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miR-126 contributes to the epigenetic signature
of diabetic vascular smooth muscle and
enhances antirestenosis effects of Kv1.3
blockers
Marycarmen Arevalo-Martinez 1,2,7, Pilar Cidad 1,2, Sara Moreno-Estar 1,2, Mirella Fernández 3,
Sebastian Albinsson 4, Irene Cózar-Castellano 1,2,5, José R. López-López 1,2,6, M. Teresa Pérez-Garcia 1,2,*,6
ABSTRACT

Objectives: Restenosis after vessel angioplasty due to dedifferentiation of the vascular smooth muscle cells (VSMCs) limits the success of
surgical treatment of vascular occlusions. Type 2 diabetes (T2DM) has a major impact on restenosis, with patients exhibiting more aggressive
forms of vascular disease and poorer outcomes after surgery. Kv1.3 channels are critical players in VSMC proliferation. Kv1.3 blockers inhibit
VSMCs MEK/ERK signalling and prevent vessel restenosis. We hypothesize that dysregulation of microRNAs (miR) play critical roles in adverse
remodelling, contributing to Kv1.3 blockers efficacy in T2DM VSMCs.
Methods and results: We used clinically relevant in vivo models of vascular risk factors (VRF) and vessels and VSMCs from T2DM patients.
Resukts: Human T2DM vessels showed increased remodelling, and changes persisted in culture, with augmented VSMCs migration and
proliferation. Moreover, there were downregulation of PI3K/AKT/mTOR and upregulation of MEK/ERK pathways, with increased miR-126
expression. The inhibitory effects of Kv1.3 blockers on remodelling were significantly enhanced in T2DM VSMCs and in VRF model. Finally, miR-
126 overexpression confered “diabetic” phenotype to non-T2DM VSMCs by downregulating PI3K/AKT axis.
Conclusions: miR-126 plays crucial roles in T2DM VSMC metabolic memory through activation of MEK/ERK pathway, enhancing the efficacy of
Kv1.3 blockers in the prevention of restenosis in T2DM patients.

� 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Coronary artery bypass graft (CABG) surgery is used to relieve con-
sequences associated with ruptured or occlusive coronary artery
atherosclerotic plaques. The surgery uses undiseased vessels for the
diversion of blood from the aorta to the coronary artery. However, the
long-term efficacy of bypass grafts remains restricted owing to
complete or significant occlusion (restenosis) of the conduits. Me-
chanical injury triggers repair mechanisms, which leads to excessive
vascular smooth muscle cell (VSMC) migration and proliferation in the
intima of the vessel graft. Atherothrombotic cardiovascular disease is
the leading cause of death worldwide and the ongoing epidemic of
obesity-induced insulin resistance and type 2 diabetes mellitus
(T2DM) contributes to its increased rate. T2DM is associated with an
increased prevalence of coronary artery disease and it is an
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independent risk factor for poor outcomes following CABG, with higher
morbidity and short- and long-term mortality [1]. Although preventive
medicine seeks to reverse this trend, complementary approaches that
identify potential therapeutic targets relevant to vascular disease in
T2DM are required.
The enhanced vascular response in T2DM is partly because of a
proinflammatory and pro-proliferative environment, potentiated by
hyperinsulinemia and other metabolic disarrangements. While early
glycemic control can retard microvascular disease in T2DM [2],
macrovascular complications persist, particularly in patients with
active coronary heart disease [3]. Uncontrolled hyperglycemia can
leave an early imprint on vascular cells, the metabolic memory [4],
whose deleterious effects persist for a long time after effective gly-
cemic control [5]. The mechanisms involved in the T2DM epigenetic
signature in the vasculature remain ill-defined.
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Abbreviation

VSMCs Vascular Smooth Muscle Cells
T2DM Type 2 Diabetes Mellitus
CABG Coronary Artery Bypass Graft
PM Phenotypic Modulation
IH Intimal Hyperplasia
hMA Human Mammary Artery
hRA Human Renal Artery
PAP-1 5-(4-phenoxybutoxy) psoralen
BPH Blood Pressure High
BPN Blood Pressure Normal
HFD High-Fat Diet
iPGTT Intraperitoneal Glucose Tolerance Test
iPITT Intraperitoneal Insulin Tolerance Test
EVL Everolimus

Original Article
VSMCs express contractile proteins which allow vascular tone control
by the regulation of vessel diameter [6]. In response to local cues,
VSMCs can switch to a dedifferentiated phenotype, acquiring migratory
and proliferative capabilities. While this phenotypic modulation (PM) is
fully reversible in healthy vessels [7], the inherent plasticity of VSMCs
also contributes to vascular diseases and intimal hyperplasia (IH)
development.
Kv1.3 channels represent novel targets for the treatment of unwanted
remodeling [8e10]. Selective Kv1.3 blockade inhibits PM and prevents
restenosis in animal models of vascular lesions [11] and in human
vessels [12]. However, its efficacy in vessels with underlying diseases
awaits confirmation. VSMCs PM is also regulated by miRNAs, which
can contribute to the development of vasculoproliferative diseases and
also to the detrimental vascular phenotype associated with diabetes
[13e16]. It has been suggested that exacerbation of VSMCs dedif-
ferentiation in T2DM is mediated by a specific miRNA signature. The
concerted action of these dysregulated miRNAs contributes to the
multifactorial vascular response in diabetes.
Here, we used human mammary artery (hMA) samples to compare
vessel remodeling and VSMCs migro-proliferative responses between
non-T2DM and T2DM patients. The observed differences led us to
explore the miRNA signature of T2DM VSMCs. We found that miR-126-
3p was differentially regulated in T2DM vessels upon PM. miR-126
expression decreased in contractile T2DM VSMCs from the wall of the
vessels, but was among the most upregulated miRNAs in T2DM VSMCs
cultures. miR-126 overexpression in non-T2DM recapitulates VSMCs
T2DM phenotype in cell migration and proliferation. Moreover, the in-
hibition of PM with the Kv1.3 blocker, PAP-1, was significantly larger in
T2DM samples and non-T2DM VSMCs, overexpressing miR-126. Kv1.3
blockers also exhibit increased potency and prevent restenosis of T2DM
vessels in vivo. Altogether, our data indicate that miR-126 upregulation
is an essential element contributing to metabolic memory of T2DM
VSMCs, acting through Kv1.3-dependent mechanisms.

2. METHODS

2.1. Human samples
The hMA samples from the COLMAH collection (https://www.
redheracles.net/plataformas/en_coleccion-muestras-arteriales-
humanas.html) were obtained from donors undergoing CABG at the
Clinic Hospital of Valladolid, together with associated anonymized data.
Protocols in accordance with the Helsinki Declaration, which included
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prior informed written consent, were approved by the Hospital Ethics
Committee. Samples from 28 patients (13 T2DM and 15 non-T2DM)
were included in this study (refer Table 1 for clinical information).
For organ culture, 5 mm wide rings of hMA were incubated for 2 weeks
as described [12], using sequential sections of the same artery for the
different experimental conditions. Afterward, rings were fixed with 4 %
formaldehyde for morphometric analysis or saved in RNAlater�
(Thermo Fisher) for expression studies.
VSMC primary cultures were obtained from explants of hMA or human
renal arteries (hRA, from COLMAH collection) as described [17]. VSMCs
in passages 3e10 were used for experiments. For high glucose
treatment, VSMCs were incubated for 24e48 h in 22 mM glucose
containing-media.

2.2. Animal models
BPH (blood pressure high) and BPN mice (blood pressure normal) e
both from Jackson Laboratories e were maintained by inbreeding
crossing. All procedures were approved by the Animal Care and Use
Committee of the University of Valladolid (Project 505649), in accor-
dance with the European Community guides (Directive 2010/63/UE).
To generate a VRF model, 6 weeks old BPH mice were fed with a
standard rodent chow diet (SD) or high-fat diet (HFD; Research Diets,
#D12492, 60 % fat) for 12 weeks. Weight, blood pressure, fasting
blood glucose, intraperitoneal glucose tolerance test (ipGTT), and
intraperitoneal insulin tolerance test (ipITT) [18] were determined (see
expanded methods). To induce IH, carotid artery ligation was per-
formed as described [19]. Four weeks after surgery, animals were
euthanized in a CO2 chamber. Some experimental groups were treated
with the Kv1.3 blocker PAP-1 (5-(4-phenoxybutoxy) psoralen) or the
mTOR blocker everolimus (EVL).

2.3. Morphometric studies
Fixed arteries were paraffin-embedded to obtain 7-mm sections
[12,19]. Vascular remodeling and IH development were determined in
Masson trichrome stained sections using well-known descriptors
[19,20] (refer Supplemental Figure I and Table 1).

2.4. RNA expression
Total RNA was extracted from VSMCs culture and vessel segments
with TRIzol� (Ambion). mRNA expression of Kv1.3 and several miR-
126 putative target genes (refer Supplemental table III) was deter-
mined with qPCR with Taqman assays (Applied Biosystems) using
RPL18 (ribosomal L18) as housekeeping [12].
miRNeasy Mini Kit (Qiagen) and miScript II RT kit (Qiagen) were used
for microRNA isolation and reverse transcription, respectively. miScript
SYBR� Green PCR kit(Qiagen) was used for the detection of pre-miR-
126 and mature miRNAs, using snord-68 as housekeeping. For plasma
miR-126 determinations, Ce-miR-39 was added as the spike-in con-
trol. The relative abundance quantification method (2�DDCT) was used
in all cases [21].
The miScript miRNA PCR Array focused on human cardiovascular
disease (Qiagen, MIHS-113Z) was used to identify T2DM dysregulated
miRNAs, using the StepOnePlus� Real-Time PCR System. Data
analysis was conducted at QIAGEN’s Gene Globe Data Analysis Center
using the miScript miRNA PCR Array data analysis tool.

2.5. Protein expression
For western-blot experiments, VSMCs preincubated 24 h with serum-
free media were stimulated with 100 nM insulin for 15 or 30 min.
Immunohistochemistry experiments were carried out as described [12]
(refer also Supplemental methods).
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Table 1 e Summary of clinical data from the hMA donors for organ culture, primary VSMC cultures, or both.

Parameter (MEAN � SEM) Total (n ¼ 28) T2DM (n ¼ 13) NoN-T2DM (n ¼ 15) p-value

Age (yrs) 68.55 � 1.53 68.69 � 2.13 68.44 � 2.24 0.936
Min 51 51 52
Max 83 78 83
Gender (%)
Male 82.14 76.92 86.67 0.305
Female 17.86 23.08 13.33
BMI (KG/M2) 27.75 � 0.75 27.61 � 1.17 27.87 � 1.00 0.923
Blood Pressure (mmHg)
Systolic 128.72 � 4.63 130.50 � 6.65 127.30 � 6.70 0.742
Diastolic 76.33 � 3.65 72.88 � 4.45 79.10 � 5.57 0.413
Mean 93.80 � 3.76 92.08 � 4.89 95.17 � 5.72 0.696
Glycemia (mg/dL) 123.85 � 8.63 146.38 � 15.25 102.93 � 4.27 0.0089
T2DM treatment (%)
Diet 15.38
Oral Antidiabetics 53.85
Insulin 30.77
Cardiovascular risk factors (%)
Hypertension 73.90 91.60 54.55 0.0428
Dyslipemia 73.68 88.90 60.00 0.162
Smoking 15.79 11.11 20.00 0.418
Previous MI 47.37 66.66 30.00 0.056
Previous Angina 68.42 55.55 80.00 0.209
Previous stroke 5.56 11.11 0.00 0.5
PVD 22.22 44.44 0.00 0.041

Significant values are in bold (p-values from Fisher exact test). BMI ¼ Body mass index; MI ¼ myocardial infarct; PVD ¼ peripheral vascular disease.
2.6. Proliferation and migration assays
Proliferation was induced by the addition of PDGF (20 ng/ml) alone or
with PAP-1 (100 nM) for 24 h and quantified using EdU (5-ethynyl-20-
deoxyuridine) incorporation for 6 h with Click-iT� EdU Proliferation
Assay (Invitrogen) as described [12]. Scratch migration assay was
carried out in confluent VSMCs [12]; refer also supplemental methods.

2.7. miRNA gain of function experiments
The mirVanaTM miRNA mimics were used to overexpress hsa-miR-
126-3p (MH12841, Ambion) in VSMCs. VSMCs at 80e90 % conflu-
ence were transfected with 10 nM of miR-126 mimic or mimic
negative control (C-) with Lipofectamine 2000 (Thermo Fisher), and
used for expression and functional studies after 24 h.

2.8. Statistics
Data were plotted and analyzed using Origin (OriginLab Corp), Excel,
and R software as previously described [12] (refer supplemental
methods). Pooled data are represented with box plots indicating the
mean (as an X), the median value, the SE (the size of the box), and the
SD (the whiskers). Individual determinations are also shown and p-
values<0.05 were considered significantly different. For comparisons
between two groups with normal distribution and equal variance,
Student’s t-test, for paired or unpaired data as required, was used to
determine p-values. Welch’s t-test was applied in the case of normal
distribution and unequal sample size and variance, and Wilcoxone
ManneWhitney test was used for nonparametric distributions. For
comparisons among several groups, one-way ANOVA followed by
Tukey’s test was employed in the case of normal distributions and
equal variances; alternatively, KruskaleWallis analysis followed by
Dunn’s test was also used. ShapiroeWilk test and Bartlett’s test were
used to test the normality and homogeneity of variances, respectively.
Fisher’s exact test was used for the analysis of categorical data.
MOLECULAR METABOLISM 53 (2021) 101306 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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2.9. Ethics approval and consent to participate
The Animal Ethics Care and Use Committee of the University of Val-
ladolid (Project 505649), which conforms to the guidelines from
Directive 2010/63/EU of the European Parliament on the protection of
animals used for scientific purposes approved all animal procedures
used in this study. The human arteries of patients with or without
T2DM with coronary artery disease (CAD) were obtained from donors
undergoing CABG at the Clinic Hospital of Valladolid. Together with
associated anonymized data, written informed consent were collected.
Protocols were approved by the Hospital Ethics Committee in accor-
dance with the Helsinki Declaration.

3. RESULTS

3.1. Effects of T2DM on human VSMC remodeling
The ex vivo organ culture model was used to explore remodeling [12].
The hMA rings from non-T2DM and T2DM patients were incubated for
two weeks in organ culture. Approximately 20 % FBS induced marked
remodeling, with increased wall thickness and neointima development.
IH was more pronounced in the T2DM samples, which showed more
than a two-fold increase of the intima to media ratio (I/M ratio)
compared to control vessels (Figure 1A). VSMCs from T2DM vessels
also showed increased expression of Kv1.3 mRNA (Figure 1B). We
determined whether the differences in organ culture remain in primary
VSMCs cultures obtained from those vessels and kept in identical
conditions. T2DM VSMCs showed increased migration rates when
compared to non-T2DM cultures (Figure 1C). Also, PDGF-induced
proliferation was significantly increased in T2DM VSMCs from hMA or
hRA compared to non-T2DM VSMCs (Figure 1D). These results e
observed in 6e20 independent assays from at least 4 different patients
in each group e suggest that T2DM induces permanent epigenetic
changes in VSMCs cultures.
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Figure 1: Phenotypic modulation is increased in T2DM VSMCs. A. Intima/media ratio of the hMA vessels kept in organ culture. All through the figures, the boxes mark the SEM
range, the whiskers the SD, and the mean value is indicated by the X; n ¼ 11 vessels, (6 non-T2DM and 5 T2DM); p < 0.05 Welch’s t-test. Representative microphotographs of
Masson trichrome-stained hMA sections after 2 weeks in 0 % or 20 % FBS are also shown. 10� objective, scale bar ¼ 100 mm. B. Plot of Kv1.3 mRNA relative abundance to
RPL18 in VSMCs from the media layer of hMA; n ¼ 5e6 triplicate determinations, p-value from Welch’s t-test. C. Migration rate obtained from scratch assays in 9e20 in-
dependent experiments from at least 4 different cell lines in each group, expressed as % of the invaded area; Welch’s t-test. D. PDGF-induced proliferation in VSMCs cultures from
hMA and hRA expressed as % of EdU-stained cells; n ¼ 6e24 independent experiments in triplicate determinations; p values compared to non-T2DM samples are obtained from t-
test.

Original Article
3.2. Molecular mechanisms involved in T2DM epigenetic changes
in VSMC
The phosphoinositide 3-kinase (PI3K/AKT/mTOR) and the extracel-
lular signal-regulated kinase (MAPK/ERK) pathways mediated VSMC
PM [9]. Reductions of insulin-stimulated insulin receptor substrate
(IRS)-1 phosphorylation and IRS-1-associated PI3K activity in VSMCs
have been described in T2DM [22]. Moreover, PI3K-dependent
signaling regulated insulin metabolic functions, whereas Ras/MAPK
pathways are involved in mitogenic effects of insulin and other
growth factors. A reduction of the PI3K/AKT pathway would overdrive
the unaffected MAPKedependent pathways, leading to an imbalance
between their functions [23,24], which could explain enhanced PM in
diabetic patients. As Kv1.3 proliferative signaling in VSMCs is
mediated through ERK activation [9], these changes could also in-
fluence the effects of Kv1.3 blockers in T2DM VSMCs. To explore this
aspect, we checked the expression of some elements of these
pathways. While AKT or IR phosphorylation in response to insulin was
significantly reduced in T2DM, ERK1/2 phosphorylation was
increased (Figure 2A). To identify the mechanisms involved, we
screened the expression of 84 miRNAs with a qPCR array
(Supplemental Table II) in non-T2DM and T2DM hMA VSMCs cultures
(Figure 2B). Differentially expressed miRNAs were identified using the
criteria of minimum reads<27 Ct and fold change�1.5. Three out of
the five top differentially regulated miRNAs (miR-126, miR-1, miR-
182) were validated by RT-qPCR using different T2DM and non-T2DM
cultures (Supplemental Figure II).
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Among the most dysregulated miRNAs in T2DM VSMCs, miR-126 was
the most abundantly expressed. miR-126 has been described as a
potential biomarker of diabetes risk and/or vascular complications of
T2DM [15,25e28], but always associated with endothelial dysfunction
[29]. To confirm miR-126 origin, we determined the expression levels
of its precursor (pre-miR-126). Pre-miR-126 is expressed in VSMCs
and upregulated in T2DM cultures (Figure 2C). Labeling with VSMC-
specific markers such as SM alpha actin (SMA) and SM 22 alpha
protein (Transgelin, SM22) confirmed the purity of our VSMC cultures
(Figure 2D). Notably, non-T2DM VSMC incubated with high glucose (a
widely used model of in vitro hyperglycemia [14,30,31]) did not exhibit
miR-126 upregulation (Figure 2E).
These results suggested that miR-126 could be involved in epigenetic
changes in T2DM VSMCs. We explored this possibility by analyzing
the miR-126 overexpression effect on cell proliferation and migration.
Mimic miR-126 upregulates miR-126 expression to a similar extent
in both T2DM and non-T2DM VSMCs (Supplemental Figure III), but
induced a significant increase in migration and proliferation only in
non-T2DM VSMCs (Figure 3A,B). However, the proliferation rate of
non-T2DM VSMCs overexpressing miR-126 was not different from
the proliferation rate of T2DM cells. miR-126 overexpression led to
AKT2 and PI3KR2, downregulation in non-T2DM cultures (Figure 3C).
Moreover, western blot of extract from these cells also showed a
significant decrease of AKT and its insulin-induced phosphorylated
form in the cells transfected with mimic miR-126 (Figure 3D).
Consistent with the observation that miR-126 targets in the insulin
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 2: Altered signaling pathways and miR-126 dysregulation associates with metabolic memory in T2DM VSMC cultures. A. Representative Immunoblots of
phosphorylated insulin receptor (pIR), phosphorylated AKT (pAKT), and phosphorylated ERK (pERK) from cultured VSMC incubated for 10 min with or without insulin (100 nM) as
indicated. The boxplots show normalized data (n ¼ 3e5); p values were obtained from multiple comparison tests using KruskaleWallis analysis followed by Dunn’s test (for pIR) or
one-way ANOVA and Tukey’s test (for all other groups). A scheme of the signaling pathways explored is included. B. Plot of miRNA expression levels in T2DM versus non-T2DM
cultured VSMC. Data were obtained from 2 different cultures in each group. Selected miRNAs with expression changes >1.5 fold are indicated in green triangles (upregulated in
T2DM) or red triangles (downregulated). C. Pre-miR-126 and miR-126 abundance in cell culture from hMA VSMCs was calculated as 2�DCt using SNORD68 as housekeeping.
Boxplots show Mean � SEM data of triplicates of n ¼ 7e11 determinations from >6 different cultures; p values were obtained with t-test. D. Representative microphotographs of
cultured hMA VSMCs showing the expression of smooth muscle alpha actin (SMA) and SM22 protein by immunocytochemistry. Nuclei are stained with Hoechst. E. miR-126
abundance (normalized to SNORD68) obtained in VSMCs incubated for 24e48 h in control media (5.5 mM glucose) or high glucose-containing media (22 mM). Triplicate de-
terminations were obtained from 3 to 4 different experiments; we observed no significant differences between 5.5 and 22 mM glucose (KruskaleWallis and Dunn’s test).
signaling have been identified beyond membrane insulin receptors,
no significant changes in IR or pIR expression were detected
(Figure 3D). Altogether, these data suggest that miR-126 over-
expression is an essential element in T2DM-induced epigenetic
changes in VSMCs.

3.3. Effects of Kv1.3 blockade in the PM of T2DM samples and its
association with miR-126
As Kv1.3 mRNA expression increased in T2DM vessels (Figure 1B), we
explored Kv1.3 contribution to remodeling in these vessels. Arterial
rings were incubated with 20 % FBS alone or with the Kv1.3 blocker
PAP-1 (100 nmol/L). PAP-1 treatment inhibited 20 % FBS-induced
remodeling in both groups, but the reduction in the I/M ratio was
significantly larger in the T2DM vessels (Figure 4A). The same effect
was observed in cultured VSMCs migration and proliferation
(Figure 4B), where the inhibitory effects of PAP-1 remained signifi-
cantly larger in T2DM cultures. Notably, the inhibitory effect of PAP-1 in
the proliferation of non-T2DM VSMCs was increased by the over-
expression of miR-126 (Figure 4C). These data confirm the involve-
ment of miR-126 in the T2DM epigenetic signature of VSMCs and
provide a mechanistic link to explain PAP-1 effects in T2DM.
MOLECULAR METABOLISM 53 (2021) 101306 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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3.4. miR-126 modulation in vascular tissues upon PM and T2DM
miR-126 dysregulation has been previously described in animal
models of vascular disease in the context of T2DM [13,16]; hence, we
explored its regulation upon PM in T2DM in our preparation. The
miRNA qPCR array that focused on human cardiovascular disease in
non-T2DM and T2DM VSMCs from fresh hMAs (Figure 5A) also
identified miR-126 among the top differentially regulated miRNAs in
T2DM tissue (Supplemental Table IV and supplemental Figure IV).
However, in this case, miR-126 expression was smaller in contractile
T2DM VSMCs (miR-126 abundance in contractile VSMCs was
17197.0 � 5227.6 in non-T2DM and 436456 � 1199.7 in T2DM;
p ¼ 0.015). Differences in mir-126 expression in non-T2DM and
T2DM and between the contractile (fresh hMAs) and the dediffer-
entiated (cultured) phenotypes could reflect a different regulation of
mir-126 expression upon PM, as evidenced in Figure 5B. While mir-
126 is heavily downregulated in non-T2DM (17197.0 � 5227.6 in
contractile vs. 38.7 � 7.6 in dedifferentiated, p ¼ 0.0004), its
expression does not change significantly in T2DM (4364.5� 1199.7 in
contractile vs. 1014.9� 188.9 in dedifferentiated, p¼ 0.062), making
mir-126 expression larger in the dedifferentiated phenotype of T2DM
cells (36.7 � 7.6 in non-T2DM vs. 1014.9 � 188.9 in T2DM,
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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Figure 3: Effects of miR-126 gain of function in non-T2DM and T2DM VSMCs. A. Migration, expressed as % of the invaded area in a scratch assay, was studied in mock-
transfected VSMCs (control) or cells transfected with mimic C- and mimic miR-126. Each box shows the mean, median, SEM, and SD of 6e8 determinations from at least 3
independent experiments, p values are from one-way ANOVA. B. PDGF-induced proliferation, also determined in the same conditions; n ¼ 6e14 determinations from 3 to 6
experiments. C. Relative amount of PI3KR2 and AKT2 mRNA expression obtained in VSMCs in the same experimental conditions. Data are triplicates from 3 to 4 independent
experiments; p values were obtained from one-way ANOVA (AKT2) or KruskaleWallis test (PI3KR2). D. Representative immunoblots of AKT, IR, and their phosphorylated forms
(pAKT and pIR) from cultured non-T2DM VSMC 48 h after transfection with mimic C- or mimic miR-126. Cells were incubated for 30 min with or without insulin (100 nM) as
indicated. The boxplots show normalized data (n ¼ 4) using b-tubulin as loading control; p values were obtained from multiple comparison tests using one-way ANOVA and
Tukey’s test.

Figure 4: Effects of Kv1.3 blockade in T2DM vessel remodeling and T2DM VSMCs migration and proliferation. A. Representative microphotographs from Masson trichrome
staining of T2DM hMA cultured in the indicated conditions. 10x objective. Scale bar ¼ 100 mm. The intima/media ratio after two weeks in 20%FBSþ100 nM PAP-1 was
normalized to the remodeling observed in control samples (20 % FBS alone); n ¼ 5e7 arteries, WilcoxoneManneWhitney test. B. Effects of PAP-1 on cell migration (left panel)
and cell proliferation (right panel). The inhibition of cell migration was determined 4 h after scratching a confluent monolayer of VSMCs in the presence of PAP-1. Data from n ¼ 5e
16 experiments; p values from WilcoxoneManneWhitney test. The inhibition of proliferation was determined with EdU incorporation assays carried out in hMA VSMCs in the
presence of PAP-1; n ¼ 20e50 individual determinations from at least 10 independent experiments and using VSMCs from �4 different patients, Welch’s t-test. C. Effect of
100 nM PAP-1 on proliferation (% of inhibition) in non-T2DM VSMCs transfected with mimic C- and mimic miR-126; n ¼ 8e10 determinations from 5 independent experiments; p
values from WilcoxoneManneWhitney test.
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Figure 5: Regulation of miR-126 expression by PM and T2DM in human samples. A. miRNA expression levels in T2DM versus non-T2DM contractile VSMCs. Data were
obtained from 2 to 3 different samples (hMA tissue without endothelium and adventitia) in each group. Selected miRNAs with expression changes >1.5 fold in T2DM are indicated
with green or red triangles (up- and down-regulated, respectively). B. The effect of PM on the abundance of miR-126 in VSMCs from contractile (fresh VSMCs from the media layer)
or proliferative (cultured VSMCs) obtained from non-T2DM (black/grey symbols) or T2DM (red/dark red symbols) was calculated as 2�DCt using SNORD68 as housekeeping miRNA.
The boxplots represent the mean, median, and SEM and show data from 7 to 12 experiments from different hMAs or VSMC cultures with triplicate determinations; p values were
obtained from multiple comparisons with KruskaleWallis and Dunn test. C. The left plot represents the relative amount of miR-126 (calculated as 2�DDCt) in plasma from non-
T2DM and T2DM patients, using Ce-miR-39 as housekeeping and non-T2DM plasma as calibrator; n ¼ 14 non-T2DM and n ¼ 13 T2DM samples, p-value with Welch t-test. The
other graphs show the abundance of miR-126 and its precursor pre-miR-126 in contractile VSMCs alone or with EC from non-T2DM or T2DM hMAs; n ¼ 10e16 different samples
in each group, KruskaleWallis and Dunn test. D. Scheme with the proposed explanation of the data in C.
p¼ 0.014). The fact that changes in miR-126 expression in contractile
T2DM VSMCs resemble the changes observed on PM suggests a
correlation between miR-126 expression and the differentiation state
of VSMCs; so that decreases of miR-126 correspond to more dedif-
ferentiated VSMCs.
To better understand miR-126 origin and distribution in vascular tis-
sues, we studied its expression in plasma and vessels with or without
endothelium from control and T2DM patients (Figure 5C). Smaller
levels of circulating miR-126 were found in the plasma of T2DM pa-
tients as previously described [15]. miR-126 levels in the media layer
(VSMCs) from non-T2DM vessels were unchanged when the endo-
thelial layer (ECs) is present, suggesting a homogeneous distribution in
the vessel wall. However, in T2DM vessels, the presence of ECs
resulted in a significant increase in miR-126 expression. This could
reflect either an increased miR-126 trafficking and accumulation from
VSMC to EC or an increased production of miR-126 in T2DM ECs.
However, pre-miR-126 expression was significantly larger in T2DM
samples, independent of the presence of ECs. We propose an expla-
nation of these data (Figure 5D), which confirm VSMCs as the main
source of miR-126 in our preparation, and demonstrated that T2DM
leads to an increased miR-126 synthesis. This increased miR-126
appears to be retained in the endothelium of the T2DM vessels, and
MOLECULAR METABOLISM 53 (2021) 101306 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
this accumulation could be related to the observed decrease in miR-
126 circulating levels.

3.5. Effects of Kv1.3 blockers on VSMC remodeling in a VRF mice
model
To explore a clinical application of Kv1.3 blockers for preventing IH in
T2DM patients, we developed a VRF mouse model to characterize the
in vivo effects of these drugs. 6 weeks old BPH mice fed with HFD for
12 weeks exhibited significant weight gain (Figure 6A). They also
developed increased fasting glucose and insulin resistance together
with glucose intolerance (Figure 6BeD). Insulin tolerance test (ipITT)
showed basal insulin resistance in BPH/SD mice (compared with BPN)
that was exacerbated with the HFD.
We used these VRF mice to study vascular remodeling. Carotid artery
ligation was used to induce lesion and remodeling. The histo-
morphometric analysis demonstrated that HFD induced inward
remodeling of the carotid arteries, characterized by a decrease of the
total area of the vessel, a concomitant increase of wall thickness, and
no significant changes in wall area (Supplemental Table V). When
analyzing the changes in these parameters in ligated arteries in BPH/
SD, we found inward remodeling, with a reduction of the vessel area
and increased vessel thickness, together with IH development that also
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7
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Figure 6: Generation of a VRF model. A. Average weight of BPN/SD, BPH/SD, and BPH/HFD mice. Mean, SEM, SD, and data from 9 to 25 mice per group, KruskaleWallis and
Dunn test. A picture of an 18- week-old BPH/SD and BPH/HFD mouse is shown. B. ipGTT after 12 weeks of HFD. BPN/SD (n ¼ 4), BPH/SD (n ¼ 9), BPH/HFD (n ¼ 25). Both the
time course of blood glucose level after glucose overload in fasting animals and the area under the curve (AUC) are represented, and p values are from one-way ANOVA. C. Fasting
blood glucose levels after 12 weeks in SD or HFD; n ¼ 4 BPN/SD, 9 BPH/SD, and 25 BPH/HFD, one-way ANOVA. D. ipITT after 12 weeks of HFD. The plots show the time course of
changes in blood glucose (100 % ¼ glucose at t ¼ 0) after insulin load, and the area under the curve (p values from one-way ANOVA); n ¼ 4 BPN/SD, 10 BPH/SD, and 16 BPH/
HFD. For B and D plots *p < 0.05, **p < 0.01, and ***p < 0.001 vs BPH/SD and #, ##, ### vs BPN/SD.
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determines an increase in the vessel area. In the BPH/HFD, the
remodeling after carotid artery ligation did not change the total vessel
area (already increased owing to the HFD), but a significant increase in
the wall area compared to SD was observed. The neointima area
contains dedifferentiated VSMCs, which are not labeled by SM con-
tractile markers such as SM22 (right panels, Figure 7A). The degree of
IH was best defined by the quantification of the % of stenosis and the I/
M ratio, and both parameters were significantly increased in HFD le-
sions (Figure 7B). Of interest, as in human T2DM vessels, we found an
increased expression of Kv1.3 mRNA and protein in the arteries of BPH/
HFD mice (Figure 7C,D). Kv1.3 labeling increased in the muscular layer
of HFD carotid arteries compared to SD vessels. A parallel increase of
pERK immunoreactivity was also evident in these arteries, in agree-
ment with the western-blot data from T2DM VSMCs (Figure 2A).
Finally, the significant upregulation of pre-miR-126 in carotid and
femoral arteries from HFD mice (figure 7E) indicated one more
parallelism with human T2DM VSMCs (Figure 2C).
Next, we explored the effects of Kv1.3 blockers that prevented IH in
BPH/HFD mice. We studied the effectiveness of this treatment
compared with the application of the mTOR inhibitor EVL (1 nmol/L)e a
standard treatment in clinical practice [32] e in a group of animals
using mini-pumps for systemic drug delivery. Both treatments signif-
icantly decreased vessel stenosis induced by carotid ligation in BPH
mice, albeit PAP-1 treatment seemed to be more potent in all treated
animals (Figure 8A). The effects of PAP-1 inhibiting remodeling have
been previously explored in control BPH/SD animals, with no differ-
ences between systemic or local application and no sex-related
8 MOLECULAR METABOLISM 53 (2021) 101306 � 2021 The Author(s). Published by Elsevier GmbH. T
differences [19]. Here, we used the local application of PAP-1 after
carotid ligation in our VRF model (BPH/HFD mice). Both the % of ste-
nosis and the intima/media ratio were significantly decreased in the
PAP-1-treated animals (Figure 8B). Moreover, the PAP-1 treatment was
equally effective in SD and HFD mice (% inhibition of lumen stenosis
was 41 � 4.7 % and 37 � 3.5 % in SD and HFD mice, respectively),
but additional beneficial effects were evident in BPH/HFD mice. PAP-1
treatment reverted HFD-induced weight increase (Figure 8C); this effect
appears to be specific to the HFD model, as no differences were
observed in BPH/SD with PAP-1-treatment (not shown). Moreover, local
application of PAP-1 fully reversed insulin resistance of BPH/HFD
(Figure 8D). The ipITT area in the PAP-1 treated BPH/HFD mice was
reduced to values that did not differ from those of the BPH/SD mice.
Finally, while circulating, miR-126 levels were significantly reduced in
BPH/HFD, as in human T2DM patients, and PAP-1 treatment could also
return miR-126 levels to BPH/SD levels (Figure 8E).

4. DISCUSSION

Despite significant advances in glycemic control therapies for diabetic
patients, their susceptibility to cardiovascular diseases remains a
major problem. Exposure to metabolic disturbances during hypergly-
cemia leaves a persistent imprint on VSMCs contributing to macro-
vascular T2DM complications [33,34]. Importantly, the epigenetic
mechanisms contributing to metabolic memory of VSMC are potentially
reversible [35]; therefore, their identification and removal offer
promising therapeutical opportunities.
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 7: Characterization of vascular remodeling in the VRF mice model A. Representative images of control and ligated carotid arteries from BPH/SD and BPH/HFD mice.
The right and middle panels show Masson trichrome staining of paraffin-embedded sections. 20x objective. Scale bar 100 mm. The left panel shows SM22 labeling (red) in control
and ligated arteries, with elastic lamina autofluorescence in green, from the same arteries of the middle panel, illustrating the limit between media (SM22 positive) and intima layer
(SM22 negative). B. Boxplots representing % of stenosis (left) and intima to media ratio (right) of BPH/SD (black) and BPH/HFD (red) ligated carotid arteries. Analysis was performed
in 3 different cross-sections of 9 mice in each group; p values from Welch’s two sample t-test (% stenosis) and WilcoxoneManneWhitney test (I/M ratio). C. Kv1.3 mRNA relative
expression, using RPL18 as housekeeping and BPH/SD as calibrator. n ¼ 4; p values from t-test. D. Kv1.3 and pERK immunolabeling in sections of control carotid arteries from
BPH/SD and BPH/HFD mice. 40x objective. E. Pre-miR-126 and miR-126 abundance (2�DCt) in carotid and mesenteric arteries, using SNORD68 as endogenous control; n ¼ 3
independent samples per group; p values from WilcoxoneManneWhitney test.
Our study explored some of the mechanisms involved in the T2DM
increased vascular risk, providing some clinically relevant conclu-
sions. First, we explored the effect of T2DM in the remodeling of
human vessels using organ culture of hMA samples, to determine
that these vessels exhibited larger IH lesions, increased Kv1.3 mRNA
expression, and elevated sensitivity to the Kv1.3 blocker PAP-1,
compared to non-T2DM vessels. Second, we confirmed that
T2DM-induced epigenetic changes in human vessels remain ex vivo,
showing increased proliferation and migration rates, changes in
specific growth factors’ activated pathways, and an altered miRNA
signature. We demonstrated that miR-126 upregulation mimics many
of the features of the T2DM phenotype in non-T2DM cultured VSMCs,
including the increased contribution of Kv1.3 channels to prolifera-
tion. Third, we developed a mouse model of VRF (including T2DM)
using BPH mice fed with HFD, in which we observed changes in
vessel remodeling after vascular injury, increased VSMCs expression
of Kv1.3, pre-miR-126, and decreased plasmatic levels of miR-126
comparable to those observed in T2DM patients. Interestingly,
PAP-1 treatment after vascular lesion in T2DM mice not only pre-
vented IH in the injured vessel, but also showed additional beneficial
metabolic effects. In summary, we disclose some of the mechanisms
involved in metabolic memory of human T2DM VSMCs, which
contribute to the enhanced effects of Kv1.3 blockers in the prevention
of IH after vascular surgery in T2DM vessels.
MOLECULAR METABOLISM 53 (2021) 101306 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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4.1. Human T2DM VSMC show epigenetic changes
T2DM metabolic memory is a poorly understood phenomenon with
major challenges in treating diabetes. T2DM-induced epigenetic
changes in VSMC from different T2DM animal models include DNA
methylation, post-translational histone modifications, and miRNA
dysregulation [13,16,24,30,35e37]. Except for the study of Coleman
[38], which uses human T2DM VSMCs, the data from animal models
has been validated in healthy human VSMCs treated with high glucose,
as an in vitromodel of hyperglycemia [14,30]. Here, we studied T2DM-
induced epigenetic changes in primary VSMCs obtained from non-
T2DM and T2DM patients and correlated them with the IH develop-
ment of vessel rings in organ culture. Even considering all the potential
limitations of cultured VSMCs, they offer a nontrivial improvement over
the previous models, as we found that T2DM-induced changes in
miRNA expression could not be reproduced in healthy VSMCs that were
cultured in high glucose media (Figure 2E).

4.2. miRNAs profile in T2DM vessels
Our miRNA PCR array provided several miRNAs differentially regulated
in cultured T2DM VSMCs. Some of them had been previously
described, although there is huge variability in the literature: 1) There
are several studies directed to identify risk stratification or prognosis
biomarkers which only explore circulating miRNAs (but not their
expression in vascular cells [15,25,39]). Plasma miRNAs may not
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Figure 8: Effects of Kv1.3 blockers in vivo. A. Effect of systemic application of PAP-1 and EVL on vascular remodeling. The plot shows the % stenosis of the ligated arteries in
the indicated conditions (control ¼ mini-pump with vehicle). Representative microphotographs are shown. 20x objective (scale bar ¼ 100 mm). Data from n ¼ 5e15 BPH/SD mice
per group; p values from one-way ANOVA. B. Microphotographs of untreated BPH/HFD ligated carotid arteries (control, left) or treated with PAP-1 in-situ (Right). 20x magnification.
Scale bar ¼ 100 mm. The percentage stenosis (left) and intima/media ratio (right) from n ¼ 8 control and n ¼ 4 PAP-1-treated mice is shown in the boxplots; p values from t-test.
C. Weight gain of each mice from week 9 (before carotid ligation) to week 13 (after 4-weeks treatment with vehicle or PAP-1). D. ipITT showing the time course of changes in blood
glucose after insulin load; n ¼ 5e6 mice per group. *p < 0.05 vs BPH/SD. E. Relative amount of plasma miR-126 levels, calculated using Ce-miR-39 as housekeeping and BPH/
SD values as calibrator; p values from KruskaleWallis and Dunn test. N ¼ 6e7 mice per group.

Original Article
necessarily reflect local tissue levels. Nevertheless, all these studies
point to the decrease of circulating miR-126 as a consistent biomarker
of cardiovascular risk in T2DM, a finding confirmed here in plasma
from both T2DM patients and VRF mice. 2) Other studies used high-
throughput miRNA in VSMCs from T2DM animal models, and either
vessel or cultured VSMCs, (but not both) to explore the impact of PM in
T2DM [13,16]. Again, despite the enormous differences among
studies, they link miR-126 with vascular pathologies and T2DM. Our
data underwrite these findings, expanding them to the regulation of
miR-126 in VSMCs from T2DM patients.

4.3. miR-126 role in T2DM vessels
miR-126 plays a central role in endothelial cells (ECs) homeostasis,
inducing angiogenesis during embryogenesis and tissue repair [40]. In
VSMCs, miR-126 has been postulated as a paracrine mediator
secreted by ECs which modulates gene expression and function to-
wards atherogenic phenotype [41,42]. However, while some studies
showed that systemic depletion of miR-126 in mice inhibits neointimal
lesion induced by carotid ligation [43], others stated that endothelial
miR-126 reduces IH and vascular remodeling [44,45]. An essential role
of the miR-126-5p strand (and not miR-126-3p, which is the one
studied here) in the regulation of EC proliferation has been demon-
strated [41]. Based on these, a differential role in EC functions of the
two miR-126 strands could account for the observed discrepancies.
In contrast to the lower levels of plasmatic miR-126 associated with
T2DM patients [15] and animal models [28], we found that VSMCs
10 MOLECULAR METABOLISM 53 (2021) 101306 � 2021 The Author(s). Published by Elsevier GmbH. T
express miR-126 and that T2DM increased its expression. The higher
miR-126 expression found in T2DM VSMCs does not imply higher
circulating levels, as miR-126 could remain in VSMCs (as it appears to
be the case in our VSMC cultures) or be secreted from VSMCs to EC (as
we hypothesize in the case of contractile VSMC in the vessel wall, refer
Figure 5D). The miR-126 gain of function studies provided very clear-cut
results: miR-126 overexpression augmented proliferation and migration
rates only in non-T2DM cells (Figure 3A,B). T2DM VSMCs showed higher
rates of migration and proliferation (Figure 1C,D), so we postulate that
miR-126 overexpression can confer the “diabetic” phenotype to non-
T2DM cells. Moreover, in non-T2DM VSMCs, miR-126 mimic led to a
decrease in the expression of two known miR-126 targets, AKT-2
(mRNA and protein) and PI3KR2 (mRNA). These results fit nicely with
the downregulation of the PI3K/AKT pathway on T2DM [23,24] (refer
also Figure 2A), confirming that miR-126 upregulation contributes to the
T2DM epigenetic signature of cultured VSMCs.
Many other targets of miR-126 were unchanged in our cells
(Supplemental Table III), most likely because of tissue-specific miRNA
targets and miRNA effects. This could explain the differences in miR-
126 effects between our preparation (where miR-126 is acting on
VSMCs) and previous works exploring ECs miR-126. EC-derived miR-
126 has been proposed to increase atherogenesis [43], VSMCs turn-
over during angiogenesis [42], or decreased proliferation and migration
in VSMCs. These effects of miR-126 were mediated by target genes
that were not affected in our preparation, including FOXO3, IRS-1,
SPRED1, or EGFL7 among others.
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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4.4. Kv1.3 role in T2DM vessels
Our data suggest that changes in the relative contribution of PI3K/AKT/
mTOR and MEK/ERK axis in T2DM VSMCs represent the link between
miR-126 upregulation and the enhanced functional expression of
Kv1.3 channels. Both changes contribute to the increased activation of
the MEK/ERK signaling pathway in T2DM VSMCs (refer graphical ab-
stract). This hypothesis was confirmed by the increased contribution of
Kv1.3 channels on the proliferation on miR-126 overexpression in non-
T2DM VSMCs (Figure 4C).
To expand these findings to other clinically relevant preparation, we
created a VRF model (BPH/HFD) including insulin resistance and T2DM.
As in human T2DM vessels, BPH/HFD vessels showed increased
expression of Kv1.3 mRNA, suggesting a change toward a more
dedifferentiated phenotype [46]. HFD induced vessel remodeling,
exacerbating IH after carotid ligation, similar to other genetic or diet-
induced models of T2DM [24,47,48], and PAP-1 treatment was also
effective in preventing IH and vascular remodeling in BPH/HFD injured
vessels. Additional beneficial effects of local PAP-1 treatment in BPH/
HFD mice included decreased weight gain and removal of insulin
resistance, together with the normalization of circulating miR-126
levels in these animals. The contribution of Kv1.3 to the pathways
that regulate energy homeostasis and body weight has been reported,
as Kv1.3KO mice showed increased basal metabolic rate and
enhanced insulin sensitivity, being resistant to diet-induced obesity
[49,50]. Consistently, Kv1.3 blockers have been described to coun-
teract the negative effects of increased caloric intake in mice fed with
HFD, reducing weight gain and associated inflammation and improving
glucose tolerance [51]. Thus, we found that the obesity-inducing diet
enhanced sensitivity to Kv1.3 inhibition as Kv1.3 blockade did not alter
weight gain in BPH/SD mice.

4.5. Conclusions
The present study uncovers one mechanism that contributes to
exacerbated restenosis in T2DM patients. We found increased Kv1.3
expression in T2DM vessels. Our data also indicate that miR-126
upregulation is an essential element that contributes to the meta-
bolic memory of T2DM VSMCs. Although Kv1.3 channels are not tar-
gets of miR-126, the upregulation of miR-126 potentiates Kv1.3-
dependent mechanisms in T2DM vessels, so that Kv1.3 inhibition is
more efficient in preventing remodeling in T2DM patients.

4.6. Study limitations
Our data exclude the Kv1.3 channel as a target of miR-126; hence,
further research will be required to explore the mechanisms involved in
Kv1.3 upregulation observed in both human and mice diabetic VSMC.
Also, more research is granted to fully understand the molecular in-
teractions and the crosstalk between miR-126 modulated pathways
and Kv1.3 signaling pathways in T2DM VSMCs, and their contribution
to remodel diseased vessels.
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