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Abstract
BACKGROUND 
The prevalence of diabetes as a catastrophic disease in childhood is growing in the 
world. The search for novel biomarkers of β-cell failure has been an elusive task 
because it requires several clinical and biochemical measurements in order to 
integrate the risk of metabolic syndrome.

AIM 
To determine which biomarkers are currently used to identify β-cell failure among 
children and adolescents with high risk factors for diabetes mellitus.

METHODS 
This systematic review was carried out using a modified version of the PICO 
protocol (Participants/Intervention/Comparison/Outcome). Once our research 
question was established, terms were individually researched on three different 
databases (PubMed, BIREME and Web of Science). The total articles obtained 
underwent a selection process from which the 78 most relevant articles were 
retrieved to undergo further analysis. They were assessed individually according 
to quality criteria.

RESULTS 
First, we made the classification of the β-cell-failure biomarkers by the target 
tissue and the evolution of the disease, separating the biomarkers in relation to the 
types of diabetes. Second, we demonstrated that most biomarkers currently used 
as early signs of β-cell failure are those that concern local or systemic inflam-
mation processes and oxidative stress as well as those related to endothelial 
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dysfunction processes. Third, we explored the novelties of diabetes as a protein 
conformational disease and the novel biomarker called real human islet amyloid 
polypeptide amyloid oligomers. Finally, we ended with a discussion about the 
best practice of validation and individual control of using different types of 
biomarkers in type 1 and type 2 diabetes in order to assess the role they play in 
the progress of diabetes in childhood.

CONCLUSION 
This review makes widely evident that most biomarkers currently used as early 
signs of β-cell failure are those that concern local or systemic inflammation 
processes and oxidative stress as well as those related to endothelial dysfunction 
processes. Landing in the clinical practice we propose that real human islet 
amyloid polypeptide amyloid oligomers is good for identifying patients with β-
cell damage and potentially could substitute many biomarkers.

Key Words: Biomarker; β-cell failure; Children; Adolescents; Diabetes mellitus; Metabolic 
syndrome
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Core Tip: β-cell failure biomarkers have been an elusive task, and the searching of a 
molecule that will work as a biomarker and therapeutic target is a challenge. The data 
obtained in this study demonstrated that real human islet amyloid polypeptide amyloid 
oligomers could be used as a sensitive and specific marker for diabetes as a protein 
conformational disease.
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INTRODUCTION
The β-cell of the endocrine pancreas is responsible for the synthesis, storage and 
release of insulin into the bloodstream in response to metabolic demand. Human β-
cells correspond to 50%-80% of pancreatic islets mass. However, this amount could 
vary depending on the species analyzed. The distribution of β-cells in humans is 
scattered, though predominantly in the tail of the pancreas. Furthermore, they present 
a very characteristic appearance with secretory granules on microscopic observation. 
Upon food intake, insulin is co-expressed and co-secreted with the human islet 
amyloid polypeptide (hIAPP), an intrinsically disordered protein of 37 residues in the 
β-cell to stimulate the internalization of glucose and amino acids, allowing the storage 
of glycogen, protein and lipid deposits, which are used to maintain energy demands 
during prolonged fasting. The hIAPP aggregation-oligomerization process causes 
apoptosis, disrupts the production of insulin[1-12] and forms amyloid oligomers and 
fibers in the pancreas of postmortem patients of diabetes mellitus (DM)[13-15].

DM represents a worldwide public health problem. In 2014, the World Health 
Organization estimated that 422 million people worldwide had diabetes, most of them 
presenting with type 2 DM (T2DM)[16].

Type 1 DM (T1DM) is a heterogeneous autoimmune disorder, which results from 
the gradual destruction of beta cell mass that ultimately results in absolute deficiency 
of insulin[17]. T1DM has shown to increase the risk two to four times of developing 
cardiovascular complications in comparison with a non-diabetic population. This 
condition causes early endothelial dysfunction as well as early atherosclerosis. Hence, 
these conditions may be used as early indicators for future cardiovascular events[18].
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According to the International Diabetes Federation the incidence rate in T1DM is 
increasing steadily, particularly in the pediatric population. In 2019, 1106200 children 
and adolescents under 20-years-old were affected by T1DM worldwide thus 
worsening their life quality and presenting early in life with complications that may 
even result into life-threatening conditions[19]. The pathophysiology underlying the 
development of T1DM has been widely studied and has not yet been completely 
elucidated. T1DM is a T cell-driven autoimmune disease caused by a lack of tolerance 
towards β-cells in the pancreas. Different studies have shown the role of several 
chemokines, and interestingly β-cells are able to secrete specific CXC chemokines in 
response to inflammation states and thereby induce a vicious pathogenic loop[20].

Nonetheless, other studies have shown that dysfunction and/or death of pancreatic 
β-cells underlies the pathophysiology of all type of diabetes. β-cell failure in T2DM is 
thought to result as a compensatory mechanism of chronic peripheral insulin 
resistance. Furthermore, this is thought to cause loss of mature β-cell phenotype 
without necessarily causing cell death[21]. Different hypotheses underlying T2DM 
pathogenesis are still under debate: whether it comes as a result of reversible β-cell 
dysfunction or a decrease in β-cell mass[22].

Insulin resistance, which is worsened with obesity (which precedes chronic 
hyperglycemia), β-cell dysfunction and apoptosis (usually triggered by chronic inflam-
mation and oxidative stress) are factors involved in the pathogenesis of T2DM[16]. 
Further study is required to understand the pathophysiology underlying the disease 
and to identify possible specific biomarkers of β-cell failure.

As DM represents a condition that increases the risk of cardiovascular complic-
ations, among a wide spread of other multisystem complications, the identification of 
early risk biomarkers, either of developing DM upon high-risk subjects or as 
prognostic factors of presenting complications associated with either T1DM and T2DM 
subjects, represents an important global challenge upon the scientific and medical 
community.

Despite the great effort and substantial progress that has been made in the 
understanding of the pathophysiology underlying the micro- and macrovascular 
complications of DM, further investigation is still required. Advanced glycation end 
products and their receptors, adhesive molecules, pro- and anti-inflammatory 
cytokines, enzymes such as N-acetyl-β-D-glucosaminidase and growth factors 
represent the main subject of ongoing studies[19].

The global escalation of childhood obesity is a major concern as it is believed to be 
the root of major cardiovascular complications and related mortality[23]. Pediatric 
obesity currently affects around 13%-20% of children and youth in western countries
[24], and its prevalence continues to rise internationally[25]. It is associated with many 
deleterious health outcomes such as decreased neurocognitive function in childhood 
and increased risk of conformational diseases such as Alzheimer´s disease and other 
types of dementia. Notwithstanding that this chronic systemic inflammation state is 
closely linked to glycemic dysregulation and thus the initial steps on the patho-
physiology of T2DM[24].

Several studies have shown the relationship between obesity and endothelial 
dysfunction, whereas insulin resistance has been proposed as a mediator of adiposity 
on vascular function. In physiologic conditions, insulin has vasodilator effects via nitric 
oxide (NO) production. Yet under insulin resistance conditions, NO production is 
impaired, and production of vasoconstrictors such as endothelin 1 are increased[26].

Obesity has been associated with a low-inflammation chronic state. Thus, inflam-
matory pathways could be critical for the understanding of the mechanisms 
underlying obesity and its complications. This inflammatory process originates mainly 
in the adipose tissue, and it secretes cytokines such as leptin and adiponectin[23]. Both 
of these cytokines have been widely studied as possible early biomarkers associated to 
β-cell failure.

Moreover, the worldwide prevalence of metabolic syndrome (MS) has a marked 
increase related to the severity of obesity, and it reaches 50% in young people 
presenting with severe obesity. Some studies have shown each unit of body mass 
index (BMI) increased is associated to the increased risk of presenting MS[23].

In this review, we aimed to identify the main biomarkers in the pediatric population 
as early signs of pancreatic β-cell failure in patients presenting with risk factors such as 
being overweight, obesity, diabetes and MS.

First, we made the classification of the β-cell-failure biomarkers by the target tissue 
and the evolution of the disease, separating the biomarkers according to the types of 
diabetes. Second, we demonstrated that most biomarkers currently used as early signs 
of β-cell failure are those that concern local or systemic inflammation processes and 
oxidative stress as well as those related to endothelial dysfunction processes. Third, we 
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explored the novelties of diabetes as a protein conformational disease and the novel 
biomarker called real hIAPP amyloid oligomers (RIAO). Finally, we ended with a 
discussion about the best practice of validation, and individual control of using 
different types of biomarkers in type 1 and type 2 diabetes in order to assess the role 
they play in the progress of diabetes in childhood.

MATERIALS AND METHODS
This systematic review was carried out using a modified version of the PICO 
(Participants/Intervention/Comparison/Outcome) protocol. On the first step we 
established our research question, which was: “What are the biomarkers of an early β 
pancreatic cell failure?”

No ethical approval or letter of informed consent were required to carry out this 
research, and all the files from the articles taken into account may be obtained from the 
different databases used.

Data sources and searches
The electronic databases used were PubMed, BIREME and Web of Science. The 
research started in February 2020. Following the PICO protocol the following terms 
were used for the research. Each term was individually searched for on each database. 
It should be clarified that for this review the C (Comparison) terms were excluded due 
to the fact that the goal of this research was not to compare biomarkers but rather look 
for new information regarding our research question.

P (Participants): Obesity, prediabetes, diabetes mellitus type 1, diabetes mellitus type 
2, diabetes mellitus and metabolic syndrome.

I (Intervention): Metabolic biomarkers, biomarkers, cytotoxic oligomers, amyloid 
oligomers, protein aggregation, amyloid protein, coaggregation.

O (Outcome): β cell failure, Beta cell failure, Beta cell, B-cell, B-cell failure, 
glucotoxicity, lipotoxicity, endothelial dysfunction, fibrosis, apoptosis, inflammation, 
hyperfunction, dedifferentiation, comorbidities, retinopathy, microangiopathy, 
Macroangio-pathy, atherosclerosis, cardiovascular events, amputation, intestinal 
ischemia, neuronal dysfunction, dementia, cognitive impairment.

Each of the terms were individually researched on each database and saved as 
BibTex or RIS format for future reference. The terms belonging to the same group were 
researched with an algorithm using the Boolean operator “OR.” This algorithm of 
research was saved, and the references were saved as BibTex or RIS format as well and 
downloaded onto the Mendeley platform. Then within the groups of the PIO research 
the Boolean operator “AND” was used as well. The research for PIO was filtered by 
year of publication on a 10 year lapse (2010-2020) and by language (English and 
Spanish). The whole algorithm was saved, and the references were downloaded onto 
the Mendeley platform. A flow-chart was constructed in order to show the history of 
the research and the concepts used. This diagram describes in detail the research 
strategy, the key words used and moreover the number of articles resulting for each 
step of the process.

Eligibility criteria
The total articles retrieved from the three electronic databases used were 19454. In 
order to obtain the most relevant articles each one of them underwent a selection 
process based on our initial research question. This process consisted of a three 
selection round process in which articles were excluded. For the first selection round, 
the double references were excluded. For the second selection round, all articles that 
had an irrelevant topic were excluded. Articles with the following terms were 
excluded following the next order: first the ones that didn´t include “Biomarker” and 
then “Diabetes Mellitus” in order to make the research more specific and reduce the 
number of articles. At this point, there were 3638 articles. More irrelevant topics were 
added to the exclusion, thus articles that did not include the following terms were 
excluded as well: β cell failure, insulin secretion, insulin resistance, dedifferentiation, 
oxidative stress, inflammation and glycation end products. Finally, articles that did not 
refer to the pediatric population were discarded as well, ending up with a 78 potential 
studies (Figure 1 and Table 1).
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Table 1 Overview of the included studies with their corresponding quality assessment

Type 1 diabetes

Ref. Setting Target population and sample 
size Biomarker Type of study Quality 

(%)

Abdel-Moneim, et al
[17], 2020

Egypt Sample size: 100 subjects; 70 children 
diagnosed with T1DM and 30 healthy 
control subjects

Inflammation biomarker (MDA); 
Oxidative stress biomarker (NO)

Transversal 100

Babar et al[18], 2011 United States Sample size: 36 children 21 with 
T1DM (aged 8.3 ± 0.3 yr with a 
diabetes duration of 4.3 ± 0.4 yr) and 
15 group-matched healthy siblings 
(aged 7.6 ± 0.3 yr)

Vascular inflammatory biomarkers 
(hs-CRP, homocysteine C-reactive 
protein)

Transversal 87.5

Cabrera et al[39], 
2018

United States Sample size: 42 pediatric subjects Innate immunity Cohort 75.0

Cazeau et al[29], 
2016

United States Sample size: 9 children and 
adolescents aged 8-15 yr (mean age 
12.9 ± 0.9 SD) with a mean T1DM 
duration of 5.0 ± 2.5 yr were included

Oxidative stress and endothelial 
dysfunction

Clinical trial/cohort 100

Cree-Green et al[41], 
2018

United States Sample size: 35 youth subjects with 
T1DM [median age 16-yr-old) and 22 
nondiabetic youth subjects of similar 
age

Insulin resistance Observational 100

Cummings et al[51], 
2018

Canada Participants (n = 199) were included 
in the observational arm of the 
Canadian AdDIT cohort

Urinary inflammatory biomarkers Retrospective 62.5

Elbarbary et al[33], 
2018

Egypt Sample size: 60 children and 
adolescents with T1DM (aged ≤ 18 yr 
with at least 5 yr disease duration). 
Patients were compared with 30 age- 
and sex-matched healthy controls

Neopterin Cross-sectional 75.0

Heier et al[52], 2015 Norway Sample size: 299 patients with T1DM 
and 112 healthy controls at baseline 
and 241 patients and 128 controls at 
follow-up

AGEs methylglyoxal-derived 
hydroimidazolone-1 and 
carboxymethyllysine

Cohort 62.5

Ho et al[53], 2016 Canada Sample size: Children aged 8 to 17 yr 
with T1DM for at least 1 yr

Serum C-peptide, HbA1c, serum 
inflammatory markers (IL-6, IFN-
gamma, TNF-alpha, and IL-10), GLP-
1 and GLP-2, intestinal permeability

Single-center, 
randomized, double-
blind, placebo-
controlled trial

62.5

Hoffman et al[54], 
2016

United States Sample size: 17 adolescents (8 F/9 M; 
age, 13.1 ± 1.6 yr (mean ± SD); 
duration, 4.8 ± 3.8 yr, BMI, 20.3 ± 3.1 
kg/m2; HbA1c, 8.3% ± 1.2%

Inflammatory (C-reactive protein), 
oxidative (total anti-oxidative 
capacity) and endothelial injury 
(soluble intracellular adhesion 
molecule 1) markers

Cohort 50.0

Kingery et al[55], 
2012

United States Sample size: 34 patients of European 
ancestry with new-onset T1DM, aged 
between 3 and 17 yr (10.70 ± 3.45), at 
Nationwide Children’s Hospital in 
Columbus, Ohio

Complement C4A and C4B Longitudinal 62.5

Lakhter et al[35], 
2018

United States Human experiment. Sample size: 16 
healthy non-diabetic children (as a 
control group) and 19 children 
diagnosed with T1DM. Animal 
experiment: Serum was collected 
weekly from 8-wk-old female NOD 
mice until diabetes onset

miR-21-5pin Beta cell extracellular 
vesicle

Human experiment: 
cross-sectional; 
Animal experiment: 
longitudinal

75.0

Marchand et al[56], 
2016

France Sample size: 22 children at onset of 
T1DM within 2 d of clinical diagnosis 
(immediate insulin-requiring diabetes 
with at least one positive 
autoantibody) and before 
subcutaneous insulin treatment and 
sera from 10 control subjects (no 
obese and nondiabetic child)

miRNA-375 Transversal 62.5

Marek-Trzonkowska 
et al[57], 2016

Poland Sample size: 12 children with recently 
diagnosed T1DM as well as that of 
untreated subjects

C peptide Cohort 50.0
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Redondo et al[58], 
2014

United States Sample size: 32 lean and 18 obese 
children (age range: 2-18 yr) with 
new-onset autoimmune T1DM and 
followed them for up to 2 yr

Leptin, total and high molecular 
weight adiponectin, omentin, resistin, 
chemerin, visfatin, cytokines 
[interferon-gamma, interleukin (IL)-
10, IL-12, IL-6, IL-8, and tumor 
necrosis factor-alpha] and C-reactive 
protein

Cohort 62.5

Ryba-
Stanisławowska et al
[59], 2014

Poland Sample size: 47 young patients (mean 
age; 14.25 ± 3.50 yr) diagnosed with 
T1DM. Control group consisted of 28 
age- and sex- matched individuals

IL-12, IL-18. Blood glucose levels, 
lipid status, C-reactive protein, 
HbA1c

Transversal 62.5

Singh et al[60], 2017 United States Sample size: 220 adolescents and 
children, half of which had lived with 
T1DM for an average of 7 years and 
half of which were healthy siblings

Leucine-rich alpha-2-glycoprotein, 
CD14, AZGP1, NAGA, CTSD, GM2A, 
GNS, CTSS

Cases and controls 
prospective

50.0

Şiraz et al[61], 2017 Turkey Sample size: 80 patients who had 
T1DM for at least 5 yr and who had 
no chronic complications or an 
autoimmune disorder

Fetuin-A, Hb1Ac Transversal 62.5

Thorsen et al[20], 
2014

England Sample size: 482 cases and 479 sibling 
frequencies matched on age and 
sample year distribution were 
included

Five different inflammatory 
chemokines (CCL2, CCL3, CCL4, 
CCL5 and CXCL8)

Cases and controls 100

Vorobjova et al[32], 
2019

Estonia Sample size: 72 patients (median age 
10.1 yr) who had undergone small 
bowel biopsy were studied

Inflammation markers. Association 
with Enterovirus infection. Immunity

Longitudinal 87.5

Wołoszyn-
Durkiewicz et al[19], 
2019

Poland NA Advanced glycation end-products 
and their receptors, adhesive 
molecules, pro- and anti-
inflammatory cytokines, growth 
factors or enzymes, such as N-acetyl-
β-D-glucosaminidase

Review 25.0

Zhang et al[62], 2014 United States NA Autoantibodies [pancreatic islet 
antigens (insulin, glutamic acid 
decarboxylase and/or tyrosine 
phosphatase islet antigen 2)]

Review 37.5

Type 1 and 2 diabetes

Aburawi et al[30], 
2016

United Arab 
Emirates

Sample size: 181 subjects; 79 patients 
with T1DMs, 55 patients with T2DM 
and 47 control subjects

Endothelial dysfunction biomarkers 
(sICAM-1, and sVCAM-1). 
Inflammation biomarkers Interleukin-
6, tumor necrosis factor-α, high-
sensitivity C reactive protein

Transversal 100

Krapfenbauer[63], 
2017

Austria NA Novel protein chip technology Review 50.0

Roberts et al[64], 
2012

Australia NA Glucose in respiratory fluids Review 12.5

Type 2 diabetes

Arenaza et al[36], 
2017

Spain Sample size: 84 children (age 8-12-yr-
old) with high risk of T2DM. Control (
n = 42) or intervention (exercise) (n = 
42) group

microRNA expression in circulating 
exosomes and in peripheral blood 
mononuclear cells

Randomized control 
trial

87.5

Arslanian et al[65], 
2019

United States Sample size: 662 patients between 10-
yr-old to 18-yr-old with DM for 2 yr 
(median duration 8 mo) with 
overweight or obesity

OGTT glucose response curve Cohort 62.5

Bacha et al[40], 2014 United States Sample size: 90 obese adolescents (37 
normal glucose tolerant, 27 with 
prediabetes and 26 T2DM); Mean age 
for adolescents with T2DM was 15.1 ± 
0.4 yr and duration of diabetes was 
10.8 ± 2.5 mo

Inflammatory markers (Leptin, 
Interleukin-6, VCAM-1, ICAM-1, E-
selectin)

Transversal 87.5

Barbosa-Cortés et al
[31], 2017

Mexico Sample size: 52 children (leukemia n 
= 26, lymphoma n = 26), who were 
within the first 5 yr after cessation of 
therapy. Median age of the subjects 
was 12.1 yr

Leptin. Adiponectin. Vascular cell 
adhesion molecule, intercellular cell 
adhesion molecule

Cohort 100
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Berezin[66] 2016 Ukraine NA Growth differentiation factor-15 Review 25.0

Blum et al[21], 2014 United States Animal experiment: Sample: Mouse 
strains: C57BL/6, Lep ob/ob, Lepr 
db/db, Ins2akita, Insulin2-Cre 
transgenic mice, Ucn3-GFP transgenic 
mice

Urocorti3 Cohort 50.0

Burke et al[67], 2017 United States Animal experiment: Sample: 9-wk-old 
C57BL/6j and 5-wk-old male db/ and 
db/db mice

B-cell dedifferentiation biomarkers Cohort 37.5

Can et al[68], 2016 Turkey Sample size: 43 (18 males, 25 females) 
MetS adolescents between the ages of 
13 and 17 yr (14.70 ± 1.15) and 43 lean 
controls were matched for age and 
sex

High-sensitive C-reactive protein, 
haptoglobin, α2-macroglobulin, 
platelet factor-4, fetuin-A, serum 
amyloid P and α1-acid glycoprotein 

Transversal 62.5

Carlbom et al[34], 
2017

Sweden Sample size: 39 participants. 31 
individuals with T2DM divided in 4 
groups based on their current DM 
treatment. Control group with 8 
participants

Functional Beta cell mass Clinical trial 75.0

Cui et al[69], 2018 China Human experiment: Sample size: 183 
children and adults with obesity; 
Animal experiment: Obese ob/ob 
mice (3-wk-old to 4-wk-old), diabetic 
db/db mice (8-wk-old) and age-
matched male C57BL/6J wild-type 
mice

Circulating microRNAs (miR-486, 
miR-146b and miR-15b),

Observational 62.5

DeBoer[70] 2013 United States NA Fasting insulin, adiponectin, retinol-
binding protein 4

Review -

Dentelli et al[27], 
2013

Germany Sample size: 25 patients with T2DM 
and 15 non-diabetic participants who 
underwent abdominal surgery 
(gallbladder removal, in situ 
colorectal cancer) were included. 
Non-diabetic participants were used 
as controls

Adipose-derived stem cell pluripoten
-tiality

Transversal 75.0

Fanjul et al[71], 2010 France Sample size: Human pancreases (n56) 
were harvested from brain- dead 
adult donors between 24 and 64-yr-
old

Epithelial-mesenchymal transition 
biomarkers

Retrospective 50.0

Garanty-Bogacka et 
al[44], 2011

Poland Sample size: 50 obese children and 
adolescents (boys and girls), aged 8 yr 
to 18 yr

High-sensitive C-reactive protein, 
interleukin-6, fibrinogen, white blood 
count, glucose, insulin, insulin 
resistance index, glycosylated 
hemoglobin, lipids as well as systolic 
and diastolic blood pressure

Cohort 50.0

Garnett et al[72], 
2010

Australia Sample size: 108 (54 each treatment 
arm) 10-yr-old to 17-yr-old with 
clinical features of insulin resistance 
and/or prediabetes

Insulin sensitivity Randomized 
controlled clinical 
trial

37.5

Hansen et al[73], 
2014

Denmark NA Iron Review 25.0

Ishida et al[74], 2017 United States Animal experiment: B6.BKS(D)-
Leprdb/J heterozygous mice (db/+) 
were purchased from The Jackson 
Laboratory (Sacramento, CA) and 
bred to homozygosity to obtain wild-
type, db/+, and db/db mice

Blood glucose and plasma insulin Cohort 50.0

Jaberi-Douraki et al
[75], 2014

Canada NA Autoantibodies (Auto-antigen-2) Review 25.0

Janem et al[43], 2017 United States Sample size: 3 pediatric cohorts ages 
10-19 years were studied: lean 
(normal weight-C), obese (Ob) and 
obese with T2DM

Salivary glucose. Nitric oxide, CRP 
and IL-1B

Cohort 62.5

Kaya et al[76], 2017 Turkey Sample size: 50 obese adolescents 
with IR were included in the study

Serum lipids, adiponectin, and 
interleukin-6 levels

Transversal 75.0

Animal experiment. Groups: Mice 
were maintained in a mixed 120J-

Kim-Muller et al[38], 
2016

United States B cell dedifferentiation markers; 
Impaired mitochondrial function

Observational 87.5
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C57BL/6 background. Sample size 
calculations were based on the 
variance observed in prior 
experiments. No randomization or 
blinding was used

Kim et al[77], 2016 United States Sample size: 277 obese adolescents 
without diabetes completed a 2-h 
OGTT and were categorized to either 
a monophasic or a biphasic group

In vivo insulin sensitivity, insulin 
secretion, and β-cell function relative 
to insulin sensitivity

Observational 62.5

Kuo et al[78], 2016 United States Animal experiment: Mice lacking the 
three FoxO isoforms in pancreas 
(TKO) using Tg (Ipf1-cre)1Tuv 
transgenics to excise the floxed Foxo1, 
Foxo3a, and Foxo4 genes

FoxO1, FoxO3a, and FoxO4 Longitudinal 62.5

Mastrangelo et al
[79], 2016

Spain Sample size: 60 prepubertal obese 
children (30 girls/30 boys, 50% IR and 
50% non-IR in each group, but with 
similar BMIs)

47 metabolites (Taurodeoxycholate, 
LysoPC, LysoPE, LysoPS, 
acetylcarnitine, biliverdin, pyruvate, 
lactate, alanine, proline, valine, 
isoleucine, tryptophan, tyrosine, 
arginine, aspartate, glutamate)

Transversal 62.5

Neelankal et al[80], 
2017

United States Animal experiment: Pancreatic B cell 
line mouse insulinoma 6

Insulin. GLUT-2, Pdx1 Transversal 62.5

Park et al[81], 2016 Korea Sample size: 214 children 7-9 yr of age Persistent organic pollutants Cohort 62.5

Rachdi et al[82], 2014 France Animal experiment: mBACTgDyrk1A 
mice

DYRK1A Cohort -

Santoro et al[83], 
2014

United States Sample size: 80 adolescents (age 13.30 
± 3.31 yr; BMI 33.0 ± 6.79 kg/m2)

Cytokeratin 18 Transversal 62.5

Serbis et al[84], 2018 United States Sample size: 88 children with obesity 
divided into two groups according to 
1h-GL during an OGTT: group 1 (n = 
57) consisted of those with 1h-GL < 
8.6 mmol/L and group 2 (n = 31) of 
those with 1h-GL ≥ 8.6 mmol/L

HOMA-IR, Matsuda index and 
Cederholm insulin sensitivity index. 
Adiponectin, leptin, visfatin and 
interleukin-6 together with lipid 
levels

Transversal 62.5

Sheng et al[37], 2016 China Animal experiment C57BLKS/J-
Leprdb/Leprdb (db/db) and 
C57BLKS/J-Leprdb/m (db/m) male 
mice from the Shanghai Laboratory 
Animal Center, Chinese Academy of 
Sciences (SLAC, CAS)

B-cell dedifferentiation Longitudinal 87.5

Solimena et al[42], 
2018

Germany Sample size: 103 organ donors, 
including 84 non-diabetic and 19 type 
2 diabetic individuals, including 32 
non-diabetic, 36 with type 2 diabetes, 
15 with impaired glucose tolerance 
and 20 with recent-onset diabetes (< 1 
yr)

Genes including TMEM37, which 
inhibited Ca2+ influx and insulin 
secretion in beta cells, and ARG2 and 
PPP1R1A

Retrospective 62.5

Spagnuolo et al[23], 
2010

Italy Sample size: 34 children (25 males; 
median age 10.8 ± 3.4 yr) with severe 
obesity; Groups: Normal glucose 
tolerance (n = 10), Impaired glucose 
tolerance (n = 24) and T2DM (n = 7)

Systemic and bowel inflammation 
markers

Transversal 75.0

Stansfield et al[28], 
2016

United States Sample size: 575 adolescents aged 14-
18 yr (52% female, 46% black 
population)

Leptin. Adiponectin. C-reactive 
protein

Transversal 87.5

Tenenbaum and 
Fisman[85], 2012

Israel NA PPAR isoforms Review NA

Walker et al[25], 2014 Italy Sample size: 33 children (mean BMI 
28.1 ± 5.1 kg/m2 and mean age 11.6 ± 
2.2 yr) with confirmed NAFLD. Bio-
psy samples of abdominal and liver 
were simulta-neously collected

WAT inflammation biomarkers; Liver 
fibrosis biomarkers

Transversal 100

Walsh et al[24], 2018 Canada Sample size: 66 boys and 136 girls 
aged 14-18 yr (15.4 ± 1.4 yr), who 
volunteered for the HEARTY trial

Glucose, HOMA-B, HOMA-IS, 
HbA1c, insulin

Randomized 
controlled trial

50.0

White et al[22], 2013 United States Sample size: 3 individuals with 
diabetes and 5 nondiabetic control 
subjects

Insulin, vimentin, glucagon Transversal 50.0



Calderón-Hernández MF et al. β-cell failure biomarkers

WJD https://www.wjgnet.com 1333 August 15, 2021 Volume 12 Issue 8

Xu et al[16], 2017 China Animal experiment: Male Sprague-
Dawley rats. 5 experimental groups: 
Normal control group. Model control 
group. Ginseng oligopeptides: Low-
dose group, Medium-dose group, 
High-dose group

Antioxidant biomarkers; NF-KB, Bax, 
cleaved Caspase-3 and Bcl2

Clinical trial 100

NA: Not available; T1DM: Type 1 diabetes mellitus; SD: Standard deviation; F: Female; M: Male; BMI: Body mass index; HbA1c: Glycated hemoglobin; IR: 
Insulin resistance; OGTT: Oral glucose tolerance test; TKO: Total knock out; NAFLD: Nonalcoholic fatty liver disease; CRP: C-reactive protein; IL: 
Interleukin; IFN: Interferon; TNF: Tumor necrosis factor; hs-CRP: High-sensitivity C-reactive protein; NO: Nitric oxide; GL: Glucose; HOMA-IR: 
Homeostatic Model Assessment of Insulin Resistance; VCAM: Vascular cell adhesion molecule; ICAM: Intracellular cell adhesion molecule; MDA: 
Malondialdehyde; AGE: Advanced glycation end-product; AdDIT: Adolescent type 1 Diabetes cardio-renal Intervention Trial; MetS: Metabolic syndrome; 
HOMA-B: Homeostasis model assessment-B cell; HOMA-IS: Homeostatic model assessment of insulin sensitivity; WAT: White adipose tissue; PPAR: 
Proliferator-activated receptor.

Data extraction and quality assessment
The potential studies from the first selection (n = 78) were evaluated individually 
according on whether they met the following criteria: (1) Clear objectives specified; (2) 
Research question; (3) Definition of the concepts that were researched and measured; 
(4) Extensive and detailed description of the methodology used; (5) Description of the 
measuring instruments (reliable and valid); (6) Sample size and characteristics of the 
target population and the subjects participating; (7) Analysis of missing values; and (8) 
Adequate statistical analysis.

For each met criteria 12.5 points were given, thus each article was graded out of 100 
points. This data was organized in a table with just the most relevant information from 
each article, author(s), year of publication, setting, target population and sample size, 
biomarker, method of quantification and the quality score given (%).

In order to make the research more valuable, only articles with a score of 75 points 
or more were taken into consideration for a deeper analysis, which was synthesized in 
another table which included: author, year of publication and setting, biomarker 
analyzed, target molecule(s), antibodies/kits used, pretreatment before determination 
of biomarker, methods of quantifying, target population and sample size, exclusion 
criteria, if informed consent was signed, clinical data, relevant results, correlation with 
other biomarkers and sensibility/specificity (Figure 1).

RESULTS
Assessment of the state of art of β-cell failure biomarkers in type 1 and type 2 
diabetes
This review process was initiated by retrieving articles from three different databases, 
PubMed (n = 7359), BIREME (n = 5739) and Web of Science (n = 6356) for a total of 
19454 articles related to our initial research question “Which are the biomarkers of an 
early β pancreatic cell failure?” Using a modified version of the PICO protocol, the 
articles were put through a selection process in which they were discarded, first by 
double reference, then by multiple irrelevant topics and finally by excluding all articles 
that did not refer to the pediatric population. The 78 potential studies underwent a 
more exhaustive selection process in which (Figure 1) they were qualified over certain 
criteria, and only the articles (n = 20) with a score over 75 points were considered for a 
deep further analysis (Table 2). The methodology is described in detail in the corres-
ponding section.

In a global view of the articles, all analyze a variety of biomarkers that may translate 
into an early β-cell failure. Target populations were similar across the articles. Most of 
them concerned pediatric subjects (children and adolescents) with either T1DM, 
T2DM, MS or at high risk of presenting whichever of this metabolic complications 
mainly due to the presence of obesity in any of its stages. A few of them involved older 
subjects (young adults in the third decade of life), and only one of them included an 
adult population (Dentelli et al[27]). Sample size was heterogeneous across the review. 
The largest one involved 575 adolescents (Stansfield et al[28]), whilst the smallest one 
involved only 9 children and adolescents (Cazeau et al[29]).

Then we classified the β-cell failure biomarkers according to the type of diabetes 
(Tables 1-3).
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Table 2 Overview of the articles included with the study characteristics

Ref. Setting Biomarker Target 
molecule

Antibodies/ 
kits

Pretreatment 
before 
determi-
nation

Methods of 
quantifying 
biomarkers

Target 
population/ 
sample size

Exclusion 
criteria

Written 
informed 
consent

Clinical 
data/Lab/Rx

Relevant 
results

Correlation 
with other 
biomarkers

Chronic 
complica-
tions

Type 1 diabetes

Abdel-
Moneim, et al
[17], 2020

Egypt Inflammation 
biomarker 
(MDA); 
Oxidative 
stress 
biomarker 
(NO)

MDANO NO and MDA 
→ 
Colorimetric 
kits 
(BioVision, 
Milpitas, 
California, 
United States)

No 
pretreatment 
was specified

Colorimetry Sample size: 
100 subjects; 
70 children 
diagnosed 
with T1DM 
and 30 healthy 
control 
subjects. 
Healthy 
subjects 
(control 
group) (n = 30, 
2-16-yr-old), 
children newly 
diagnosed 
with T1DM 
(up to 1 yr) (n 
= 21, 3-14-yr-
old) children 
with 
established 
T1DM (within 
1.1 to 10.0 yr) (
n = 49, 3-14-yr-
old)

Infectious 
diseases, 
autoimmune 
disorders, 
allergies, 
respiratory 
disorders, 
thyroid 
dysfunction, 
hematologic 
disorders, 
malignancies 
and chronic 
cardiac, 
kidney and 
liver diseases

Yes Body mass 
index; Sex and 
age; Time of 
DM1 diagnose; 
Fasting blood 
glucose; 
Glycated 
hemoglobin; 
Microalbu-
minuria; 
Hematologic 
profile

This study 
demonstrates 
that the 
hematologic 
profile in 
pediatric 
patients with 
T1DM showed 
significant 
abnormalities 
such as 
decreased red 
blood cells, 
and platelet 
count, 
hemoglobin 
and hematocrit 
elevation as 
well as 
elevation of 
inflammation 
and oxidative 
stress markers, 
which can be 
used in early 
detection of 
children with 
T1DM at risk 
of 
complications

Erythrocyte 
count; Platelet 
count; 
Leucocyte 
count; 
Neutrophile 
count; 
Hemoglobin; 
Hematocrit; 
Red blood cell 
distribution 
width; Micro 
albuminuria

Nephropathy

Known 
dyslipidemia, 
hypertension, 
microvascular 
complications, 
anemia 
(hemoglobin, 
11.0 g/dL), 
congenital 
heart disease, 
allergy to 
ultrasound gel, 
or family 
history of 

Age, sex, BMI, 
blood 
pressure, 
blood cell 
count, plasma 
glucose, 
HbA1c, lipids, 
hs-CRP, 
fibrinogen, 
chemistry 
panel, 
homocysteine, 
and 
erythrocyte 

T1DM 
preadolescent 
children 
showed 
increased 
vascular 
inflammation 
and presented 
with higher 
fasting plasma 
glucose, 
HbA1c and hs-
CRP; the flow-
mediated 

Vascular 
inflammatory 
biomarkers. 
Endothelial 
dysfunction 
marker; 
Fasting plasma 
glucose, oral 
glucose 
tolerance 
curve, lipid 
profile, 
HbA1c, hs-
CRP, 

Babar et al[18], 
2011

United States Vascular 
inflammatory 
biomarkers 
(hs-CRP, 
Homocysteine 
C-reactive 
protein)

hs-CRP, 
Homocysteine 
C-reactive 
protein

hs-CRP → 
solid- phase 
ELISA from 
MP 
Biomedicals 
(West Chester, 
PA); 
Homocysteine
→ Siemens 
Immulite 
platforms and 
kit (Diagnostic 
Products, 
Flanders, NJ)

No 
pretreatment 
was specified 

Solid-phase 
ELISAs; 
Chemilumine -
scence

Sample size: 
36 children, 21 
with T1DM 
(aged 8.3 ± 0.3 
yr with a 
diabetes 
duration of 4.3 
± 0.4 yr) and 
15 group-
matched 
healthy 
siblings (aged 
7.6 ± 0.3 yr)

Yes Macroangio-
pathy
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hypercholester
olemia or 
premature 
cardiovascular 
disease

folate, lipid 
profile. 
Diabetes 
duration in 
study group. 
Insulin 
regimen and 
dose

dilatation was 
attenuated; 
this suggests 
endothelial 
dysfunction, 
harbingers of 
cardiovascular 
risk

fibrinogen, 
homocysteine, 
and 
erythrocyte 
(red blood cell)

Cazeau et al
[29], 2016

United States Oxidative 
stress and 
endothelial 
dysfunction

Endothelial 
function/ 
dysfunction: 
(ECFCs: 
CD34+, 
CD133+, 
CD45-). 
Oxidative 
stress: TAOC, 
hs-CRP, 
endothelial 
progenitor 
cells

Antibodies (2.5 
μmol/L of 
each), PE-
AC133, FITC-
CD34, and 
PECy5-CD45. 
Oxidative 
stress → 
TAOC 
(Biovision 
Research 
Products, 
Mountain 
View, CA)

A 50 μmol/L 
volume 
anticoagulated 
peripheral 
blood was 
incubated with 
50 μmol/L 3% 
BSA in PBS 
(without Ca++ 
and Mg++) at 
room 
temperature 
for 30 min. 
Fluorescent 
antibodies 
were added 
and incubated 
for 30 min. 
FACS lysis 
buffer was 
added and 
incubated for 
another 30 min

ECFCs → 
polychromatic 
flow 
cytometry 
method

Sample size: 9 
children and 
adolescents 
aged 8-15 yr 
(mean age 12.9 
± 0.9 SD) with 
a mean T1DM 
duration of 5.0 
± 2.5 yr were 
included

BMI ≥ 95%, BP 
> 95%, Tanner 
1 or 5 pubertal 
status, 
pregnancy, 
smoking, 
history of oral 
hypoglycemic 
use, acanthosis 
nigricans, 
fasting c-
peptide ≥ 0.4 
ng/mL, 
abnormal 
thyroid 
function tests, 
random urine 
albumin to 
creati-nine 
ratio ≥ 0.02 mg 
albumin/mg 
creatinine, 
creatinine >1.0 
mg/dL or use 
of any 
medications 
other than 
insulin, 
levothyroxine 
with stable 
dosage, or oral 
contraceptives 
were excluded 
from the study

Yes Age, mean 
duration of 
diabetes, 
diabetes 
treatment 
(insulin), BMI, 
HbA1c, 
pubertal stage 
of Tanner 
stages 2-4, 
normal 
thyroid 
function tests, 
random urine 
albumin/creat
inine ratio < 
0.02, creatinine 
< 1

This study 
demonstrated 
that there is no 
significant 
benefits for 
antioxidative 
therapy; there 
were no 
findings of 
decreased 
oxidative 
damage, 
improved 
endothelial 
function or 
increased 
vascular repair 
capacity

Endothelial 
function/dysf
un-ction; 
Oxidative 
damage; 
Inflammatory 
biomarkers 
(IL-6 and 
CRP).hs-CRP 
and TAOC, 
adiponectin; 
Forearm blood 
flow

Prevention of 
Macroangio-
pathy

ALT 80 
IU/mL; blood 
pressure 
140/90 mm 
Hg; 
hemoglobin, 9 
mg/dL; serum 
creatinine.1.5 
mg/dL; 
smoking; 
medications 
affecting IR, 

Age. 
Female/male, 
n/n (% female) 
Height, cm. 
Weight, kg. 
BMI, kg/m2. 
BMI 
percentile. 
Ethnicity. 
White 
Hispanic Black 
Asian. Tanner 

Insulin 
resistance 
(adipose, 
hepatic and 
peripheral) 
was present in 
adolescents 
despite obesity 
or metabolic 
syndrome, an 
elevated 
lipolysis rate 

Cree-Green et 
al[41], 2018

United States Insulin 
resistance

2H5 glycerol 
and 6,6-2H2 
glucose; hs-
CRP; 
Adiponectin, 
leptin, and C-
peptide

hs-CRP → 
immune-
turbidimetric 
assay 
(Beckman 
Coulter, Brea, 
CA)

No 
pretreatment 
was specified

2H5 glycerol 
and 6,6-2H2 
glucose → gas 
chromatog-
raphy–mass 
spectrometry

Sample size: 
35 youth 
subjects with 
T1DM 
(median age 
16-yr-old) and 
22 non-
diabetic youth 
subjects of 
similar age

Yes Insulin 
sensitivity 
(adipose, 
hepatic and 
peripheral). 
Inflammation 
biomarkers 

β-cell function
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blood 
pressure, or 
lipids; and, in 
youths with 
T1DM, HbA1c, 
12%

stage. Waist 
circumference, 
cm Waist-to-
hip ratio. Lean 
mass %. Total 
body fat %. 
Liver fat. 
Visceral fat %. 
Daily METs 
from 3DPAR 
Accelerometer 
data. 
Sedentary 
Lifestyle, light, 
moderate, 
vigorous, very 
vigorous 
activity

and 
endogenous 
glucose 
production 
and a lower 
peripheral 
glucose uptake 
supported 
these results. 

Elbarbary et al
[33], 2018

Egypt Neopterin Neopterin Neopterin → 
(ELISA) using 
kit supplied by 
IBL 
International 
GmbH, 
Hamburg, 
Germany

Serum 
obtained from 
clotted 
samples by 
centrifugation 
for 15 min at 
1000g was 
used for 
chemical 
analysis and 
stored at -20 
°C until 
subsequent 
usein ELISA

ELISA Sample size: 
60 children 
and 
adolescents 
with T1DM 
(aged ≤ 18 yr 
with at least 5 
yr disease 
duration). 
Patients were 
compared 
with 30 age- 
and sex-
matched 
healthy 
controls

Chronic 
infection, 
neurological 
disease, 
history of 
drugs that 
may affect 
neural 
function, 
nutrition 
deficiency, 
liver or renal 
dysfunction, 
connective 
tissue disease 
or other 
autoimmune 
disorders and 
any other 
conditions that 
could 
influence hs-
CRP. Patients 
with hs- CRP > 
10 mg/L, 
other 
microvascular 
nephropathy 
and 
retinopathy 
and 
macrovascular 
diabetic 
complications

Yes Age of onset of 
diabetes, 
disease 
duration, 
insulin 
therapy and 
chronic 
diabetic 
complications 
(nephropathy, 
neuropathy, 
retinopathy or 
cardiovascular 
ischemic 
events). 
Anthropo-
metric 
measurements. 
Pubertal stage. 
Blood 
pressure. 
Fasting blood 
glucose, 
fasting lipid 
profile, liver 
function tests, 
renal function 
tests

Neopterin, a 
marker of 
inflammation 
and cellular 
response, was 
significantly 
higher in 
pediatric 
patients that 
presented with 
diabetic 
peripheral 
neuropathy, 
which 
demonstrates 
it may be used 
as an early 
biomarker for 
DPN. 

Inflammation 
biomarkers; 
Cellular 
immune 
response; 
Neurological 
neuropathy

Diabetic; 
Neuropathy

miR-21-5p in 
Beta cell 

miR-21-5pin 
Beta cell 

EV isolation→ 
culture media 

To model the 
inflammatory 

RNA isolation 
and reverse 

Human 
experiment; 

Diabetic 
ketoacidosis 

Age, sex, BMI 
percentile, 

This study 
demonstrated 

Lakhter et al
[35], 2018

United States Yes miR-21-5p Pancreatic 
reserve
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extracellular 
vesicle

extracellular 
vesicle

using 
ExoQuick Tc 
reagent 
(System 
Biosciences, 
Palo Alto, CA, 
United States); 
miRNeasy and 
miScipt II RT 
kits (Qiagen, 
Valencia, CA, 
United States); 
Agilent Small 
RNA kit 
Bioanalyzer 
instrument 
(Agilent 
Technologies, 
Santa Clara, 
CA, United 
States)

milieu of 
T1DM, 
samples were 
exposed to 
cytokine mix 
consisting of 5 
ng/ml IL-1β, 
100 ng/ml 
IFN-γ and 10 
ng/ml TNF-α 
(R&D Systems, 
Minneapolis, 
MN, United 
States); To 
inhibit 
cytokine- 
induced 
apoptosis, 25 
μmoL/L of the 
pancaspase 
inhibitor Z-
VAD-FMK 
(R&D 
Systems)

transcription; 
Quantitative 
real-time PCR. 

Sample size: 
16 healthy 
non-diabetic 
children (as a 
control group) 
and 19 
children 
diagnosed 
with T1DM. 
Animal 
experiment; 
Serum was 
collected 
weekly from 8-
wk-old female 
NOD mice 
until diabetes 
onset

requiring an 
intensive care 
unit stay, 
diabetes other 
than type 1 
diabetes, 
history of 
prior chronic 
illness known 
to affect 
glucose 
metabolism or 
use of 
medications 
known to 
affect glucose 
metabolism

HbA1c 
mmol/mol

cytokine 
treatment in 
beta cell lines 
resulted in a 
1.5-3.0 increase 
in miR-21-5p, 
however 
nanoparticle 
tracking 
showed that 
cytokines have 
no effect on 
the number of 
circulating 
miR-21-5p in 
beta cell 
extracellular 
vesicle cargo

Sample size: 
72 patients 
(median age 
10.1 yr) who 
had 
undergone 
small bowel 
biopsy were 
studied. The 
study group 
consisted of 24 
patients with 
CD (median 
age 6.5 years), 
9 patients with 
CD + T1D 
(median age 
7.0 years), two 
patients with 
T1DM 
(median age 
8.5 years), and 
37 patients 
(median age 
14.0 years) 
with 
functional 
gastrointesti-
nal disorders 
and a normal 
small bowel 

Vorobjova et al
[32], 2019

Estonia Inflammation 
markers; 
Association 
with 
Enterovirus 
infection; 
Immunity

33 
inflammation 
cytokinesanti-
EV IgA and 
IgG; Density of 
Tregs and 
dendritic cells 
in small 
intestine 
mucosa

Cytokines → 
kits of 
Milliplex® 
MAP Magnetic 
BeadAnti-
bodies for DC 
detection → 
monoclonal 
mouse anti-
CD11c, anti-
IDO, anti-
CD103 , 
andanti-
langerin 
(CD207) 
Antibodies for 
Treg detection 
→ antiFOXP3

Patients’ sera 
were collected 
and stored at -
80 °C prior to 
analyses. 
Microtiter 
plates (Nunc 
Immunoplate, 
Nunc, 
Glostrup, 
Denmark) 
were coated 
with the 
synthetic 
enterovirus 
peptide 
(KEVPALTA- 
VETGATC, 
Storkbio Ltd., 
Estonia) 
derived from 
an 
immunodomi-
nant region of 
the capsid 
protein VP1] at 
2.5 μg/mL in a 
carbonate 
bicarbonate 
buffer

Immunohistoc
hemistry; 
ELISAs

No exclusion 
criteria were 
specified

Yes Age, sex, 
status of small 
bowel mucosa

This study 
demonstrated 
a positive 
correlation 
between 
elevated 
cytokines 
(specially 12 of 
the 33 
cytokines 
studied) in 
pediatric 
patients 
presenting 
T1DM and 
celiac disease

No other 
biomarkers 
were 
associated

Co-
morbidities: 
celiac disease
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mucosa as 
controls

Type 1 and 2 diabetes

Aburawi et al
[30], 2016

United Arab 
Emirates

Endothelial 
dysfunction 
biomarkers 
(sICAM-1, and 
sVCAM-1). 
Inflammation 
biomarkers 
Interleukin-6, 
tumor necrosis 
factor-α high-
sensitivity C-
reactive 
protein

sICAM-1, 
sVCAM-1)

sICAM-1 and 
sVCAM-1→ 
ELISAs from 
R&D Systems 
(Human TNFα 
Quantikine, 
DTA00C)

No 
pretreatment 
was specified

ELISAs Sample size: 
181 subjects; 
79 patients 
with T1DM, 55 
patients with 
T2DM and 47 
control 
subjects. Mean 
age was 20 ± 6 
(age range 12-
31-yr-old)

Active 
infection, 
chronic illness 
(e.g., 
rheumatoid 
arthritis, 
hyperthyroi-
dism and 
inflammatory 
bowel 
disease), 
regular use of 
certain 
medications (β
-blockers, α-
blockers, 
diuretics and 
hormone 
therapies), 
pregnancy and 
inability to 
give informed 
consent

Yes Age (12-31-yr-
old). Anthropo
-metric 
measurements 
(weight, 
height, waist 
and hip 
circumfe-
rence). Heart 
rate 
variability; 
Glucose levels, 
Glycated 
hemoglobin, 
lipid profile, 
inflammation 
markers, 
endothelial 
dysfunction 
markers, 
kidney 
function tests

T1DM patients 
usually 
present 
subclinical 
inflammation 
and 
endothelial 
dysfunction 
(with higher 
levels of 
sICAM-1 and 
sVCAM-1). 
Poor control 
associates with 
higher levels 
of adiponectin 
and 
haptoglobin, 
while obesity 
correlated 
with lower 
levels of it but 
higher 
inflammatory 
and 
endothelial 
biomarkers

Glucose, 
HbA1c, low- 
density 
lipoprotein, 
high-density 
lipoprotein, 
triglycerides, 
total 
cholesterol. 
Adiponectin

Macroangio-
pathy

Type 2 diabetes

Arenaza et al
[36], 2017

Spain microRNA 
expression in 
circulating 
exosomes and 
in peripheral 
blood 
mononuclear 
cells

miRNA in 
circulating 
exosomes

Exosomes → 
Total Exosome 
Kit (Thermo 
Fisher 
Scientific). 
Exosomal 
fractions → 
Qiagen 
miRNeasy kit. 
miRNA → 
RNA-seq 
methodology 
on Illumina’s 
MiSeq Next 
Generation 
Sequencing 
system

Exosomes 
were obtained 
from 1 mL of 
plasma 
usingthe Total 
Exosome 
Isolation Kit 
(Thermo 
Fisher 
Scientific) 
following 
manufac-
turer’s 
protocols

FASTQ files 
generationand 
sequence 
alignment 
were 
performed 
using specific 
software 
packages 
(MiSeq 
Reporter, 
Bowtie, 
SAMtools, 
DESeq2 and 
miRDeep)

Sample size: 
84 children 
(age 8-12-yr-
old) with high 
risk of T2DM; 
Control (n = 
42) or 
intervention 
(exercise) (n = 
42) groups

Children with 
any medical 
condition that 
could affect 
the results of 
the study or 
that limits 
physical 
activity were 
excluded

Yes Anthropome-
tric measures 
(height, body 
mass and 
waist circumfe
-rence), blood 
pressure, 
adiposity 
levels (total, 
abdominal, 
visceral and 
ectopic), 
insulin 
sensitivity, 
lipid profile, 
cardiorespira-
tory fitness, 
liver enzymes

The 
PREDIKID 
project helped 
to identify 
miRNAs 
potentially 
associated 
with early 
onset of IRS in 
overweight/ 
obese children 
overweight/ 
obesity

Fasting 
insulin, 
glucose and 
hemoglobin 
A1c; ectopic 
fat. Carotid 
intima-media 
thickness. 
Inflammation 
and 
biochemical 
cardiovascular 
disease risk 
factors

T2DM 
prediction: 
Macroangio-
pathy

Inflammatory 
markers 

Leptin; 
Interleukin-6; 

Leptin → 
Radio- 

No 
pretreatment 

Double-
sandwich 

Sample size: 
90 obese 

No exclusion 
criteria were 

Male/female. 
AA/white. 

Coronary 
artery 

Subclinical 
atherosclerosis 

Bacha et al
[40], 2014

United States Yes Macroangio-
pathy
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(Leptin, 
Interleukin-6, 
VCAM-1, 
ICAM-1, E-
selectin)

VCAM-1 
ICAM-1; E-
selectin PAI-1

immunoassay 
(Linco 
Research Inc., 
St. Charles, 
MO) Il-6, 
VCAM-1, 
ICAM-1, and 
E-selectin → 
Double-
sandwich 
ELISAs (R&D 
Systems, 
Minneapolis, 
MN); PAI-1 
and TNF-a 
Cytometer– 
based platform 
(Luminex 
MAP 200; 
Milli- pore, St. 
Charles, MO)

was specified ELISAs adolescents (37 
normal 
glucose 
tolerant, 27 
with 
prediabetes 
and 26 T2DM) 
Mean age for 
adolescents 
with T2DM 
was 15.1 ± 0.4 
yr and 
duration of 
diabetes was 
10.8 ± 2.5 mo

specified Smoking 
history 
(no/yes/not 
available) Age. 
BMI. Fat mass. 
Body fat (%). 
Total 
abdominal fat 
(cm2) SAT 
(cm2) VAT 
(cm2). Blood 
pressure, lipid 
profile, 
glucose levels, 
glycated 
hemoglobin, 
adiponectin, 
leptin, 
smoking 
history

calcifications 
were 
unexpected in 
pediatric 
population; in 
this study 
CAC+ group 
had higher 
BMI, waist 
circumference 
and fat mass, 
evidence of 
CAC highlight 
the increased 
cardiovascular 
risk in obese 
pediatric 
population

(vascular 
markers): 
CACs. Aortic 
pulse wave 
velocity. 
Carotid 
intima-media 
thickness

Barbosa-Cortés 
et al[31], 2017

Mexico Leptin; 
Adiponectin; 
VCAM; ICAM

Leptin; 
Adiponectin; 
VCAM; ICAM

Leptin and 
adiponectin 
levels, VCAM 
and ICAM → 
ELISA 
(Human 
Adiponectin, 
Leptin, VCAM 
and ICAM 
ELISA Kits, 
Millipore, St. 
Charles, MO, 
Unites States),

Serum aliquots 
were 
separated and 
frozen at -80 
°C until 
biochemical 
determination

ELISAs Sample size: 
52 children 
(leukemia n = 
26, lymphoma 
n = 26), who 
were within 
the first 5 yr 
after cessation 
of therapy. 
Median age of 
the subjects 
was 12.1 yr

Subjects with a 
relapse, 
second 
neoplasm or 
bone marrow 
transplants

Yes Anthropome-
tric measures 
(body weight, 
height, waist 
circumference, 
body mass 
index, 
pubertal stage, 
body fat 
percentage) 
nutritional 
status. Sex, 
age, age at 
cancer 
diagnosis, 
diagnosis 
(leukemia or 
lymphoma) 
and treatment 
received. 
Pubertal stage; 
Fasting 
glucose, 
glucose, 
insulin 
resistance and 
adiposity

This study 
revealed that 
there were 
diverse 
biomarkers, 
such as 
HOMA-IR, 
leptin and 
leptin/adipo-
nectin, which 
correlate with 
the risk of 
developing 
metabolic 
syndrome in 
the pediatric 
population 
that survived 
lymphoma 
and acute 
lymphoblastic 
leukemia 

Insulin, 
HOMA-IR, 
Adiponectin, 
Leptin, Leptin 
to Adiponectin 
ratio Body fat. 
Glucose 
(mg/dL); 
Lipid profile

T2DM 
prediction

PBMCs were 
stained with 
fixable 
LIVE/DEAD 
Violet dye 
followed by 

Cryopreserved 
PBMCs were 
obtained from 
each of the 
subjects. 
PBMCs were 

The results of 
this study 
showed the 
existence of 
multiple 
T1DM 

Cabrera et al
[39], 2018

United States Innate 
immunity

CD4 
lymphocytes; 
T-cells 
(CD4+/CD45R
A−/FOXP3high

)

LSR II flow 
cytometer (BD 
Bioscience)

Sample size: 
42 pediatric 
subjects

No exclusion 
criteria were 
specified

Yes Clinical data 
was not 
specified

C-peptide; 
Innate 
inflammatory 
activity
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blocking Fc 
receptors and 
staining for 
anti-CD4, anti-
CD25, anti-
CD45RO, anti-
CD45RA and 
anti-CD127

pre-treated in 
medium with 
CTLA4-Ig 
(Bristol-Myers 
Squibb, New 
York, NY, 
Unites States) 
at 0 μg/mL, 25 
μg/mL and 82 
μg/mL for 45 
min prior to 
the addition of 
plasma from a 
recently 
diagnosed 
local 
individual

subtypes, 
which 
differentiate 
by varying 
levels of innate 
inflammation 
and its 
association 
with C-
peptide. It also 
demonstrated 
the different 
responsiveness 
to therapeutic 
intervention 
with CTLA4-Ig 
(abatacept)

Carlbom et al
[34], 2017

Sweden Functional 
Beta cell mass

Functional 
Beta cell mass 
(HOMA2-B 
and HOMA2-
IR)

Function of B 
cell mass → 
Intravenous 
arginine test 
and a glucose-
potentiated 
arginine test

No 
pretreatment 
was specified

Arginine test 
and glucose-
potentiated 
arginine test

Sample size: 
39 
participants. 
31 individuals 
with T2DM 
divided in 4 
groups based 
on their 
current DM 
treatment. 
Control group 
with 8 
participants

No exclusion 
criteria were 
specified

Yes Sex, age, 
diabetes 
duration 
(years), anti-
diabetes 
treatment, 
BMI, plasma 
glucose, 
plasma c-
peptide, 
HbA1c, 
HOMA, 
plasma 
cholesterol, 
plasma 
triglycerides, 
HDL 
cholesterol, 
LDL 
cholesterol

[11C]5-HTP 
uptake and 
retention in 
pancreas was a 
surrogate 
marker for the 
endogenous 
islet mass. 
Nonetheless, 
the major 
cause of B-cell 
failure in 
T2DM was 
attributed to 
cell 
dedifferentiati
on and not cell 
loss, which is 
why this is not 
mirrored by a 
decrease of 
[11C]5-HTP 
uptake in the 
pancreas

HbA1c levels, 
plasma 
glucose and 
plasma C-
peptide levels

Function β-cell

Visceral N-
ASCs were 
maintained in 
normal 
glucose 
DMEM(5 
mmol/L D-
glucose), high 
glucose 
DMEM (25 
mmol/l D-
glucose)or 
high mannitol 

Sample size: 
25 patients 
with T2DM 
and 15 non-
diabetic 
participants 
who 
underwent 
abdominal 
surgery 
(gallbladder 
removal, in 
situ colorectal 

This study 
demonstrated 
that adipose-
derived stem 
cell were 
higher in 
diabetic 
patients than 
in control 
group as well 
as production 
of OCT4 and 
NANOG, 

Dentelli et al
[27], 2013

Germany Adipose-
derived stem 
cell pluripoten
-tiality

Octamer-
binding 
transcription 
factor and 
NANOG; 
NOX-
generated 
reactive 
oxygen species

ASCs → FACS 
analysis 
(FACS-Calibur 
flow 
cytometer; BD 
Biosciences, 
San Jose, CA, 
United States)

ASC 
proliferation 
→ direct cell 
count (FACS); 
Apoptosis → 
ELISAs; 
mRNA 
isolation and 
quantitative 
real-time 
PCR;Western 
blot

No exclusion 
criteria were 
specified 

Yes Gender, age, 
BMI, HbA1c, 
triglycerides, 
total 
cholesterol, 
LDL and HDL 
cholesterol, 
creatinine, 
retinopathy, 
blood 
pressure, 
diabetes 
duration 

Adipose-
derived stem 
cells (ASCs); 
NOX-
generated 
reactive 
oxygen species 
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DMEM (19 
mmol/l D-
mannitol, 
asosmotic 
control)

cancer) were 
included. Non-
diabetic 
participants 
were used as 
controls

which were 
upregulated, 
supporting the 
use of ASCs in 
regenerative 
medicine

Kim-Muller et 
al[38], 2016

United States B cell 
dedifferentiati
on markers; 
Impaired 
mitochondrial 
function

Aldehyde 
dehydro-
genase 1 
isoform A3; 
Foxo1; MafA

No antibodies 
or kits were 
specified 

Cells were 
incubated with 
aldefluor and 
selected for 
RFP (red) and 
aldefluor 
(green) 
fluorescence, 
yielding 
ALDH 
andALDH+ 
cells

Immunohistoc
hemistry

Animal 
experiment. 
Groups: Mice 
were 
maintained in 
a mixed 120J-
C57BL/6 
background. 
Sample size 
calculations 
were based on 
the variance 
observed in 
prior 
experiments. 
No 
randomization 
or blinding 
was used. 

No exclusion 
criteria were 
specified

No Not applied This study 
demonstrated 
that in 
adolescents 
with obesity 
the risk of 
presenting 
T2DM was 
higher if they 
present a 
monophasic 
oral glucose 
tolerance test, 
they present 
higher 
glucose, 
insulin and C-
peptide and 
lower in vivo 
hepatic and 
peripheral 
insulin 
sensitivity, 
thus this can 
be used as a 
biomarker for 
T2DM

Aldehyde 
dehydro-
genase 1 
isoform A3 

T2DM 
prediction

Antibodies: 
polyclonal 
rabbit anti-
Pdx1 Ab), 
polyclonal 
rabbit anti-
MafA Ab), 
polyclonal 
rabbit anti-
Nkx6.1 Ab, 
polyclonal 
rabbit anti-
Glut2Ab, 
monoclonal 
rabbit anti-
PKCζ Ab, 
monoclonal 
mouse anti-
insulin Ab, 
polyclonal 
rabbit anti-

Pancreata 
were 
harvested and 
fixed in 4% 
buffered 
formaldehyde. 
Islets were 
incubated over 
a period of 60 
min in 1 mL; 
Krebs-Ringer 
bicarbonate 
Hepes buffer 
(KRBH, 140 
mMNaCl, 3.6 
mM KCl, 0.5 
mM 
NaH2PO4, 0.5 
mM 
MgSO4,1.5 
mM CaCl2, 2 

Sheng et al
[37], 2016

China B-cell 
dedifferen-
tiation

Glut2, Pdx1, 
Nkx6.1; MafA; 
Foxo1; GLP-1; 
PKC

Immuno-
chemistry; 
Immunofluo-
rescence; 
Quantitative 
PCR Analysis

Animal 
experiment; 
C57BLKS/J-
Leprdb/Leprd
b (db/db) and 
C57BLKS/J-
Leprdb/m 
(db/m) male 
mice from the 
Shanghai 
Laboratory 
Animal 
Center, 
Chinese 
Academy of 
Sciences 
(SLAC, CAS)

Not applied Not applied Glucose 
tolerance tests; 
Serum insulin

This study 
demonstrated 
that Glut-2, 
MafA, Pdxl 
and Nkx6.1 
were 
deactivated 
during B cell 
dedifferentiati
on; 
consequently 
the 
identification 
of small 
molecules that 
increase the 
expression of 
these factors 
may be useful 
in treatment of 
T2DM patients

No other 
biomarkers 
were 
associated

β-cell function
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glucagon Ab, 
polyclonal 
rabbit Ab and 
polyclonal 
rabbit anti-
Foxo1 Ab

mM NaHCO3, 
10 mM Hepes 
(pH 7.4), and 
0.25% BSA) 
containing 2.8 
mmol/L 
glucose or 16.7 
mmol/L 
glucose

Spagnuolo et al
[23], 2010

Italy Systemic and 
bowel 
inflammation 
markers

C-reactive 
protein; NO; 
Fecal 
calprotectin

Fecal 
concentration 
of calprotectin 
→ (ELISA) test 
(Calprest 
Eurospital, 
SpA, Trieste, 
Italy

No 
pretreatment 
was specified

ELISAs Sample size: 
34 children (25 
males; median 
age 10.8 ± 3.4 
yr) with severe 
obesity; 
Groups: 
Normal 
glucose 
tolerance (n = 
10), Impaired 
glucose 
tolerance (n = 
24) and T2DM 
(n = 7)

Inflammatory 
bowel diseases 
and systemic 
or intestinal 
infections 
were excluded 
during the 
evaluation.

Not specified Age, pubertal 
stage, BMI, 
oral glucose 
tolerance test; 
anthropo-
metric 
measures 
(weight, 
height)

This study 
demonstrated 
a positive 
correlation 
between 
obesity and 
glucose 
abnormalities 
with the 
elevation of 
biomarkers 
demonstrating 
intestinal 
inflammation 
in the pediatric 
population

C- reactive 
protein; Nitric 
oxide; Plasma 
insulin; 
HOMA-IR

Pancreatic 
reserve

Stansfield et al
[28], 2016

United States Leptin; 
Adiponectin; 
C-reactive 
protein

Leptin; 
Adiponectin; 
C-reactive 
protein

Leptin → 
ELISA (R&D 
Systems, 
Minneapolis, 
Minnesota); 
Adiponectin 
→ ELISA 
(Linco 
Research, St. 
Charles, 
Missouri); 
CRP → high-
sensitive 
ELISA 
(ALPCO 
Diagnostics, 
Salem, New 
Hampshire)

No 
pretreatment 
was specified 

ELISAs Sample size: 
575 
adolescents 
aged 14-18 
years (52% 
female, 46% 
black 
population)

If they were 
taking 
medications or 
had any 
medical 
conditions that 
could affect 
growth, 
maturation, 
physical 
activity, 
nutritional 
status or 
metabolism. 

Yes Age, sex, race, 
Tanner stage, 
BMI 
percentile, 
BMI category, 
physical 
activity and 
socioeconomic 
status and BP. 
Fasting serum 
glucose, 
HOMA-IR, 
plasma 
triglycerides, 
plasma total 
cholesterol, 
plasma HDL 
cholesterol, 
plasma LDL 
cholesterol 
serum leptin, 
plasma 
adiponectin 
and plasma C-
reactive 
protein

This study 
demonstrated 
that there was 
no association 
between birth 
weight and the 
development 
of greater 
visceral 
adiposity and 
elevation of 
biomarkers 
implicated in 
insulin 
resistance once 
they reach an 
adolescent age

Birth weight, 
fasting blood 
samples were 
measured for 
glucose, 
insulin, lipids, 
adiponectin, 
leptin, and C-
reactive 
protein

T2DM 
prediction

WAT 
inflammation 

C-reactive 
protein, TNF-

CRP → high 
sensitivity 

Biopsies were 
routinely 

High 
sensitivity 

Sample size: 
33 children 

Adipose 
samples from 

Anthropo-
metric 

This study 
demonstrated 

HOMA; AST, 
ALT, total 

Walker et al
[25], 2014

Italy Yes T2DM 
prediction
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biomarkers; 
Liver fibrosis 
biomarkers

a, IL-6; Crown 
like structures 
in SAT

latex 
agglutination 
method on 
HITACHI 911 
Analyzer 
(Sentinel Ch., 
Milan). TNF-a 
and IL-6 → 
sandwich 
ELISA (R&D 
System Europe 
Ltd, 
Abingdon, 
United 
Kingdom)

processed (i.e. 
formalin-fixed 
and paraffin-
embedded) 
and sections of 
liver tissue 
were stained 
with 
hematoxylin-
eosin, Van 
Gieson, 
Periodic acid-
Schiff diastase 
and Prussian 
blue stain

latex 
agglutination; 
Sandwich 
ELISAs

(mean BMI 
28.1 ± 5.1 
kg/m2 and 
mean age 11.6 
± 2.2 yr) with 
confirmed 
NAFLD.Biops
y samples of 
abdominal 
(SAT) and 
liver were 
simulta-
neously 
collected

7 of the 40 
children 
biopsied were 
not viable, and 
these 
participants 
were excluded 
from formal 
analysis.

measures; 
ALT; AST; 
gamma-
glutamyltrans
peptidase, 
total 
triglycerides 
and LDL and 
HDL 
cholesterol, 
plasma 
insulin, oral 
glucose 
tolerance test

that the 
presence of 
crown like 
structures in 
liver biopsies 
were related to 
liver fibrosis 
but 
independent 
of BMI and 
this may 
contribute to 
diabetes risk 
by reducing 
insulin 
secretion. 
Liver fibrosis 
was associated 
with the 
presence of 
white adipose 
tissue 
inflammation, 
and this was 
strongly 
associated 
with obesity

triglycerides, 
LDL, HDL, 
Adiponectin

SOD, MDA 
and GSP → 
kits Nanjing 
Jiancheng 
Biotechnology 
Institute 
(Nanjing, 
China). 
Antibodies for 
Bax, Bcl-2, 
cleaved 
Caspase-3 and 
NF-KB → 
Santa Cruz 
Biotechnology 
(Santa Cruz, 
CA, United 
States). 
Nuclear and 
cytoplasmic 
protein → 
ProteoJETTM 
Cytoplasmic 
and Nuclear 
Protein 
Extraction kit; 
(Fermentas 
International 

Xu et al[16], 
2017

China Antioxidant 
biomarkers; 
NF-KB, Bax, 
cleaved 
Caspase-3 and 
Bcl2

Level of 
antioxidant 
SOD, MDA 
and GSP 
levels; Beta cell 
function was 
measured 
(HOMA).

Cells were 
scraped, 
pelleted by 
centrifugation 
at 250 g for 5 
min, mixed 
with cell lysis 
buffer, 
homogenized, 
and set on ice 
for 10 min. 
Then, 
themixture 
was 
centrifuged at 
500 g for 7 min 
at 4 C, and 
then the 
supernatant 
was further 
centrifuged at 
20000 g for 15 
min at 4 °C

Immunochemi
stry; Western 
Blot; ELISAs

Animal 
experiment; 
Male 
Sprague–Daw-
ley rats; Five 
experimental 
groups: 
Normal 
control group; 
Model control 
group; 
Ginseng 
oligopeptides 
(GOP): Low-
dose group 
(GOP-L); 
Medium-dose 
group (GOP-
M); High-dose 
group (GOP-
H)

Not exclusion 
criteria were 
specified

Not applied Not applied This study 
demonstrated 
that treatment 
with ginseng 
oligopeptides 
partially 
reversed 
abnormal oral 
glucose test 
tolerance in 
rats induced 
with T2DM 
and 
demonstrated 
an 
amelioration 
of the 
pancreatic 
damage and 
increased 
insulin content

Oral glucose 
tolerance, 
plasma 
glucose, serum 
insulin, ALT, 
AST, serum 
urea nitrogen, 
total 
cholesterol, 
triglycerides

T2DM 
prediction
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Inc., 
Burlington, 
ON, Canada). 
Protein 
content → 
BCA protein 
assay kit 
(Pierce 
Biotechnology, 
Rockford, 
United States)

TAOC: Total plasma antioxidant capacity; EV: Extracellular vesicle; PAI-1: Plasminogen activator inhibition factor; CAC: Coronary artery calcifications; PBMC: Peripheral blood mononuclear cells; ASC: Adipose-derived stem cell; SOD: 
Superoxide dismutase activity; GSP: Glycated serum protein; Rx: Prescription; MDA: Malondialdehyde; NO: Nitric oxide; hs-CRP: High-sensitivity C-reactive protein; miR: MicroRNA; sVCAM: Soluble vascular cell adhesion molecule; 
sICAM: Soluble intracellular adhesion molecule; T1DM: Type 1 diabetes mellitus; ELISA: Enzyme-linked immunosorbent assay; BMI: Body mass index; HbA1c: Glycated hemoglobin; BSA: Bovine serum albumin; PBS: Phosphate buffered 
saline; FACS: Fluorescence-activated cell sorting; SD: Standard deviation; BP: Blood pressure; IL: Interleukin; ALT: Alanine aminotransferase; IR: Insulin resistance; EV: Extracellular vesicle; RT: Reverse transcription; IFN: Interferon; TNF: 
Tumor necrosis factor; Tregs: Regulatory T cells; Ig: Immunoglobulin; DC: Dendritic cells; T2DM: Type 2 diabetes mellitus; HOMA-IR: Homeostatic Model Assessment of Insulin Resistance; HDL: High-density lipoprotein; LDL: Low-
density lipoprotein; Ab: Antibody; NAFLD: Nonalcoholic fatty liver disease; AST: Aspartate aminotransferase; ECFC: Endothelial colony-forming cells; DPN: Diabetic peripheral neuropathy; CD: Celiac disease; AA: African American; 
HOMA2-B: Homeostatic Model Assessment for β-cell steady-state function; METs: Metabolic syndrome; 3DPAR: Physical Activity Recall; IRS: Impact rates; SAT: Subcutaneous adipose tissue; VAT: Visceral adipose tissue.

The majority of the selected papers (61%) corresponded to research studies 
regarding T2DM, whereas 35% of research protocols regarded T1DM. A striking result 
is that the inflammation biomarkers are shown predominantly in T1DM studies. The 
role of the biomarkers in T2DM is wider encompassing inflammatory, oxidative stress, 
endothelial dysfunction processes, insulin resistance and β-cell mass markers among 
others (Tables 2 and 3).

Our approach was to focus on the early and late damage of the β-cell failure in order 
to address the physiopathology of diabetes and the evolution of the complications and 
comorbidities in the pediatric population.

This review involved both experimental (clinical trials, cohort studies, among 
others) and observational studies (including 9 reviews); most of them implicated 
human clinical trials. There were only three pure animal experiments and one human 
and animal experiment considered for this review. Exclusion criteria for the studies 
was heterogeneous but mainly consisted in the presence of infectious diseases, other 
chronic comorbidities, rheumatologic diseases and the use of certain drugs. Informed 
consent was signed in all of the studies concerning human beings, either by patients (if 
they were > 18-years-old) or by parents or tutors for adolescents and younger children. 
The respective ethics committee in accordance with the Declaration of Helsinki had 
previously approved all of the articles included in this review.

Tackling the challenge to understand the β-cell failure biomarkers in the pediatric 
population
Whilst analyzing the articles considered for the final revision, it was widely evident 
that most of the biomarkers of β-cell failure currently being used and/or studied in 
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Table 3 Overview of the articles included that studied insulin resistance and Beta cell mass

Ref. Setting Biomarker Insulin resistance Beta cell mass Insulin sensitivity

Type 1 diabetes

Abdel-
Moneim, et 
al[17], 2020

Egypt MDA; NO IR was studied by 
measuring HbA1c and 
fasting glucose plasma 
levels, which were higher 
in the studied population

Not analyzed Not reported

Babar et al
[18], 2011

United 
States 

hs-CRP, Homocysteine IR was analyzed indirectly 
by measuring the flow-
mediated dilatation of the 
brachial artery, which had 
a positive relation with 
higher levels of Hb1A

Not analyzed Not reported

Cabrera et 
al[39], 2018

United 
States

Innate immunity activity 
(circulating activated regulatory T 
cells 
(CD4+/CD45RA−/FOXP3high)

IR was indirectly analyzed 
by the rate of C-peptide 
decline

Not analyzed Not reported

Cazeau et 
al[29], 2016

United 
States

Endothelial function/ 
dysfunction: (ECFCs: CD34+, 
CD133+, CD45-). Oxidative stress: 
TAOC, hs-CRP, EPCs

IR was analyzed by indirect 
biomarkers that relate to 
high levels of HbA1c such 
as adiponectin and hs-CRP

Not analyzed Not reported

Cree-
Green et al
[41], 2018

United 
States

hs-CRP, adiponectin, leptin and 
C-peptide

IR was assessed by insulin 
sensitivity four-phase HE 
clamp - glucose and 
glycerol rate of appearance, 
rate of disappearance and 
metabolic clearance rate 
over the last 30 min of each 
phase of the clamp

Not analyzed IS was assessed with a four-
phase HE clamp: a bolus of 
4.5 mg/kg 6,6-2; H2-glucose 
followed by a continuous 
infusion at 0.03 mg/kg/min 
6,6-2H2-glucose was paired 
with a primed (1.6 mmol/kg) 
then constant (0.11 
mmol/kg/min), infusion of 
2H5-glycerol. During the last 
30 min of each of the four 
clamp phases, four samples, 
each 10 min apart, were 
drawn for glucose, glycerol, 
free fatty acid and insulin 
concentrations

Elbarbary 
et al[33], 
2018

Egypt Neopterin IR was indirectly analyzed 
with biomarkers related to 
higher levels of HbA1c 
such as dyslipidemia, hs-
CRP and also fasting blood 
glucose

Not analyzed Not reported

Lakhter et 
al[35], 2018

United 
States

miR-21-5pin Beta cell extracellular 
vesicle

Not reported Not analyzed Not reported

Vorobjova 
et al[32], 
2019

Estonia Inflammation markers; 
Association with Enterovirus 
infection; Immunity

IR was analyzed by indirect 
biomarkers that relate to 
high levels of HbA1c such 
as leptin

Not analyzed Not reported

Type 1 and 2 diabetes

Aburawi et 
al[30], 2016

United 
Arab 
Emirates 

sICAM-1, sVCAM-1, IL-6, TNF-α, 
hs-CRP

IR was analyzed by indirect 
biomarkers that relate to 
high levels of HbA1c such 
as adiponectin

Not analyzed Not reported

Type 2 diabetes

Arenaza et 
al[36], 2017

Spain miRNA expression in circulating 
exosomes and in peripheral blood 
mononuclear cells

IR was measured by the 
HOMA, which has been 
shown to be a reliable 
method in pediatric 
population. 

Not analyzed IS was indirectly measured by 
the amount of total, visceral 
and abdominal as well as 
hepatic and pancreatic 
adiposity. 

IS analysis was measured 
using intravenous crystalline 
insulin, which was infused at 
a constant rate of 80 mU/m2

/min, and plasma glucose 
was clamped at 100 mg/dL 
(5.6 mmol/L) with a variable 

Bacha et al
[40], 2014

United 
States

Leptin, IL-6, VCAM-1, ICAM-1, E-
selectin

IR was measured by OGTT 
(1.75 g/kg, maximum 75 g 
Trutol), which was 
performed with glucose, 
insulin and C-peptide 
determination at 215, 0, 15, 
30, 60 and 120 min

Not analyzed
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rate infusion of 20% dextrose

Barbosa-
Cortés et al
[31], 2017

México Leptin, adiponectin, VCAM, 
ICAM

IR was measured directly 
measured based on the 
fasting insulin and glucose 
concentrations using the 
Homeostatic Model 
Assessment of Insulin 
Resistance [HOMA-IR = 
(fasting insulin (μU/ml) × 
fasting glucose 
(mmol/L)/22.5)] and 
indirectly by measuring 
serum levels of leptin and 
adiponectin

Not analyzed Not reported

Carlbom et 
al[34], 2017

Sweden Functional Beta cell mass IR was measured using the 
HOMA-IR

Intravenous arginine test and 
a glucose potentiated arginine 
test, which are considered the 
gold standard to assess the 
functional B-cell mass; Beta 
cell mass was analyzed using 
[11C]5-hydroxytryptophan 
positron emission tomography

IS was assessed using the 
HOMA2-S calculator 
previously calibrated so that 
100% represents values 
obtained from young healthy 
adults

Dentelli et 
al[27], 2013

Germany Adipose-derived stem cell 
pluripoten-tiality

Not reported Not analyzed Not reports

Kim-
Muller et al
[38], 2016

United 
States

Impaired mitochondrial function 
(Aldehyde dehydro-genase 1 
isoform A3, Foxo1, MafA)

Not reported Not analyzed Not reported

Sheng et al
[37], 2016

China B-cell dedifferentiation (Glut2, 
Pdx1, Nkx6.1, MafA, Foxo1, GLP-
1, PKC)

IR was assessed by glucose 
tolerance tests. The mice 
were fasted for 12 h then 
they were injected 
intraperitoneally with 1 g 
kg−1 glucose. The glucose 
measurements were taken 
up to 2 h after injection

Pancreatic sections were 
analyzed by 
immunohistochemistry

Not reported

Spagnuolo 
et al[23], 
2010

Italy C-reactive protein, NO, Fecal 
calprotectin

OGTT was performed with 
a load of 1.75 g/kg/body 
weight of glucose 
(maximum 75 g) after a 12 
h overnight fast

Not analyzed IS was estimated by the 
HOMA-IR index from fasting 
glucose and insulin 
concentrations according to 
the following formula: insulin 
(mU/L) × glucose 
(mmol/L)/22.5

Stansfield 
et al[28], 
2016

United 
States

Leptin, adiponectin, C-reactive 
protein

IR was assessed using 
HOMA-IR. It was 
calculated by use of the 
formula: insulin (pmol/L) 
× glucose 
(mmol/L)/22.5.25

Not analyzed Not reported

Walker et 
al[25], 2014

Italy C-reactive protein, TNF-a, IL-6, 
Crown like structures (CLS) in 
SAT 

IR was assessed by 
standard OGTT performed 
with 1.75 g of glucose per 
kg of body weight (up to 75 
g), and glucose and insulin 
were measured at 0, 30, 60, 
90 and 120 min

Not analyzed IS was estimated by the 
HOMA

Xu et al
[16], 2017

China Superoxide dismutase activity, 
MDA and glycated serum protein 
levels

IR was assessed performing 
OGTT and HOMA-IR 
model

Beta cell mass was analyzed 
with histopathology. For light 
microscopy, the fixed tissue 
samples were dehydrated 
through a graded ethanol 
series, embedded in paraffin 
and cut into 7 μm-thick 
sections with HE stain using a 
routine protocol

Not reported

TAOC: Total plasma antioxidant capacity; hs-CRP: High-sensitivity C-reactive protein; HOMA-IR: Homeostatic Model Assessment of Insulin Resistance; 
ECFC: Endothelial colony-forming cells; MDA: Malondialdehyde; NO: Nitric oxide; IR: Insulin resistance; HbA1c: Glycated hemoglobin; EPC: Endothelial 
progenitor cell; IS: Insulin sensitivity; miR: microRNA; s: soluble; ICAM: Intracellular cell adhesion molecule; IL: Interleukin; VCAM: Vascular cell 
adhesion molecule; TNF: Tumor necrosis factor; miRNA: MicroRNA; OGTT: Oral glucose tolerance test; HE: Hematoxylin and eosin; HE clamp: 
Hyperinsulinemic-euglycemic clamp; HOMA2-S: Homeostatic Model Assessment to assess insulin sensitivity; SAT: subcutaneous adipose tissue.

pediatric populations are those that concern local or systemic inflammation processes 
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Figure 1 Modified PICO (PIO) approach for the systematic review. P (Participants) I (Intervention) and O (Outcome). Flowchart review process for the 
analyzed articles.

and oxidative stress as well as those related to endothelial dysfunction processes. This 
correlates to the fact that most of the subjects enrolled for the different studies 
presented with elevated BMI, and they were classified as either overweight or obese in 
its different stages, thus, they sojourn a chronic systemic inflammation state. The main 
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results are resumed in Table 2 and Figure 2.

Leptin as a vector biomarker
The two most common biomarkers found in this review were leptin (Tables 1-3), a 
hormone produced by the adipose tissue and enterocytes, which has a characteristic 
decreased sensitivity on its receptors at the central nervous system level and 
adiponectin, an adipokine and protein hormone mainly produced in adipose tissue 
that reduces free fatty acid levels and promotes lipid metabolism[30] and is also 
known to modulate endothelial function. The excess of adipose tissue in conditions 
such as obesity alters the release of these adipokines, which are known to increase 
insulin sensitivity and vascular functionality, thereby when decreased increasing the 
risk of metabolic complications[31].

The endothelial inflammation and dysfunction as amalgam biomarkers of 
comorbidities
The second most analyzed biomarkers were the ones referring to endothelial inflam-
mation and dysfunction (Tables 1-3), such as cytoadhesive molecules [(soluble 
Intracellular cell adhesion molecule (ICAM-1) and soluble vascular cell adhesion 
molecule] and systemic inflammation markers such as interleukin-6 (IL-6), tumor 
necrosis factor α, high-sensitivity C-reactive protein, homocysteine and E-selectin. 
ICAM-1 is a glycoprotein involved in tissue adhesion and is expressed in response to 
the release of cytokines. Therefore, it has been used as a biomarker for inflammation. 
Its soluble form may estimate its tissue concentration from a blood sample. A wide 
cross-sectional study involving 79 patients with type 1 diabetes, 55 patients with type 2 
diabetes and 47 controls with mean age 20 ± 6 years demonstrated that patients with 
diabetes had higher levels of cytoadhesive molecules (soluble ICAM-1 and soluble 
vascular cell adhesion molecule-1, P < 0.001), adiponectin (P < 0.001) and haptoglobin (
P = 0.023). Furthermore, hemoglobin A1c (HbA1c) > 8.0% (estimated average blood 
glucose > 10 mmol/L) was associated with higher adiponectin (P < 0.001), and obesity 
was associated with lower adiponectin (P < 0.001). As expected, obesity had a positive 
correlation with soluble ICAM-1 (P = 0.015) and also presented with higher levels of 
inflammation markers such as tumor necrosis factor α, IL-6 and high-sensitivity C-
reactive protein[27] (Table 2).

Endothelial dysfunction and early atherosclerosis has been shown to be common 
among patients with DM (Tables 1-3). One study[18] analyzed a sample of 21 type 1 
children with T1DM and 15 group-matched healthy siblings. Flow-mediated dilatation 
of the brachial artery and carotid intima-media thickness were measured. The results 
showed that children with T1DM had lower flow-mediated dilatation (%) than control 
children (7.1% ± 0.8% vs 9.8% ± 1.1%; P = 0.04) thus displaying evidence of low-
intensity vascular inflammation, which translates long-term into an increased 
cardiovascular risk.

Chronic inflammation represents an important factor to be considered in the context 
of patients with DM. T1DM being an autoimmune disease has been associated with 
other autoimmune diseases. One study[32] studied the association between T1DM and 
Celiac disease (CD). They analyzed a sample of seventy two patients (median age 10.1 
years) who had undergone small bowel biopsy from which 24 patients with CD 
(median age 6.5 years), 9 patients with CD + T1DM (median age 7.0 years), 2 patients 
with T1DM (median age 8.5 years), and 37 patients (median age 14.0 years) with 
functional gastrointestinal disorders and a normal small bowel mucosa as controls. 
Their most relevant finding was the significant increase of several proinflammatory 
cytokines and chemokines like IL-15, IL-8, IL-17F, IP-10 and MIP-1β in CD patients and 
its highly significant correlation with the grade of small bowel mucosa atrophy, which 
plays a major role as a sign of small bowel mucosa inflammation and damage. CD 
patients with coexisting T1DM showed particularly higher levels of IL-15, IL-17F, MIP-
1β and sIL-2Rα compared to the control group.

Another cross-sectional study included 60 children and adolescents with T1DM 
(aged ≤ 18 years with at least 5 years disease duration), and they studied a particular 
biomarker of inflammation and cellular immune response, Neopterin. It is elevated in 
conditions of T cell or macrophage activation, such as diabetic peripheral neuropathy 
(DPN), which is a condition associated to both inflammation and immune processes. 
The participants were subjected to a neurological assessment using nerve conduction 
studies and the neuropathy disability score. Frequency of DPN in patients with T1DM 
according to neuropathy disability score was 40 (66.7%) patients out of 60, while nerve 
conduction studies confirmed that only 30 of those 40 patients presented this 
complication. Neopterin levels were significantly higher in patients with T1DM 
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compared to the control group[33].
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Oxidative stress as a cornerstone of cell metabolism
Another commonly measured biomarker was the lever of oxidative stress, which was 
measured by different molecules such as NO, malondialdehyde (MDA), total plasma 
antioxidant capacity and superoxide dismutase (Tables 1-3)[17]. The authors 
demonstrated a positive relation between NO and MDA and hematologic 
abnormalities such as decreased levels of erythrocyte and platelets counts. Moreover, a 
depletion in hemoglobin and hematocrit index contrasted with an increased leukocyte 
count in children with T1DM.

In one study[23], a cohort of 34 children (25 males; median age 10.8 ± 3.4 years) with 
severe obesity (BMI > 95%) was screened for diabetes with oral glucose tolerance test, 
of 1.75 g/kg/body weight of glucose (maximum 75 gr) after a 12 h overnight fast, and 
acute biomarker of systemic inflammation with C-reactive protein (CRP) and gut 
inflammation were determined. They found that fecal calprotectin was increased in 
47% of patients (mean 77 ± 68 μg/g) and in 50% of children with abnormal glucose 
metabolism (mean 76 ± 68 μg/g), with a correlation with increasing BMI z-score. NO 
was pathological in 88% and in 87.5% of glucose impairment (mean 6.8 ± 5 μmol/L).

In the context of oxidative stress, there was one study that analyzed a small cohort 
composed of 9 children and adolescents aged 8-15 years (mean age 12.9 ± 0.9) with a 
mean T1DM duration of 5.0 ± 2.5 years. The authors hypothesized that antioxidant 
vitamin therapy could decrease oxidative damage thereby improving endothelial 
function and vascular repair capacity. Notwithstanding their hypothesis proved to be 
incorrect as they showed no changes in post occlusive forearm vascular resistance 
(FVR), hs-CRP, total antioxidant capacity (TAC), adiponectin or endothelial colony-
forming cells[29].

Functional beta cell mass as a morphological and progressive biomarker
Functional beta cell mass was another common biomarker measured in the articles 
included in this review using the Homeostatic Model Assessment of Insulin Resistance 
(HOMA-IR), which is a way of assessing insulin resistance. This implicates an indirect 
way of evaluating β-cell function by using two laboratory parameters: fasting levels of 
glucose and insulin. The HOMA-IR, in one study of Mexican children survivors of 
acute lymphoblastic leukemia and lymphoma, was the only predictive factor of 
developing MS at 6 mo. It showed that a higher HOMA correlated with an increase of 
5.1 mg of fasting glucose, 2.5 cm of abdominal perimeter and higher levels of leptin[31] 
(Tables 2 and 3). On another cross-sectional study analyzing patients at different 
stages of T2DM, two different HOMA indexes were used, HOMA2-B as an estimate of 
the β-cell steady-state function and HOMA2-S as an estimate of insulin sensitivity, 
both of them reported as percentage (assuming 100% corresponds to young healthy 
adults). Both were significantly decreased in the different study groups compared to 
the control group[32]. HOMA-IR and HOMA-B were analyzed as well on a pure 
animal study that analyzed the potential beneficial effects of Panax-ginseng treatment. 
Their results showed that treatment with Panax-ginseng oligopeptides may decrease 
HOMA-IR, whereas it could increase HOMA-B values in T2DM-induced rats[16] 
(Tables 2 and 3).

The new age biomarkers
A few articles studied molecular biomarkers such as microRNA (miR) expression in 
circulating exosomes and miR-21-5 in β-cell extracellular vesicles (EV)[34,35]. They 
carried out a human and animal experiment in which they hypothesized that the 
inflammatory milieu of developing diabetes may also increase miR-21-5p in β-cell EV 
cargo and that circulating EV miR-21-5p would be increased during type 1 diabetes 
development. Their results showed that β-cell EV miR-21-5p cargo is increased in 
response to treatment with inflammatory cytokines. This increase was predominantly 
due to cytokine-induced effects on β-cell exosome miR-21-5p and was only partially 
blocked by inhibition of apoptosis. They found this to be a promising biomarker in the 
early development of T1DM. Additionally their findings highlight that, for certain 
miRNAs, total circulating miRNA levels are distinct from circulating EV miRNA 
content (Tables 2 and 3).

Analogously in the PREDIKID project (Arenaza et al[36]), a cohort of 84 children, 
aged 8-12 years, with a high risk of T2DM was randomly assigned to control group (n 
= 42) and intervention (n = 42). Both groups were submitted to a lifestyle education 
and psycho-educational program (2 d/mo), while the study group underwent an extra 
exercise program (3 d/wk, 90 min per session including warm-up, moderate-to-
vigorous aerobic activities and strength exercises). miRNA species were assessed 
before and after interventions. This project aimed to identify miRNAs potentially 
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associated with early onset of insulin resistance syndrome in overweight/obese 
children (Tables 2 and 3).

Two studies in particular evaluated β-cell dedifferentiation. The first one[37,38], 
which was an animal model study, used Glut2, Pdx1, Nkx6.1, MafA, Foxo1, GLP-1 and 
PKC as target molecules, and the second one[35] used aldehyde dehydro-genase 1 
isoform A3 (ALDH1A3) as well as Foxo1 and MafA as target molecules. An interesting 
finding points out that this particular isoform of ALDH may be a marker of dysfunc-
tional β pancreatic cells. They tested their hypothesis on an animal models using mice. 
ALDH-expressing cells can be readily isolated using live cell assays. Aldh1a3 is 1 of 20 
murine genes encoding NAD(P)+-dependent enzymes that catalyze aldehyde 
oxidation. ALDHs also have additional catalytic (for example, esterase and reductase) 
and non-catalytic activities. ALDH1A3 is also known as retinaldehyde dehydro-genase 
due to its ability to synthesize retinoic acid from retinal. In this study, they also found 
that impaired mitochondrial function marks the progression from metabolic inflex-
ibility to dedifferentiation in the natural history of β-cell failure (Tables 2 and 3).

One study[39] analyzed the relationship between T1DM in a pediatric population 
and innate immunity using as target molecules CD4 T lymphocytes (CD4+/ 
CD45RA−/FOXP3 high). They aimed to determine the existence of different subtypes 
of T1DM based on immunoregulatory profiles at clinical onset of the disease. They 
concluded from their data that multiple subtypes of T1DM exist, and they are charac-
terized from their baseline innate inflammatory response as well as C-peptide decline 
rate obtained. Lower innate inflammatory bias at the time of clinical onset was more 
likely to present slower rates of decline in residual insulin secretion (Tables 2 and 3).

Technique challenges and their evolving solutions
The most common method of quantifying biomarkers found on this review was the 
enzyme-linked immunosorbent assay, commonly known as ELISA, a common 
analytical biochemistry assay that detects the presence of a ligand that is usually a 
protein using antibodies against the protein to be measured. The type of ELISAs used 
were diverse, from simple forms of the assays to solid-phase and double-sandwich 
ELISAs. The second method most commonly used was immunochemistry and then 
quantitative PCR analysis. Less commonly used methods were colorimetry, chemilu-
minescence, LSR flow cytometer, arginine test and glucose-potentiated arginine test, 
gas chromatography-mass spectrometry, Western Blot and latex agglutination assays, 
which were found in either one or two studies. Sixty percent (n = 12) of the studies 
evaluated in this review analyzed their corresponding biomarkers after applying a 
pretreatment to the samples used. Most of them used corporal fluids such as 
peripheral venous blood, plasma and serum collected previously from patients. The 
majority of them were taken under fasting conditions of the subjects. Three studies 
used tissue obtained from biopsies, two from pancreatic tissue and one from hepatic 
tissue[27]. Though they did not analyze an exclusively pediatric population, they 
studied a cohort of patients with DM who underwent abdominal surgery. They 
analyzed the effects of high glucose-mediated effects upon adipose-derived stem cells 
(ASCs). In this study, they compared DASCs (diabetic participants) with N-ASCs 
(non-diabetic participants). ASC availability was first evaluated, and an average (mean 
± standard error) of 9.16 × 104 ± 9.20 × 104 and 5.95 × 104 ± 7.50 × 104 ASCs per gram of 
visceral adipose tissue were isolated from patients and controls, respectively. The 
biomarkers used were levels of reactive oxygen species in ASCs.

The diagnostic methods used in the articles analyzed for this review are 
summarized in Figure 3.

Tracking the move in β-cell failure biomarkers
As mentioned before, most of the biomarkers analyzed in the different studies 
reviewed here may be assessed or measured using widely standardized tests such as 
ELISA.

One of the fundamental aspects when dealing with a pediatric population, which is 
of utmost importance, is to be able to perform tests with the least possible invasion. 
Hence, most of the biomarkers analyzed in the studies presented for this review have 
the advantage that they can be measured by simply obtaining a peripheral blood 
sample, which is not only a minimally invasive procedure but also a low-cost one. This 
is also the case for markers of systemic and intestinal inflammation[23], which are 
rectal NO and fecal calprotectin. They are non-invasive, reproducible and non-discom-
fortable tests, highly suitable for the pediatric population.

One study[25] that showed a positive correlation between subcutaneous adipose 
inflammation and the extent of liver fibrosis in children is quite promising due to the 
fact that it may be a way of estimating the degree of inflammation and liver fibrosis 
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Figure 3 Diagnostic methods found in the articles included for this review. The methods are ordered from the most used to the least used. The 
enzyme-linked immunosorbent assay was the most commonly used method; a total of 8 articles used it as a diagnostic method. ELISA: Enzyme-linked 
immunosorbent assay; qt-PCR: Quantitative polymerase chain reaction.

without the need for a liver biopsy in patients at risk of presenting metabolic complic-
ations.
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Most of the biomarkers analyzed in the articles included for this review were 
measured in humans, and its replicability is wide and approved for research in 
children.

The backyard of β-cell failure biomarkers
One of the main limitations in a global view of this research is the possibility to 
extrapolate most of the results to the Mexican population because only one of the 
articles found was performed in México[31]. By itself, this represents a significant bias 
due to the fact that it studies a very restricted population. It analyzes the risk of acute 
lymphoblastic leukemia and lymphoma of developing metabolic abnormalities such as 
obesity, insulin resistance, diabetes and MS. Although most of the protocols included 
subjects with either overweight or obese patients, it should be highlighted that the risk 
between Hispanic and other populations is different due to the fact that being 
Hispanic represents an independent risk factor for DM.

Some of the biomarkers analyzed, which bear to be very promising on identifying 
patients at most risk of developing complications secondary to obesity such as insulin 
resistance syndrome and/or DM, are still under study. Such is the case of miRNA in 
circulating exosomes[36]. In the PREDIKID protocol, a cohort of children at high risk 
of developing T2DM was analyzed. They measured the levels of miRNA before and 
after a multidisciplinary program involving interventions such as regular physical 
activity, dietary assessment and changes in sedentary behaviors. Despite the fact that 
this marker has been proposed as very promising, their study is still underway, and 
further analysis should be performed in diverse populations.

When it comes to studies regarding pediatric populations, something that must be 
taken into consideration is the degree of invasiveness of the procedures. Even though 
it was shown that neopterin is a potential early marker of DPN[33], further studies are 
needed and the point of comparison should be the gold standard, electromyography, 
which represents a painful procedure and thus difficult to perform on a pediatric 
population.

The heterogeneity of the sample population among the different protocols may be a 
significant bias for this review too because we included protocols with small sample 
sizes, and its statistical significance may be questionable[29]. Reports also stated that a 
short study duration was a limitation. For example, a study that used vitamin C and E 
supplementation for 6 wk reported that the short study may have been inadequate to 
significantly decrease oxidative damage, improve endothelial function and increase 
vascular repair capacity.

Specifically, one study presented an important limitation regarding the main 
purposes of this review. They analyzed a sample of 25 patients with T2DM and 15 
non-diabetic participants who underwent abdominal surgery. Thus most of the 
studied population did not involve pediatric patients[27].

Three pure animal experiments were taken into account for this review, thus further 
studies in humans are needed to validate the applicability of the biomarkers studied. 
Such is the case of the study that observed the striking enrichment in the expression of 
ALDH1A3 is crucial as β-cells become dedifferentiated[38]. Another study that 
analyzed β-cell dedifferentiation was conducted in mice. Results showed that chronic 
euglycemia was maintained in the mice group with long-term caloric-restriction 
intervention. β-cell dedifferentiation was significantly reduced, while the expression of 
Glut2, Pdx1 and Nkx6.1 was reversed. On the other hand, MafA expression was 
significantly increased with long-term caloric restriction[37]. The third animal 
experiment[16] aimed to determine whether treatment with ginseng oligopeptides 
could modulate hyperglycemia related to T2DM in rats induced by high-fat diet and 
low doses of alloxan. Another important limitation is that treatment with ginseng is 
not yet approved for use in pediatric populations.

Landing in the clinical field
One of the main results shown by this review (Table 2) was that subclinical inflam-
mation and endothelial dysfunction are indubitably common among young patients 
with diabetes as shown by Aburawi et al[30]. They particularly demonstrated a 
positive correlation within obesity and high levels of soluble ICAM-1 and inflam-
matory biomarkers such as tumor necrosis factor α, IL-6 and high-sensitivity C-
reactive protein, whilst high levels of adiponectin were shown in patients with poor 
control of diabetes presenting HbA1c > 8%. An intriguing result shown by this study 
was the possible damping effect that obesity has with levels of adiponectin, which is 
usually high during hyperglycemia but showed a negative correlation with obesity 
whilst this condition was associated with higher levels of inflammatory biomarkers. 
There was one study[18] that demonstrated in a cross-sectional study that vascular 
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homeostasis was disrupted in T1DM even in early stages of the disease. They studied a 
pediatric population with a mean duration of DM of 4.3 years. They proposed in this 
study that although high-sensitivity CRP is an important vascular inflammation 
marker, it is a low intensity marker inasmuch as its elevation has a wide differential 
diagnosis (Table 2 and Figure 2).

Most of the studies found and taken into account for this research have a solid focus 
on finding biomarkers that could aid into the treatment but most likely into the 
secondary prevention of patients with T1DM and T2DM who are known to have an 
elevated risk of presenting cardiovascular disease (CVD) and other chronic 
comorbidities such as diabetic kidney failure and peripheral neuropathies[30]. Inflam-
mation biomarkers as an independent predictor of adverse effects in diabetic patients 
emphasize the need of early interventions, such as weight loss and regular exercise in 
patients at risk. This was actually followed up in the PREDIKID project[36], where 
they aimed to demonstrate that early interventions involving positive changes in 
lifestyles of patients at risk have a positive impact in preventing all type of complic-
ations associated with diabetes. The biomarker used was the expression of different 
species of miRNA measured before and after the interventions. Thus far, the 
involvement of these RNA particles in the regulation of insulin resistance is still under 
study (Tables 2 and 3).

There was one study[40] that demonstrated in a larger cohort of adolescents with 
obesity the presence of increased cardiovascular risk, and they associated subclinical 
atherosclerosis manifesting as coronary artery calcifications with obesity rather than 
hyperglycemia. There was another study[18] that despite the fact that their cohort was 
significatively minor, they demonstrated that flow-mediated dilatation of the brachial 
artery represented a marker of early endothelium-dependent vasodilation, whereas it 
correlated positively with higher levels of HbA1c, thus representing an increase in 
cardiovascular risk. As mentioned above, many of these studied are aimed at 
prevention. Whether primary or secondary[31], they studied a cohort of children 
survivors of acute lymphoblastic leukemia and lymphoma who had been in remission 
for about 4 years. This population was of particular interest due to their highest risk of 
developing MS. They were evaluated two times, at 0 mo and 13 mo. They mainly 
evaluated predictors of MS such as leptin, adiponectin, insulin resistance and 
adiposity. The odds of developing MS at the first assessment were higher in those with 
a body fat percentage (% adiposity) [odds ratio (OR) 5.1, 95% confidence interval: 1.9-
22.0], leptin level (OR 4.8, 95% confidence interval: 1.4-17.2) and leptin/adiponectin 
ratio (OR 5.2, 95% confidence interval: 1.2-22.6) in the highest tertile, whereas the 
lowest tertile of adiponectin was associated with a protective but not significant effect.

Aside from the important cardiovascular risk that patients with DM present, other 
complications and/or comorbidities have been associated with it, such is the case of 
DPN[33]. This study analyzed a cohort of 60 pediatric patients presenting with at least 
5 years of disease duration. They were subjected to neurological assessment by 
neuropathy disability score and nerve conduction studies for median, ulnar, posterior 
tibial and common peroneal nerves. At the same time, they evaluated neopterin levels, 
which they concluded that neopterin could be used as an early reliable serum 
biomarker for DPN in pediatric patients with T1DM with a cutoff value of 32 nmol/L. 
This could differentiate patients with and without DPN with 100% sensitivity and 
96.7% specificity and a positive predictive value 96.8% and negative predictive value 
of 100%. Neopterin levels (OR, 2.976) were significantly higher in patients with DPN 
than those without [median (interquartile range), 53.5 (35-60) nmol/L vs 17 (13-32) 
nmol/L] and healthy controls [5.0 (3.2-7.0) nmol/L] (P < 0.001). Another interesting 
finding in this protocol was that levels of neopterin were positively correlated with 
latency and negatively correlated with amplitude and/or velocity of the affected 
nerves. This translates to the proinflammatory processes in nerve tissues in patients 
that present with symptoms of neuropathy(Tables 2 and 3).

Early changes in biomarkers such as oxidative stress molecules may be translated 
into clinical alterations such as hematologic abnormalities, which according to these 
findings[17] could be used as early clinical detection of patients with known T1DM 
who are at risk of complications. This is explained according to the phenomenon 
caused by hyperglycemia and chronic oxidation status, which decreases deformability 
and changes the mechanical characteristics of erythrocytes. Therefore, it reduces red 
blood cell life span transducing to decreased hemoglobin and hematocrit indices. This 
study also showed a positive relationship between T1DM patients and higher levels of 
MDA. Furthermore, there is a positive correlation with micro albuminuria and thus 
with early diabetic kidney dysfunction and in consequence an elevated cardiovascular 
risk. Another study[29] hypothesized that combined therapy with antioxidant 
vitamins C and E might improve endothelial function and vascular repair capacity in 
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patients with T1DM. Nonetheless, their results showed no difference between the 
study and the control group, proving their initial hypothesis to be wrong. However, 
the sample size used for this study was relatively small and duration of therapy was 
short. Thus, they suggest that longer term studies may be needed to determine the 
effects of antioxidant treatment. Based on their conclusions, another study[17] 
suggested that antioxidant supplementation may be required for children with T1DM 
to reduce oxidative stress and delay or even prevent diabetic complications.

Actual evidence demonstrated that reactive oxygen species are crucial to promote 
ASC dedifferentiation[27]. It was demonstrated in vitro that the percentage of HbA1c 
diabetic ASCs and thus NOX activation correlated with ASC dedifferentiation. This 
involved AKT activation and OCT4/NANOG production, which resulted in the 
activation of other proinflammation markers such as IL-6 and IL-8.

It was demonstrated that β-cell EV miR-21-5p cargo was increased in response to 
treatment with inflammatory cytokines[35]. This increase was predominantly due to 
cytokine-induced effects on beta cell exosome miR-21-5p and was only partially 
blocked by inhibition of apoptosis. A promising finding in their study showed that 
circulating EV miR-21-5p may be a biomarker of developing type 1 diabetes, in that 
progressive elevations in serum EV miR-21-5p preceded hyperglycemia in NOD mice 
and were present in children with new-onset T1DM (Table 2).

It was shown that the prevalence of glucose abnormalities in obese children is 
higher than in other series[23]. Furthermore, a correlation was present between 
markers of systemic and intestinal inflammation and glucose abnormalities (NO and 
fecal calprotectin). They indirectly evaluated the intestinal status of children with 
severe obesity, and further research in this field is required. Stansfield et al[28] 
determined the association of birth weight with abdominal fat distribution and the 
presence of markers known to represent an increased CVD risk as well as T2DM. 
Interestingly, they found that both low and high birth weights were associated with 
greater visceral adiposity and presence of insulin resistance and inflammation-
associated biomarkers (Tables 2 and 3).

DISCUSSION
As the incidence and prevalence of DM continues to raise worldwide, both in adults 
and children, the urge to find new and more effective premature diagnostic methods 
has resulted in a global public health issue.

Our analysis of the most relevant literature in biomarkers of T1DM revealed that the 
inflammation and endovascular dysfunction process (Tables 1-3 and Figure 2) are the 
key factors triggering all the complications. T-cell driven autoimmune disease 
resulting in the loss of tolerance towards pancreatic β-cell is increasing alarmingly, and 
its causes are yet to be identified[20]. T1DM is characterized not only by insulin 
deficiency but by a 10-fold increase in all-cause mortality. Specifically, CVD represents 
the leading cause in morbidity and mortality. Actual evidence demonstrated that CVD 
develops in childhood, and insulin resistance is not due to obesity alone. Remarkably 
pediatric patients presenting with higher insulin sensitivity relative to other youth 
with T1DM have a CVD risk profile more similar to that of controls without diabetes
[41].

T2DM is caused by insulin resistant pancreatic islet β-cell failure (Tables 1-3 and 
Figure 2). The coaction between environmental and genetic factors that lead to β-cell 
impairment is the reason why in T2DM we can find a great variety of biomarkers 
(Tables 2 and 3). Insufficient insulin secretion in T2DM has been attributed to β-cell 
dysfunction due to various insulin resistance mechanisms, among them dedifferen-
tiation[42]. Furthermore, the incidence of T2DM in the pediatric population has been 
increasing in close relation to the increasing rates of obesity in this population[43]. 
Obesity is a well-known risk factor for the development of insulin resistance that may 
potentially lead to several disorders such as T2DM[44]. IR is associated to T2DM in the 
pediatric population, whilst obesity and MS are traditional risk factors for IR and CVD
[41].

The goal of this review was to determine which biomarkers of β-cell failure, both 
early and late damage, have been analyzed and used over the past decade around the 
world and classified according to each type of diabetes (Tables 1-3). Table 1 opens the 
epistemic landscape to recognize immediately which biomarkers appear predom-
inantly to each type of diabetes (T1DM or T2DM). This may serve as a guide to the 
endocrinologist in order to identify the onset and progression of the disease and 
potentially the prognosis too (Figure 2 and Tables 2 and 3). Furthermore this review 
analyzed the β-cell failure biomarkers and identified the markers that are charac-
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terized in the different steps of the natural history of the diabetes (Figure 2 and Tables 
2 and 3). Regardless of the type of diabetes, the essential goal was to identify the 
mechanism of damage to understand the physiopathology of the disease and to be 
able to control and prevent complications in the short, medium and long term[45,46]. 
The real challenge is to identify a novel molecule that could simulta-neously serve as 
an early β-cell failure biomarker as well as a therapeutic target. Nowadays the current 
research on finding this marker is exhaustive around the world. Laboratory studies are 
used to assess patients at high risk of developing MS.

Early identification of patients at highest risk of developing metabolic complications 
such as T1DM or T2DM is essential as morbidity and mortality due to these causes 
continue to rise and represents one of the main issues of the health systems 
worldwide. A lot is yet to be studied and analyzed as new clinical and scientific 
horizons emerge. The priority of medical and scientific efforts should be directed to 
the prevention of the development of T2DM in patients at risk and at the same time to 
the secondary prevention of complications derived from both T2DM and T1DM.

In recent years different techniques have been developed to assess peripheral 
insulin sensitivity. At the present time, the euglycemic hyperinsulinemic clamp is the 
gold standard for each rating. However, this technique is complex, expensive and not 
without risk, specifically in children. In general, the euglycemic clamp is accepted as a 
better method of measuring insulin sensitivity, whereas the hyperglycemic clamp is a 
measure of insulin secretion. At the present time, it is only used in research, thus other 
simpler and more practical techniques are being used in the clinical practice (such as 
fasting insulin and HOMA index). Fasting insulinemia has been so far the most used 
in epidemiologic studies to assess the situation of insulin resistance due to its 
simplicity and its good correlation with the HOMA index. It has been described in 
both adults and children that the situation of hyperinsulinism is present years before 
alterations on insulin secretion occur[47].

Other indices of insulin sensitivity/resistance using the data from the oral glucose 
tolerance test have been proposed in the last 20 years. The HOMA index such as 
QUIKI and Matsuda, which are suitable for clinical purposes have been proposed, 
while HES, McAuley, Belfiore, Cederholm, Avignon and Stumvoll index are more 
suitable for epidemiological/research purposes[47]. In regard to this review, the only 
index found was HOMA-IR as well as some of its variations.

Understanding glucose homeostasis has been one of the main points of effort 
between the medical and scientific community. Glucose homeostasis is maintained by 
the balance between insulin sensitivity and secretion. Impaired insulin sensitivity and 
secretion are thought to be the two main components in the pathogenesis of T2DM. 
For some years now, scientific efforts have shown that fasting insulin and glucose 
levels could be used as valuable surrogate estimates of insulin sensitivity and 
pancreatic β-cell function in nondiabetic children presenting with high risk factors of 
developing T2DM such as obesity[48].

In Table 2 we demonstrated that the majority of biomarkers in T1DM play a role as 
predictors of chronic complications (MDA, NO, miRNA, innate immunity), whereas in 
T2DM are several to predict or prevent T2DM (leptin, adiponectin, vascular cell 
adhesion molecule-1).

Among the main limitations we found in this review, one that we must take into 
account while analyzing the different studies is the one regarding the lack of studies 
related to pediatric patients in the Hispanic population. Given the fact that some 
studies have shown race-related differences (for instance, insulin sensitivity measured 
with the clamp technique demonstrated the known race-related differences between 
White and African American subjects) in insulin sensitivity in children detected by 
fasting insulin levels or direct measures of insulin sensitivity. Nonetheless, QUICKI-
estimated and HOMA-estimated race-related differences only approached statistical 
significance. Another important factor to take into consideration while analyzing 
results is that it must be cautioned that these estimates cannot be applied uniformly 
across laboratories because of poor comparability of glucose and, more specifically, 
insulin measurements among various laboratories[48,49].

Novelties and future direction in β-cell-failure biomarkers
The new diabetes epistemic landscape as a protein conformational disease is highly 
promising but also challenging. hIAPP aggregation-oligomerization and amyloid fibril 
formation kills insulin-producing islet cells in patients with diabetes. Several studies 
have shown that oligomers are more highly toxic than monomers or fibers[14,50]. The 
successful knowledge translation of basic research of the molecular homo- and hetero-
oligomeric assemblies of hIAPP using real sera samples to the clinical field is an 
important step. However, given the complexity of the real phenomenon taking place 
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such as the polymorphism of the molecular aggregates, the co-aggregation between 
several proteins, the co-aggregation networks, etc. is like opening Pandora’s box[45,
46].

Recently our research group demonstrated that the hIAPP oligomers acquired from 
sera from patients with T1DM, T2DM and obesity were of different protein compos-
itions and size distributions and evolved rapidly to form fibrils. We offered crucial 
new information regarding the physical properties of hIAPP oligomers using 
transmission electron microscopy, Western blot immunoassays, circular dichroism 
spectroscopy, ThT and size exclusion chromatography[45].

Furthermore, we studied the interesting correlations between the oligomeric 
aggregates of hIAPP (RIAO) in sera and childhood obesity and diabetes and 
demonstrated the potential application of RIAO level as a biomarker of early β-cell 
damage[46]. We carried out an integral study of the clinical data and used an 
immunoassay to quantify the presence of hIAPP oligomers in the sera of children. We 
found elevated levels of RIAO and a significant difference between the control group 
and the other groups (P < 0.001 in all the pairs). RIAO level can be a diagnostic tool, a 
tool for better classification and a therapeutic target. Additionally, the study of hIAPP 
in pediatric patients changes the way in which conformational diseases are thought of 
because it extends the focus from Alzheimer’s disease and other ageing diseases 
towards the pediatric implications of cytotoxic oligomers that are present since 
childhood and can manifest as DM among others[45,46].

The isolation of real hIAPP opens the door to new studies that can change the way 
in which protein conformational disease are studied, diagnosed and treated. The 
immunoassay is not only simple — when coupled with a well-taken patient’s medical 
history — but also cost-effective and liable to being used for diagnosis in an open 
population and be able to substitute several laboratory studies. We are closed to the 
task of having a single molecule that works as a reliable biomarker and therapeutic 
target.

CONCLUSION
This review makes widely evident that most biomarkers currently used as early signs 
of β-cell failure are those that concern local or systemic inflammation processes and 
oxidative stress as well as those related to endothelial dysfunction processes. Landing 
in the clinical practice we propose that RIAO is good for identifying patients with β-
cell damage and potentially could substitute many biomarkers.

ARTICLE HIGHLIGHTS
Research background
The study of biomarkers in diabetes is quite advanced, especially in its relation to 
inflammatory diseases and vascular dysfunction. The study of these markers as they 
relate to immune diseases is quite advanced but never have been classified in early 
and late β-cell failure in diabetes mellitus (DM) patients. The challenge until now has 
been finding a key biomarker as a novel and targeted molecule for early diagnosis and 
therapeutic approach of DM.

Research motivation
An earlier study carried out by our group revealed that the diagnostic tools for DM are 
either not cost-effective, far too invasive or both. Furthermore, the diagnosis of DM is 
based on the golden rule of tolerance to glucose, and it becomes positive when 60% of 
the pancreas must have already been destroyed, meaning that the diagnosis comes too 
late.

Research objectives
We aimed to investigate the main biomarkers used in pediatric populations as early 
signs of pancreatic β-cell failure in patients presenting with risk factors such as being 
overweight, obesity, diabetes and metabolic syndrome.

Research methods
We performed a systematic review of the literature based on the PRISMA and PICO 
approaches. PubMed, BIREME and Web of Science databases were searched for 
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studies on DM and biomarkers of β-cell failure. Studies were selected in several steps 
and quality evaluation.

Research results
In this systematic review, we took into consideration 78 articles from which, after a 
selection process, we considered 20 articles for further analysis. We demonstrated that 
the β-cell-failure biomarkers are of two types: early and late β-cell damage. It is very 
useful in order to identify the evolution of the disease and separate the biomarkers in 
relation to the types of diabetes. The biomarkers of the early steps of β-cell failure are 
those that concern local or systemic inflammation processes and oxidative stress as 
well as those related to endothelial dysfunction processes. Finally, we explored the 
novelties of diabetes as a protein conformational disease and the novel biomarker 
called real human islet amyloid polypeptide amyloid oligomers (RIAO). Different 
types of biomarkers in type 1 and type 2 diabetes should be used in order to assess the 
role they play in the progress of diabetes in pediatric patients.

Research conclusions
We carried out an integral study of the clinical data and the biomarkers of β-cell failure 
in DM in childhood. We found in the analyzed papers a significant difference between 
the control group and the patients.

Research perspectives
The further value of this study lies in the promise that real human islet amyloid 
polypeptide amyloid oligomers level shows as a diagnostic tool, as a tool for better 
classification and as a therapeutic target.
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