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Abstract

Type 2 diabetes mellitus (T2DM) is the most common metabolic disorder worldwide. Because of
population aging and increasing trends toward obesity and sedentary lifestyles, the number of
affected individuals is increasing at worrisome rates. While both environmental and genetic factors
are known to contribute to the development of T2DM, continuous research is needed to identify
specific biomarkers that could aid both in prevention of the disease and development of newer
therapeutic options. Circulating miRNAs are considered as potential biomarkers because they are
stable and resistant to degradation by blood RNAses and are modified under different
pathophysiological conditions. In this study we carried out a systematic electronic search on
PubMed to retrieve all articles that have investigated circulating miRNAs for diagnosing obesity
andT2DM in human. We also included lifestyle intervention studies known to be highly effective
in delaying onset of diabetes, and studies analyzing the effect of bariatric surgery and anti-diabetic
treatment. A total of 26 studies were enrolled in the global meta-analysis. Candidate miRNAs
were defined as those reported in at least 2 studies with same direction of differential expression.
Ten miRNAs altered in blood of patients suffering fromT2DM were identified (increased:
miR-320a, miR-142-3p, miR-222, miR-29a, miR-27a, miR-375; decreased: miR-197, miR-20b,
miR-17, miR-652) and 7 miRNAs in blood of obese subjects were identified (increased:
miR-142-3p, miR-140-5p, miR-222; decreased:miR-21-5p, miR-221-3p, miR-125-5p,
mir-103-5p). Both obese and T2DM patients had elevated concentrations of miR-142-3p and
miR-222. MiRNAs target genes were predicted and their cellular functions are discussed in
relation with the pathologies. Although a significant number of studies were taken into account in
this review, we found a strong discrepancy between miRNA detection and quantification
indicating that many of pre-analytical variables have yet to be normalized. Pre-analytical and
analytical challenges are also discussed.
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Introduction

Type 2 diabetes mellitus (T2DM) is the most common metabolic disorder worldwide.
Because of population aging and increasing trends toward obesity and sedentary lifestyles,
the number of affected individuals is increasing at worrisome rates and is expected to double
within the next 20 years [1]. While both environmental and genetic factors are known to
contribute to the development of T2DM, continuous research is needed to identify specific
biomarkers that could aid both in prevention of the disease and development of new
therapeutic options. In that context, circulatory miRNAs are considered as potential
biomarkers. MiRNAs are a class of evolutionally conserved noncoding RNAs of 19-22
nucleotides and function as negative regulators of gene expression [2]. Functional analysis
of miRNA target genes have shown that they play a major role in the regulation of
developmental processes including cell growth and differentiation and programmed cell
death by targeting preferentially signaling pathways and transcription factors [3,4]. In
addition, important roles of mMiRNAs have emerged in the control of metabolic pathways
involved in lipid metabolism, adipocyte differentiation, energy homeostasis, glucose-
stimulated insulin secretion and inflammation [5]. Thus, as a consequence of the various
processes they are able to influence, miRNA deregulation is a hallmark of several
pathological conditions, including cancer [6], inflammation [7], neurological disorders [8],
cardiovascular diseases [9] and metabolic disorders [10].

In 2008, several independent groups described the presence of significant amounts of
miRNAs in extracellular human body fluids [11-14]. These extracellular circulating
miRNAs are surprisingly stable and can resist to unfavorable physiological conditions such
as extreme variations in pH, boiling, multiple freeze thaw cycles, and extended storage,
despite high extracellular RNAse activities [15] because they are enclosed in small vesicles
(e.g. in exosomes [16], shedding vesicles [16], apoptotic bodies [17]) or associated with, or
packaged within, high-density lipoprotein and RNA-binding proteins [18,19]. The functional
role of miRNAs in extracellular fluids is not yet precisely established. It has been
demonstrated that miRNAs associated with exosomes or microvesicles can be delivered to
neighboring cells, where they are able to regulate gene expression [16]. A recent study
suggests that vesicle-free miRNAs can transfect cell exosomes that then transfer miRNA
cargo to the acceptor cells [20]. These data raise the intriguing possibility of the involvement
of these small RNA molecules in a new cell-to-cell communication mode [16].

Previous studies further indicate that the level and composition of these extracellular/
circulating miRNAs correlates well with diseases or injurious conditions [12,21-23]. A
global survey of the miRNA distribution in 12 human body fluids (i.e. amniotic fluid, breast
milk, bronchial lavage, cerebrospinal fluid, colostrum, peritoneal fluid, plasma, pleural fluid,
saliva, seminal fluid, tears and urine) showed distinct compositions in different fluid types
[14]. Notably, the miRNA spectrum in plasma is different from that of most of the other
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body fluids suggesting that extracellular miRNAs are not only passively released outside the
cells. Indeed it has been demonstrated that some miRNAs are selectively exported or
retained within the cell [24].

Circulatory miRNAs are now considered as potential biomarkers because they are stable and
resistant and are modified under different pathophysiological conditions [25]. This prompted
several groups to assess the predictive value of changes incirculatory miRNAs in type 2
diabetes associated or not with obesity. Here, we performed a meta-analysis to summarize
all the results from available studies, aiming to determine the prognostic/diagnostic value of
circulating miRNAs in blood of volunteers suffering from obesity and T2DM.

Literature search

Figure 1 summarizes the search strategy flow. MEDLINE (http://www.ncbi.nlm.nih.gov/
pubmed) was systematically searched to identify relevant studies combining the key words
“miRNAs”, “circulating”, “diabetes”, or/and “obesity”, physical activity, biatric surgery and
treatment, in humans. Articles were excluded if they were non-english articles, review,
letters, economic analyses, or based on in vitro studies. Eligible studies enrolled participants
diagnosed with pre-diabetes, diabetes and/or obesity, or patient under lifestyle interventions
(e.g. physical activity), medical treatments or after bariatric surgery. The considered
biological fluids were serum, plasma or whole blood. Studies on tissues samples or cell line

were excluded.

Data extraction

We extracted trial features (authors, published year, and countries), patients characteristics
(age, gender, number, glycemic status and BMI), RNA extraction methods, RNA detection
methods, and the subset of miRNA differentially expressed between two conditions, with
fold change when available.

Bioinformatic analysis

Results

MiRNA target genes and significantly enriched KEGG pathways were predicted by
bioinformatics by using DIANA-miRPath (http://diana.imis.athenainnovation.gr/DianaTools/
index.php?r=site/index) [26].

In this review we have compiled all published data on circulating miRNAs quantified in
blood of obese, pre-diabetic, diabetic and healthy controls and after lifestyle interventions, in
order to identify candidate circulating miRNAs related to obesity and/or diabetes. Selected
candidate miRNAs were defined as those revalidated by specific PCRassays in larger
cohortes, after the initial screening using technologies based on large scale analysis (i.e.;
microarray, PCR Low Density Array, sequencing) and reported in at least 2 studies and with
the same direction of differential expression.
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Studies included in the meta-analysis

On a total of 72 articles retrieved from PubMed, 26 studies were included in the global
meta-analysis (Figure 1 and Supplementary Table 1). These studies compared circulating
miRNA levels between two conditions (obese vs controls, diabetes or pre-diabetes vs
controls) or the effect of lifestyle interventions (i.e.; evaluation of miRNA concentrations
before and after exercise, metformine treatment or bypass surgery). These studies involved
both Caucasian [26—-39] and Asian populations [40-51].

Then we separated the data according the characteristics of the patients; i.e.; 6 studies
compared miRNA levels between obese vs lean subjects [29,32-34,45,48], 8 studies
compared pre-diabetics patients vs control subjects [39-42,44,46 49,50], 14 studies
compared diabetic vs BMI-matched non-diabetic subjects [26,28,30-32,39-47]. Among
those 14 studies, only one has determined the effect of obesity on the concentration of
circulating miRNAs [28] in T2DM patients.

As it is known that pre-analytical steps are important parameters that can affect miRNA
detection and quantification [52,53], we indicated the different methods used for total RNA
extraction for miRNA profiling in either serum (n=10), plasma (n=12) or wholeblood (n=4)
(Supplementary Table 2). The majority of the studies used commercial extraction kits
including column-based purification step as miR-Vana™ PARIS™ kit (Lifetechnologies),
RiboPure™-Blood kit (Ambion), miR-Neasy-mini kit (Qiagen), microRNAextraction kit
(Benevbio), Masteroure™ complete DNA-RNA purification kit (Epicentre®), miRCURY
Biofluids miRNA kit (Exigon) (Ambion) or QiAamp Circulating Nucleic Acid kit(Qiagen).
Two studies used the canonical phenol-chloroform method. Finally, one study performed
miRNA profiling directly on blood without RNA extraction [41]. In addition, the reverse
transcription procedure was either based on poly-A-tailing or stem-loop, followed by either
Tagman qPCR assay or Locked Nucleic Acid (LNA™) PCR (Supplementary Table 2).

Circulating miRNA profiling in the context of obesity

Circulating miRNA concentration was determined either in adult obese patients (5 studies)
or in children of 7-10 years old (1 study) (Supplementary Table 3). Among the 47
circulating miRNAs that were found differentially expressed in blood between obese and
non-obese subjects, 11 were identified in at least 2 different studies (miR-221, miR-142-3p,
miR-125, miR-140-5p, miR-222, miR-103, miR-21-5p, miR-423-5p, miR-532-5p,
miR-122-5p, miR-130b-3p). Among these 11 miRNAs, 7 were found to change in the same
direction between obese vs nonobese patients (increased: miR-142-3p, miR-140-5p,
miR-222; decreased: miR-21, miR-221, miR-125b, mir-103) (Table 1). Their target genes
were predicted by using DIANAmicroT-CDS algorithm. This algorithm identifies miRNA
binding sites located in both the 3’-UTR and coding sequence regions [54]. Then DIANA-
miRPath was used to identify significantly regulated KEGG pathways by the selected
miRNA [55]. As shown on Figure 2, the 7 miRNAs altered in the blood of obese patients vs
lean subjects were predicted to target genes involved in various cancers, cell cycle, brain
functions, immune response, lipid and protein metabolism, signaling pathways, pancreatic
secretion and circadian clock.
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Circulating miRNA profiling in the context of prediabetes

Concentrations of circulating miRNAs between pre-diabetic patients and control subjects
has been determined in 7 studies (Supplementary Table 4). We have considered the study of
Zhao et al. [50] which included pregnant women with or without gestational diabetes, the
latter being considered as pre-diabetic patients. Among the 16 miRNAs identified, 4 were at
least identified in 2 different studies (miR-29a, miR-192, miR-150, and miR-126). Only 3
were differentially expressed in the same direction in pre-diabetic vs control subjects
(miR-29a, miR-192 and miR-126).

miRNA profiling in the context of diabetes

Concentration of circulating miRNAs in blood of diabetic patients vs healthy subjects was
determined in 14 studies (Supplementary Table 1); 6 involved Caucasian populations and 8
was made on Asian subjects. Of note, 2 studies were conducted only on men [28,44]. In
addition, diabetes duration was different among the studies, i.e.; newly diagnosed diabetic
patients [32,40,44-47], or long-term diabetic subjects [26,28,30,31,39,41-43], and 3 studies
involved obese diabetic patients [28,31,39]. A total of 113 miRNAs were found
differentially expressed in blood of diabetic patients vs healthy subjects (Supplementary
Table 5). Among them, 20 were at least identified in 2 different studies (miR-320a,
miR-150, miR-126, miR-197, miR-20b, miR-146a, miR-142-3p, miR-222, miR-192,
miR-17, miR-652, miR-29a, miR-27a, miR-375, miR-29b, miR-15a, miR-21, miR-24,
miR-125b, miR-30d). Half of them was modulated in the same direction in at least 2 studies
(increased: miR-320a, miR-142-3p, miR-222, miR-29a, miR-27a, miR-375; decreased:
miR-197, miR-20b, miR-17, miR-652) (Table 2). MiR-320a and miR-375 were identified in
3 studies and displayed the highest fold changes between diabetics and control subjects
(Table 2). Predicted significant KEGG pathways affected by these 10 miRNAs are shown on
Figure 3. They were related to cell cycle, brain functions including 5 brain diseases,
immunity, signaling pathways, metabolism (amino acid, vitamin, glycan and lipid), heart
alterations, circadian rhythm.

Modification of circulating miRNAs concentrations after interventions

Because lifestyle is a well-known key contributor to the global obesity and diabetes
epidemics, we postulated that altered circulating miRNA concentrations identified in obese
and/ordiabetic subjects would be also regulated by physical activity [56]. In this analysis we
have included 5 studies reporting an effect of physical activity on the concentrations of
circulating miRNAs identified above as altered either in obese subjects, pre-diabetic
ordiabetic patients vs controls (Tables 1 and 2) [36—39,51]. As shown on Table 3, the level of
miR-222, which is decreased in pre-diabetic vs healthy patients, was increased by physical
activity, in healthy subjects. In addition levels of miR-21 and miR-221 affected in obese
subjects were increased in lean subjects after physical activity. Interestingly, these 2
miRNAs were also positively regulated by bariatric surgery in non obese subjects. The level
of miR-140-5p, which was increased in the plasma of obese or diabetic subjects compared to
controls, was decreased after treatment with metformin or bariatric surgery indicating that
the circulating concentration of this miRNA was strongly correlated with insulin sensitivity.
Moreover, the level of miR-192 and miR-193b, which were increased in the serum of pre-
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diabetic subjects, returned to baseline after therapeutic intervention consisting in chronic
excercice.

Discussion

Ideal biomarkers should be easily accessible by minimally invasive sampling procedure
making routine blood, urine or saliva excellent source of choice. Among these biofluid, a
substantial number of studies have demonstrated that the level of blood miRNAs is affected
in a wide range of disorders including heart failure [9], drug-induced liver injury [57],
cancers [58] and neurological disorders [59]. In the context of diabetes mellitus (T2DM), the
discovery of biomarkers heralding the early stages of diabetes progression would allow for
the implementation of preventive therapies, which are more successful if high-risk
individuals are identified at early stage. For instance, it is increasingly recognized that the
risk of cardiovascular diseases (CVD) is greater in patients with diabetes and other cardio-
metabolic risk (CMR) factors than in those with diabetes alone. The identification of these
high-risk CMR patients could permit to provide specific recommendations and treatment at
early stage of CVD. In addition, biomarkers would help in monitoring response to
interventions (e.g.; diet or lifestyle interventions) [60]. Therefore during the last 5 years,
several studies have been conducted to test whether the concentrations of circulating
miRNAs were affected in patients suffering from obesity and/or T2DM.

At first, we found that although more than 2,000 miRNAs have been described in the human
genome, only hundred of them are routinely identified in human serum/plasma samples. In
agreement Blondal et al. [61] identified only 119 miRNAs consistently expressed in 1,500
serum and plasma samples, suggesting that whatever the pathology considered, it seems that
we have access to only a small subset of miRNAs in the blood to characterize different
unrelated diseases (e.g.; cancer, diabetes). It is thus not surprising that a significant number
of miRNAs listed in this review have been also identified in the blood of patients suffering
from unrelated pathologies (e.g.; the circulating level of miR-21 is altered both in patients
suffering from various cancers [62—64] and from obesity and/or T2DM [26,27,30,39]). As
shown on Supplementary Table 6, 112 KEGG pathways were predicted to be collectively
targeted by the 119 miRNAs commonly identified in the human blood [61]. Among them,
the PI3K-Akt signaling pathway (hsa04151), which is involved both in cellular proliferation
of cancer cells and in insulin response in insulin-targeted tissues [65], contains the highest
number of circulating miRNA target genes. It is now well-admitted that some cancers
develop more commonly in obese patients or/and suffering from T2DM, such as cancers of
the liver, pancreas, and endometrium [66,67]. Thus altered circulating miRNA levels in
obese/T2DM patients might be considered as bad prognosis for the development of these
cancers. In line with this hypothesis, some of the dysregulated miRNAs in obese patients are
involved in endometrial (miR-103) [68] and pancreatic cancers (miR-142-3p, miR-103,
miR-21) [69,70] (Figure 2).

The second observation is that although 26 studies were taken into account in this review,
very few miRNAs appeared to be modulated consistently in the same direction across these
studies. This result is likely due to the absence of pre-analytical considerations that are
important to take into account before miRNA screening, e.g.; serum vsplasma [71], methods
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used for RNA isolation [72], methods for miRNA screening (microarray, Low density array,
sequencing) [73], technologies for validation by gRT-PCR [74] and data normalization [75].
Particularly, the circulating levels of some miRNAs are affected by hemolysis [53,76].
Beside these ‘technical’ considerations it has also been demonstrated that miRNAs might
have sex-specific association with metabolic syndrome [77,78]. Considering both men and
women in the same studies for miRNA screening might explain part of the differences
among the data. In addition, we have pooled studies involving Caucasian and Indian
populations. However, it is admitted that despite having lower body weight, Asian
populations are more likely than Caucasians to have T2DM and have specific nutritional
habits [79]. As a consequence, circulating miRNAs identified in caucasian T2DM
populations might not be relevant for Asian populations [40].

At last, it has been found that the majority of blood miRNAs is vesicle-free [80,81]. The
remaining are exported in extracellular vesicles (i.e. exosomes and microparticles) and it is
has recently been demonstrated that cells selectively export subsets of miRNAs in vesicles
[24]. Thus the global analysis of circulating miRNAs might result in a complex signature
that superimposed different miRNAs variations according to their mode of secretion. A
recent study demonstrated that the level of some specific exosomal proteins was positively
related to metabolic complications of obesity suggesting that concomitantly the level of
specific exosomal miRNAs might also variate [82]. Therefore we suggest that it would be
more appropriate to analyze each serum/plasma fractions independently (i.e. exosomes,
microparticles, HDL/LDL and vesicle-free miRNASs) to identify specific and relevant
miRNAs patterns that may be masked among the entire miRNA blood profile.

In order, to take into account that all these pre-analytical parameters may have affected the
identification of altered circulating miRNAs in the context of obesity and/or T2DM,
candidate miRNAs selected in this review are defined as those reported in at least 2 studies
with same direction of differential expression. Ten miRNAs altered in blood of patients
suffering from T2DM were identified (increased: miR-320a, miR-142-3p, miR-222,
miR-29a, miR-27a, miR-375; decreased: miR-197, miR-20b, miR-17, miR-652) and 7
miRNAs in blood of obese subjects were identified (increased: miR-142-3p, miR-140-5p,
miR-222; decreased: miR-21-5p, miR-221-3p, miR-125-5p, mir-103-5p). Both groups of
patients had elevated expression of circulating miR-142-3p and miR-222. MiR-142-3p was
recently reported as dysregulated in blood of T2DM in a meta-analysis pooling miRNA
studies on tissues, blood/serum both in human and animals [83]. At the tissue level,
functional analyses have shown that miR-142-3p inhibits cancer cell proliferation [84],
works as a tumor suppressor [85,86], enhances degranulation in mast cells [87], and is
involved in the regulation of circadian clock through the control of Bmall expression
[88,89].

Six miRNAs were differentially expressed both in newly diagnosed diabetic patients [44,46]
and long-term diabetic subjects [26,28,30,43,44] (/.e.; miR-142-3p, miR-222, miR-320a,
miR-197, miR-20b, miR-375) suggesting that their alterations is not related to metabolic
complications associated with T2DM (e.g.; advanced beta-cell failure) but are representative
of early events associated with the physiopathology of the disease. Among these 6 miRNAs,
5 (miR-142-3p, miR-222, miR-320a, miR-197, miR-20b) were differentially expressed both
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in Caucasian [28,30] and Asian population [26,44]. Differences in duration of diabetes
(newly diagnosed diabetic patients vs long-term diabetic subjects) might also explain
difference in expression of circulating miRNAs, because metabolic alterations may be
different in subjects with recent diabetes compared to subjects with advanced beta-cell
failure.

Dysregulated miRNAs identified in this study (Tables 1-3) are expressed in all tissues and
thus cannot reflect specific homeostasis alterations in a given insulin-sensitive tissue (e.g.;
liver, skeletal muscle adipose tissue). Computational predictions of target genes followed by
functional GO enrichment analysis indicated a relevant role of these miRNAs in modulating
the expression of genes involved in biological pathways that are well-known to be affected
both in obese/T2DM subjects (i.e. pancreatic secretion, brain functions, signaling pathways,
lipid and protein metabolism, circadian rhythm and cell cycle). This suggested that miRNAs
identified in this study can only be considered as indicators of onset/progression of these
metabolic diseases. Interestingly, functions such as ‘brain disorders’ and “heart alteration’
were targeted only by miRNAs altered in T2DM patients (Figure 3). Insulin resistance,
increased inflammation and impaired metabolism are key pathological features of both
neurodegenerative disorders (ND) and diabetes [90-95]. However, the precise mechanisms
involved in ND development in T2DM patients are not yet fully understood. It would be
interesting to determine whether decreased circulating level of miR-17-5p and miR-652-3p
could be correlated with furtur neurological alterations in T2DM patients. As shown on
Figure 3, miR-320a, miR-29a-3p and miR-126-3p target genes are predicted to be involved
in cardiac arrhythmia, dilated cardiomyopathy and heart hypertrophy. Reduced
concentrations of plasma miR-126 and increased levels of miR-320a have been
demonstrated as potential markers predicting diabetic vascular and myocardial
complications [26]. It now important to determine whether these results can be exploited for
miRNA-based therapeutic interventions of vascular complications associated with T2DM
[17].

A recent meta-analysis indicated that lifestyle intervention (e.g.; diet, exercise...) showed
significant benefit in risk factors that are known to be associated with development of
cardiovascular disease in patients with T2DM [96]. Therefore, we expected that these
interventions would have an impact on the circulating concentrations of miRNAs altered in
pre-diabetic and T2DM. In addition we also analyzed whether insulin sensitizing drug such
as metformin and bariatric surgery, known to restore metabolic functions, would also modify
the concentrations of circulating miRNAs. Interestingly, the levels of some altered blood
miRNAs in T2DM patients were restored by metformin treatment (miR-140-5p, miR-222)
or after bariatric surgery (miR-142-3p, miR-140-5p, miR- 21, miR-423-5p). In addition
physical activity has also an impact on the levels of relevant circulating miRNASs such as
miR-21, miR-126, miR-192, miR-193b and miR-221 in diabetic and/prediabetic patients.
These data suggest that circulating miRNA signature could also monitor response to
interventions.
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Conclusion

Although there is a lot of discrepancy among the 26 studies included in this meta-analysis,
we have identified 10 miRNAs altered in blood of patients suffering from T2DM and 7
miRNAs dysregulated in blood of obese subjects. It is now urgent to validate these miRNAs
in larger cohorts of patients taking into account all pre-analytical parameters that may
introduce variability in the data. Moreover, it is also important to clearly identify whether the
level of these miRNAs (either individually or in combination) might be use to validate the
effect of treatment or lifestyle interventions. A change in blood level after intervention
would strengthen their values as biomarkers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Flow diagram of study selection.
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KEGG pathways significantly enriched in target genes of the 7 miRNAs alteredin blood of

obese patients vs healthy lean subjects. Target gene prediction and predicted KEGG

pathways are from miRPath (26). MiR-221 did not significantly targeted a specific KEGG
pathways. In red, KEGG pathways down-regulated and targeted by up-regulated circulating
miRNAs; in green, KEGG pathways upregulated and targeted by downregulated miRNAs.
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KEGG pathways significantly enriched in target genes of 10 miRNAs altered in blood of
diabetic patients vs healthy subjects. Target gene predictions and predicted KEGG pathways

are from miRPath (26). In red, KEGG pathways down-regulated and targeted by up-

regulated circulating miRNAs; in green, KEGG pathways up-regulated and targeted by

down-regulated miRNAs.
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