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Abstract: The aim of the present investigation was to identify putative miRNAs involved in the
response to weight loss. Reverse-transcribed RNA isolated from white blood cells (WBCs) of a
subpopulation from the Reduction of the Metabolic Syndrome in Navarra-Spain (RESMENA-S) study
(low-responders (LR) and high-responders (HR)) was hybridized in a gene expression microarray.
Moreover, miRNAs were sequenced by miRNA-Seq. It was found that miR-548q and miR-1185-1
were overexpressed in HR, both in the microarray and in the miRNA-Seq. A bioinformatic prediction
of putative target genes of the selected miRNAs found that GSK3B, a putative target for miR-548q
and miR-1185-1, was downregulated in HR. Particular 3′-UTR binding regions of GSK3B were
cloned downstream of the firefly luciferase gene. HEK-293T cells were co-transfected with either
0.25 µg of empty pmiR-GLO or pmiR-GLO-548q-3′-UTR/pmiR-GLO-1185-1-3′-UTR, and 7.5 pmol of
miR-548q/miR-1185-1 mimics, demonstrating that miR-1185-1 bound to the 3′-UTR region of GSK3B.
THP-1 cells were transfected with either 20/40 nM of miR-548q/miR-1185-1 mimics, evidencing that
miR-1185-1inhibited the expression of the gene when transfected at doses of 20/40 nM, whereas
miR-548q inhibited GSK3B expression at a dose of 40 nM. As a conclusion, miR-548q and miR-1185-1
levels in WBCs are biomarkers of response to weight-loss diets and could be involved in the regulation
of the proinflammatory gene GSK3B.
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1. Introduction

The prevalence of obesity is increasing worldwide, as well as their accompanying comorbidities,
such as cardiovascular disease, type 2 diabetes, chronic kidney disease, nonalcoholic fatty liver
disease, and musculoskeletal disorders [1]. Obesity, insulin resistance and type 2 diabetes are
closely related to a chronic inflammatory state. White adipose tissue (WAT) in obese individuals
presents a higher infiltration of macrophages and an increased secretion of proinflammatory cytokines
than non-obese WAT, leading to greater macrophage recruitment that aggravates the inflammatory
response [2]. However, obesity status is complex and multifactorial, and lifestyle modifications
including dietary-induced weight loss and physical activity are not equally effective for every person.
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Therefore, continuous efforts are being made to develop personalized approaches based on nutrigenetic
and nutrigenomic data [3]. Consequently, novel biomarkers of prognosis or even of response to dietary
treatments to overcome obesity and its inflammatory state are urgently required.

In this context, microRNAs (miRNAs) are small single stranded noncoding RNA molecules,
approximately 18–25 nucleotides in length, that bind to the 3′-UTR region of target genes, regulating
their transcription and usually resulting in the degradation of mRNA or inhibition of the translation [4].
A single miRNA has different target genes, and one single gene transcript is regulated by several
miRNAs, generating an enormous cluster of miRNA-target gene regulatory pathways [5].

The enrolment of miRNAs in gene regulation highlights their impact on the control of metabolic
homeostasis and their implication in the development of obesity- and metabolic syndrome-related
comorbidities [6,7]. For example, miRNAs are involved in the control of adipogenesis, browning of
adipose tissue or inflammation [8–10], and have the capacity to modulate glucose and lipid metabolism
in the liver [11], glucose-stimulated insulin secretion [12], or leptin signaling in the hypothalamus [13].
On the other hand, there are several examples in which miRNAs are used as biomarkers or clinical
tools for diagnosis and prognosis of several diseases, including obesity and diabetes [14–17].

One of the areas where miRNA biomarkers could be helpful is in the prediction of the response
to a weight loss intervention [18]. Many miRNAs have been proposed as predictors of the response
to dietary interventions. For example, circulating miR-935 and miR-140 levels were described as
biomarkers of the magnitude of weight loss in an exercise and nutritional intervention [19]. Moreover,
our group has previously demonstrated that miRNAs expression in blood cells could be also used
as a prognostic biomarker of weight loss [20,21]. In this study, we aimed to search for miRNA-type
biomarkers capable of predicting the response to a specific dietary treatment, in an attempt to elucidate
their impact on the expression of target genes and their mechanism of action.

2. Experimental Section

A subsample from the RESMENA (Metabolic Syndrome Reduction in Navarra) nutritional
intervention trial was used in the present study. 96 metabolic syndrome adults underwent two
hypocaloric diet (−30% of energy restriction) interventions. As no differences were found either
in anthropometric or in biochemical variables between groups after the intervention, both dietary
groups were merged to increase the statistical power of the study. After the dietary intervention,
aiming to identify miRNA-type biomarkers implicated in the response to the weight-loss intervention,
participants were categorized into “high responders” (HR), when weight loss was ≥8%, and “low
responders” (LR) when weight loss was ≤8%, as previously published [21]. After categorization,
samples from both groups were randomly selected and were adjusted for sex, gender and weight prior
to microarray analysis.

Accordingly, miRNA-Seq samples were selected randomly and adjusted for sex, gender and weight.
Plasma concentrations of selected adipokines were analyzed with enzyme-linked immunosorbent

assay kits (ELISA) and measured by an autoanalyzer system (Triturus, Grifols SA, Barcelona, Spain),
following the manufacturer’s instructions.

The study was performed following the CONSORT 2010 guidelines and received approval from the
Ethics Committee of the University of Navarra (065/2009) and was registered at www.clinicaltrials.gov
(NTC01087086). All participants provided written informed consent for participation.

2.1. RNA Isolation and Reverse Transcription

Plasma, erythrocytes and white blood cells (WBCs) were separated from whole blood by
centrifugation at 1100 g at 4 ◦C for 15 min (Model 5804R, Eppendorf AG, Hamburg, Germany),
and were stored at −80 ◦C until analyses. Total RNA from WBCs was extracted using TRIzol
reagent (Life Technologies, Carlsbad, CA, USA) according to the manufacturer’s protocol. cDNA was
synthesized using 0.5 µg of total RNA from WBCs and the miScript HiFlex Buffer of miScript II RT
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Kit (Qiagen, Hilden, Germany), enabling detection of several miRNAs and mRNAs from the same
cDNA preparation.

2.2. Microarray Analyses and miRNA-Seq

Total RNA was extracted from WBC of 14 matched LR and 10 HR by using TRizol Reagent. 1 µg
of RNA from each sample was reverse-transcribed using the High Capacity Complementary DNA
reverse transcription kit (Life Technologies, Carlsbad, CA, USA) and was subsequently hybridized to
a HumanHT-12 v4 Expression BeadChip kit (Illumina Inc., San Diego, CA, USA) containing 31,000
annotated genes with more than 47,000 probes and scanned using the Illumina HiScan SQ platform.

Also, miRNAs from WBCs of 6 LR and 5 HR were sequenced using Illumina’s miRNA-Seq
following the standardized protocol. miRNA-Seq samples were selected randomly and adjusted for
sex, gender and weight. They consisted in samples analyzed in the microarray and also additional
volunteers from the Resmena study that were not included in the microarray, in order to widen the
sample and validate previous results. Limma package in R was used to analyse microarray and
miRNA-Seq data as published [22]. Expression data were preprocessed by background correction, log-2
transformation and quantile normalization. Corrections for multiple comparison were carried out by
using the Benjamini-Hochberg procedure in both techniques. Expression microarray data are available
in the ArrayExpress database (www.ebi.ac.uk/arrayexpress) under accession number E-MTAB-2604.
The GEO reference GSE139837 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE139837)
provides access to the miRNA-seq data.

2.3. Bioinformatic Study

To predict the target genes of the selected miRNAs, miRWalk 2.0 algorithms were applied.
The miRWalk 2.0 is a database which links to databases such as DIANA-microT, microRNA.org,
miRDB, RNA22, TargetMiner, and TargetScan, giving information of predicted and validated miRNA
target sites.

2.4. Luciferase Reporter Constructs

Expression vectors for each miRNA were constructed by cloning the particular 3′-UTR binding
region of the GSK3B gene provided by the bioinformatic prediction into the pmiR-GLO Dual-Luciferase
miRNA Target Expression Vector (Promega, Madison, WI, USA). Primers containing NheI and XbaI
restriction enzymes sites were used to amplify each specific GSK3B 3′-UTR binding region. PCR
products were purified and subsequently digested and cloned downstream of the firefly luciferase
(luc) gene after vector linearization. Primer sequences are shown in Table 1.

Table 1. Primer sequences used to amplify the 3′-UTR regions of GSK3B and amplicon lengths.

GSK3B-miR-548q-F 5′-TTAGCTAGCACAGTAGGTACCGGCCTGTA-3′ 668 bp
GSK3B-miR-548q -R 5′-TTATCTAGAGGTGGCACTCCGTGCAGT-3′

GSK3B-miR-1185-1-F 5′-TTTGCTAGCCCGATGGATCACTTGGGCCT-3′ 856 bp
GSK3B-miR-1185-1-R 5′-TTATCTAGAGGAGGTACAGCCCCACTGTT-3′

F: Forward. R: Reverse. Underlined: NheI and XbaI target sites.

2.5. Cell Culture

Human monocytes from the leukemia cell line THP-1 (for overexpression experiments) were
purchased from the ATCC (Manassas, VA, USA) and maintained in GIBCOTM RPMI-1640 Medium
supplemented with 10% fetal bovine serum (FBS) and 100 U/mL penicillin-streptomycin at 37 ◦C in a
5% carbon dioxide humidified atmosphere. Phorbol 12-myristate 13-atectate (TPA) (Sigma-Aldrich,
San Louis, MO, USA) was applied for 48 h at a final concentration of 50 ng/mL for differentiating
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monocytes into macrophage-like cells, and 100 ng/mL of lipopolysaccharide (LPS) (Invitrogen, Carlsbad,
CA, USA) was then applied for 24 h to activate macrophages.

HEK-293T cells (for luciferase-reporter assays) were purchased from the ATCC and maintained
in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% FBS and 100 U/mL
penicillin-streptomycin at 37 ◦C in a 5% carbon dioxide humidified atmosphere.

mirVana miRNA Mimic Transfections

For downregulation experiments, THP-1 cells were seeded at 250,000 cells/well in 24-well plates,
and differentiated into macrophage-like cells and further activated as explained in Cell Culture
subsection. Activated macrophages were transiently transfected with either 20 nM or 40 nM of
mirVana® miR-548q mimic, mirVana® miR-1185-1 mimic, or mirVana® miRNA mimic negative control
#1 (Applied Biosystems, Foster City, CA, USA) using 3 µL/well of Lipofectamine 2000 Transfection
Reagent (Applied Biosystems). To optimize transfection efficacy, the BLOCK-iT Alexa Fluor Red
Fluorescent Oligo control (Invitrogen) was transfected and fluorescence was measured 24 h post
transfection (excitation 540 nm, emission 590 nm). For negative controls, 6 wells were transfected
whereas 9 wells were assayed for miRNA mimics experiments.

2.6. Dual-Luciferase Reporter Assays

Subsequently, miRNA-target interactions were carried out in HEK-293T cells seeded at a density of
15,000 cells per well in 96-well plates. After 24 h, cells were transiently co-transfected with either 0.25 µg
of empty pmiR-GLO, pmiR-GLO-548q-3′-UTR, or pmiR-GLO-1185-1-3′-UTR, and 7.5 pmol of miR-548q
and miR-1185-1 mimics using 1.5 µL/well Lipofectamine 2000 (Invitrogen). Firefly luciferase activity
was normalized using Renilla luciferase activity 24 h after co-transfection with a Dual-Luciferase
Reporter Assay System (Promega). Determinations were carried out in three independent experiments,
each assayed in triplicate.

2.7. Quantitative Real-Time PCR

Total RNA from THP-1 cells was extracted 24 h after transfection following the TRIzol protocol.
A total of 50 ng of RNA were reverse-transcribed using miScript HiFlex Buffer of miScript II RT
Kit (Qiagen). Quantitative PCR (qPCR) was performed with the CFX384 Touch Real-Time PCR
Detection System (Bio-Rad, Hercules, CA, USA) using commercial Taqman probes for GSK3B (Applied
Biosystems) or miScript Primer Assays for miRNAs (Qiagen).

Then, mRNA and miRNA expressions were calculated with the 2−∆∆Ct method and normalized
using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and small nucleolar RNA, C/D box 68
(SNORD68) mature miRNA as housekeeping genes, respectively.

2.8. Statistical Analysis

Data from humans are presented as mean ± SD and data from cells are presented as mean ± SEM.
Differences between groups were calculated using two-tailed Student’s t- or ANOVA tests when
indicated. In this context, p-values less than 0.05 were defined as statistically significant. In the case
of expression microarray and Illumina’s miRNA-Seq, in order to select the best candidates to act
as predictive biomarkers, a p-value < 0.1 was considered relevant if miRNAs were found in both
platforms. Volcano figures were created by plotting the negative log of the p-value (y axis) and the
mean differences between groups for each variable (x axis). An effect size (ES) of ± 1% in the expression
differences and a 10xlog fold change (FC) of ± 1 in the miRNA-Seq were considered relevant. Statistical
analyses and graphics were performed using GraphPad Prism version 6.0C (GraphPad Software, Inc.,
La Jolla, CA, USA). Pearson’s correlations were fitted to evaluate the potential correlation of miRNA
expression with biochemical variables.
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3. Results

3.1. Dietary Intervention

A total of 96 metabolic syndrome adults were enrolled in the RESMENA (Metabolic Syndrome
Reduction in Navarra) nutritional intervention trial, where subjects followed two hypocaloric diets
(−30% of energy restriction). After the dietary intervention, in order to increase the statistical power of
the study, both dietary groups were merged as no differences were found either in anthropometric or in
biochemical variables between groups. Aiming to identify miRNA-type biomarkers implicated in the
response to the weight-loss intervention, participants were categorized into “High Responders” (HR),
when weight loss was >8%, and “Low Responders” (LR) when weight loss was <8%, as previously
published. In the present study, a subsample of the RESMENA cohort was used for the massive
sequencing studies.

3.2. miR-548q and miR-1185-1 Are Overexpressed in High Responders to the Weight Loss Intervention

When combining the results from the same subjects in both platforms (expression microarray and
miRNA-Seq), only two miRNAs (miR-548q and miR-1185-1) showed statistically significant differences
between HR and LR subjects, with both miRNAs being overexpressed in HR (Figure 1).
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Figure 1. miR-548q and miR-1185-1 identification in the expression array and in the miRNA-Seq.
Volcano plots of miRNAs differentially expressed between HR and LR in both the expression microarray
(A) and in the miRNA-Seq (B), respectively. p < 0.1 and ES > 1% or 10× log FC > 1. (Expression
Microarray n = 14 LR vs. 10 HR; miRN A-Seq n = 6 LR vs. 5 HR).

In particular, miR-548q showed an ES = 1.29% in the expression array (p = 0.075), and a 10× log
FC = 2.22 in the miRNA-Seq (p = 0.053). In contrast, miR-1185-1 showed an ES = 7.46% in the expression
array (p = 0.028), and a 10× log FC = 2.60 in the miRNA-Seq (p = 0.052) as illustrated (Figure 2b,c).
Interestingly, miR-1185-1 microarray expression levels were negatively correlated with serum levels of
IL-6 (r = −0.44; p = 0.033; data not shown).

These differences were not significant after corrections for multiple comparisons. Nonetheless,
as these miRNAs were nominally significant in both the expression array and in the miRNA-Seq,
they were selected for target gene predictions with the aim of finding feasible candidates for further
evaluation, considering that these experimental approaches were performed with small samples.
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Figure 2. GSK3B is a putative target gene of miR-548q and miR-1185-1. (a) Microarray expression
levels of miR-548q and miR-1185-1 in HR and LR to the weight loss intervention. with a line.
(b) miRNA-Seq expression levels of miR-548q and miR-1185-1 in HR and LR to the weight loss
intervention. (c) Bioinformatics predictions of miRWalk 2.0 for selected miRNAs. GSK3B appeared in 7
data bases from a total of 11. Databases which predicted GSK3B as a putative target gene of selected
miRNAs appear connected (d) Validation of GSK3B expression profile in HR and LR WBCs by qPCR in
the microarray subjects. * p < 0.05; t < 0.1 from a two-tailed Student’s t test. (Expression Microarray
n = 14 LR vs. 10 HR; miRNA-Seq n = 6 LR vs. 5 HR; qPCR n = 14 LR vs. 10 HR).

3.3. GSK3B Is a Putative Target Gene for miR-548q and miR-1185-1

We applied bioinformatics algorithms to screen for genes that are putative targets of the selected
miRNAs. We included results from all databases linked by miRWalk 2.0 (http://zmf.umm.uni-
heidelberg.de/apps/zmf/mirwalk2) and selected only those genes that appeared at least in 6 out of 11
databases. Then, the results were filtered by focusing on obesity-related genes. Finally, we noted that
GSK3B could be a target gene for both miR-548q and miR-1185-1 (Figure 2a). According to TargetScan,
the GSK3B mRNA 3′-UTR contains one sequence motif complementary to miR-548q and two binding
sites complementary to the miR-1185-1 sequence (Figure 3a).
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Figure 3. miR-1185-1 binds to the 3′-UTR of GSK3B. (a) Location of the predicted target sites for
miR-548q and miR-1185-1 in the 3′-UTR of GSK3B. (b) Dual-Luciferase miRNA Target Expression
Vector used to create the 3′-UTR expression vectors cloning the PCR product into the multiple cloning
site (MCS). (c) Luciferase activity assay of pmiR-GLO-548q-3′-UTR and pmiR-GLO-1185-3′-UTR after
co-transfection with either miR-548q or miR-1185-1 mimics. Normalized luciferase activity is presented
as the mean ± SEM of three separate triplicate experiments. *** p < 0.001 from an ANOVA test.

Interestingly, GSK3B mRNA levels in WBC were significantly lower (p = 0.014) in HR than in LR
when the microarray subjects were measured by qPCR (Figure 2d), suggesting a possible regulation of
these miRNAs on GSK3B expression.

3.4. miR-1185-1 Binds to the 3′-UTR of GSK3B

To determine if GSK3B is regulated by the binding of miR-548q and miR-1185-1 to their specific
binding sites, each predicted sequence was cloned immediately downstream of the luciferase reporter
gene in two different expression vectors (pmiR-GLO-548q-3′-UTR and pmiR-GLO-1185-1-3′-UTR)
(Figure 3a,b). Cells co-transfected with pmiR-GLO-1185-1-3′-UTR vector and miR-1185 mimic
showed lower levels of firefly/Renilla activity (p < 0.001) than controls transfected only with
the pmiR-GLO-1185-1-3′-UTR vector (Figure 3c), suggesting that GSK3B is a target gene of
miR-1185-1. However, firely/Renilla activity was not different between cells transfected only with the
pmiR-GLO-548q-3′-UTR vector and cells co-transfected with the pmiR-GLO-548q-3′-UTR vector and
the miR-548q mimic (Figure 3c).

3.5. miR-548q and miR-1185-1 Decrease the Endogenous GSK3B mRNA Levels

To ascertain if miR-548q and miR-1185 regulate GSK3B by affecting its endogenous mRNA levels,
miR-548q and miR-1185-1 mimics or control were introduced into THP-1 macrophage-like cells at
two different doses (20 nM and 40 nM). Next, the levels of GSK3B mRNA were determined by qPCR.
GSK3B mRNA levels were reduced in miR-548q and miR-1185-1 transfected cells at the higher dose
of 40 nM (p = 0.007 and p < 0.001; respectively) and in cells transfected with miR-1185-1 at a dose of
20 nM (p = 0.02) (Figure 4).
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the mean ± SEM of two different duplicate measurements divided in 5 wells. *** p < 0.001 from a
two-tailed Student’s t test. (c,d) Efficiency of miRNA mimic transfections measuring miR-548q and
miR-1185-1 levels by qPCR. (e,f) Downregulation of GSK3B mRNA 24h after miR-548q and miR-1185-1
mimic transfection into TPH-1 cells at different doses (20 nM and 40 nM). Data are presented as the
mean ± SEM of n = 6 (Negative control) and n = 9 (mimic transfection) observations. * p < 0.05;
** p < 0.01; *** p < 0.001 from a two-tailed Student’s t test.
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Altogether, these results indicate that miR-548q and miR-1185-1 are able to reduce and eventually
modulate the mRNA levels of GSK3B.

4. Discussion

In the present study, we used different miRNAomic approaches and we identified two putative
miRNAs that could distinguish the level of response to a specific weight loss dietary treatment.
Considering that about 70% of the human genome is transcribed but only up to 2% is translated
to proteins, transcriptomics has become an emerging alternative in the search for biomarkers for
personalizing diagnosis, prognosis and treatment of diseases. Recent advances in the RNA-seq
workflow have enabled new biomarkers to be elucidated with no prior known association with different
physiological and pathological conditions [23]. Thus, next-generation sequencing (miRNA-seq) is
the platform of choice for the discovery of new potential biomarkers of disease diagnosis, prognosis
and therapy [24]. In this context, circulating and exosomal miRNAs have been proposed as useful in
the diagnosisof diverse diseases including cancer, nervous system disorders, cardiovascular disease,
diabetes and other metabolic conditions [25].

One of the best known manifestations of obesity is the alteration of adipose tissue metabolism
that leads to a chronic inflammatory state characterized by the infiltration of macrophages and the
secretion of proinflammatory cytokines that aggravate the process [26]. These inflammatory mediators
secreted by the adipose tissue can trigger different metabolic abnormalities, impairing insulin signaling
and inducing oxidative stress, leading to systemic insulin resistance and cardiovascular disease [27].
Similarly, the dysregulation of macrophage signaling can impair insulin sensitivity [28]. Likewise,
hypothalamic inflammation may cause hyperphagia [29], increasing the chronic excess of nutrient
intake and thus metabolic dysfunction.

Several miRNAs have been implicated in different inflammatory processes and have shown to
play important roles in regulating the development and function of macrophages in the context of
obesity [30]. For example, miR-21 has an essential role as a negative modulator of inflammation. In vitro
overexpression studies in macrophages show that miR-21 reduces the secretion of IL-6 and increases
IL-10 levels, implying an anti- inflammatory effect [31]. Another miRNA with anti-inflammatory
properties is miR-24, which inhibits the production of proinflammatory cytokines in LPS-stimulated
macrophages [32]. miR-124, miR-145, miR-146, miR-149, miR-155, or the miR-181 family are other
miRNAs that may act as negative regulators in inflammation [33]. However, this is the first time that
miR-548q and miR-1185-1 have been related to inflammation or body weight regulation.

Regarding inflammation, glycogen synthase kinase-3 (GSK3) has emerged as an important
regulator of the process. GSK3 is a multitasking serine/threonine kinase that has over 50 substrates [34].
Initially GSK3 was thought to be only related to the metabolism of glycogen. However, interest in
this kinase began growing when it was reported that GSK3 is a key member of the insulin and Wnt
signaling pathways, and is involved in inflammatory responses [34]. GSK3 enhances the expression of
genes activated by NF-κB [35]. For example, IL-6 and MCP-1 require GSK3B (an isoform of GSK3) for
efficient expression [35]. The proinflammatory role of GSK3 and the importance of its inhibitors is
clear since GSK3 promotes the expression of proinflammatory cytokines such as IL-1β, IL-6 or TNF-α
among others [36]. Interestingly, we found a negative correlation between microarray expression levels
of miR-1185-1 and serum levels of IL-6 (r = −0.44; p = 0.033), suggesting that the regulation of GSK3B
by miR-1185-1 may imply a reduction in inflammatory status.

On the other hand, mice receiving LPS showed decreased levels of proinflammatory cytokines,
such as TNF-α, IL6, IL-1β or MCP-1, after the administration of a GSK3 inhibitor [37]. Consequently,
inhibitors of GSK3 seem to provide strong therapeutic protection against inflammation and many
prevalent associated diseases, such as diabetes or obesity. In obese mice, Gsk3 activity is increased in
adipose tissue, and its inhibition prevents adipocyte differentiation [38,39]. In a recent study, Wang et al.
demonstrated that GSK3 is essential to adipocyte differentiation and that the obesity-induced increase
of Sfrp1 expression can be reversed by GSK3 inhibitors [40], further supporting the notion that GSK3 is
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involved in obesity. Regarding body weight, a double knockdown of both Gsk3a and Gsk3b led to a
decrease in body weight [41], whereas an overexpression of human GSK3B in mice skeletal muscle
resulted in impaired glucose tolerance, hyperlipidemia and an increase in fat mass and body weight
gain [42]. Moreover, when inhibiting Gsk3b activity, diet-induced obese mice significantly improved
obesity symptoms, such as body weight gain, increased adiposity, dyslipidemia, and hepatic steatosis,
due to the marked reduction of whole-body lipid content [43].

Applying different high-throughput technologies, here we found two miRNAs that interact with
GSK3B. Our results show that both miR-548q and miR-1185-1 regulate GSK3B mRNA levels in a
dose-dependent manner. At least for miR-1185-1, this occurred by direct binding to the associated
3′-UTR region. The regulation of miR-548q over GSK3B could occur in an indirect manner. Thus, it is
important to highlight that miRNAs could also regulate epigenetic machinery and may be involved in
an indirect epigenetic regulation. In this context, epi-miRNAs are defined as those miRNAs whose
targets are, in a direct or indirect way, effectors of the epigenetic machinery. For instance, miRNAs can
affect histone methyltransferases that disturb methylation of histones or DNA [44]. On the other hand,
miR-548q could target the expression of some GSK3B enhancers or transcription factors, resulting in an
ultimate reduction of GSK3B mRNA levels.

Although not in inflammation, GSK3B has been previously reported to interact with miRNAs in
neoplasia and several types of cancer. In gastric tumors, miR-92, miR-182 and miR-183 expressions
were increased in Gsk3b knockout mice [45]. In hepatocellular carcinoma, GSK3B increases miR-122
levels [46] and activates miR-181 expression [47].

To date, this is the first study to identify miR-1185-1 and miR-548q as biomarkers of weight loss
that are able to predict the level of response to a dietary intervention, given their involvement in energy
homeostasis. Moreover, we have demonstrated that these miRNAs are involved in the regulation of
GKS3B, suggesting a role of these miRNAs in inflammation and body weight control. Furthermore, this
result suggests that GKS3B could be an important mediator of weight control, and that its expression
could also early differentiate between patients that are going to respond well to the dietary treatment
of obesity. In summary, those patients with low expression of this gene in WBCs respond poorly to the
hypocaloric dietary intervention.

This article is not devoid of limitations. First, the sample size used in both microarray and
miRNA-seq was relatively low. Second, differences in miRNA expression between HR and LR were
not significant after multiple comparisons, although we selected miRNAs that were differentially
expressed in both techniques. Third, we cannot conclude if the changes in the expression of miR-548q
and miR-1185-1 are a cause or a consequence of the obese state of the participants. Fourth, we could
not conclude that the effects of the studied miRNAs over GSK3B are direct or indirect. Further studies,
such as point mutations of the seed sequence, are needed to overcome this limitation. Lastly, another
limitation of the present study was that, although we essayed to complete our silencing miRNA-mimic
mRNA results, we were not able to measure protein levels after gene silencing. In any case, considering
that it would be interesting to quantify protein levels, it is important to remark that there are different
posttranscriptional regulatory mechanisms that can affect protein levels, and that a gene’s mRNA level
does not often predict protein levels. Indeed, it has been reported that mRNA levels explain only
around 40% of the variability in protein levels [48]. However, with the construction of expression
vectors and with the transfection of miRNA-mimics instead of antimiRs, we performed two important
experiments that strongly support the hypothesis that miR-548q and miR-1185-1 bind to GSK3B.

On the other hand, the study presents strengths that are important to highlight. Two different
miRNAomic technologies were applied to search for differentially expressed miRNAs. Moreover,
in vitro experiments complemented results from WBCs. Co-transfection experiments were performed
using different expression target vectors encoding the 3′-UTR of GSK3B gene, with this strategy being
one of the most accurate to validate the binding of miRNAs over target genes. These experiments were
verified by overexpression studies with specific miRNA mimics.
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The present article identified two miRNAs that are implicated in the regulation of one important
inflammatory gene. miR-548q and miR-1185-1 were overexpressed in individuals that responded
better to a weight loss intervention, and the mRNA expression of their target gene GSK3B was
downregulated. This occurred through the direct binding of miR-1185-1 to the 3′-UTR of GSK3B and
by indirect regulation of miR-548q. The fact that GSK3B is implicated in many inflammatory events,
and considering that IL-6 levels in blood are negatively correlated with miR-1185-1, indicates that these
miRNAs could have a key role in the progression of obesity-induced inflammation, and that this gene
could be an important target in the battle against obesity related complications.

Author Contributions: Authors contributions were the followings: M.G.-L.: Conceptualization, Investigation;
Methodolgy, Formal analysis; Writing original draft-review and editing of the manuscript. M.L.M.: Formal
analysis; Methodology. M.A.Z.: Formal analysis; Methodology. J.A.M.: Conceptualization, Funding acquisition;
Project administration, Supervision, review and editing of manuscript. F.I.M.: Conceptualization, Formal analysis,
Project administration, Supervision, Writing original draft-review and editing of the manuscript.

Funding: This work was supported by MINECO, Spanish Government of Economy and Competitiveness
(Nutrigenio project: AGL2013-45554-R) and CIBERobn. M.G.L holds a grant from Center for Nutrition Research
of the University of Navarra.

Acknowledgments: We want to acknowledge Elizabeth Guruceaga and Jose Ignacio Riezu for their contribution
for the microarray and miRNA-Seq preliminary analyses. Paul William Miller, lecturer in the Institute of Modern
Languages of the University of Navarra, is acknowledged for his help in reviewing the English of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Afshin, A.; Forouzanfar, M.H.; Reitsma, M.B.; Sur, P.; Estep, K.; Lee, A.; Marczak, L.; Mokdad, A.H.;
Moradi-Lakeh, M.; Naghavi, M.; et al. Health Effects of Overweight and Obesity in 195 Countries over 25
Years. N. Engl. J. Med. 2017, 377, 13–27. [PubMed]

2. Hotamisligil, G.S. Inflammation and metabolic disorders. Nature 2006, 444, 860–867. [CrossRef] [PubMed]
3. Goni, L.; Cuervo, M.; Milagro, F.I.; Martinez, J.A. Future Perspectives of Personalized Weight Loss

Interventions Based on Nutrigenetic, Epigenetic, and Metagenomic Data. J. Nutr. 2016, 905S–912S.
[CrossRef] [PubMed]

4. Filipowicz, W.; Bhattacharyya, S.N.; Sonenberg, N. Mechanisms of post-transcriptional regulation by
microRNAs: Are the answers in sight? Nat. Rev. Genet. 2008, 9, 102–114. [CrossRef] [PubMed]

5. Ross, S.A.; Davis, C.D. The emerging role of microRNAs and nutrition in modulating health and disease.
Annu. Rev. Nutr. 2014, 34, 305–336. [CrossRef]

6. Pomatto, M.A.C.; Gai, C.; Deregibus, M.C.; Tetta, C.; Camussi, G. Noncoding RNAs Carried by Extracellular
Vesicles in Endocrine Diseases. Int. J. Endocrinol. 2018, 2018, 1–18. [CrossRef]

7. Houshmand-Oeregaard, A.; Schrolkamp, M.; Kelstrup, L.; Hansen, N.S.; Hjort, L.; Thuesen, A.C.B.;
Broholm, C.; Mathiesen, E.R.; Clausen, T.D.; Vaag, A.; et al. Increased expression of microRNA-15a and
microRNA-15b in skeletal muscle from adult offspring of women with diabetes in pregnancy. Hum. Mol. Genet.
2018, 27, 1763–1771. [CrossRef]

8. Marques-Rocha, J.L.; Samblas, M.; Milagro, F.I.; Bressan, J.; Martinez, J.A.; Marti, A. Noncoding RNAs,
cytokines, and inflammation-related diseases. Faseb. J. 2015, 29, 3595–3611. [CrossRef]

9. Yu, J.; Lv, Y.; Di, W.; Liu, J.; Kong, X.; Sheng, Y.; Huang, M.; Lv, S.; Qi, H.; Gao, M.; et al. MiR-27b-3p
Regulation in Browning of Human Visceral Adipose Related to Central Obesity. Obesity 2018, 26, 387–396.
[CrossRef]

10. Zhang, X.M.; Wang, L.H.; Su, D.J.; Zhu, D.; Li, Q.M.; Chi, M.H. MicroRNA-29b promotes the adipogenic
differentiation of human adipose tissue-derived stromal cells. Obesity 2016, 24, 1097–1105. [CrossRef]

11. Liu, W.; Cao, H.; Ye, C.; Chang, C.; Lu, M.; Jing, Y.; Zhang, D.; Yao, X.; Duan, Z.; Xia, H.; et al. Hepatic miR-378
targets p110alpha and controls glucose and lipid homeostasis by modulating hepatic insulin signalling.
Nat. Commun. 2014, 5, 5684–5697. [CrossRef] [PubMed]

12. Hou, X.; Wu, W.; Yin, B.; Liu, X.; Ren, F. MicroRNA-463-3p/ABCG4: A new axis in glucose-stimulated insulin
secretion. Obesity 2016, 24, 2368–2376. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/28604169
http://dx.doi.org/10.1038/nature05485
http://www.ncbi.nlm.nih.gov/pubmed/17167474
http://dx.doi.org/10.3945/jn.115.218354
http://www.ncbi.nlm.nih.gov/pubmed/26962191
http://dx.doi.org/10.1038/nrg2290
http://www.ncbi.nlm.nih.gov/pubmed/18197166
http://dx.doi.org/10.1146/annurev-nutr-071813-105729
http://dx.doi.org/10.1155/2018/4302096
http://dx.doi.org/10.1093/hmg/ddy085
http://dx.doi.org/10.1096/fj.14-260323
http://dx.doi.org/10.1002/oby.22104
http://dx.doi.org/10.1002/oby.21467
http://dx.doi.org/10.1038/ncomms6684
http://www.ncbi.nlm.nih.gov/pubmed/25471065
http://dx.doi.org/10.1002/oby.21655
http://www.ncbi.nlm.nih.gov/pubmed/27664094


Cells 2019, 8, 1548 12 of 13

13. Derghal, A.; Djelloul, M.; Airault, C.; Pierre, C.; Dallaporta, M.; Troadec, J.D.; Tillement, V.; Tardivel, C.;
Bariohay, B.; Trouslard, J.; et al. Leptin is required for hypothalamic regulation of miRNAs targeting POMC
3’UTR. Front. Cell Neurosci. 2015, 9, 172–193. [CrossRef] [PubMed]

14. Pescador, N.; Perez-Barba, M.; Ibarra, J.M.; Corbaton, A.; Martinez-Larrad, M.T.; Serrano-Rios, M. Serum
circulating microRNA profiling for identification of potential type 2 diabetes and obesity biomarkers.
PLoS ONE 2013, 8, e77251. [CrossRef] [PubMed]

15. Jones, A.; Danielson, K.M.; Benton, M.C.; Ziegler, O.; Shah, R.; Stubbs, R.S.; Das, S.; Macartney-Coxson, D.
miRNA Signatures of Insulin Resistance in Obesity. Obesity 2017, 25, 1734–1744. [CrossRef]

16. Liu, J.; Xiao, Y.; Wu, X.; Jiang, L.; Yang, S.; Ding, Z.; Fang, Z.; Hua, H.; Kirby, M.S.; Shou, J. A circulating
microRNA signature as noninvasive diagnostic and prognostic biomarkers for nonalcoholic steatohepatitis.
BMC Genom. 2018, 19, 188–209. [CrossRef] [PubMed]

17. Chatterjee, P.; Roy, D.; Bhattacharyya, M.; Bandyopadhyay, S. Biological networks in Parkinson’s disease:
An insight into the epigenetic mechanisms associated with this disease. BMC Genom. 2017, 18, 721–751.
[CrossRef]

18. Landrier, J.F.; Derghal, A.; Mounien, L. MicroRNAs in Obesity and Related Metabolic Disorders. Cells 2019,
8, 859. [CrossRef]

19. Parr, E.B.; Camera, D.M.; Burke, L.M.; Phillips, S.M.; Coffey, V.G.; Hawley, J.A. Circulating MicroRNA
Responses between ‘High’ and ‘Low’ Responders to a 16-Wk Diet and Exercise Weight Loss Intervention.
PLoS ONE 2016, 11, e0152545. [CrossRef]

20. Milagro, F.I.; Miranda, J.; Portillo, M.P.; Fernandez-Quintela, A.; Campión, J.; Martínez, J.A. High-Throughput
Sequencing of microRNAs in Peripheral Blood Mononuclear Cells: Identification of Potential Weight Loss
Biomarkers. PLoS ONE 2013, 8, e54319. [CrossRef]

21. Garcia-Lacarte, M.; Martinez, J.A.; Zulet, M.A.; Milagro, F.I. Implication of miR-612 and miR-1976 in the
regulation of TP53 and CD40 and their relationship in the response to specific weight-loss diets. PLoS ONE
2018, 13, e0201217. [CrossRef] [PubMed]

22. Ritchie, M.E.; Phipson, B.; Wu, D.; Hu, Y.; Law, C.W.; Shi, W.; Smyth, G.K. limma powers differential
expression analyses for RNA-sequencing and microarray studies. Nucleic. Acids. Res. 2015, 43, e47.
[CrossRef] [PubMed]

23. Kukurba, K.R.; Montgomery, S.B. RNA Sequencing and Analysis. Cold Spring Harb. Protoc. 2015, 2015, 951–969.
[CrossRef] [PubMed]

24. Gong, J.; Wu, Y.; Zhang, X.; Liao, Y.; Sibanda, V.L.; Liu, W.; Guo, A.-Y. Comprehensive analysis of human
small RNA sequencing data provides insights into expression profiles and miRNA editing. Rna. Biol. 2014,
11, 1375–1385. [CrossRef]

25. Wang, J.; Chen, J.; Sen, S. MicroRNA as Biomarkers and Diagnostics. J. Cell Physiol. 2016, 231, 25–30.
[CrossRef]

26. Weisberg, S.P.; McCann, D.; Desai, M.; Rosenbaum, M.; Leibel, R.L.; Ferrante, A.W. Obesity is associated
with macrophage accumulation in adipose tissue. J. Clin. Investig. 2003, 112, 1796–1808. [CrossRef]

27. Maury, E.; Brichard, S.M. Adipokine dysregulation, adipose tissue inflammation and metabolic syndrome.
Mol. Cell Endocrinol. 2010, 314, 1–16. [CrossRef]

28. Varma, V.; Yao-Borengasser, A.; Rasouli, N.; Nolen, G.T.; Phanavanh, B.; Starks, T.; Gurley, C.; Simpson, P.;
McGehee, R.E., Jr.; Kern, P.A.; et al. Muscle inflammatory response and insulin resistance: Synergistic
interaction between macrophages and fatty acids leads to impaired insulin action. Am. J. Physiol.
Endocrinol. Metab. 2009, 296, E1300–E1310. [CrossRef]

29. Wang, X.; Ge, A.; Cheng, M.; Guo, F.; Zhao, M.; Zhou, X.; Liu, L.; Yang, N. Increased hypothalamic
inflammation associated with the susceptibility to obesity in rats exposed to high-fat diet. Exp. Diabetes Res.
2012, 2012, 847246–847254. [CrossRef]

30. Chang, R.C.; Ying, W.; Bazer, F.W.; Zhou, B. MicroRNAs Control Macrophage Formation and Activation: The
Inflammatory Link between Obesity and Cardiovascular Diseases. Cells 2014, 3, 702–712. [CrossRef]

31. Feng, J.; Li, A.; Deng, J.; Yang, Y.; Dang, L.; Ye, Y.; Li, Y.; Zhang, W. miR-21 attenuates
lipopolysaccharide-induced lipid accumulation and inflammatory response: Potential role in cerebrovascular
disease. Lipids Health Dis. 2014, 13, 27–45. [CrossRef] [PubMed]

32. Fordham, J.B.; Naqvi, A.R.; Nares, S. miR-24 Regulates Macrophage Polarization and Plasticity. J. Clin.
Cell Immunol. 2015, 6, 362–381. [PubMed]

http://dx.doi.org/10.3389/fncel.2015.00172
http://www.ncbi.nlm.nih.gov/pubmed/25999818
http://dx.doi.org/10.1371/journal.pone.0077251
http://www.ncbi.nlm.nih.gov/pubmed/24204780
http://dx.doi.org/10.1002/oby.21950
http://dx.doi.org/10.1186/s12864-018-4575-3
http://www.ncbi.nlm.nih.gov/pubmed/29523084
http://dx.doi.org/10.1186/s12864-017-4098-3
http://dx.doi.org/10.3390/cells8080859
http://dx.doi.org/10.1371/journal.pone.0152545
http://dx.doi.org/10.1371/journal.pone.0054319
http://dx.doi.org/10.1371/journal.pone.0201217
http://www.ncbi.nlm.nih.gov/pubmed/30089130
http://dx.doi.org/10.1093/nar/gkv007
http://www.ncbi.nlm.nih.gov/pubmed/25605792
http://dx.doi.org/10.1101/pdb.top084970
http://www.ncbi.nlm.nih.gov/pubmed/25870306
http://dx.doi.org/10.1080/15476286.2014.996465
http://dx.doi.org/10.1002/jcp.25056
http://dx.doi.org/10.1172/JCI200319246
http://dx.doi.org/10.1016/j.mce.2009.07.031
http://dx.doi.org/10.1152/ajpendo.90885.2008
http://dx.doi.org/10.1155/2012/847246
http://dx.doi.org/10.3390/cells3030702
http://dx.doi.org/10.1186/1476-511X-13-27
http://www.ncbi.nlm.nih.gov/pubmed/24502419
http://www.ncbi.nlm.nih.gov/pubmed/26807309


Cells 2019, 8, 1548 13 of 13

33. Tahamtan, A.; Teymoori-Rad, M.; Nakstad, B.; Salimi, V. Anti-Inflammatory MicroRNAs and Their Potential
for Inflammatory Diseases Treatment. Front. Immunol. 2018, 9, 1377–1415. [CrossRef] [PubMed]

34. Jope, R.S.; Yuskaitis, C.J.; Beurel, E. Glycogen Synthase Kinase-3 (GSK3): Inflammation, Diseases, and
Therapeutics. Neurochem. Res. 2007, 32, 577–595. [CrossRef]

35. Steinbrecher, K.A.; Wilson, W., 3rd; Cogswell, P.C.; Baldwin, A.S. Glycogen synthase kinase 3beta functions
to specify gene-specific, NF-kappaB-dependent transcription. Mol. Cell. Biol. 2005, 25, 8444–8455. [CrossRef]

36. Beurel, E. Regulation by Glycogen Synthase Kinase-3 of Inflammation and T Cells in CNS Diseases.
Front. Mol. Neurosci. 2011, 4, 18–42. [CrossRef]

37. Martin, M.; Rehani, K.; Jope, R.S.; Michalek, S.M. Toll-like receptor-mediated cytokine production is
differentially regulated by glycogen synthase kinase 3. Nat. Immunol. 2005, 6, 777–784. [CrossRef]

38. Eldar-Finkelman, H.; Schreyer, S.A.; Shinohara, M.M.; LeBoeuf, R.C.; Krebs, E.G. Increased glycogen synthase
kinase-3 activity in diabetes- and obesity-prone C57BL/6J mice. Diabetes 1999, 48, 1662–1666. [CrossRef]

39. Bennett, C.N.; Ross, S.E.; Longo, K.A.; Bajnok, L.; Hemati, N.; Johnson, K.W.; Harrison, S.D.; MacDougald, O.A.
Regulation of Wnt signaling during adipogenesis. J. Biol. Chem. 2002, 277, 30998–31004. [CrossRef]

40. Wang, L.; Wang, Y.; Meng, Y.; Zhang, C.; Di, L. GSK3-activated STAT5 regulates expression of SFRPs to
modulate adipogenesis. Faseb. J. 2018, 32, 4714–4726. [CrossRef]

41. Patricia, S.-B.; Wolfgang, W.; Ralf, K. Simultaneous Cre-mediated conditional knockdown of two genes in
mice. Genesis 2008, 46, 144–151.

42. Pearce, N.J.; Arch, J.R.S.; Clapham, J.C.; Coghlan, M.P.; Corcoran, S.L.; Lister, C.A.; Llano, A.; Moore, G.B.;
Murphy, G.J.; Smith, S.A.; et al. Development of glucose intolerance in male transgenic mice overexpressing
human glycogen synthase kinase-3β on a muscle-specific promoter. Metabolism 2004, 53, 1322–1330.
[CrossRef] [PubMed]

43. Lee, S.; Yang, W.K.; Song, J.H.; Ra, Y.M.; Jeong, J.-H.; Choe, W.; Kang, I.; Kim, S.-S.; Ha, J. Anti-obesity
effects of 3-hydroxychromone derivative, a novel small-molecule inhibitor of glycogen synthase kinase-3.
Biochem. Pharm. 2013, 85, 965–976. [CrossRef] [PubMed]

44. Moutinho, C.; Esteller, M. Chapter Seven-MicroRNAs and Epigenetics. In Advances in Cancer Research;
Croce, C.M., Fisher, P.B., Eds.; Academic Press: Cambridge, MA, USA, 2017; Volume 135, pp. 189–220.

45. Tang, X.; Zheng, D.; Hu, P.; Zeng, Z.; Li, M.; Tucker, L.; Monahan, R.; Resnick, M.B.; Liu, M.; Ramratnam, B.
Glycogen synthase kinase 3 beta inhibits microRNA-183-96-182 cluster via the β-Catenin/TCF/LEF-1 pathway
in gastric cancer cells. Nucleic. Acids Res. 2014, 42, 2988–2998. [CrossRef] [PubMed]

46. Zeng, C.; Wang, R.; Li, D.; Lin, X.J.; Wei, Q.K.; Yuan, Y.; Wang, Q.; Chen, W.; Zhuang, S.M. A novel GSK-3
beta-C/EBP alpha-miR-122-insulin-like growth factor 1 receptor regulatory circuitry in human hepatocellular
carcinoma. Hepatology 2010, 52, 1702–1712. [CrossRef]

47. Ji, J.; Yamashita, T.; Wang, X.W. Wnt/beta-catenin signaling activates microRNA-181 expression in
hepatocellular carcinoma. Cell Biosci. 2011, 1, 4–15. [CrossRef]

48. Schwanhausser, B.; Busse, D.; Li, N.; Dittmar, G.; Schuchhardt, J.; Wolf, J.; Chen, W.; Selbach, M. Global
quantification of mammalian gene expression control. Nature 2011, 473, 337–342. [CrossRef]

Sample Availability: The datasets generated during and/or analysed during the current study are available from
the corresponding author on reasonable request.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3389/fimmu.2018.01377
http://www.ncbi.nlm.nih.gov/pubmed/29988529
http://dx.doi.org/10.1007/s11064-006-9128-5
http://dx.doi.org/10.1128/MCB.25.19.8444-8455.2005
http://dx.doi.org/10.3389/fnmol.2011.00018
http://dx.doi.org/10.1038/ni1221
http://dx.doi.org/10.2337/diabetes.48.8.1662
http://dx.doi.org/10.1074/jbc.M204527200
http://dx.doi.org/10.1096/fj.201701314R
http://dx.doi.org/10.1016/j.metabol.2004.05.008
http://www.ncbi.nlm.nih.gov/pubmed/15375789
http://dx.doi.org/10.1016/j.bcp.2012.12.023
http://www.ncbi.nlm.nih.gov/pubmed/23337568
http://dx.doi.org/10.1093/nar/gkt1275
http://www.ncbi.nlm.nih.gov/pubmed/24335145
http://dx.doi.org/10.1002/hep.23875
http://dx.doi.org/10.1186/2045-3701-1-4
http://dx.doi.org/10.1038/nature10098
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Section 
	RNA Isolation and Reverse Transcription 
	Microarray Analyses and miRNA-Seq 
	Bioinformatic Study 
	Luciferase Reporter Constructs 
	Cell Culture 
	Dual-Luciferase Reporter Assays 
	Quantitative Real-Time PCR 
	Statistical Analysis 

	Results 
	Dietary Intervention 
	miR-548q and miR-1185-1 Are Overexpressed in High Responders to the Weight Loss Intervention 
	GSK3B Is a Putative Target Gene for miR-548q and miR-1185-1 
	miR-1185-1 Binds to the 3'-UTR of GSK3B 
	miR-548q and miR-1185-1 Decrease the Endogenous GSK3B mRNA Levels 

	Discussion 
	References

