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Abstract: MicroRNAs (miRNAs) represent important tools in medicine and nutrition as new biomark-
ers, and can act as mediators of nutritional and pharmacological interventions. The aim of the present
study was to analyse the effect of grape pomace supplementation on the expression of seven selected
miRNAs and their potential relationship with the observed positive effect on glycaemic control, in
order to shed light on the mechanism underlying the beneficial effect of this dietary intervention.
For this purpose, plasma samples were obtained from 49 subjects with metabolic syndrome. After
supplementation with grape pomace (6 weeks), these subjects were categorised as responders (n = 23)
or non-responders (n = 26) according to the changes in their fasting insulin rate. MiRNA expression
at baseline and at the end of the supplementation was analysed by RT-PCR, and the MiRecords
Database was used to identify potential target genes for the studied miRNAs. The increase observed
in miR-23a in the whole cohort was present in both subgroups of participants. The increase in
miR-181a was significant among non-responders but not responders. The decrease in miR-30c and
miR-222 was found in the responders, but not in the non-responders. No changes were observed in
miR-10a, miR-151a, miR-181a, and miR-let-7a expressions. After analysing these results, a potential
involvement of the reduced expression of miR-30c and miR-222, two microRNAs associated with
insulin resistance and diabetes, in the improvement of glycaemic control produced by grape pomace
administration, can be proposed. Further research is needed to confirm the involvement of glycolytic
enzymes, PI3K, AMPK, and IRS-1 in the effect of grape pomace, as suggested by the changes induced
in microRNAs.

Keywords: grape pomace; insulin response; microbiota; miR-30c; miR-122

1. Introduction

MicroRNAs (miRNAs) are defined as small RNAs, with a short chain of nucleotides
(18–22 units). Contrarily to mRNA, which encode for proteins in the body, miRNAs do not
have this function [1]. They regulate the expression of genes encoding target proteins by
binding to complementary target sequences in messenger RNA (mRNA), thus interfering
with the protein translation process, or by mRNA destabilisation and degradation [2]. It
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has been estimated that almost 30% of our gene set is regulated by miRNAs. More than
1900 precursors and 2600 mature miRNAs have been identified in humans and the number
continues to increase [3]. The miRNAs regulation network is rather complex because one
miRNA can control the expression of various mRNA targets, whereas a single mRNA can
be regulated by several miRNAs [3].

MiRNAs show a tissue-specific distribution, reporting different miRNA expressions
depending on the analysed organ [4]. However, obtaining tissue biopsies in humans aimed
at studying the miRNA profile can be a difficult, often traumatic, and non-practical process.
In this scenario, circulating miRNAs represent an interesting option because they can be
easily detected in serum and plasma in a non-invasive manner. They are transported
from cell to cell either through gap junctions or through blood secretions, and they exert
their effects on recipient cells. In blood, miRNAs are found in microvesicles, exosomes,
and high-density lipoproteins, or are associated with RNA binding proteins [5]. Such
circulating miRNAs are resistant to RNase activity, extreme pH, and temperature.

A large number of studies has demonstrated the relevant role of miRNAs in numerous
biological functions, such as developmental timings, cell differentiation, embryogenesis,
metabolism, organogenesis, and apoptosis [6]. It has also been shown that the circulat-
ing miRNAs vary under different physiological conditions, such as physical activity or
pregnancy, and different pathological conditions, such as cancer, cardiovascular diseases,
metabolic diseases, diabetes, and viral pathogenesis [7–9]. Thus, Kim et al. compared
the expression of several miRNAs in visceral adipose tissue and blood from obese and
non-obese subjects, and observed that the existing differences in visceral fat between obese
and non-obese subjects were also present in their blood [10]. Consequently, miRNAs
can play a role as diagnostic and prognostic biomarkers for several pathologies [11]. For
example, circulating miR-208a can be a useful biomarker for the detection of an early
myocardial injury in acute myocardial infarction in humans [12]. In a similar manner, cir-
culating miR-122 may be regarded as a potential biomarker in monitoring the progression
of histological changes in the liver and, for instance, in the evolution of liver steatosis to
steatohepatitis [13].

Considering these alterations in miRNA profile observed in some pathologies, small
non-coding mRNAs can represent potential innovative treatments against these diseases [14].
Indeed, miRNA-mediated therapies for treatment of cancer and chronic hepatitis C virus
(HCV) infection have shown promising results in human Phase I clinical trials [15,16].
Moreover, miRNAs can also represent good biomarkers of response to different types of
treatments, and thus differences in the circulating miRNA pattern can be useful to distin-
guish between responder and non-responder subjects. Hess et al. (2020) demonstrated that
circulating levels of miR-222-3p significantly increased after an intervention consisting of
caloric restriction treatment in obese patients, whereas miR-122-5p and miR-193a-5p were
reduced [17].

Finally, miRNAs have been identified as mediators of the effects induced by a variety
of drugs and compounds found in diets, such as phenolic compounds [18]. For instance,
by studying the effects of proanthocyanidins on non-alcoholic fatty liver disease, Baselga-
Escudero et al. (2014) showed that mir-122-5p mediated the effect of these compounds.
Furthermore, the prevention of this liver alteration induced by resveratrol was reported to
be mediated by mir-107-5p [19,20].

Taking the above into account, the aim of the present study was to analyse the potential
involvement of miR-30c, miR-23a, miR-222, miR-let-7a, miR-151a, miR-181a, and miR-10a in
the mechanisms of action underlying the positive effect of grape pomace supplementation,
for 6 weeks, on glycaemic control in subjects exhibiting at least two factors for metabolic
syndrome diagnosis.
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2. Materials and Methods
2.1. Study Subjects and Experimental Design

This study was a randomised cross-over controlled clinical trial, carried out with
permission obtained from the Ethics Subcommittee of the Spanish National Research
Council (CSIC), Madrid, Spain (13 December 2016), and the Ethics Committee for Clinical
Research of the University Hospital Puerta de Hierro-Majadahonda, Majadahonda, Spain
(2 December 2016). Written informed consent was obtained from all subjects before their
enrolment in the study, which was registered in the Clinical Trials database (NCT03076463).

Subject recruitment was carried out using poster advertisements and mailing sent to
different institutions. Inclusion criteria were age 18–70 years, in good health and fulfilling
at least two of the following requirements for the diagnosis of MetS: body mass index
>25 kg m−2; fasting glucose ≥100 mg dL−1; HDL-cholesterol ≤50 mg dL−1 in women and
40 mg dL−1 in men; triglycerides≥150 mg dL−1; systolic pressure≥130 mmHg or diastolic
pressure ≥85 mmHg. Exclusion criteria were showing cardiometabolic diseases or pharma-
cological treatment for them, pregnancy or lactation, and current or close participation in
any other dietary intervention study. After the recruitment period, 49 subjects with at least
two factors of metabolic syndrome participated in the study and were randomly assigned
either to the supplementation with grape pomace suspended in water (GP) or to the control
(C) arm. No valid placebo was found for this period and, therefore, they followed their
usual diet and had the same control as in the GP period. Both experimental periods had a
duration of 6 weeks, separated by a 4 week wash-out. The GP for the six week trial was
supplied to the participants at the beginning of the GP-supplementation period, who were
required to keep it frozen. Two visits were scheduled at the beginning and at the end of
each experimental period. Several cardiometabolic markers were assessed in biological
samples at the beginning and at the end of the control period. No significant modifications
were found, so the evaluation of miRNA was focused on samples at the beginning and at
the end of the supplementation period (Figure 1). To avoid the potential effect of a high
dietary consumption of phenolic compounds during the days previous to the visits, the
subjects were required to discard from their diet foods rich in these compounds, such as
wine, coffee, tea, cocoa, whole bread, virgin oil olive, nuts, legumes, and certain fruits and
vegetables, such as berries or artichokes, 72 h prior to each visit day. For this purpose,
volunteers were provided with a detailed list of foods to be avoided. At the end of the
experimental period, 23 participants were classified as responder subjects and 26 as non-
responders, based on a decrease in fasting insulin ≥10% [21]. Although the level of glucose
remained unchanged, a strong reduction in insulin level was found in responder subjects
(−40%) and, as a consequence, HOMA-IR was also significantly reduced [22].

Figure 1. Experimental design of the randomised cross-over clinical trial. GP: grape pomace.
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GP was obtained from Vitis vinifera L., cv Tempranillo freshly collected at the moment
of wine devatting (Roquesan Wineries, Quemada, Burgos, Spain). After transport at−20 ◦C,
it was freeze dried, ground (particle size: 0.5 mm), sealed in monodoses (8 g), and kept at
−20 ◦C. The content of extractable and non-extractable phenolic compounds, mostly as
high molecular weight of proanthocyanidins in GP, was 6.2% and 23.4%, respectively. The
methodology is described elsewhere [23]. Furthermore, a significant quantity of insoluble
fibre (68.2%) was also determined by the indigestible fraction method [24].

2.2. Sample Collection and Serum Parameters

Blood samples were collected at the beginning of each period in fasting (overnight)
conditions in BD Vacutainer venous collection tubes (cat #67525, Eysins, Vaud. Switzerland).
Plasma was obtained by centrifugation (1000× g; 15 min). Plasma insulin was determined
using commercial ELISA kits according to the manufacturer’s instructions (Merck-Millipore,
Burlington, MS, USA). Fasting and postprandial blood glucose was measured by applying
the enzyme electrode method using a Free Style Optimum Neo blood glucose meter from
Abbott (Chicago, IL, USA).

2.3. Isolation and Quantitative Real-Time PCR of miRNAs

The miRNAs that were differentially expressed between responders and non-responders
in a previous NGS analysis (miR-30c, miR-23a, miR-222, miR-let7a, miR-151a, miR-181a,
and miR-10a) were studied in the present work [21]. The expression of these circulating
mRNAs both at the beginning and at the end of the experimental period was analysed.

MiRNA extraction was carried out using a MiRNeasy Serum/Plasma Advanced Kit
(Qiagen, Venlo, Limburg, The Netherlands) according to the manufacturer’s instructions.
Total RNA containing miRNAs was diluted with RNase-free water (up to 20 µL). MiRNAs
(2 µL of the RNA solution) were reverse-transcribed using the TaqMan® Advanced miRNA
cDNA Synthesis kit (Applied Biosystems, Foster City, CA, USA). Commercially available
TaqMan probes (Thermo Fisher Scientific, Waltham, MA, USA) were used to determine
miRNA concentrations.

A CFX96 Real-Time System (BioRad, Hercules, CA, USA) was used to detect and
quantify individual miRNAs by RT-PCR. The reaction was set as follows: 95 ◦C for 20 s,
40 cycles of 95 ◦C for 3 s, and 60 ◦C for 30 s. All reactions were run in duplicate. The
mRNA levels were normalised to the values of miRNA-191 (miR-191-5p: sequence 5′-
CAACGGAAUCCCAAAAGCAGCUG-3′), and the results were expressed as fold changes
of threshold cycle (Ct) value relative to the non-supplemented situation (basal situation)
using the 2−(∆∆Ct) method [25]. The sequences of targeted miRNA (source miRbase.org,
accessed on 18 January 2020) are included in Supplemental Table S1.

2.4. Search for miRNAs Regulating Target Genes

The MiRecords database was used to identify validated and predicted target genes.
Additionally, the Kyoto Encyclopaedia of Genes and Genomes (KEGG) database was
utilised to identify the involvement of the predicted or validated target genes in metabolic
pathways related to glycaemic control. Furthermore, a search of the literature was also
performed.

2.5. Statistical Analysis

The Shapiro–Wilk test and Levene’s test were used to test normality and homoscedas-
ticity of variance, respectively. Comparisons between two paired samples were drawn
using a paired Student’s t-test or Wilcoxon’s signed rank test, as appropriate. All results
are provided as mean values and standard errors. The Pearson’s or Spearman rho correla-
tion coefficients were used for correlation analysis between miRNAs and levels of fasting
glucose and insulin. In all cases, a p-value < 0.05 was considered as significant. IBM SPSS
Statistics 24.0 (Armonk, NY, USA) was used to perform statistical analysis.
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3. Results

The expression of the miRNAs selected (miR-222, MiR-let-7a, miR-151a, miR-181a,
miR-10a, miR-30c, and miR-23a) is shown in Figure 2. In the whole cohort, a significant
increase was observed in miR-181 and miR-23a, and a significant decrease in miR-30c
was revealed, after grape pomace supplementation. Moreover, a tendency towards a
lower value emerged in the expression of miR-222 (−9.76%) and towards a higher value in
miR-151a (+37.14%)

Figure 2. Relative miRNA expression in the whole cohort before and after the supplementation with grape pomace.
The 2ˆ-(∆∆Ct) method was used to calculate fold changes, relative to the expression before supplementation. Values are
presented as mean ± standard error of the mean. Comparisons were carried out using paired Student’s t-test or Wilcoxon’s
signed rank test when required. * p < 0.05, δ p < 0.1.

Differences in the pattern of response were observed when responders and non-
responders were compared. Thus, whereas miR-222 and miR-30c showed significantly
lower expression after grape pomace supplementation, this effect was not observed in the
non-responders. By contrast, in the non-responders, miR-let7a, miR-181a, and miR-151a
displayed significantly higher values after the supplementation with the grape pomace, but
these miRNAs remained unchanged in the responders (Figure 3b). Finally, in both groups,
miR-23a was significantly increased after grape pomace administration (Figure 3a,b).

The search for target genes related to glycaemic control in the MiRecords database did
not yield any validated target gene. The predicted target genes are presented in Table 1. In
addition, the search for target genes in the literature showed that IRS-1 and GLUT1 were
direct targets for miR-122 and miR-10a, respectively.
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Figure 3. Relative miRNA expression before and after supplementation stratified in responders (a) and non-responders (b),
based on fasting insulin reduction after supplementation. The 2−(∆∆Ct) method was used to calculate fold changes relative
to the expression before supplementation. Values are presented as mean ± standard error of the mean. Comparisons were
carried out using the paired Student’s t-test or Wilcoxon’s signed rank test when required. * p < 0.05.
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Table 1. Predicted target genes according to the MiRecords database and validated target genes found
in the literature for the microRNAs analysed in the present study, which are related to glycaemic
control.

miRNA Predicted Target Genes
MiRecords Data Base

Validated Target Genes in
the Literature

hsa-mir-222 PKM IRS-1 [26]

hsa-let-7a IGF2BP1, IGF2BP3
ADCY9, IRS2

hsa-mir-10a - GLUT1 [27]

hsa-mir-151a -

hsa-mir-181a-5p IRS2, SIRT1, ACOT12

hsa-mir-23a-3p PKM, PPARGC1A

hsa-mir-30c-5p PKM, TKT; PIK3R2, PRKAB2,
SOCS1; SOCS3

PKM: pyruvate kinase, IRS-1 and IRS-2: insulin receptor substrate 1 and 2, IGF2BP1 and IGF2BP3: Insulin-like
growth factor 2 mRNA-binding protein 1 and 3, ACDY9: adenylate cyclase 9, GLUT1: glucose transporter
1SIRT1: NAD-dependent deacetylase sirtuin-1, ACOT12: Acyl-CoA thioesterase 12, PKM: pyruvate kinase,
PPARGC1A: peroxisome proliferator-activated receptor gamma coactivator 1-alpha, TKT: transketolase, PIK3R2:
phosphoinositide-3-kinase regulatory subunit 2, PRKAB2: protein kinase AMP-activated non-catalytic subunit
beta 2, SOCS1 and SOCS3: suppressor of cytokine signalling 1 and 3.

In the present paper, the data concerning serum glucose and insulin are not presented
because they were previously reported in other study. However, a correlation analysis was
carried out using these data, revealing negative correlations between miR-222 and glucose
(r = −0.335; p = 0.038), miR-222 and insulin (r = −0.310; p = 0.050), and miR-30a and insulin
(r = −0.35; p = 0.044) [28].

4. Discussion

Circulating miRNAs have been widely studied as potential biomarkers in diverse
pathologies, including those related to glucose homeostasis, due to their abundance and
stability in several body fluids, including blood. In a previous study in which this cohort
was examined, Next Generation Sequencing (NGS) analysis of miRNA was performed to
identify biomarkers of response to grape pomace supplementation [29,30]. It was observed
that subjects exhibiting a beneficial effect on glycaemic control after grape pomace admin-
istration (responders) were those showing a more impaired glycaemic control and, thus,
with greater space for an improvement in insulin homeostasis. These subjects displayed an
increased expression of seven microRNAs compared with those who did not respond [21].
In the present study, the aim was to analyse the effect of this dietary supplementation on
the expression of seven selected miRNAs and their potential relationship with the observed
positive effect on glycaemic control, in order to shed light on the mechanism underlying the
beneficial effect of this dietary intervention. The selected miRNAs were those differentially
expressed in responders and non-responders because, considering that a relationship was
found between an altered miRNA profile and an impaired glycaemic control in this cohort,
the hypothesis was that grape pomace supplementation could revert, at least partially, the
altered miRNA profile observed in the responder subjects. Comparisons between respon-
ders and non-responders at the end of the GP supplementation were not assessed because,
due to the fact that significant differences at the basal stage were confirmed between both
groups [21], the statistical analysis would necessarily include not only the differences at the
end of the GP supplementation, but also the differences at the basal stage and, consequently,
an important bias would be introduced.

When comparing the expression of the selected miRNAs before and after grape po-
mace supplementation in the whole cohort, among the seven miRNAs analysed, significant
changes in miR-23a, miR-30c, and miR-181a expressions, but not in that of miR-let-7a and
miR-10a, were observed, in addition to a change in miR-222 and miR-151a. Consistent
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with the search for target genes in the MiRecords database, no validated target genes
were described for these miRNAs. As predicted, all of these miRNAs had target genes
involved in glycaemic control, with the exception of miR-151a (Table 1). By analysing the
expression of these miRNAs in responders and non-responders individually, it was found
that the increase observed in miR-23a in the whole cohort was present in both subgroups
of participants. The increase in miR-181a was significant among non-responders (76%) but
not responders (46%). The decrease in miR-30c and miR-222 was found in the responders,
but not in the non-responders. The microRNA miR-23a was discarded as a mediator of the
beneficial effects of grape pomace on the grounds that the effect of this dietary supplemen-
tation on their expression was the same in both responders and non-responders. Moreover,
miR-10a was rejected by virtue of a lack of changes in the entire cohort. Finally, miR-151a,
miR-181a, and miR-let-7a were discarded because the changes induced by grape pomace
were only observed in non-responders. Based on these results, this discussion focuses on
miR-30a and miR-222.

Regarding miR-30c, increased expression has been reported in mice fed with a high-
fat diet, which developed insulin resistance and obesity, two metabolic syndrome risk
factors. In humans, miR-30c was up-regulated in ectosome-enriched plasma of patients
who suffered from type 2 diabetes [31,32]. Moreover, in women with gestational diabetes
mellitus, miR-30c was significantly increased in cord blood compared with the controls [33].
These results suggest that miR-30c is negatively related to glycaemic control because, in
situations in which glucose homeostasis is impaired, this miRNA increases. In our previous
study, which employed the present cohort, it was established that responder subjects
were those who showed a more altered glycaemic control. These subjects displayed a
higher expression of miR-30c than non-responders. Consequently, this data is in good
accordance with the reported literature [31,32]. The supplementation with grape pomace
improved glycaemic control in these subjects and this effect was paralleled by a significant
decrease in the expression of miR-30c, a change that was not observed in the subjects who
did not positively respond to this supplementation. These results support the negative
role of miR-30c in glycaemic control, and show the potential role of this miRNA in the
anti-diabetic effects of grape pomace. To gain additional insight into this issue, a search for
the predicted target genes of this miRNA was performed: PKM (pyruvate kinase), TKT
(transketolase), PIK3R2 (phosphoinositide-3-kinase regulatory subunit 2), PRKAB2 (protein
kinase AMP-activated non-catalytic subunit beta 2), and SOCS1 and SOCS3 (suppressor of
cytokine signalling 1 and 3).

Pyruvate kinase catalyses the final step of glycolysis. Several authors have described
that, in subjects with disturbed glucose metabolism, glycolysis is significantly impaired
compared with subjects showing normal glucose metabolism. In specific cases of type
2 diabetes, a decreased glycolysis rate has been observed [34,35]. Moreover, it has been
reported that transketolase deficiency decreases glycolysis [35]. Based on these facts,
and considering that these two enzymes are miR-30c targets, it can be proposed that the
improvement in insulin action induced by grape pomace in responder subjects may be
mediated by the aforementioned miRNA. Thus, the reduction in its expression induced by
grape pomace supplementation would lead to an increased expression of these proteins
and consequently to increased glycolysis (Figure 4).

Another target of miR-30c is the regulatory subunit of phosphoinositide-3-kinase
(PI3K), which phosphorylates phosphatidylinositol 4,5-bisphosphate to generate phos-
phatidylinositol 3,4,5-trisphosphate (PIP3) which, in turn, allows the recruitment of AKT1
to the membrane [36]. This enzyme plays a key role in glucose tolerance improvement by
facilitating the effect of insulin. Protein kinase AMP-activated non-catalytic subunit beta 2
is a regulatory subunit of the AMP-activated protein kinase (AMPK), an enzyme which
enables the entry of glucose into the muscle in an insulin-independent manner [37]. In
view of these facts, it can be proposed that, by means of the decrease in miR-30c, grape
pomace may increment the expression of these two proteins, leading to increased glucose
uptake though both insulin dependent and independent pathways (Figure 4).
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Figure 4. Effects of grape pomace on miR-30c and miR-222 and potential consequences in metabolic pathways involved in
glycaemic control.

With regard to mRNA expression of SOCS 1 and SOCS3, almost all insulin-sensitive
tissues showed a strong up-regulation in rodent models of insulin resistance, revealing
a robust and direct relationship between insulin resistance and SOCS [38–40]. SOCS3
over-expression decreases the levels of IRS1 tyrosine phosphorylation and inhibits the
phosphatidylinositol-3 kinase (PI3K) activity, a downstream signalling element of IRS1 [40,41].
Thus, SOCS3 is critical for the inhibition of the insulin-signalling pathway. These results
suggest that the suppression of SOCS3 is beneficial for the activation of insulin signalling.

It has been established in the present study that the reduction in mir-30c may lead to an
increase in SOCS3, an effect that can be considered to be negative. In spite of this potential
effect, glycaemic control was improved in responder subjects. Based on this assumption,
two hypotheses can be proposed. First, the potential activation of IRS-1 via miR-222 may
be higher than the probable inhibition induced by SOCS3 via miR-30a. Second, it has
been reported that resveratrol, a polyphenol present in grapes, reduces SOCS3 protein
expression [42,43]. Hence, it can be hypothesised that this effect may counteract the
potential increment induced by decreased miR-30c expression in responders.

The relationship between miR-222 and glycaemic control has been well documented
in the literature. Its over-expression can produce glucose intolerance in animal models, due
to impaired insulin production and secretion from pancreatic β-cells [44]. In a study carried
out by Li et al. (2020), it was stated that miR-222 expression was significantly elevated
in serum, serum exosomes, and gonadal white adipose tissue of mice fed with a high-fat
diet. Accordingly, there was a corresponding down-regulation of IRS1 and phospho-AKT
levels in their liver and skeletal muscle tissues, which correlated with impaired insulin
sensitivity and glucose intolerance [45]. In a similar manner, miR-222 has been shown to
be up-regulated in type 2 diabetic subjects and in pre-diabetic subjects [46,47]. In 2017,
Vivacqua et al. published a review in which the up-regulation of miR-122 in insulin
resistance was highlighted [48]. In the present study, the expression of this miRNA was
reduced in responder subjects after supplementation with grape pomace, which is rich in
proanthocyanidins. This result is in good accordance with that reported by Castell-Auví
et al. (2013), who showed the down-regulation of miR-222 in rats treated for 45 days with
25 mg of procyanidins per kg of body weight per day [49]. According to the search in the
MiRecords database, miR-222 and miR-30c share PKM as a potential target gene and, thus,
it may play a role in a possible increase in glycolysis induced by grape pomace (Figure 3).

As described in the Material and Methods section, in addition to the search in the
MiRecords database, a search in the literature for other target genes was performed. As
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a result, it was found that Ono et al. demonstrated that both mouse and human IRS-1
mRNAs are direct targets of miR-222 [26]. Based on this result, an increase in IRS-1 protein
expression leading to improved insulin action may be proposed as one of the mechanisms
of action to explain the beneficial effect of grape pomace.

The present study was subject to some limitations. The size of the sample group
was relatively small, which calls for further validation in larger samples. Moreover, the
actual effects of the changes observed in miRNAs expression on genes could not be experi-
mentally analysed on the grounds that no tissue biopsies for this cohort were available,
and only plasma samples were used, which were more easily accessible. For the same
reason, miRNAs were measured in plasma rather than in tissues. Nevertheless, a positive
correlation between miRNAs in plasma and other biological fluids, such as urine and bile,
and tissue miRNAs has been demonstrated in healthy humans [50].

5. Conclusions

The present study shows that miR-30c and miR-222, two microRNAs associated with
insulin resistance and diabetes, may have a pivotal role in the improvement of glycaemic
control induced by grape pomace supplementation. Consequently, these miRNAs can be
suggested as potential biomarkers of the efficacy of this dietary approach. Nevertheless,
considering that the mechanistic conclusions are mainly based on bioinformatics, further
functional studies are warranted to increase the scientific evidence supporting them.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods10092059/s1, Table S1: Targeted miRNA sequences (source miRbase.org).
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32. Stępień, E.Ł.; Durak-Kozica, M.; Kamińska, A.; Targosz-Korecka, M.; Libera, M.; Tylko, G.; Opalińska, A.; Kapusta, M.; Solnica, B.;
Georgescu, A.; et al. Circulating Ectosomes: Determination of Angiogenic microRNAs in Type 2 Diabetes. Theranostics 2018, 8,
3874–3890. [CrossRef] [PubMed]

33. Tryggestad, J.B.; Vishwanath, A.; Jiang, S.; Mallappa, A.; Teague, A.M.; Takahashi, Y.; Thompson, D.M.; Chernausek, S.D.
Influence of Gestational Diabetes Mellitus on Human Umbilical Vein Endothelial Cell miRNA. Clin. Sci. 2016, 130, 1955–1967.
[CrossRef]

34. Henquin, J.C. Triggering and Amplifying Pathways of Regulation of Insulin Secretion by Glucose. Diabetes 2000, 49, 1751–1760.
[CrossRef] [PubMed]

35. Tian, N.; Liu, Q.; Li, Y.; Tong, L.; Lu, Y.; Zhu, Y.; Zhang, P.; Chen, H.; Hu, L.; Meng, J.; et al. Transketolase Deficiency in Adipose
Tissues Protects Mice from Diet-Induced Obesity by Promoting Lipolysis. Diabetes 2020, 69, 1355–1367. [CrossRef]

36. Cui, L.; Yu, M.; Cui, X. MiR-30c-5p/ROCK2 Axis Regulates Cell Proliferation, Apoptosis and EMT Via the PI3K/AKT Signaling
Pathway in HG-Induced HK-2 Cells. Open Life Sci. 2020, 15, 959–970. [CrossRef]

37. Dasgupta, B.; Ju, J.S.; Sasaki, Y.; Liu, X.; Jung, S.R.; Higashida, K.; Lindquist, D.; Milbrandt, J. The AMPK B2 Subunit is Required
for Energy Homeostasis during Metabolic Stress. Mol. Cell. Biol. 2012, 32, 2837–2848. [CrossRef]

38. Emanuelli, B.; Peraldi, P.; Filloux, C.; Chavey, C.; Freidinger, K.; Hilton, D.J.; Hotamisligil, G.S.; Van Obberghen, E. SOCS-3
Inhibits Insulin Signaling and is Up-Regulated in Response to Tumor Necrosis Factor-Alpha in the Adipose Tissue of Obese Mice.
J. Biol. Chem. 2001, 276, 47944–47949. [CrossRef] [PubMed]

39. Ueki, K.; Kondo, T.; Tseng, Y.H.; Kahn, C.R. Central Role of Suppressors of Cytokine Signaling Proteins in Hepatic Steatosis,
Insulin Resistance, and the Metabolic Syndrome in the Mouse. Proc. Natl. Acad. Sci. USA 2004, 101, 10422–10427. [CrossRef]

40. Ueki, K.; Kondo, T.; Kahn, C.R. Suppressor of Cytokine Signaling 1 (SOCS-1) and SOCS-3 Cause Insulin Resistance through
Inhibition of Tyrosine Phosphorylation of Insulin Receptor Substrate Proteins by Discrete Mechanisms. Mol. Cell. Biol. 2004, 24,
5434–5446. [CrossRef]

41. Yang, Z.; Hulver, M.; McMillan, R.P.; Cai, L.; Kershaw, E.E.; Yu, L.; Xue, B.; Shi, H. Regulation of Insulin and Leptin Signaling by
Muscle Suppressor of Cytokine Signaling 3 (SOCS3). PLoS ONE 2012, 7, e47493. [CrossRef] [PubMed]

42. Ghanim, H.; Sia, C.L.; Korzeniewski, K.; Lohano, T.; Abuaysheh, S.; Marumganti, A.; Chaudhuri, A.; Dandona, P. A Resveratrol
and Polyphenol Preparation Suppresses Oxidative and Inflammatory Stress Response to a High-Fat, High-Carbohydrate Meal. J.
Clin. Endocrinol. Metab. 2011, 96, 1409–1414. [CrossRef] [PubMed]

43. Abd El-Haleim, E.A.; Bahgat, A.K.; Saleh, S. Resveratrol and Fenofibrate Ameliorate Fructose-Induced Nonalcoholic Steatohepati-
tis by Modulation of Genes Expression. World J. Gastroenterol. 2016, 22, 2931–2948. [CrossRef] [PubMed]

44. Fan, L.; Shan, A.; Su, Y.; Cheng, Y.; Ji, H.; Yang, Q.; Lei, Y.; Liu, B.; Wang, W.; Ning, G.; et al. MiR-221/222 Inhibit Insulin
Production of Pancreatic B-Cells in Mice. Endocrinology 2020, 161, bqz027. [CrossRef] [PubMed]

45. Li, D.; Song, H.; Shuo, L.; Wang, L.; Xie, P.; Li, W.; Liu, J.; Tong, Y.; Zhang, C.Y.; Jiang, X.; et al. Gonadal White Adipose
Tissue-Derived Exosomal MiR-222 Promotes Obesity-Associated Insulin Resistance. Aging 2020, 12, 22719–22743. [CrossRef]
[PubMed]

46. Sadeghzadeh, S.; Dehghani Ashkezari, M.; Seifati, S.M.; Vahidi Mehrjardi, M.Y.; Dehghan Tezerjani, M.; Sadeghzadeh, S.; Ladan,
S.A.B. Circulating miR-15a and miR-222 as Potential Biomarkers of Type 2 Diabetes. Diabetes Metab. Syndr. Obes. 2020, 13,
3461–3469. [CrossRef]

47. Ortega, F.J.; Mercader, J.M.; Moreno-Navarrete, J.M.; Rovira, O.; Guerra, E.; Esteve, E.; Xifra, G.; Martinez, C.; Ricart, W.; Rieusset,
J.; et al. Profiling of Circulating microRNAs Reveals Common microRNAs Linked to Type 2 Diabetes that Change with Insulin
Sensitization. Diabetes Care 2014, 37, 1375–1383. [CrossRef] [PubMed]

48. Vivacqua, A.; De Marco, P.; Belfiore, A.; Maggiolini, M. Recent Advances on the Role of microRNAs in both Insulin Resistance
and Cancer. Curr. Pharm. Des. 2017, 23, 3658–3666. [CrossRef]

49. Castell-Auví, A.; Cedó, L.; Movassat, J.; Portha, B.; Sánchez-Cabo, F.; Pallarès, V.; Blay, M.; Pinent, M.; Ardévol, A. Procyanidins
Modulate microRNA Expression in Pancreatic Islets. J. Agric. Food Chem. 2013, 61, 355–363. [CrossRef] [PubMed]

50. Cui, C.; Cui, Q. The Relationship of Human Tissue microRNAs with those from Body Fluids. Sci. Rep. 2020, 10, 5644. [CrossRef]
[PubMed]

http://doi.org/10.1186/s12933-019-0918-x
http://www.ncbi.nlm.nih.gov/pubmed/31470851
http://doi.org/10.1038/s41366-018-0114-1
http://www.ncbi.nlm.nih.gov/pubmed/29899524
http://doi.org/10.7150/thno.23334
http://www.ncbi.nlm.nih.gov/pubmed/30083267
http://doi.org/10.1042/CS20160305
http://doi.org/10.2337/diabetes.49.11.1751
http://www.ncbi.nlm.nih.gov/pubmed/11078440
http://doi.org/10.2337/db19-1087
http://doi.org/10.1515/biol-2020-0089
http://doi.org/10.1128/MCB.05853-11
http://doi.org/10.1074/jbc.M104602200
http://www.ncbi.nlm.nih.gov/pubmed/11604392
http://doi.org/10.1073/pnas.0402511101
http://doi.org/10.1128/MCB.24.12.5434-5446.2004
http://doi.org/10.1371/journal.pone.0047493
http://www.ncbi.nlm.nih.gov/pubmed/23115649
http://doi.org/10.1210/jc.2010-1812
http://www.ncbi.nlm.nih.gov/pubmed/21289251
http://doi.org/10.3748/wjg.v22.i10.2931
http://www.ncbi.nlm.nih.gov/pubmed/26973390
http://doi.org/10.1210/endocr/bqz027
http://www.ncbi.nlm.nih.gov/pubmed/31761936
http://doi.org/10.18632/aging.103891
http://www.ncbi.nlm.nih.gov/pubmed/33197889
http://doi.org/10.2147/DMSO.S263883
http://doi.org/10.2337/dc13-1847
http://www.ncbi.nlm.nih.gov/pubmed/24478399
http://doi.org/10.2174/1381612823666170622105123
http://doi.org/10.1021/jf303972f
http://www.ncbi.nlm.nih.gov/pubmed/23215023
http://doi.org/10.1038/s41598-020-62534-6
http://www.ncbi.nlm.nih.gov/pubmed/32221351

	Introduction 
	Materials and Methods 
	Study Subjects and Experimental Design 
	Sample Collection and Serum Parameters 
	Isolation and Quantitative Real-Time PCR of miRNAs 
	Search for miRNAs Regulating Target Genes 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

