuals resulted in a final sample of 149 adolescents for this specific miRNA
analysis. Most participants were female (55%) and aged between 10 and 14 years (44%). IR
was observed in 44% of adolescents, and 33% were classified as being overweight.

Adolescents with IR and/or being overweight exhibited higher WC, VLDL, TG, PAI-1,
glycemia, and insulinemia compared with their counterparts. Overweight was additionally
associated with higher systolic and diastolic blood pressure, elevated total cholesterol, and
reduced HDL-c concentrations (Table 2).

Plasma miRNA expression differed according to IR and BMI status (Figure 1, Table 2).
miR-122 levels were higher in adolescents with IR (fold change 2.4 & 0.4) than in those
without IR (fold change 1.1 & 0.1; p = 0.0034). miR-139-3p expression was also elevated in
the IR group (fold change 1.6 = 0.2 vs. 1.1 = 0.1; p = 0.0479) and in overweight adolescents
compared with those of normal weight (fold change 1.9 £ 0.3 vs. 1.1 £ 0.1; p = 0.0100)
(Figure 1B).
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Table 2. Clinical and anthropometric characteristics of study participants categorized according to
insulin-resistant status (IR) and Body Mass Index status.

Overall
(n=187)
Sex (male/female) 84/103
Early/Middle/Late 83/71/33
Non-IR/IR 105 (56%) /82 (44%)
Normal weight/Overweight + Obesity 121 (67%) /58 (33%)
Normal .
. Non-IR IR - (o) ht
Variables Overall n (;nlo 1) (1 = 83) p-Value Wslght ‘zzr:’;é% p-Value
(n =121)
Age (years) 15.1 (0.2) 15.3 (0.2) 14.8 (0.2) 0.1655 15.2 (0.2) 15.0 (0.3) 0.5242
Weight (kg) 58.8 (1.1) 54.8 (1.4) 63.7 (1.8) 0.0003 ** 53 (1.0) 72.3(1.9) 0.0001 **
Height (m) 1.6 (0.0) 1.6 (01) 1.6 (0.1) 0.9818 1.64 (0.0) 1.63 (0.0) 0.5443
BMI (kg/m?) 21.7 (0.4) 20.2 (0.4) 23.6 (0.6) 0.0001 ** 19.5(0.2) 27.0 (0.6) 0.0001 **
Waist circumference (cm) 77.8 (1.1) 74.2 (1.5) 82.4(1.7) 0.0007 ** 72.8 (1.9) 89.3 (1.7) 0.0001 **
SBP (mmHg) 112.6 (1.1) 111.7(1.6) 113.7(1.3) 0.3021 110.8 (1.2) 116.5 (1.7) 0.0055 *
DBP (mmHg) 66.5 (0.8) 65.8 (1.2) 67.3 (1.0) 0.2870 64.8 (0.9) 70.5 (1.2) 0.0001 **
Total cholesterol (mg/dL)  143.3(2.8) 143.8(3.8) 142.8 (3.0) 0.8038 141.3 (3.0) 148.2 (5.0) 0.1881
HDL-c (mg/dL) 449 (1.0) 46.0 (1.1) 43.6 (1.6) 0.1884 46.7 (1.3) 412 (1.7) 0.0094 *
LDL-c (mg/dL) 80.6 (2.3) 81.4(2.9) 79.5 (2.8) 0.5619 78.3(2.9) 84.9 (3.8) 0.1015
VLDL-c (mg/dL) 17.8 (0.7) 16.3 (0.9 19.6 (1.0) 0.0163 * 16.2 (0.8) 21.2(1.1) 0.0003 **
Non-HDL
cholesterol (mg/dL) 93.0 (35.0) 97.8 (3.4) 99.1 (3.2) 0.7330 94.5 (3.1) 107.1 (4.3) 0.0148 *
Triacylglycerol (mg/dL) 89.2 (3.3) 81.9 (4.4) 98.3 (5.0) 0.0172 * 81.5(3.9) 106.1 (5.6) 0.0003 **
Fasting blood
glucose (mg /dL) 89.7 (0.6) 87.5(0.7) 92.4 (0.8) 0.0000 ** 89.0 (0.7) 90.3 (0.9) 0.2696
Fasting insulin (uUI/mL) 15.7 (0.9) 9.2(0.3) 23.7 (1.9) 0.0001 ** 12.8 (1.0) 22.2(2.3) 0.0011 *
hs-CRP (mg/L) 0.3 (0.0) 0.3 (0.0) 0.4 (0.1) 0.1172 0.25(0.0) 0.5 (0.1) 0.0167 *
PAI-1 (ng/mL) 23.1(1.4) 20.9 (1.6) 259 (2.2) 0.0487 * 20.6 (1.2) 29.2 (3.0) 0.0078 *

The data are presented as means and SEM (in parentheses). Asterisks denote statistical significance: * p < 0.05;
**p < 0.01. Comparison between groups was performed using the adjusted Wald test. Underweight participants
(n = 8) were excluded from analyses stratified by BMI status (normal weight and overweight + obesity). SBP,
systolic blood pressure; DBP, diastolic blood pressure; HDL-c, high-density lipoprotein cholesterol; LDL-c, low-
density lipoprotein cholesterol; VLDL-c, very-low-density lipoprotein cholesterol; PAI-1, plasminogen activator
inhibitor 1.

The remaining 19 miRNAs evaluated showed no statistically significant differences
between the groups, as shown in Table 3.

Male adolescents with IR showed higher expression levels of miR-122
(fold change = 2.9 £ 0.1) compared with the group without IR (fold change = 1.1 & 0.6;
p = 0.0026) (Figure 2A). When miRNA expression was analyzed according to the age group
and IR status, it was observed that miR-122 showed higher expression in adolescents with
IR at early (10-14 years) (fold change = 2.1 + 0.3 vs. 1.4 £ 1.1; p= 0.0409) and middle
adolescence (15-17 years) (fold change = 2.8 4= 0.9 vs. 0.8 & 0.1; p= 0.0240) (Figure 2B).

Overweight adolescents showed higher miR-122 levels at early (10-14 years)
(fold change = 25 + 04 vs. 14 £ 02; p = 0.0430) and late (18-19 years old)
(fold change = 1.7 £ 0.3 vs. 1.0 £ 0.2; p = 0.0322) adolescence compared with normal
weight group (Figure 3A). In addition, higher levels of miR-139-3p were observed in male
overweight adolescents at a late age (18-19 years) (fold change = 2.0 £ 0.4 vs. 0.9 £ 0.1;
p = 0.0144) versus adolescents with normal weight (Figure 3A,B).

On the other hand, overweight adolescents presented lower miR-375 expression in
early (fold change = 1.1 £ 0.1 vs. 1.4 + 0.1; p = 0.0489) and late (fold change = 0.5 £ 0.1 vs.
0.9 £ 0.1; p= 0.0020) adolescent stages compared with normal weight (Figure 3A).

The miR-122 was positively correlated with the concentrations of VLDL-c, triacylglyc-
erol, IL-1p3, IL-6, and IL-10. The miR-139-3p was negatively correlated with adiponectin
concentration and positively with SBP and DBP (Table 4).
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Figure 1. Plasma miRNA expression of miR-122 and miR-139-3p in adolescents with insulin resis-
tance (IR) and non-IR (A) or normal weight and overweight (B). Group non-IR or Normal weight:
represented by the circle; Group IR or Overweight: represented by the square. Participants with
underweight (n = 8) and those with no detectable miR-139-3p expression (1 = 30) were excluded.
Final sample for miR-122: normal weight (n = 121) and overweight(n = 58)/non-IR (n = 104) and
IR (n = 83). Final sample for miR-139-3p: normal weight (n = 104) and overweight (1 = 45)/non-IR
(n =89), and IR (n = 68). Differences between groups were assessed using the adjusted Wald test. The
data are presented as mean + SEM. Asterisks denote statistical significance: * p < 0.05; ** p < 0.01;
n.s. = indicates not significant.

Table 3. Plasma expression of 19 miRNAs in non-insulin resistant (non-IR), insulin resistance (IR),
normal weight, and overweight adolescents.

Normal .
. Overall Non-IR IR . Overweight
MiRNA (n = 187) (1 = 104) (1 = 83) p-Value (Wslght o = 58% p-Value
n =121)

miR-15a 1.4 (0.1) 1.3(1.1) 1.6 (0.2) 0.5372 1.3(0.1) 1.7(0.2) 0.5715
miR-16a 1.4 (0.1) 1.3(0.1) 1.6 (0.2) 0.7936 1.3(0.1) 1.7 (0.2) 0.7055

miR-21 1.5(0.1) 1.3(0.1) 1.6 (0.2) 0.3834 1.3(0.1) 1.8 (0.3) 0.4245

miR-28 1.7 (0.2) 1.5(0.2) 1.9 (0.2) 0.4035 1.5(0.2) 2.2(0.3) 0.3019
miR-30a 1.2 (0.0) 1.1 (0.0) 1.3(0.1) 0.3832 1.1 (0.0) 1.3(0.2) 0.9969
miR-30d 1.4 (0.1) 1.3(0.1) 1.6 (0.2) 0.3079 1.3(0.1) 1.7 (0.3) 0.2822
miR-126 1.4 (0.0) 1.3(0.1) 1.4 (0.1) 0.581 1,2 (0.1) 1.6 (0.2) 0.4035
miR-130b 1.5(0.1) 1.4(0.1) 1.7 (0.2) 0.7106 1.4 (0.2) 1.8 (0.3) 0.7203
miR-140 2.0(0.2) 1.9(04) 2.0(0.3) 0.9306 1.8 (0.3) 2.5(0.5) 0.4432
miR-146a 1.7 (0.1) 1.5(0.2) 2.0(0.3) 0.364 1.5(0.2) 2.2(0.3) 0.3497
miR-150 1.7 (0.2) 1.6 (0.3) 2.0 (0.3) 0.5489 1.5(0.3) 2.3(0.5) 0.3553
miR-222 1.7 (0.2) 1.5(0.2) 1.9 (0.2) 0.4341 1.6 (0.2) 2.0(0.3) 0.6846
miR-223 1.7 (0.1) 1.5(0.2) 1.8 (0.2) 0.5288 1.5(0.1) 2.1(0.3) 0.321
miR-363 1.5(0.1) 1.4(0.2) 1.7 (0.2) 0.618 1.4(0.1) 1.8 (0.3) 0.7681
miR-375 1.3 (0.0) 1.1 (0.0) 1.4 (0.2) 0.1655 1,3 (0.1) 1.1(0.2) 0.3131
miR-376a 2.0(0.2) 2.1(0.2) 1.9 (0.3) 0.6015 2.0(0.2) 2.1(0.3) 0.9821
miR-486 2.3(0.1) 1.2 (0.1) 1.4 (0.2) 0.6631 1.2(0.1) 1.5(0.2) 0.8331
miR-532 1.6 (0.1) 1.5(0.2) 1.8 (0.2) 0.7235 1.5(0.2) 2.0 (0.3) 0.5688
miR-let7c 1.4 (0.1) 1.3(0.1) 1.7 (0.2) 0.1826 1.3(0.1) 1.8 (0.3) 0.3395

The data are presented as means and SEM (in parentheses). Underweight participants (1 = 8) were excluded from
analyses stratified by BMI status (normal weight and overweight + obesity). Final sample for miR-130b: non-IR
(n =103) and IR (n = 83). Final sample for miR-140: non-IR (n = 103) and IR (n = 81). Differences between groups
were assessed using the adjusted Wald test.
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Figure 2. Plasma expression of miR-122 and miR-139-3p in adolescents with insulin resistance (IR),
and non-IR according to sex (A) and age (B). Group non-IR: represented by the circle; Group IR:
represented by the square. Early (10-14 years), middle (15-17 years), and late (18-19 years) adolescent
stages. Final sample for miR-122: non-IR male (n = 50), non-IR female (n = 54), IR male (n = 36),
IR female (1 = 47), non-IR early (n = 48), non-IR middle (n = 35), non-IR late (n = 21), IR early
(n =38), IR middle (n = 34), IR late (n = 11). Final sample for miR-139-3p: non-IR male (1 = 44), non-IR
female (n = 45), IR male (n = 32), IR female (1 = 36), non-IR early (n = 41), non-IR middle (n = 30),
non-IR late (n = 18), IR early (n = 32), IR middle (1 = 27), IR late (1 = 9). Differences between groups
were assessed using the adjusted Wald test. The data presented as mean and SEM. Asterisks denote
statistical significance: * p < 0.05; ** p < 0.01. n.s. = indicates not significant.

When the analysis was repeated among adolescents with IR, miR-139 expression
was correlated with DBP (Coef.: 0.13, p = 0.04), LDL-c (Coef.: 0.12, p = 0.04), non-HDL
cholesterol (Coef.: 0.12, p = 0.04), and ICAM (Coef.: 0.12, p = 0.04). On the other hand,
in the subgroup of adolescents with overweight, the limited sample size (1 = 45) likely
contributed to the loss of statistical significance in the miR-139 correlations. Regarding miR-
122, the correlations were consistent when comparing the total sample with the subgroup
of adolescents with IR or overweight.

Upregulation of 11 out of the 23 evaluated miRNAs was observed under hyperinsu-
linemia/hyperglycemia conditions, with these changes occurring mainly in the middle
adolescent group (15-17 years) (Figure 4). The observed alterations in the concentrations
of these miRNAs may be explained by their predicted targets, which are linked to the
regulation of glucose and energy metabolism, as well as inflammatory pathways (Figure 5).
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Figure 3. Plasma expression of miR-122, miR-139-3p and miR-375 in normal weight and overweight
adolescents according to adolescent stage (A) and sex (B). Underweight participants (n = 8) were
excluded from analyses stratified by BMI status (normal weight and overweight + obesity). Final
sample for miR-122 and miR-375: normal weight male (1 = 57), normal weight female (n = 64),
overweight male (n = 22), overweight female (1 = 36), normal weight early (1 = 52), normal weight
middle (n = 48), normal weight late (n = 21), overweight early (n = 29), overweight middle (n = 19),
overweight late (n = 10). Final sample for miR-139-3p: normal weight male (1 = 49), normal weight
female (1 = 55), overweight male (1 = 20), overweight female (1 = 11), normal weight early (n = 45),
normal weight middle (n = 42), normal weight late (1 = 17), overweight early (1 = 23), overweight
middle (n = 13), overweight late (n = 9). A comparison of miRNA expressions between groups
was obtained using the adjusted Wald test. The data presented as mean and SEM. Asterisks denote
statistical significance: * p < 0.05; n.s. = indicates not significant.

Figure 5 describes the potential target genes of the assessed miRNAs and their relation-
ship with insulin signaling and inflammation pathways. Toll-like receptors (TLRs) activate
TRAF3 and/or TRAF6 through the adaptor proteins TRIF or MyD88, which in turn phos-
phorylate nuclear factor kappa B (NF-«B). In this context, miR-28, miR-146, miR-223, and
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miR-363 have been identified as potential negative regulators of the genes TRAF3 and/or
TRAF6, leading to decreased NF-kB activation and reduced production of proinflammatory
cytokines. In addition, RAGE receptor genes can be regulated by miR-23, miR-126, and
miR-223, resulting in downregulation of intracellular signaling cascades and suppression of
NF-kB. The target gene RAGE is related to low-grade systemic inflammation, which plays
an important role in the development of obesity. Another important signaling pathway
is the JAK/STAT pathway, in which miR-223 may contribute to the downregulation of
STAT genes, leading to suppression of cytokine-responsive gene transcription. In addition,
miR-30d is associated with inflammation by targeting SOCS proteins. The potential target
gene for miR-486 and miR-223 is the insulin receptor IGF-1, which activates intracellular
signaling cascades involving IRS receptors and triggers downstream pathways such as
PI3K/Akt, AMPK/mTOR, and MAPK/ERK. These pathways are related to insulin signal-
ing, energy metabolism, and cell proliferation, differentiation, and survival. Several other
miRNAs are also involved in this signaling cascade, including miR-126, miR-28, miR-139,
miR-146, and miR-122. Moreover, miR-122 targets the PDK4 gene, which is linked to insulin
resistance and altered inflammatory and glycemic profiles. Regarding the miR-130b target
genes, these include PGC, which controls energy metabolism and lipid processing.

All group Early Middle Late
(n=187) (n =86) (n=69) (n=32)
Hyperinsulinemia mrr;{ﬂi;gzzgp "‘ miR-122 " miR-139
miR-21
miR-28
miR-130b miR-30d
Hyperglycemia miR-363 1 miR-146a miR-126 l miR-122
miR-486 miR-130b
miR-223
miR-363

Figure 4. Regulation of miRNAs in adolescents with hyperinsulinemia/hyperglycemia according to
age group. The adjusted Wald test was used to evaluate differences in miRNA levels according to hy-
perinsulinemia/hyperglycemia status and across early adolescence (10-14 years), middle adolescence
(15-17 years), and late adolescence (18-19 years).

Table 4. Correlation between plasma expression of miR-122 and miR-139 with lipid, inflammatory,
and anthropometric characteristics of the study participants.

miR-122 miR-139-3p
Variables (n=187) (n=157)
Coef. p-Value Coef. p-Value
BMI (kg/m?) 0.05 0.421 0.09 0.122
Waist circumference (cm) 0.039 0.467 0.07 0.251
SBP (mmHg) 0.06 0.272 0.12 0.038 *
DBP (mmHg) 0.07 0.202 0.14 0.023 *
Total cholesterol (mg/dL) 0.04 0.477 0.07 0.239
HDL-c (mg/dL) 0.03 0.596 —0.07 0.217
LDL-c (mg/dL) —0.02 0.734 0.09 0.098
VLDL-c (mg/dL) 0.15 0.002 ** 0.05 0.391
Non-HDL cholesterol (mg/dL) 0.02 0.666 0.09 0.066
Triacylglycerol (mg/dL) 0.15 0.002 ** 0.05 0.416
Fasting blood glucose (mg/dL) —0.03 0.635 0.007 0.911
Fasting insulin (WUI/mL) 0.09 0.102 0.107 0.093
HOMA-IR 0.09 0.128 0.109 0.091

hs-CRP (mg/L) —0.00 0.988 0.110 0.076
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Table 4. Cont.
miR-122 miR-139-3p
Variables (n =187) (n =157)
Coef. p-Value Coef. p-Value
PAI-1 (ng/mL) 0.04 0.453 0.027 0.630
Leptin (ng/mL) —0.00 0.976 0.050 0.373
Adiponectin (ng/mL) 0.06 0.316 —0.12 0.028 *

TNF-« (pg/mL) 0.09 0.092 0.01 0.839

MCP-1 (ng/mL) 0.04 0.438 0.04 0.554

ICAM (ng/mL) —0.00 0.992 0.09 0.091

VCAM (ng/mL) 0.07 0.186 —0.04 0.458

IL-6 (pg/mL) 0.12 0.01* 0.06 0.269

IL-10 (pg/mL) 0.17 0.002 ** 0.02 0.769

IL-1B (pg/mL) 0.14 0.008 ** —0.02 0.764

Asterisks denote statistical significance: * p < 0.05; ** p < 0.01. Correlations were assessed by Kendall’s tau-a. SBP,
systolic blood pressure; DBP, diastolic blood pressure; HDL-c, high-density lipoprotein cholesterol; LDL-c, low-
density lipoprotein cholesterol; VLDL-c, very-low-density lipoprotein cholesterol; PAI-1, plasminogen activator
inhibitor 1; MCP-1, monocyte chemotactic protein 1; ICAM, intercellular 1 soluble adhesion molecule; VCAM,
vascular 1 soluble adhesion molecule; IL-6, interleukin-6; IL-10, interleukin-10; IL-1, interleukin-14.

miR-21/ miﬂ—?ZS / miR-126

miR-122
o

~ -
~
<

we, o1, UL !'?
é’

Figure 5. Overview of metabolic pathways and predicted miRNAs targets. Predicted targets were
identified using TargetScanHuman 8.0 (http://www.targetscan.org). The image was partly generated
using Servier Medical Art, which is licensed under CC BY 4.0 (https:/ /creativecommons.org/licenses/
by/4.0/, accessed on 10 September 2025).

4. Discussion

The present study identified differences in miR-122 and miR-139-3p levels among
adolescents, based on age group, sex, and the presence of IR. These miRNAs may serve as
potential biomarkers for monitoring adolescents, given their association with inflammatory
response, insulin signaling pathway, and glucose metabolism. Our findings suggest that
both miR-122 and miR-139-3p play an important role in the mechanism of IR, overweight
and inflammation in adolescents, since altered expression was detected across different
associated factors. It is worth highlighting that this population-based cross-sectional study
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is the first to evaluate circulating miRNAs according to demographic factors and IR-related
factors in Brazilian adolescents.

The occurrence of IR in adolescents contributes to the development of metabolic and
immunological alterations that result in chronic, systemic, and low-grade inflammation in
adulthood [42]. Overweight in adolescence is an important risk factor for other diseases or
complications in adulthood, such as T2D, dyslipidemia, and MetS [31,43—45]. Such facts
are closely associated with hypertrophy and hyperplasia of the white adipose tissue, which
promotes the exacerbated secretion of adipokines with emphasis on pro-inflammatory
cytokines such as TNF-« and IL-6, and triggers the state called metabolic inflammation [46].
In the present study, it was observed that the incidences of IR and overweight are high in
adolescents, 44% and 33%, respectively. In addition, hs-CRP concentrations were higher in
adolescents with overweight, which is consistent with a pro-inflammatory state.

Higher hs-CRP levels indicate systemic inflammation and have been linked to T2D
and cardiovascular disease [45,47]. The determination of hs-CRP is not a specific biomarker;
however, it indicates the occurrence of an inflammatory process and thus ends up predicting
type 2 diabetes, cardiovascular disease [48-50], and insulinemia [51,52]. In addition, a
higher concentration of PAI-1 was observed in adolescents with overweight and IR. It
should be mentioned that the concentration of PAI-1 is higher in individuals with obesity,
MetS, and T2D [53]. Studies showed that with the improvement of insulin sensitivity or the
reduction in total weight and body fat, there is a reduction in the plasmatic concentration
of PAI-1, showing a relationship between body weight and IR [53-55].

In this context, miRNAs have emerged as important post-transcriptional regulators,
since they can regulate gene expression in pathways associated with inflammation and
glucose metabolism [8,9,11,17,56]. The miR-122 and miR-139 can modulate inflammation
and endothelial dysfunction [12]. In this study, the miR-122 plasma expression was higher in
adolescents with IR. In addition, miR-122 showed a positive association with the cytokines
IL-13, IL-6, and IL-10. Previous studies demonstrated higher plasmatic miR-122 expression
in individuals with T2D, showing positive associations with obesity, inflammatory markers,
and a negative association with adiponectin [57,58].

Although the recognized relationship of miR-122 with the pathophysiology of T2D,
the exact mechanisms through which miR-122 modulates the inflammatory response and
the glicemic metabolism have yet to be fully elucidated [27,57]. Peripheral action of insulin
may be regulated by numerous cytokines, which inhibit insulin receptor signaling and
disrupt its downstream signal propagation [59]. One well-known example is TNF-«, which
activates the JNK and IKK-f signaling pathways, leading to alterations in the insulin
signaling and, ultimately, to the development of IR [59]. Furthermore, we suggest here that
miR-122 is related to the control of glucose metabolism and inflammatory response, with
target genes involved in the inflammatory response (SIRT) and insulin signaling (PDK4,
AMPK, and AKT).

In addition, our results showed that miR-139-3p levels were higher in adolescents
with IR and exhibited a positive association with blood pressure and a negative association
with adiponectin concentration. Adiponectin, a cytokine secreted by adipose tissue, plays
a broad metabolic role, being involved in the regulation of glucose and lipid metabolism,
energy regulation, and inflammation [60]. Given this, adiponectin improves insulin sensi-
tivity by promoting TG reduction in adipose tissue, liver, and muscle, through enhanced
fatty acid oxidation and energy expenditure via PPAR- activation [60]. On the other hand,
reduced adiponectin concentrations are associated with IR and T2D [60-62].

An additional role of miR-139-3p in the regulation of glycemic metabolism and the
inflammatory response has been suggested, as its predicted target genes are involved in
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insulin signaling (IRS1/2, PDK2, PI3K, AKT1). In mouse hepatocytes, miR-139 modulated
the action of the transcription factor FOXO1 by reducing its gene expression [63].

The upregulation of miR-223 observed in our study is consistent with previous re-
ports showing increased expression in the visceral adipose tissue of morbidly obese and
IR individuals, where it modulates macrophage phenotype via TLR4/FBXW?7 [64]. This
upregulation has been proposed as a compensatory mechanism to suppress the inflam-
matory cascade in adipose tissue macrophages, acting in both pro- and anti-inflammatory
pathways. In macrophage cell culture, miR-223 also regulates STAT3 expression and
pro-inflammatory cytokines, including IL-1f3 and IL-6 [65].

We suggest that miR-21 has as potential target genes NF-Kf3 and NRF2 related to
inflammation. The higher expression of miR-21 may be a response to a pro-inflammatory
environment [66,67]. Increased miR-21 expression enhances insulin-induced glucose up-
take, downregulates PTEN, and promotes AKT (Ser473) and GSK3p (Ser9) phosphorylation,
as well as GLUT4 translocation in adipocytes. This evidence supports the role of miR-21 in
reducing IR through the PTEN-AKT pathway [68].

The miR-126 has as a possible target gene mTOR linked to energy metabolism and in-
sulin resistance. Under hyperglycemic conditions, the anti-inflammatory effects of miR-126
may be related to the decreased expression of TNF-a and ROS, as well as reduced NADPH
oxidase activity, as demonstrated in endothelial cells [69] and exosomes derived from
mesenchymal stem cells [70]. The role of miR-126 in the inflammatory response has been
widely reported, showing anti-inflammatory and immunoregulatory functions through the
modulation of molecules involved in inflammation, cell proliferation, differentiation, and
immune cell function [71,72]. In contrast, miR-375 positively regulates the TLR4 receptor
and induces the activation of NF-«kB, which promotes the inflammatory response [73].
Additionally, miR-375 plays a role in regulating insulin secretion in pancreatic cells [74].

Thus, the findings reported in this study corroborate the literature and suggest that
circulating miRNAs are closely associated with metabolic parameters, involved in diverse
metabolic pathways, including those related to the MetS (e.g.,; BMI, serum cholesterol
and TG concentrations) [7,8,24,26,56-59]. Such associations underscore their potential as
biomarkers for the early detection of metabolic alterations, suggesting that they can be used
as an approach for disease diagnosis and prognosis, while also facilitating the development
of improved therapeutic strategies [75,76].

However, other factors need to be considered when evaluating miRNA expres-
sion, such as demographic characteristics and lifestyle, in conjunction with clinical vari-
ables [7,33-35,77]. It is known that miRNA expression patterns undergo dynamic changes
from childhood to adulthood and can be modulated by many factors, such as develop-
mental stage, the concentration and action of developmental stage-specific hormones, diet,
among others [33-35,77].

We could suggest that pubertal development patterns and hormone concentrations,
for example, could be one of the factors influencing the modulation of miRNA expression
observed here. A recent review reported the regulation of several miRNAs in the hypotha-
lamus at the onset of puberty and their modulation of circulating miRNA expression as
puberty progressed [35]. Sex-driven miRNA regulation has been observed in both gonadal
organs, such as the testes and ovaries, and somatic organs, including the liver, lungs,
and brain [35]. Furthermore, the hormones estrogen and androgen can modulate miRNA
expression, influencing sex-specific responses to various stimuli [35].

Although pubertal stage was not directly assessed using established methods, the
distribution of adolescents by age group was used as an indirect indicator of this variable,
acknowledging the limitations of this approach due to individual variability in the onset
and progression of puberty. Furthermore, additional limitations of the study include the
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inability to infer causal relationships due to its cross-sectional design. However, the study
design is appropriate for its objectives, providing an overview of the study population and
representing the first population-based investigation of miRNNA expression in Brazilian
adolescents and their association with metabolic variables, thus generating hypotheses for
future research. Additionally, the relatively small number of individuals in each group
may have limited our ability to detect potential associations. We also relied on web-based
tools to predict the specific targets (or origin) of miRNAs rather than measuring them
directly. Moreover, this study highlights the importance of assessing adolescents’ diet, as it
is a factor associated with body fat accumulation and the development of IR, which were
observed in a significant portion of the sample.

Nevertheless, these findings provide a significant contribution to the field, highlighting
the associations of miR-122, miR-139-3p, miR-375, miR-223, miR-21, miR-126, and others
with alterations in lipid, inflammatory, and glycemic profiles in adolescents with IR and
overweight. We assume that our hypothetical cell secreted the microRNAS described in
our study.

5. Conclusions

Our study demonstrated the modulation of circulating miRNAs in various contexts,
including body fat accumulation, dysregulation of glucose metabolism, age, and biological
sex, in a representative sample of Brazilian adolescents. In this context, we predomi-
nantly observed the upregulation of miRNAs (miR-21, miR-28, miR-30d, miR-122, miR-126,
miR-139, miR-130b, miR-223, and miR-363) under conditions of hyperglycemia and hyper-
insulinemia. Moreover, we identified associations between circulating miRNA levels and
factors related to inflammatory, lipid, and anthropometric profiles.

The use of circulating miRNAs as biomarkers offers several advantages, as they
can capture both biological and environmental profiles, supporting personalized medical
approaches. In addition, they are non-invasive and can be assessed through body fluids,
with alterations detectable years before changes in conventional diagnostic biomarkers.
Given the growing evidence supporting their application in cancer and neurodegenerative
diseases, their use in cardiometabolic conditions is also a promising possibility.
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