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Circulating microRNAs (miRNAs) have been proposed as bio-
markers for type2diabetes (T2D).Adipose tissue (AT), forwhich
dysfunction iswidely associatedwithT2Ddevelopment, has been
reported as a major source of circulating miRNAs. However, the
role of dysfunctional AT in the altered pattern of circulating
miRNAs associatedwithT2Donset remainsunexplored.Herein,
we investigated the relationship between T2D-associated circu-
lating miRNAs and AT function, as well as the role of preadipo-
cytes and adipocytes as secreting cells of candidate circulating
miRNAs. Among the plasma miRNAs related to T2D onset in
the CORonary Diet Intervention with Olive oil and cardiovascu-
lar PREVention (CORDIOPREV) cohort, baseline miR-223-3p
levels (diminished in patients who next developed T2D [inci-
dent-T2D]) were significantly related to AT insulin resistance
(IR). Baseline serum from incident-T2D participants induced
inflammation and IR in 3T3-L1 adipocytes. We demonstrated
that tumor necrosis factor (TNF)-a inhibitedmiR-223-3p secre-
tion while enhancing miR-223-3p intracellular accumulation in
3T3-L1 (pre)adipocytes. Overexpression studies showed that an
intracellular increase of miR-223-3p impaired glucose and lipid
metabolism in these cells. Our findings provide mechanistic in-
sights into the alteration of circulating miRNAs preceding
T2D, unveiling both preadipocytes and adipocytes as miR-223-
3p-secreting cells and suggesting that inflammation promotes
miR-223-3p intracellular accumulation, which might contribute
to (pre)adipocyte dysfunctionandbodymetabolic dysregulation.

INTRODUCTION
Type 2 diabetes (T2D) mellitus prevalence has increased during the
last years, and it has been estimated that in the next decade the num-
ber of cases will double if no action is taken.1 Therefore, it is critical to
identify the early mechanisms that precede T2D onset in order to
design targeted preventive therapeutic strategies.

MicroRNAs (miRNAs), a class of small non-coding RNAs that post-
transcriptionally regulate gene expression, have emerged as key mol-
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ecules for cell function.2 miRNAs recognize specific target sites in
mRNA sequences and mediate gene-expression silencing.2 Anoma-
lous miRNA levels and alterations in miRNA biogenesis machinery
have been related to a number of metabolic diseases, including
T2D, obesity, and dyslipidemia.2–5

miRNAs are also actively secreted into the circulation and have been
proposed to act as messengers for intercellular communication.3,6

This characteristic has pointed out cell-free circulating miRNAs as
potential biomarkers for disease, and altered circulating levels of
numerous miRNAs have been associated with metabolic disor-
ders.4,7–9

Recently, we assessed the predictive value of a number of miRNAs for
the diagnosis of T2D incidence in the CORonary Diet Intervention
with Olive oil and cardiovascular PREVention (CORDIOPREV)
study (ClinicalTrials.gov: NCT00924937) and demonstrated that
when combined with glycosylated hemoglobin (HbA1c), a group of
nine miRNAs (miR-9, miR-28-3p, miR-29a, miR-30a-5p, miR-103,
miR-126,miR-150,miR-223-3p, andmiR-375) provided a higher pre-
dictive value in the T2D diagnosis than clinical parameters (fasting
glucose, 2h glucose of oral glucose tolerance test [OGTT], and
HbA1c).10 The relationship between baseline levels of these miRNAs
with markers of beta cell function and systemic and peripheral insulin
resistance (IR) was also investigated. However, their potential associ-
ation with adipose tissue (AT) deregulation was not analyzed. This is
rapy: Nucleic Acids Vol. 23 March 2021 ª 2021 The Authors. 1035
D license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Analysis of miR-223-3p plasma levels and

ATIRI in the CORDIOPREV-DIAB cohort

Correlation analysis between baseline circulatingmiR-223-

3p expression levels and adipose tissue insulin resistance

index (ATIRI) determined in CORDIOPREV-DIAB study

patients (n = 462). (A) r, Pearson’s correlation co-

efficientBaseline ATIRI in patients from the CORDIOPREV-

DIAB study who did not develop T2D (non-T2D; n = 355)

and patients who developed T2D (incident-T2D; n = 107)

during the median follow-up of 60 months. (B) Values are

mean ± SEM, ***p < 0.001 versus non-T2D. See also Ta-

bles S1 and S2.
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of interest, as AT dysfunction has been proposed as a major contrib-
uting factor for the development of T2D, and the AT miRNA expres-
sion profile is altered in obesity and T2D.5 Indeed, miRNAs are
involved in the regulation of essential AT processes, such as adipo-
genesis.11 Previous studies have also demonstrated that AT is a major
physiological source of circulating miRNAs.6 In this line, several
cross-sectional human studies have shown that the obesity-related
expression pattern of specific circulating miRNAs reflects their
miRNAAT expression profiles, supporting a role for circulating miR-
NAs as AT biomarkers.12,13 However, the relationship between circu-
lating miRNAs and AT functional state is not fully understood, yet it
might be useful to identify AT-related metabolic complications.

In this scenario, we aimed at analyzing the relationship between
previously established predictive miRNAs for T2D onset in the COR-
DIOPREV cohort10 and the loss of AT insulin sensitivity. Once estab-
lished that circulatingmiR-223-3p was dysregulated in relation to AT
function, we performed functional analysis to elucidate both the po-
tential of pre- and adipocytes as miR-223-3p-secreting cells and the
consequences of miR-223-3p dysregulation on adipocyte biology.
Our results indicate that miR-223-3p secretion by preadipocytes
and adipocytes is prevented under inflammatory conditions, which
may underlie the role for this miRNA in adipocyte physiology and
as a potential predictor of adipose dysfunction related to T2D
development.

RESULTS
Circulating miRNA levels and AT IR

We first explored the correlation between plasma levels of the 9
miRNAs previously associated with the incidence of T2D in the COR-
DIOPREV study (miR-9,miR-28-3p,miR-29a,miR-30a-5p,miR-103,
miR-126, miR-150, miR-223-3p, and miR-375),10 and AT IR index
(ATIRI). None of the miRNAs, except baseline plasma miR-223-3p
levels, which were 28.2% lower in incident-T2D subjects than in
non-T2D subjects (p = 0.016),10 exhibited a significant and negative
correlation with ATIRI (Figure 1A; Table S1). The relationship be-
tween ATIRI and miRNA plasma levels and clinical and anthropo-
1036 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
metric data was further examined by the Akaike Information Crite-
rion (AIC) multivariate regression analysis with the stepAIC
method.14,15 This analysis indicated that the best model (i.e., with
the lowest AIC value) to explain ATIRI included miR-223-3p plasma
levels together with gender, body mass index (BMI), glucose, and tri-
glycerides (Table S2), supporting the role of miR-223-3p. ATIRI was
also significantly higher in incident-T2D subjects (Figure 1B). These
results suggested thatmiR-223-3pmight be related to AT dysfunction.

In silico analysis of miR-223-3p target genes and pathways

Given the relationship between plasmamiR-223-3p and the marker of
AT insulin responsiveness, ATIRI, we next examined its potential
target genes to elucidate its putative involvement in pathways related
to AT function. In silico analysis of the top 50 genes in four different
databases (miRDB, microRNA, TargetScan, and miRTarBase)
enabled the identification of 157 target genes of miR-223-3p, 50 of
which have been experimentally validated, including GLUT4 and
FOXO, and 107 were predicted in silico (Table S3), such as IRS-1.
In this line, among the 166 significantly over-represented pathways
revealed by Ingenuity Pathway Analysis (IPA) software analysis (Ta-
ble S3), insulin receptor signaling and phosphatidylinositol 3-kinase
(PI3K)/AKT signaling pathways were ranked in the top 10 most sig-
nificant over-represented pathways (Figure 2A).

IPA analysis also revealed tumor necrosis factor (TNF)-a as the sec-
ond most significant upstream regulator of miR-223-3p target genes
(Figure 2B; Table S3). Indeed, multiple over-represented pathways
in the miR-223-3p regulatory network were related to inflammation
(Table S3).

Exposure of adipocytes to baseline serum from non- and

incident-T2D patients

In order to investigate the influence of circulating factors on AT func-
tion previous to T2D onset, we next assessed the response of adipo-
cytes upon exposure to sera obtained from a subgroup of non-T2D
and incident-T2D subjects from the CORDIOPREV-Diabetes
(DIAB) cohort (n = 32 for each group) at baseline, when differences



Figure 2. In silico analysis ofmiR-223-3p target genes

(A and B) The top 10 most significantly enriched canonical

pathways (A) and upstream regulators (B) of the miR-223-

3p target genes set according to Ingenuity Pathway Anal-

ysis (IPA). Bars indicate ratio (A) and�log (p value of overlap)

(B), respectively. Black lines indicate number of proteins,

and white line indicates �log (p value). See also Table S3.
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in the biochemical and anthropometric profiles have not yet become
apparent (Table S4). These experiments showed significant reduced
protein content of the insulin signaling mediator, IRS-1, in 3T3-L1
adipocytes treated with incident-T2D sera as compared to non-
T2D sera (Figure 3A). Akt content was also altered in the former
group (Figure 3B). Notably, cells exposed to incident-T2D sera ex-
hibited significantly higher levels of the active (i.e., phosphorylated
[p]) form of the inflammatory marker, JNK, which resulted in a
higher pJNK/JNK ratio (Figure 3C). No effects were observed in rela-
tion to markers of endoplasmic reticulum (ER) stress (BIP, CHOP) or
oxidative stress (SOD-1, GSS) (Figures 3D and 3E), yet a decrease in
mitochondrial markers (UCP-1, PGC-1a) was observed after treat-
ment with incident-T2D versus non-T2D serum (Figure 3F).
Regulation of miR-223-3p expression and secretion in

adipocytes

Given the association between AT IR and low circulatingmiR-223-3p
levels and the previous observations from Thomou et al.,6 demon-
strating that AT is a major source of circulating miRNAs, we explored
the ability of adipocytes to store and release miR-223-3p at different
stages of differentiation. Likewise, based on the relationship observed
in silico between miR-223-3p and inflammatory pathways and the
proven link between AT dysfunction and inflammation,16 we also
examined miR-223-3p secretory dynamics in adipocytes challenged
with TNF-a.
miR-223-3p expression and secretory profiles during

adipogenesis

miR-223-3p expression, as a measure of intracellularmiR-223-3p con-
tent, was investigated in 3T3-L1 cells at different days (D) of differen-
tiation (D0, D3, D6, and D10). The amount ofmiR-223-3p released by
these cells into the culture media in the previous 24-h period was also
evaluated. As shown in Figure 4A, miR-223-3p released into the cul-
ture media was significantly higher for preadipocytes (D0�D3) than
for adipocytes at later stages of differentiation (D6�D10). Intracel-
lular miR-223-3p levels were 2.9-, 3.4-, and 2.9-fold higher in fully
differentiated adipocytes than in adipose cells at D0, D3, and D6,
respectively (Figure 4B). These results indicated that preadipocytes
primarily secrete miR-223-3p rather than keeping it intracellularly,
whereas adipocytes preferentially retain this miRNA intracellularly,
as illustrated by the miR-223-3p extracellular/intracellular ratio
(Figure 4C).
In keeping with these results, we observed a decline in the mRNA
and/or protein content of Ago-2 (involved in miRNA processing),
Hnrnpa2b1 (involved in miRNA sorting into exosomes), and the exo-
some marker, CD63, during 3T3-L1 cell differentiation (Figures
4D�4G). Furthermore, the mRNA levels of Ybx1, which specifically
participates in miR-223-3p sorting into exosomes,2,17,18 also
decreased during adipogenesis (Figure 4H).

Extracellular vesicles (EVs), secreted by 3T3-L1 cells at D0 or D10 of
differentiation, were isolated from cell culture medium by serial ultra-
centrifugation. The purified particles were examined by transmission
electron microscopy (TEM), nanoparticle tracking analysis (NTA),
and immunoblotting (Figure S1). Consistent with other reports on
exosomes,19,20 these analyses revealed that EVs released by 3T3-L1
cells displayed a typical exosome morphology (i.e., cup-shaped and
rounded vesicles) and size (�100 nm) (Figures S1A and S1B). A
higher abundance of CD63 was found in the exosomal preparation
in comparison with the total cell lysate (Figure S1C), thus validating
the procedure employed for exosome isolation. In accordance with
our expression data, exosome production was significantly lower at
D10 compared to D0 (Figure 4I).

miR-223-3p expression and secretory profiles in response to

inflammation

We next explored the influence of inflammation on miR-223-3p
secretion by exposing 3T3-L1 adipocytes to TNF-a. The effects of
TNF-a on inflammation and insulin signaling were validated by the
increase in the pJNK/JNK ratio (Figure S2A) and the decrease in in-
sulin-induced stimulation of Akt activation (i.e., pAkt/Akt ratio),
respectively (Figure S2B). TNF-a significantly reduced miR-223-3p
secretion while increasing miR-223-3p intracellular content, as
compared to control condition when exposed to either preadipocytes
or adipocytes (Figures 5A�5C and 5H�5J, respectively). Further-
more, Ago2, Cd63, and Hnrnpa2b1 mRNA expression levels were
reduced by TNF-a (Figures 5D�5F for preadipocytes; and Figures
5K�5M for adipocytes), whereas Ybx1 mRNA levels were not
changed (preadipocytes) or significantly increased (adipocytes)
compared to the control condition (Figures 5G and 5N). Accordingly,
exosome concentration was significantly lower in the culture superna-
tant from 3T3-L1 adipocytes exposed to TNF-a than controls
(Figure 5O). Due to the relevant role of macrophages on AT inflam-
matory homeostasis and the proposed anti-inflammatory role ofmiR-
223-3p,21–25 we also analyzed the miR-223-3p response to TNF-a in
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 1037

http://www.moleculartherapy.org


(legend on next page)

Molecular Therapy: Nucleic Acids

1038 Molecular Therapy: Nucleic Acids Vol. 23 March 2021



www.moleculartherapy.org
THP-1 macrophages. However, exposure of these cells to TNF-a,
which promotes the expression of classic proinflammatory markers
(Figure S3), did increase miR-223-3p intracellular content but not
its secretion (Figures 5P�5R).

Effects ofmiR-223-3p overexpression on glucosemetabolism in

3T3-L1 adipocytes

To address whether intracellular miR-223-3p accumulation might
have consequences on adipose cell function, we overexpressed miR-
223-3p in 3T3-L1 adipocytes at different stages of differentiation us-
ing a miR-223-3p mimic (Figures 6–8). Transfection efficiency was
validated as shown in Figure S4, confirming that these cells accumu-
late miR-223-3p intracellularly.

3T3-L1 cells transfected with miR-223-3pmimic at D3 of differentia-
tion exhibited similar mRNA levels but lower protein content of the
miR-223-3p target, GLUT4, than control cells (Figures 6A and 6B).
miR-223-3p mimic-overexpressing cells also exhibited significant de-
creases of several insulin-signaling mediators, including IRS-1, Akt,
and AS-160 protein content, as compared to their control counter-
parts (Figure 6C). In contrast, a significant increase in the protein
content of ARF6, which has been involved in GLUT4 incorporation
into intracellular GLUT4 storage vesicles,26 was observed in cells
overexpressing miR-223-3p (Figure 6D).

To evaluate whether miR-223-3p may also affect GLUT4 transloca-
tion to the plasma membrane, we employed a cMyc-GLUT4-EGFP
expression vector, which was co-transfected with the miR-223-3p
mimic or negative miRNA control. Quantification of intracellular
and plasma membrane-associated GLUT4 in confocal micrographs
revealed that 3T3-L1 cells overexpressing miR-223-3p exhibited
more GLUT4 located in the plasma membrane than control adipo-
cytes under both basal and insulin-stimulated conditions. In contrast
to that observed in control cells, plasma membrane-associated
GLUT4 levels in miR-223-3p-overexpressing cells were similar in
the absence or presence of insulin (Figure 6E). In all groups, glucose
uptake values changed in parallel to GLUT4 translocation to the
plasma membrane (Figure 6F).

The effects ofmiR-223-3p overexpression were also examined in 3T3-
L1 adipocytes at later stages of differentiation (D6) (Figure 7). 3T3-L1
cells at D6 overexpressing miR-223-3p also exhibited decreased
GLUT4 protein levels but similar GLUT4 mRNA levels (Figures 7A
and 7B). There were also significant decreases in IRS-1 and AS-160
protein content, as well as in Akt phosphorylation levels (Figure 7C),
whereas ARF6 levels remained unchanged (Figure 7D). Regarding
GLUT4 translocation, no differences were observed in basal values
between 3T3-L1 adipocytes overexpressing miR-223-3p mimic and
control cells (Figure 7E). However, insulin-induced GLUT4 translo-
Figure 3. Adipocyte response to in vitro treatment with baseline serum from n

(A–F) Representative blots and quantification of IRS-1 and pIRS-1(Ser307), Akt and pAkt

CHOP (D); SOD-1 andGSS (E); and UCP-1 and PGC-1a (F) in 3T3-L1 cells at day 6 of diff

32) and incident-T2D (n = 32) during the median follow-up of 60 months. Values are m
cation was reduced by 6.4-fold in adipocytes overexpressing miR-
223-3p (Figure 7E). Functional studies showed that both basal and in-
sulin-stimulated glucose uptake was lower in adipocytes expressing
miR-223-3p mimic than in control cells (Figure 7F).

Effects of miR-223-3p overexpression on lipid metabolism in

3T3-L1 adipocytes

Lipid accumulation assessed by quantification of Oil Red O staining
in confocal micrographs revealed lower lipid content in cells trans-
fected at D3 with miR-223-3p mimic than control cells, which was
attributable to a reduction in lipid droplet (LD) number (Figure 8A).
When transfected at D6, 3T3-L1 adipocytes, expressing miR-223-3p
mimic, contained more but smaller LDs than control cells, so that
no changes in total lipid content were observed as a consequence of
miR-223-3p overexpression (Figure 8B). Finally, 3T3-L1 cells, overex-
pressing miR-223-3p at either early or late differentiation stages, ex-
hibited enhanced lipolytic rates (measured as glycerol release into
the medium) compared to their respective control cells (Figures 8C
and 8D). These observations were in agreement with a significantly
reduced mRNA content of several markers of adipogenesis, lipogen-
esis, and LD biogenesis and growth, and the increase of lipolysis-
related genes in these cells (Figures 8E�8H).

DISCUSSION
Herein, we provide experimental evidence supporting that AT
dysfunction precedes T2D onset and that decreased circulating
miR-223-3p may represent a potential biomarker for this event.
More specifically, low circulatingmiR-223-3p levels have been associ-
ated with compromised AT insulin sensitivity previous to T2D onset.
Furthermore, decreased miR-223-3p secretion concomitant with its
intracellular accumulation, as occurs under inflammatory conditions,
has pathological effects on both preadipocyte and adipocyte physi-
ology, which may have further consequences on systemic metabolic
homeostasis.

We10 and others7,27,28 have previously reported an association be-
tween plasma levels of various miRNA and T2D incidence. However,
despite the increasing number of studies reporting circulating miR-
NAs as metabolic biomarkers, the cause and physiological conse-
quences of the alterations in these circulating miRNAs have been
poorly explored. This knowledge might be of relevance to elucidate
the underlying mechanisms of T2D development and to establish
novel therapeutic strategies. In this scenario, AT is especially relevant
due to its role as a major contributor of circulating miRNAs, as stated
by foregoing reports,6,12,13 and as a regulator of whole-bodymetabolic
homeostasis.5,29 In this line, we specifically found that low circulating
miR-223-3p levels (previously associated with T2D incidence10) are
related to impaired AT insulin sensitivity, placing circulating miR-
223-3p as a potential biomarker for AT functionality.
on- and incident-T2D patients
(Ser473), JNK and pJNK(Thr183/Tyr185), and their corresponding ratios (A�C); BiP and

erentiation upon 24 h of exposure to 10%baseline serum from non-T2D patients (n =

ean ± SEM, *p < 0.05 and **p < 0.01 versus non-T2D. See also Table S4.
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Figure 4. Regulation of miR-223-3p, miRNA-exosome machinery, and exosome production during 3T3-L1 adipocyte differentiation

(A–C) Extracellular (A) and intracellular (B) levels of miR-223-3p were measured in the culture media and in the cell extracts, respectively, and themiR-223-3p extracellular/

intracellular ratio was calculated during 3T3-L1 differentiation (C). (D–F) mRNA expression of Ago2 (D), Hnrnpa2b1 (E), and Cd63 (F) during 3T3-L1 differentiation. (G)

Representative immunoblotting and quantification of CD63 during 3T3-L1 differentiation. (H) mRNA expression of Ybx1 during 3T3-L1 differentiation. (I) Exosome con-

centration in cell culture supernatant from 3T3-L1 cells at day 0 or 10 of differentiation (I). Values are given as mean ± SEM (n = 6), *p < 0.05, **p < 0.01, and ***p < 0.001

versus previous days of differentiation. See also Figure S1.
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Concordant with this hypothesis, our in vitro analyses revealed that
adipocytes secrete miR-223-3p, especially at early stages of differenti-
ation, whereas an inflammatory stimulus hampering insulin signaling,
i.e., TNF-a, prevented adipocyte miR-223-3p secretion, likely due to
1040 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
the dysregulation of general miRNA processing and exosome produc-
tion. This is noteworthy since inflammation is a hallmark of dysfunc-
tional AT that has been widely proposed as a central mechanism
leading to metabolic disturbances.30,31 Notably, inflammation was



(legend on next page)
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triggered and insulin signaling cascade altered in adipocytes upon
exposure to baseline sera collected from the patients who were going
to develop T2D in the next 5 years. In view of these results, it is
tempting to speculate that, unlike patients who did not develope
T2D, a proinflammatory environment present before the establish-
ment of T2D would favor AT IR and would impairmiR-223-3p secre-
tion. This is in accordance to previous reports supporting that AT
dysregulation may precede the development of metabolic complica-
tions.32 Therefore, low circulating miR-223-3p levels may not only
represent a marker for T2D onset, as previously reported,10 but also
for AT IR. In addition, our results raised the question as to whether
an inflamedATwith diminishedmiR-223-3p secretion capacity might
contribute to the decreased levels of circulating miR-223-3p. Taking
into consideration the ubiquitous expression of this miRNA, the
possible contribution of metabolic organs, other than the AT, to the
circulating miR-223-3p pool should also be assessed in future studies.
Likewise, other miRNAs, among other factors produced by the AT,
might be involved in the metabolic dysregulation preceding T2D
onset. Previous studies showed a correspondence between the AT
expression of specific miRNAs and their circulating levels,12,13 but
the relationship of these miRNAs and the functional state of AT
were not explored. Apart from the pathogenic alteration of miR-
223-3p secretion, the differences found in miR-223-3p dynamics in
relation to adipocyte differentiation stage suggest that this miRNA
may play distinct roles in preadipocytes and adipocytes. These differ-
ences might have physiological relevance and concur with the previ-
ously described distinct secretory profile, including EVs, of preadipo-
cytes and adipocytes,33 as it has been confirmed in the present study.

Interestingly, intracellular miR-223-3p accumulation in adipocytes,
rather than diminished miR-223-3p expression, accounted for the
impaired miR-223-3p secretion by these cells during adipogenesis
and in response to inflammation-induced IR. Although adipocyte
miR-223-3p secretion has not been previously analyzed, several
studies have explored intracellular miR-223-3p expression in adipo-
cytes and AT. In agreement with our results, an increase in miR-
223-3p expression during adipogenesis34,35 and after TNF-a treat-
ment in adipocytes36 has been reported. Furthermore, higher AT
miR-223-3p expression in IR obese patients compared to either lean
or non-IR obese subjects21,36 and a decrease after bariatric surgery37

were described, supporting the notion ofmiR-223-3p retention in ad-
ipose cells during metabolic dysregulation.

Previous studies found that stromal vascular fraction (SVF), rather
than mature adipocytes, accounted for most miR-223-3p expression
in obese visceral AT.21 Taking this and the anti-inflammatory
Figure 5. Regulation of miR-223-3p upon TNF-a-induced insulin resistance in

(A–C and H–J) Extracellular (A and H) and intracellular (B and I) levels of miR-223-3p m

extracellular/intracellular ratio in control or TNF-a-treated 3T3-L1 preadipocytes and adi

and L),Hnrnpa2b1 (F andM), and Ybx1 (G and N) in control or TNF-a-treated 3T3-L1 pre

supernatant from 3T3-L1 cells upon 24 h of treatment with 5 nM TNF-a or vehicle (cont

culture media and in the cell extracts, respectively, and miR-223-3p extracellular/intrac

SEM (n = 6), *p < 0.05, **p < 0.01, and ***p < 0.001 versus control. See also Figures S
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function attributed to this miRNA into consideration, a role for
miR-223-3p in macrophages and AT inflammation has been pro-
posed.3,21,24,25 In line with previous studies, herein we observed
that, similar to that found in (pre)adipocytes, THP-1 macrophages
release miR-223-3p, suggesting that adipose macrophages might
also contribute to the circulating miR-223-3p pool. Nevertheless,
TNF-a exposure did not affect miR-223-3p secretion but increased
its accumulation inside these cells, further supporting the previously
proposed role for this miRNA in inflammation-related processes.21–25

By contrast, the consequences ofmiR-223-3p dysregulation on adipo-
cyte differentiation and function have been scarcely explored.34–36

However, previous findings34–36 and our results suggest a relevant
regulatory role of this miRNA on AT physiology beyond the
already-reported role inmodulating AT immunity.3,21,24,25 Therefore,
we also aimed at carrying out a comprehensive analysis of the effect of
intracellular miR-223-3p accumulation on preadipocyte and adipo-
cyte function by overexpressing miR-223-3p.

We experimentally demonstrated that miR-223-3p overexpression
impaired the expression and activation of insulin signaling mediators
at both early and late stages of adipocyte differentiation. Nonetheless,
the consequences of insulin signaling disruption, determined by
glucose uptake and GLUT4 translocation, differed depending on
the differentiation stage. Early adipocytes exhibited constitutive insu-
lin-independent glucose uptake and GLUT4 translocation to the
plasmamembrane. This could be construed as a compensatory mech-
anism mediated by the upregulation of the GLUT4 recycling marker,
ARF6, to fulfil the concomitant-diminished GLUT4 protein content.
In keeping with this, increased insulin-independent glucose uptake
has been previously associated with decreased insulin responsiveness
in adipose cells.38,39 In accordance to previous reports,36 this con-
trasts the reduced glucose uptake, either basal or insulin stimulated,
by late adipocytes uponmiR-223-3p overexpression. Our results indi-
cate that this phenomenon is likely due to impaired insulin signaling
and reduced presence of GLUT4 at the plasma membrane, which is in
line with the reduced glucose uptake seen in AT from diabetic hu-
mans.40 The apparent contradictory findings relative to adipocyte dif-
ferentiation stage could be accounted for by the demonstrated in-
crease in insulin-independent glucose uptake at earlier stages of
adipogenesis that declines during adipogenic differentiation.41 This
suggests that despite the fact that GLUT4 is a validated miR-223-3p
target gene, cell type-specific miR-223-3p regulatory networks can
be triggered with disparate effects on GLUT4 expression and activity.

Importantly, proper adipocyte lipid storage into LDs is crucial for
maintaining metabolic homeostasis, and defects on AT lipogenesis
adipocytes

easured in the culture media and in the cell extracts, respectively, and miR-223-3p

pocytes, respectively (C and J). (D–N) mRNA expression of Ago2 (D and K), Cd63 (E

adipocytes (D�G) or adipocytes (K�N). (O) Concentration of exosomes in cell culture

rol). (P–R) Extracellular (P) and intracellular (Q) levels ofmiR-223-3pmeasured in the

ellular ratio (R) in control or TNF-a-treated THP-1 cells. Values are given as mean ±

1�S3.



Figure 6. Effect of miR-223-3p overexpression on glucose metabolism in adipocytes at an early stage of differentiation

(A–D) mRNA expression ofGlut4 (A); representative blot and quantification of GLUT4 (B); representative blots and quantification of IRS-1, pIRS-1(Tyr608), Akt, pAkt(Ser473), AS-

160, pAS-160(Ser666), and their respective ratios (C); and representative blot and quantification of ARF6 (D) in 3T3-L1 cells transfected with negativemiRNA-control (control) or

miR-223-3pmimic (mimic) at day 3 of differentiation. (E and F) Representative confocal micrographs and quantification of GLUT4 translocation (E) and glucose uptake (F) of
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have been related to metabolic disorders.30,42 Thus, we also examined
the effect of miR-223-3p on lipid metabolism, finding a reduction in
both the expression of markers of adipogenesis and lipogenesis and
LD biogenesis and growth in early adipocytes, which was consistent
with their reduced number of LDs. This suggests that early miR-
223-3p overexpression during adipogenesis may prevent adipocyte
differentiation due to an impaired capacity of these cells for accumu-
lating lipids, which represents a hallmark of AT-associated metabolic
disorders.43 LD size was reduced by miR-223-3p overexpression in
late differentiated adipocytes. These changes were concomitant to
an increased lipolytic rate regardless of the differentiation stage.
Both AT inability to store lipids and increased lipolysis are associated
with ectopic lipid storage and lipotoxic effects on other metabolic tis-
sues and are considered risk factors for IR and T2D.44 Whether the
effects of miR-223-3p on lipid turnover are directly mediated or sec-
ondary to the effects on GLUT4 translocation and glucose uptake,
required for de novo lipogenesis, remains to be clarified.

To sum up, our in vitro analyses have shown, for the first time, that
miR-223-3p has an effect not only on GLUT4 protein expression in
differentiated adipocytes36 but also globally affects early and late
adipocyte physiology by altering both glucose and lipid metabolism.
Our results suggest that pathogenic intracellularmiR-223-3p accumu-
lation impairs adipogenesis and energy storage in differentiated adi-
pocytes. This could have detrimental consequences for metabolic
health, as it has been proposed that it is the AT expandability, rather
than AT size, which led to AT dysfunction.30,45 This hypothesis ex-
plains the existence of lean diabetic patients and so-called metaboli-
cally healthy obese subjects. Within the context of our cohort study,
this could explain why some individuals developed T2D, whereas
others remained healthy after a median follow-up of 60 months.

In conclusion, we have undertaken a comprehensive study of the rela-
tionship between circulating and AT miR-223-3p in the context of
T2D predisposition. Our results indicate that AT IR may precede
T2D development. Within this context, we identified that adipocyte
miR-223-3p release was prevented under pathological conditions
(i.e., inflammation), which might contribute to the lower circulating
miR-223-3p levels observed in patients who are going to develop
T2D. These results are in line with the previously proposed notion
of AT as an important source of circulating miRNAs and pave the
way to future studies on miRNA release from this organ in the field
of metabolic diseases. We also reported that the resulting pathological
accumulation of miR-223-3p in preadipocytes and adipocytes under
inflammatory conditions compromises cellular function. miR-223-
3p overexpression not only inhibited GLUT4 and insulin-stimulated
glucose uptake in these cells, but also led to impaired insulin signaling,
GLUT4 trafficking, and lipid metabolism. With the consideration of
cells transfected with negative miRNA-control (control) ormiR-223-3pmimic (mimic) at d

transfected with cMyc-GLUT4-EGFP expression plasmid and immunostained with anti-

GLUT4 (GLUT4m) in red. Nuclei were stained with DAPI (blue). Scale bars, 10 mm. Values

control; #p < 0.05 versus noninsulin-stimulated cells. See also Figures S4A�S4C.
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the major role of adipocyte dysfunction in the development of multi-
ple metabolic diseases, these results unveil adipose miR-223-3p as a
relevant player in tissue dysfunction and consequently, in the associ-
ated establishment of T2D. Altogether, our results provide novel
molecular and cellular cues underlying the development of metabolic
disturbances that may be helpful to design novel therapeutic strategies
to prevent T2D.

MATERIALS AND METHODS
Patients

Participants of this study belonged to the CORDIOPREV study
(ClinicalTrials.gov: NCT00924937). Detailed study design and
biochemical and anthropometric characteristics of participants
have been published elsewhere.46 Briefly, the CORDIOPREV study
is a prospective study carried out in 1,002 patients with coronary
heart disease and high cardiovascular risk. Patients who had their
last coronary event more than 6 months previously to the inclusion,
aged between 20 and 75 years old, and without other serious diseases
or a life expectancy of less than 5 years were included. Subjects were
randomized into two different dietary models (Mediterranean and
low-fat diets). For the present study, those patients without diag-
nosed T2D at baseline (n = 462) were included (CORDIOPREV-
DIAB).10,47,48 Patients were classified according to T2D incidence
(American Diabetes Association [ADA] diagnosis criteria)49 during
the median follow-up of 60 months in the non-T2D group (partic-
ipants who did not develop T2D during the follow-up; n = 355) and
the incident-T2D group (participants who developed T2D during
the follow-up; n = 107). As reported previously, no statistical differ-
ences were found in the demographic and metabolic characteristics
between dietary interventions in the CORDIOPREV-DIAB cohort
(chi-square test = 1.948; p = 0.163).

For in vitro experiments, serum samples from a subcohort (n = 64) of
the CORDIOPREV-DIAB study were used as detailed below, and
biochemical and anthropometric characteristics from this subcohort
are shown in Table S4.

Written consent was obtained from all of the subjects prior to recruit-
ment, and the study protocol and all amendments were approved by
the Ethics Committee of Reina Sofia University Hospital, all of which
follow the Helsinki Declaration and good clinical practices.

Biochemical and anthropometric measurements

Venous blood from the participants was collected in tubes containing
EDTA after a 12-h overnight fast. Anthropometric (BMI, waist
circumference) and biochemical variables (total cholesterol, high-
density lipoprotein [HDL] cholesterol, low-density lipoprotein
[LDL] cholesterol, triglyceride, nonesterified fatty acid [NEFA],
ay 3 of differentiation, stimulated or not with insulin (100 nM, 20 min). Cells were co-

cMyc antibody, showing total GLUT4 (GLUT4t) in green and membrane-associated

are given asmean ±SEM (n = 6), **p < 0.01 and ***p < 0.001 versus negativemiRNA
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apoA1, apoB, glucose, HbA1c, and insulin levels), as well as homeo-
static model assessment for IR (HOMA-IR), were assessed, as previ-
ously described.10 The high-sensitivity C-reactive protein (hs-CRP)
was determined by high-sensitivity ELISA (BioCheck, San Francisco,
CA, USA). AT IR index (ATIRI) was determined according to the
following formula: ATIRI = fasting plasma NEFA (mM) � fasting
plasma insulin (pmol/L), which has been proposed as a suitable and
useful method in clinical practice to estimate AT insulin sensitivity.50

Quantification of circulating miRNAs by quantitative real-time

PCR

miRNAs were isolated using the miRNeasy Mini Kit (QIAGEN, Hil-
den, Germany) from plasma collected at baseline following the man-
ufacturer’s guidelines. RNA retrotranscription using the TaqMan
MicroRNA Reverse Transcription Kit (Life Technologies, Carlsbad,
CA, USA), preamplification using the TaqMan PreAmp Master
Mix (Life Technologies, Carlsbad, CA, USA), and quantitative real-
time PCR using the OpenArray Platform (Life Technologies, Carls-
bad, CA, USA) were performed as previously detailed.10 Specifically,
we investigated the nine miRNAs (miR-9, miR-28-3p, miR-29a, miR-
30a-5p, miR-103, miR-126, miR-150, miR-223-3p, and miR-375),
which were included in the predictive model for T2D previously es-
tablished by us.10 miR-143 and miR-144 were selected as house-
keeping genes according to the NormFinder Bioinformatic tool and
BestKeeper method.10,51–53 Relative expression was analyzed with
OpenArray Real-Time qPCR Analysis Software (Life Technologies,
Carlsbad, CA, USA).

Among the nine miRNAs analyzed,miR-223-3p was the only miRNA
exhibiting significant association with ATIRI, and therefore, this
miRNA was selected for further analyses.

In silico analysis of miR-223-3p target genes

miRDB (www.mirdb.org),54 microRNA (https://bigd.big.ac.cn/
databasecommons/database/id/1426 ),55 and TargetScan (www.
targetscan.org)56 database searches were performed in order to iden-
tify predictedmiR-223-3p target genes. In addition, miRTarBase data-
base (http://mirtarbase.cuhk.edu.cn/php/index.php)57 was employed
for identification of previously validated miR-223-3p target genes. To
increase the predictive power, the search of each database was limited
to the 50 genes with the highest corresponding score value. Canonical
pathway and upstream regulator prediction analyses were performed
using IPA (software version [v.]43605602 by Ingenuity Systems
[QIAGEN, Hilden, Germany]).58 The significance of the association
between the dataset and each canonical pathway was measured in
Figure 7. Effect of miR-223-3p overexpression on glucose metabolism in adipo

(A–D) mRNA expression ofGlut4 (A); representative blot and quantification of GLUT4 (B);

160, pAS-160(Ser666), and their respective ratios (C); and representative blot and quantific

miR-223-3pmimic (mimic) at day 6 of differentiation. (E and F) Representative confocal

cells transfected with negative miRNA-control (control) ormiR-223-3pmimic (mimic) at d

transfected with cMyc-GLUT4-EGFP expression plasmid and immunostained with anti-

with DAPI (blue). Scale bars, 10 mm. Values are given as mean ± SEM (n = 6), *p < 0.05,

0.001 versus noninsulin-stimulated cells. See also Figures S4D and S4E.
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two ways: (1) a ratio of the number of target genes that mapped to
the pathway divided by the total number of genes that mapped to
the canonical pathway displayed, and (2) Fisher’s exact test was
used to calculate a p value. Pathways with a false discovery rate
(FDR) < 0.05 by the Benjamini-Hochberg method58 were considered
statistically significant.

Upstream regulator analysis was also carried out based on the Inge-
nuity Knowledge Base. The significance of the prediction between
the dataset and upstream regulators was measured in two ways: (1)
the number of genes from our dataset that mapped to the upstream
regulator target genes, and (2) p value computed based on significant
overlap between dataset genes and known targets regulated by each
upstream regulator.
3T3-L1 cell differentiation and experimental treatments

3T3-L1 cells were purchased fromATCC (Manassas, VA, USA). Cells
were differentiated into adipocytes according to our previously estab-
lished protocols.59 Cells were harvested at D0, D3, D6, and D10 of dif-
ferentiation for mRNA, miRNA, and protein analyses, and culture su-
pernatants collected for miR-223-3p quantification.
Exposure of 3T3-L1 adipocytes to baseline serum from non-T2D

and incident-T2D patients

To evaluate whether circulating factors from those patients who are
going to develop T2D may affect adipocyte function, 3T3-L1 adipo-
cytes were exposed to serum collected at baseline from incident-
T2D (n = 32) or from non-T2D (n = 32) patients of the CORDIO-
PREV-DIAB cohort, matched by BMI, waist circumference, and
biochemical variables. Briefly, differentiated 3T3-L1 adipocytes
cultured in DMEM containing 10% fetal bovine serum (FBS) were
incubated for 2 h in medium alone and then treated for 24 h with me-
dium containing 10% inactivated patients’ serum (incubated at 56�C,
30 min), as previously described.60 Subsequently, cells were collected
for protein analyses. The clinical characteristics of patients are sum-
marized in Table S4.
Inflammation-induced IR model in 3T3-L1 adipocytes

In order to evaluate the influence of inflammation on the regulation of
miR-223-3p, 3T3-L1 adipocytes at D6 were subjected to a previously
validated model of inflammation-induced IR based on a 24-h expo-
sure to TNF-a (5 nM).61 Controls exposed to vehicle alone were
included. To test insulin sensitivity, cells were exposed to 100 nM in-
sulin or medium alone during 5 min.61 At the end of the experiments,
cytes at a late stage of differentiation

representative blots and quantification of IRS-1, pIRS-1(Tyr608), Akt, pAkt(Ser473), AS-

ation of ARF6 (D) in 3T3-L1 cells transfected with negativemiRNA-control (control) or

micrographs and quantification of GLUT4 translocation (E) and glucose uptake (F) of

ay 6 of differentiation, stimulated or not with insulin (100 nM, 20 min). Cells were co-

cMyc antibody, showing GLUT4t in green and GLUT4m in red. Nuclei were stained

**p < 0.01, and ***p < 0.001 versus negative miRNA control; ##p < 0.01 and ###p <
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cells were harvested for miRNA, mRNA, and protein analyses. Cell
culture supernatants were collected for miR-223-3p measurement.

miR-223-3p overexpression studies in 3T3-L1 cells

Overexpression studies were carried out to assess the intracellular
functions of miR-223-3p. To this end, 3T3-L1 cells at D3 were
exposed to 30 nMmiR-223-3pmimic (mirVana miRNAmimic, assay
identification [ID] MC12301; Invitrogen, Carlsbad, CA, USA) or
negative control (Pre-miR miRNA Precursor Negative Control #1;
Ambion, Waltham, MA, USA) in the presence of Lipofectamine
RNAiMAX Transfection Reagent (Invitrogen, Carlsbad, CA, USA),
according to the manufacturer’s guidelines. Overexpression studies
at later stages of differentiation (D6) were carried out by electropora-
tion using 100 nM miR-223-3p mimic or negative control, according
to our established protocols.59miR-223-3pmimic overexpression was
validated by quantitative real-time PCR, as detailed below, and by
confocal imaging upon cotransfection with Cy3 Dye-labeled Pre-
miR Negative Control #1 (Ambion, Waltham, MA, USA) under the
same conditions (Figure S1). After treatments (48 h), cells were har-
vested for protein isolation, functional analyses (glucose uptake), and
Oil Red O staining for confocal imaging and LD quantification. Cell
culture supernatants were collected for lipolysis assessment.

For analysis of the effect of miR-223-3p on GLUT4 traffic, a cMyc-
GLUT4-EGFP expression plasmid, kindly donated by Dr. J. A. Pessin
(Albert Einstein College of Medicine, NY, USA), was employed. This
plasmid encodes GLUT4 recombinant protein containing cMyc
epitope tag in the first exofacial loop, as well as EGFP fused in-frame
at the carboxy terminus.62 A mixture containing the cMyc-GLUT4-
EGFP expression plasmid and miR-223-3p mimic or negative control
was employed for co-expression studies in 3T3-L1 cells at D3 orD6 us-
ing the same procedures of those employed for single overexpression
experiments. 48 h after transfection/electroporation, cells were exposed
to 100 nM insulin or medium alone during 20 min and processed for
evaluation of GLUT4 translocation by confocal microscopy as detailed
below.

THP-1 cell culture

THP-1 cells were purchased from ATCC (Manassas, VA, USA) and
grown in RPMI-1640 culture medium (Biowest, France) supple-
mented with FBS (10%), L-glutamine (2 mM), glucose (4,500 mg/
L), and penicillin/streptomycin (1%) (Sigma-Aldrich, Spain),
following the supplier’s recommendation. To induce macrophage dif-
ferentiation, THP-1 cells were transferred to RPMI-1640 medium
supplemented with FBS (3%), L-glutamine (2 mM), glucose
(4,500 mg/L), and penicillin/streptomycin (1%); seeded in 12-well
Figure 8. Effects of miR-223-3p overexpression on lipid metabolism in adipocy

(A and B) Representative confocal micrographs and lipid droplet morphological analys

mimic (mimic) at day 3 (A) and 6 (B) of differentiation. Cells were co-transfected with phrG

with Oil Red O. Scale bars, 10 mm. (C and D) Lipolysis rate, determined by extracellular g

miR-223-3p mimic (mimic) at day 3 (C) and 6 (D) of differentiation. (E–H) mRNA levels

biogenesis and growth (H) in 3T3-L1 cells transfected with negative miRNA-control (co

mean ± SEM (n = 6), *p < 0.05, **p < 0.01, and ***p < 0.001 versus control. See also

1048 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
plates at 2 � 105 cells/mL; and treated with phorbol 12-myristate
13-acetate (PMA, 10 ng/mL) (Sigma-Aldrich) for 48 h. Differentiated
macrophages were then exposed to TNF-a (5 nM) or vehicle for 24 h.
At the end of the experiments, cells were harvested and cell culture
supernatants collected for miR-223-3p determination.

Quantification of miRNA and mRNA in adipocyte cultures by

quantitative real-time PCR

TRIzol Reagent (Sigma-Aldrich, St. Louis, MO, USA) was used for to-
tal RNA isolation, as detailed elsewhere.63 RNA was retrotranscribed
into cDNA using the RevertAid First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific, Waltham, MA, USA) and quantitative
real-time PCR performed using GoTaq qPCRMaster Mix Kit (Prom-
ega, Madrid, Spain) on a LightCycler 480 System (Roche, Basilea,
Switzerland), according to previous studies.60 Expression of genes
of interest was normalized by the geometrical average of glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH), b-actin (ACTB), and
hypoxanthine-guanine phosphoribosyltransferase (HPRT) using the
BestKeeper tool.53 Primer details are depicted in Table S5.

miRNA isolation from 3T3-L1 adipocytes (intracellular) and culture
supernatants (extracellular) was performed using miRNeasy kit
(QIAGEN, Hilden, Germany). cDNA synthesis and preamplification
were carried out, as described above, and miRNA levels were assessed
by quantitative real-time PCR using TaqMan Universal PCR Master
Mix II and the iQ5Multicolor Real Time PCRDetection System (Bio-
Rad, Hercules, CA, USA), according to the manufacturer’s guidelines.
Commercially available and prevalidated TaqMan primer/probe sets
for retrotranscription and quantitative real-time PCR were used
(miRBase:mmu-miR-223-3p, assay 002295; Applied Biosystems, Fos-
ter City, CA, USA). miR-17-3p (miRBase: mmu-miR-17-3p, assay
002543; Applied Biosystems, Foster City, CA, USA) was used as a
housekeeping control to normalize miR-223-3p relative expression
based on previous studies.64 Fold changes compared with the house-
keeping controls were determined by calculating 2�DCt, according to
the manufacturer’s guidelines. Replicates and negative controls were
included in each reaction.

Immunoblotting

Total protein from 3T3-L1 adipocytes was extracted using SDS-DTT
buffer (62.5 mM Tris-HCl , 100 mM DTT , 2% SDS [Sigma-Aldrich,
St. Louis, MO, USA], 20% glycerol [VWR International, Radnor, PA,
USA], pH 7.6) at 65�C. Immunoblotting was performed as previously
reported.61,65 Briefly, 30�50 mg of protein per sample was loaded into
4%–20% precasted SDS-PAGE gels and transferred to nitrocellulose
membranes using the Trans-Blot Turbo Transfer System (Bio-Rad,
tes at an early and a late stage of differentiation

is in 3T3-L1 cells transfected with negative miRNA-control (control) or miR-223-3p

FP-N1 encoding GFP alone (green) to validate transfection and lipid droplets stained

lycerol content, of 3T3-L1 cells transfected with negative miRNA-control (control) or

of genes related to adipogenesis (E), lipogenesis (F), lipolysis (G), and lipid droplet

ntrol) or miR-223-3p mimic (mimic) at day 3 of differentiation. Values are given as

Figure S4.
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Hercules, CA, USA). Membranes were stained with Ponceau to ensure
equal sample loading. Blots were incubated overnight at 4�C with spe-
cific antibodies (Table S6), and immunoreactive bands were visualized
using the Clarity Enhanced Chemiluminescence (ECL) Western Blot-
ting Substrate (Bio-Rad, Hercules, CA, USA). The intensity of the
bands was quantified by densitometry using ImageJ v.1.50 software
(NIH) and normalized by Ponceau staining.61

Functional assays

Glucose uptake upon insulin stimulation (100 nM, 1 h) by 3T3-L1 ad-
ipocytes was estimated by luminescence using the Glucose Uptake-
Glo Assay (Promega, Madrid, Spain). To determine nonspecific
glucose uptake, a subset of cells was exposed to 25 mM cytochalasin
B (Sigma-Aldrich, St. Louis, MO, USA) for 5 min prior to insulin
stimulation.

For lipolysis assessment, cell culture supernatants were collected at
the end of the experiments, and free glycerol was measured using
the Free Glycerol Determination Kit (Sigma-Aldrich, St. Louis, MO,
USA). The fluorescent reagent Amplex UltraRed (Invitrogen, Carls-
bad, CA, USA) was used to increase the sensitivity of lipolysis assess-
ments. Flex Station 3 (BioNova Scientific, Madrid, Spain) was
employed to measure both luminescence and fluorescence.

EV isolation

EVs were isolated from cell culture media of 3T3-L1 cells at D0 or
D10 of differentiation and at D6 of differentiation upon exposure
to TNF-a (5 nM) or control medium (24 h), as previously described.66

Serum-free culture media were employed to avoid contamination
from FBS, and the culture media corresponding to a 24 h-period
were collected and centrifuged at 300 � g for 10 min to remove cells
in suspension. Thereafter, supernatants were centrifuged at 2,000� g
for 20 min and at 10,000� g for 30 min to remove cell debris. Finally,
supernatants were ultracentrifuged at 100,000 � g for 1 h to pellet
EVs. All centrifugations were performed at 4�C. EV pellets were re-
suspended in 1 mL sterile PBS, stored at 4�C, and utilized within
1 week of isolation for subsequent analysis.

TEM

EVs were negatively stained as previously described.67 Isolated EVs
were fixed in glutaraldehyde (Electron Microscopy Sciences, Hatfield,
PA, USA) (1%, v/v) for 30 min at room temperature. Then, 10 mL
droplets of fixed, isolated EVs were placed onto 200 mesh copper
grids with carbon film (Agar Scientific, Essex, UK) and allowed to
air dry for 30 min. Grids were washed (2 � 2 min in Milli-Q water)
before negative staining with 2% (v/v) uranyl acetate (ElectronMicro-
scopy Sciences) for 4 min. Surplus stain was washed (2 � 2 min in
Milli-Q water), and grids were allowed to air dry before being exam-
ined in a Jeol JEM-1400 TEM (Jeol, Tokyo, Japan) with Gatan Micro-
scope Suite software (Gatan, Pleasanton, CA, USA).

EV size and concentration analysis

Size and concentration distributions of EVs were determined using
NTA, as described before.68 Briefly, NTA uses the light-scattering
properties and Brownian motion of laser-illuminated particles in sus-
pension to determine EV size and concentration. NTA was under-
taken using the NanoSight NS300 configured with a 488-nm laser
(Malvern Panalytical, Madrid, Spain) using NTA software v.3.3 in
the facilities of the University Institute of Nanochemistry (IUNAN;
University of Córdoba). Camera shutter speed was maintained at
30 ms. Samples were diluted in PBS to concentrations between 2 �
108 and 3 � 109 particles/mL. 60 s videos were recorded in replicates
of 5 per sample with camera sensitivity and detection threshold set to
13 and 8, respectively. Temperature was monitored manually and
ranged from 24�C to 26�C. EV concentration and distribution were
normalized to the cell protein content as determined by the Bradford
assay (Bio-Rad, Hercules, CA, USA) and expressed as [particles]/mg
of protein.

Confocal microscopy

miR-223-3pmimic overexpression was validated by confocal imaging
upon cotransfection with Cy3 Dye-labeled Pre-miR Negative Control
#1 (Ambion, Waltham, MA, USA).

GLUT4 translocation was evaluated in 3T3-L1 cells overexpressing
miR-223-3p mimic or control using the cMyc-GLUT4-EGFP expres-
sion plasmid as a reporter. Briefly, 3T3-L1 cells grown on glass cov-
erslips were fixed in 4% paraformaldehyde (PFA), processed without
using detergent to preserve membrane integrity, and labeled with pri-
mary anti-Myc antibody (1:500) (Bio-Rad, Hercules, CA, USA) and
Alexa Fluor 594-conjugated secondary antibody (1:500) (Thermo
Fisher Scientific, Waltham, MA, USA). Nuclei were stained with
40,6-diamidino-2-phenylindole (DAPI).

For LD visualization, PFA 4% fixed cells were washed with 60% iso-
propanol and incubated with oil red O solution (Sigma-Aldrich, St.
Louis, MO, USA) for 30 min.59 Expression of miR-223-3p mimic
was detected by cotransfection with an expression vector encoding
GFP (phrGFP-N1; Agilent Technologies, Santa Clara, CA, USA).

Samples were examined with a LSM 5 Exciter confocal microscope
(Carl Zeiss, Oberkochen, Germany). After acquisition, images under-
went a deconvolution process by the software Huygens Essential 2.4.4
(Scientific Volume Imaging, Hilversum, Netherlands). Image analysis
was performed using ImageJ v.1.50 software (NIH, Bethesda, MD,
USA) for GLUT4 distribution and LD morphometric analysis.65

Statistical analysis

Results are expressed as mean ± SEM. Kolmogorov-Smirnov or Sha-
piro-Wilk test of normality was carried out in order to determine the
use of parametric or nonparametric tests for statistical assessment of
the CORDIOPREV-DIAB or in vitro data, respectively. Comparisons
of variables between the study groups were assessed by one-way
ANOVA and between the different in vitro experimental conditions
by unpaired two-tailed Student’s t test for those variables that showed
a normal distribution or the Mann-Whitney U-test for those that did
not follow a normal distribution. For multiple group comparison be-
tween the different experimental conditions, either one-way ANOVA
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 1049
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followed by Tukey’s multiple comparisons post hoc test for para-
metric data or Kruskal-Wallis with Dunn’s multiple comparisons
post hoc test for nonparametric data was performed. Pearson’s corre-
lation tests were performed to analyze the associations between the
study variables. The relationship of ATIRI with the nine miRNA
plasma levels, clinical (glucose, total cholesterol, HDL cholesterol, tri-
glycerides, LDL cholesterol, apoA, apoB, Lp(A), CRP, insulin, HbA1c,
and HOMA-IR) and anthropometric (age, gender, BMI, and waist
circumference) data, was further examined in the R packet Modern
Applied Statistics with S (MASS) by the AIC multivariate regression
analysis with the stepAIC method.14,15 For in vitro experiments, at
least four replicates were obtained for each condition. Values were
considered significant when the p value <0.05. Analyses were per-
formed with SPSS 23.0 (SPSS Iberica, Madrid, Spain) or GraphPad
Prism 7 (GraphPad Software, La Jolla, CA, USA).
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