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1. RESUMEN

Introducción. La aterosclerosis es una enfermedad infl amatoria crónica que afecta a las arterias de 
mediano y gran calibre de diferentes lechos vasculares y que se caracteriza por el engrosamiento de la 
capa íntima y media con pérdida de la elasticidad. Su lesión básica es la placa de ateroma compuesta 
fundamentalmente de lípidos, tejido fi broso y células infl amatorias, y pasa por diferentes estadios (1). 

El proceso aterosclerótico comienza con una disfunción endotelial que cursa con el desacoplamiento 
de la enzima óxido nítrico sintasa endotelial por distintas causas como la pérdida de glicocálix o el 
estrés de cizallamiento que genera la corriente sanguínea sobre el endotelio. Estos procesos inducen 
la infl amación, el estrés oxidativo del endotelio, y la activación del endotelio vascular, que aumenta 
la permeabilidad y favorece la entrada de lipoproteínas de baja densidad (LDLs) o monocitos, que en 
condiciones fi siológicas no entrarían a la pared vascular (1–8). Los monocitos una vez se encuentran 
en el ambiente infl amatorio típico de la enfermedad aterosclerótica se diferencian a macrófagos 
que van a captar las LDL modifi cadas transformándose en células espumosas, que liberan moléculas 
proinfl amatorias (9–11). Además de macrófagos, en las lesiones ateroscleróticas hay presencia de 
otras células inmunes como: células T proinfl amatorias (CD8+ o Th1) (12,13), y antiinfl amatorias 
Treg (14); y células B2 (proateroscleróticas) y B1 (antiateroscleróticas), así como anticuerpos IgM 
protectores (15), o IgG e IgEs que promueven la enfermedad (16,17). 

El otro tipo celular residente de las arterias son las células del músculo liso vascular (VSMCs), que 
también tienen un papel importante en la progresión de la aterosclerosis. En condiciones fi siológicas, 
las VSMCs tienen un fenotipo contráctil para mantener el tono vascular, pero en el contexto 
aterosclerótico, éstas adquieren un fenotipo sintético, con una mayor capacidad de migración y 
proliferación; un fenotipo osteoclástico; fi broblástico; o fenotipo similar a los macrófagos, pudiendo 
captar LDL modifi cadas y dando lugar a las células espumosas (18,19). Además de efectos específi cos 
del tipo celular y de la capa vascular, hay vías que están alteradas como la vía de la insulina y de los 
factores de crecimiento similares a insulina (20–24); o la vía infl amatoria del factor nuclear-kappa B 
(NF-κB) (25–30). 

Por otro lado, los microRNAs (miRNAs) son pequeñas moléculas de RNA no codifi cante que regulan 
negativamente la expresión de sus genes diana mediante la supresión de la traducción o la degradación 
directa del RNA mensajero (mRNAs). Se descubrieron en 1994, y puesto que son capaces de modular 
la expresión de distintos genes, se han visto alterados en diversas enfermedades como el cáncer, el 
Alzheimer, o la aterosclerosis (31–36). 

Es por ello que, teniendo en cuenta estos antecedentes nos planteamos la siguiente hipótesis y 
objetivos:

Hipótesis: Durante el proceso aterosclerótico ocurre la alteración de distintos miRNAs que van a 
promover o intentar paliar el progreso de la enfermedad mediante la modulación de dianas específi ca.

Objetivos: Por lo tanto, nuestro objetivo principal fue estudiar la desregulación de diferentes miRNAs 
durante la progresión de la aterosclerosis:

1. Identifi car posibles miRNAs involucrados en la aterosclerosis experimental y humana.

2. Estudiar el papel de la desregulación de miR-143-3p y su diana IGF-IIR en la inestabilidad de la 
placa aterosclerótica.

3. Analizar la implicación de miR-155-5p y sus dianas AKT, eNOS y p85α en la progresión de la 
aterosclerosis y la resistencia vascular a la insulina.

1

Resumen



4. Investigar el papel de los miR-15a-5p y miR-199a-3p y sus dianas IKKs, NF-κB p65, mTOR y 
LOX-1 en la progresión de la aterosclerosis, principalmente en la infl amación y en la formación de 
células espumosas.

5. Confi rmar si los miR-143-3p, miR-155-5p, miR-15a-5p y miR-199a-3p también se encuentran 
alterados en las carótidas y en las células inmunes de un modelo de ratón transgénico para el gen 
humano APOB100 que desarrolla aterosclerosis.

6. Identifi car si los miRNAs seleccionados pueden ser utilizados como biomarcadores no 
invasivos para la aterosclerosis avanzada.

Metodología y resultados: Para abordar la mayor parte de los objetivos se utilizó un modelo de 
ratón defi ciente de la apolipoproteína E (ApoE-/-) al que se alimentó con una dieta estándar o alta en 
grasas durante 8 y 18 semanas tras el destete, y tres grupos de muestras vasculares humanas: arterias 
control (CAs, sin aterosclerosis), arterias de sujetos que tenían lesiones iniciales o fi broateromas (FAs), 
y carótidas de pacientes que presentaban una lesión aterosclerótica carotídea avanzada (ACA). 

1. Identifi cación de posibles miRNAs involucrados en aterosclerosis. En primer lugar, se realizó 
un estudio in silico en GEO Database y PubMed, para seleccionar los miRNAs que podrían modular la 
enfermedad aterosclerótica y fi nalmente fueron seleccionados 24 genes candidatos. Para comprobar 
si estaban alterados en los ratones, se extrajeron los miRNAs de las aortas completas de los ratones 
tras 8 y 18 semanas en dieta; se obtuvieron los DNAs complementarios por retrotranscripción, y se 
calculó la expresión relativa de los miRNAs seleccionados por RT-qPCR. De los 24 miRNAs candidatos, 
3 presentaban niveles alterados en las aortas de los ratones tras 8 semanas de dieta, y 11 presentaban 
niveles alterados en las aortas de los ratones tras 18 semanas en dieta alta en grasa. Estos 11 miRNAs 
se analizaron también en las muestras humanas encontrándose 6 de estos miRNAs alterados cuando 
había una aterosclerosis avanzada. De ellos, los niveles de miR-143-3p, miR-155 5p, miR-15a-5p y miR-
199a-3p estaban alterados en el mismo sentido tanto en las muestras de ratón como en las humanas.

2. Estudio del papel de miR-143-3p y su diana IGF-IIR en la inestabilidad de la placa 
aterosclerótica. Los niveles de miR-143-3p se encontraron disminuidos en la aorta del ratón ApoE-/-
tras 18 semanas con dieta rica en grasas, y en la carótida de los pacientes con ACA por RT-qPCR. 

A continuación, se realizó un estudio in silico en distintas bases de datos de interacción de miRNA-
mRNA para seleccionar dianas de interés. Se decidió estudiar el receptor del factor de crecimiento 
similar a insulina de tipo II (IGF-IIR), diana confi rmada del miR-143-3p. Primero se extrajeron proteínas 
de la arteria de los ratones ApoE-/- de 18 semanas de dieta, y mediante Western blot, se observó 
un aumento de la expresión de IGF-IIR sin alcanzar la signifi cación estadística. Sin embargo, en 
experimentos in vitro realizados en dos líneas celulares vasculares: células endoteliales de la vena del 
cordón umbilical humano (HUVECs) y VSMCs de ratón, se obtuvo una disminución del IGF-IIR cuando 
las células eran transfectadas con miméticos del miR-143-3p. Además, también confi rmamos como la 
apoptosis celular de estas líneas, medida como la actividad de la proteína caspasa-3 por Western blot, 
disminuía tras aumentar la expresión del miR-143-3p.

3. Implicación de miR-155-5p y sus dianas AKT, eNOS y p85α en la progresión de la 
aterosclerosis y la resistencia vascular a la insulina. Los niveles de miR-155-5p se encontraron 
aumentados en la arteria de ratones ApoE-/- tras 18 semanas con dieta rica en grasas y en las carótidas 
de los pacientes con ACA.

Como en el objetivo anterior, también aquí se realizó un estudio in silico en bases de datos de 
interacción miRNA-mRNA. En este caso se decidió estudiar la relación con su diana confi rmada AKT. 
La expresión de AKT se encontró disminuida en los ratones ApoE-/- tras 18 semanas de dieta con 
respecto a los animales wild type mediante Western blot y en el grupo ACA por inmunohistoquímica
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(IHQ). Además, se confi rmó que en HUVECs y en VSMCs se producía una disminución de AKT si se 
transfectaban las células con un mimético del miR-155-5p. Debido a que AKT es una proteína clave en 
la vía de respuesta a la insulina, se analizó si la respuesta a insulina estaba disminuida tras aumentar 
el miR-155-5p en la línea de VSMCs, obteniendo una menor actividad de AKT, medida como la 
fosforilación en el residuo serina 473 en respuesta a insulina.

Además, también se estudió la expresión del miR-155-5p por RT-qPCR en los pacientes con ACA en 
función del índice de masa corporal (IMC) y la expresión de AKT por IHQ. Se obtuvo un aumento 
del miRNA y una disminución en la expresión de AKT proporcional al IMC. También se analizó la 
expresión del miR 155-5p en función de otras características clínicas y observamos que la expresión 
relativa de este miRNA aumentaba en pacientes con diabetes y ACA, o si el paciente era sintomático.

4. Estudio del papel de los miR-15a-5p y miR-199a-3p y sus dianas IKKs, NF-κB p65, mTOR 
y LOX-1 en la progresión de la aterosclerosis, principalmente en la infl amación y en la formación 
de células espumosas. Los niveles de miR-15a-5p y miR-199a-3p estaban disminuidos en la aorta 
de ratones ApoE-/- tras 18 semanas de dieta rica en grasas, y en las carótidas del grupo de pacientes 
ACA.

En este caso, tras la búsqueda in silico de potenciales dianas, se eligieron proteínas pertenecientes 
a la vía de NF-κB. IKKα e IKKβ como posibles dianas del miR-15a-5p e IKKβ y p65 como posibles 
dianas del miR-199a-3p. IKKα, IKKβ y p65 se encontraban aumentadas por Western blot o IHQ en la 
aorta de los ratones ApoE-/- tras 18 semanas de dieta grasa, y en las carótidas del grupo de pacientes 
con ACA. También en HUVECs y VSMCs, se obtuvo una disminución de las dianas cuando las células 
eran transfectadas con miméticos de miR-15a-5p y miR-199a-3p. Además, se pudo confi rmar la 
relación de miR-15a-5p con IKKα e IKKβ, y de miR-199a-3p con IKKβ mediante ensayos luciferasa 
en la línea celular HEK293. Se obtuvo una bajada en la actividad de NF-κB e infl amación en HUVECs 
y VSMCs al aumentar el miR-15a-5p y en HUVECs también con el miR-199a-3p, medido como la 
fosforilación de IKKα/β por Western blot en HUVECs y VSMCs, y la translocación de p65 al núcleo 
por inmunofl uorescencia (IF) en HUVECs. 

Por otro lado, en las bases de datos de interacción miRNA-mRNA también aparecía el receptor de 
la lipoproteína de baja densidad oxidada tipo lectina 1 (LOX-1) como una posible diana del miR-
15a-5p. Se estudió la expresión de LOX-1 en la aorta de los ratones ApoE-/- y en humanos por IF e 
IHQ, encontrándose aumentada. También se obtuvo una disminución de la proteína al incrementar 
los niveles de miR-15a-5p mediante transfección de miméticos en VSMCs. Y fi nalmente, al tratar 
las células con LDL oxidadas y realizar la tinción con Oil Red O, se obtuvo una disminución de la 
acumulación lipídica si se inducía la sobreexpresión del miR-15a-5p o del miR-199a 3p.

5. Confi rmar si los miR-143-3p, miR-155-5p, miR-15a-5p y miR-199a-3p también se 
encuentran alterados en las carótidas y en las células inmunes de un modelo de aterosclerosis 
en un ratón transgénico para el gen humano APOB100. Debido a que el estudio de los miRNAs se 
realizó en la arteria aorta del ratón ApoE-/-, y en las muestras vasculares humanas comparábamos 
aorta y carótida; confi rmamos las alteraciones en miR-143-3p, miR-155-5p, miR-15a-5p y miR-199a-
3p en otro modelo de aterosclerosis en ratón, a nivel vascular tanto en las arterias como en las 
carótidas y en las células inmunes. Para poder abordar este objetivo, realicé una estancia de tres 
meses en el laboratorio de Anton Gisterå, en el Instituto de Investigación Karolinska de Estocolmo 
(Suecia), un laboratorio especializado en el estudio de la inmunología en el proceso aterosclerótico.

Se utilizó el modelo HuBL, que es un ratón que contiene el transgén de la apolipoproteína B100 
humana y desarrolla lesiones ateroscleróticas y una dislipemia muy similar al humano. En este caso 
se aislaron los miRNAs de las carótidas comunes, la bifurcación carótida, y células CD3+ (células T) y 
CD3- (células B, células T inmaduras, y otras células inmunes) del bazo de ratones hembra de 11 y 46
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semanas para estudiar la alteración de los miRNAs en la aterosclerosis inicial (donde hay lesiones en la 
bifurcación carótida y no en las carótidas comunes), y avanzada (donde hay lesiones ateroscleróticas 
tanto en la bifurcación carótida como en las carótidas comunes). A nivel vascular, pudimos confi rmar 
que los niveles de miR-143-3p se encontraban disminuidos y los niveles de miR-155-5p aumentados en 
la aterosclerosis carotídea inicial y avanzada; mientras que los niveles de miR-15a-5p y miR-199a-3p 
se encontraban disminuidos en la aterosclerosis carotídea inicial. Además, la expresión del miR-143-
3p aumentó tanto en las células CD3+ como en las CD3- en la aterosclerosis avanzada; el miR-199a-
3p solo se detectó en células CD3- donde también estaba aumentado; y los niveles de miR-155-5p 
y miR-15a-5p se encontraron aumentados en las células CD3+ en comparación con las CD3- en la 
aterosclerosis carotídea inicial.

6. Confi rmar si miR-143-3p, miR-155-5p, miR-15a-5p y miR-199a-3p pueden ser potenciales 
biomarcadores de la enfermedad aterosclerótica avanzada en humanos. Se utilizó el plasma 
de pacientes con aterosclerosis carotídea avanzada y sujetos sin aterosclerosis, de los que se 
precipitaron las vesículas extracelulares y se aislaron los miRNAs. Además, se confi rmó mediante 
Western blot de marcadores de exosomas y por dispersión de luz dinámica (DLS), que el pellet de 
las vesículas extracelulares obtenido estaba enriquecido en exosomas. 

Se aislaron miRNAs de las vesículas extracelulares y se estudió la expresión relativa de miR-143-
3p, miR-155-5p, miR-15a-5p y miR-199a-3p por RT-qPCR. Se obtuvo una disminución signifi cativa 
de la expresión del miR-143-3p y un aumento signifi cativo de la expresión de los miR-15a-5p y 
miR-199a-3p, en el plasma de pacientes con una aterosclerosis carotidea avanzada, mientras que 
no se observaron cambios signifi cativos en los niveles de miR-155-5p. Para confi rmar que estos 
miRNAs podrían ser potenciales biomarcadores de la enfermedad, se realizó un análisis de curva 
operativa del receptor (ROC), y se confi rmaron el miR-143-3p y el miR-15a-5p como potenciales 
biomarcadores de la aterosclerosis carotídea avanzada, y al miR-199a-3p solo en combinación con 
el miR-15a-5p. 

Conclusiones: 

En base a los estudios realizados y los resultados obtenidos en la presente tesis doctoral, podemos 
llegar a las siguientes conclusiones:

1. La disminución de miR-143-3p induce un aumento en la expresión de IGF-IIR que promueve 
la apoptosis de las células vasculares y la inestabilidad de las placas de ateroma.

2. Niveles elevados de miR-155-5p inducen resistencia a la insulina vascular en la aterosclerosis 
experimental y humana mediante la inhibición de la expresión de AKT.

3. La disminución de miR-15a-5p y miR-199a-3p induce la sobreexpresión de IKKα, IKKβ, p65 
y LOX-1, favoreciendo la infl amación vascular y la captación de lípidos durante la progresión de la 
aterosclerosis.

4. La disminución de miR-15a-5p y miR-199a-3p se observa en la aterosclerosis carotidea 
experimental temprana, así como el aumento de miR-155-5p y la disminución de miR-143-3p, se 
observa tanto en la aterosclerosis carotídea temprana como avanzada.

5. miR-143-3p, miR-15a-5p y la combinación de miR-15a-5p y miR-199a-3p son potenciales 
biomarcadores no invasivos de aterosclerosis carotídea avanzada en humanos.
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Nuestros resultados muestran que los niveles alterados de los miR-143-3p (i), miR-155-5p (ii), miR-
15a-5p (iii,iv) y miR-199a-3p (iii,iv) en lesiones vasculares están involucrados en la progresión de 
la aterosclerosis experimental y humana promoviendo: (i) apoptosis de células endoteliales y del 
músculo liso vascular e inestabilidad de la placa, (ii) resistencia a la insulina vascular, (iii) infl amación 
y (iv) captación de lípidos en las células del músculo liso vascular. Esta investigación contribuye a 
una comprensión integral de la participación de ciertos miRNAs en la progresión de la aterosclerosis 
y, además, se propone al miR-143-3p y miR-15a-5p como potenciales biomarcadores no invasivos 
de aterosclerosis avanzada.
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1. Abstract





1. ABSTRACT

Introduction. Atherosclerosis is a chronic infl ammatory disease that aff ects medium- and large-sized 
arteries of diff erent vascular beds and is characterized by thickening of the intima and media layer 
with loss of elasticity. Its basic lesion is the atheromatous plaque, which is mainly composed of lipids, 
fi brous tissue, and infl ammatory cells, and goes through diff erent stages (1).

The atherosclerotic process begins with endothelial dysfunction, resulting in the uncoupling of 
endothelial nitric oxide synthase due to various causes such as the loss of the glycocalyx or the 
shear stress generated by blood fl ow on the endothelium. These processes induce infl ammation and 
oxidative stress of the endothelium, thereby “activating” these cells, allowing the entry of low-density 
lipoproteins (LDLs) or monocytes, which under physiological conditions do not enter the vascular 
wall (1–8). Once in the infl ammatory environment typical of atherosclerotic disease, monocytes 
diff erentiate into macrophages that capture modifi ed LDLs, transforming into foam cells that release 
pro-infl ammatory molecules (9–11). In addition to macrophages, atherosclerotic lesions contain other 
immune cells such as proinfl ammatory T cells (CD8+ or Th1) (12,13), anti-infl ammatory Treg (14), and 
B2 (pro-atherosclerotic) and B1 (anti-atherosclerotic) cells, as well as protective IgM antibodies (15) or 
IgG and IgE antibodies that promote the disease (16,17).

The other resident cell type in the arteries is vascular smooth muscle cells (VSMCs), which also play 
a signifi cant role in the progression of atherosclerosis. Under physiological conditions, VSMCs have 
a contractile phenotype to maintain vascular tone. However, in the atherosclerotic process, they 
acquire a synthetic phenotype with increased migration and proliferation capabilities, an osteoclastic-, 
fi broblastic-, or macrophage-like phenotype, allowing them to capture modifi ed LDLs and give rise 
to foam cells (18,19). In addition to cell type-specifi c eff ects and vascular layer-specifi c eff ects, there 
are altered pathways such as the insulin and insulin-like growth factor pathways (20–24) and the 
infl ammatory nuclear factor-kappa B (NF-κB) pathway (25–30).

On the other hand, microRNAs (miRNAs) are small non-coding RNA molecules that negatively regulate 
the expression of their target genes by suppressing translation or directly degrading messenger RNA 
(mRNA). They were discovered in 1994, and since they can modulate the expression of various genes, 
they have been found to be altered in various diseases such as cancer, Alzheimer’s, or atherosclerosis 
(31–36).

Considering these background fi ndings, we have formulated the following hypothesis and objectives.

Hypothesis: During the atherosclerotic process, various miRNA alterations occur, promoting or 
attempting to mitigate disease progression through the modulation of specifi c targets.

Objectives: The overall objective is to study the alteration of selected miRNAs in murine and human 
atherosclerosis. The specifi c objectives are as follows:

1. Identify potential miRNAs involved in experimental and human atherosclerosis. 

2. Study the role of miR-143-3p dysregulation and its target IGF-IIR in the atherosclerotic plaque 
instability.

3. Analyze the involvement of miR-155-5p and its targets AKT, eNOS, p85α in the progression of 
atherosclerosis and vascular insulin resistance.

4. Investigate the role of miR-15a-5p and miR-199a-3p and their targets IKKs, NF-κB p65, mTOR 
and LOX-1 in the progression of atherosclerosis, mainly in infl ammation and in the formation of foam 
cells.
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5. Confi rm if miR-143-3p, miR-155-5p, miR-15a-5p and miR-199a-3p are also altered in the 
carotids and immune cells from a mouse model of atherosclerosis transgenic for the human APOB100 
gene.

6. Identify if the selected miRNAs can be used as non-invasive biomarkers for advanced 
atherosclerosis.

Methodology and Results: To address the general objective, we used an apolipoprotein E-defi cient 
mouse model (ApoE-/-) fed with either a standard diet or a high fat diet for 8- and 18-weeks post-
weaning. Additionally, three groups of human vascular samples were included: control arteries (CAs, 
without atherosclerosis), arteries from patients with early lesions or fi broatheromas (FAs), and carotid 
arteries from patients with advanced carotid atherosclerotic (ACA) lesions.

1. Identifi cation of potential miRNAs involved in atherosclerosis. First, an in silico search 
was conducted using the GEO Database and PubMed to select miRNAs that might modulate 
atherosclerosis progression. A total of 24 candidates were selected. To confi rm if these miRNAs were 
altered in mice, miRNAs were isolated from the whole aortas of mice after 8- and 18-weeks on diet. 
Complementary DNAs were obtained through reverse transcription, and the relative expression of 
the selected miRNAs was calculated using RT-qPCR. Out of the 24 candidate miRNAs, 3 had altered 
levels in the aortas of mice after 8 weeks on a high-fat diet, and 11 had altered levels in the aortas of 
mice after 18 weeks on a high-fat diet. These 11 miRNAs were also analyzed in human samples, and 
6 of them were found to be altered in the presence of advanced atherosclerosis. Among them, miR-
143-3p, miR-155-5p, miR-15a-5p, and miR-199a-3p showed consistent alterations in both mouse and 
human samples.

2. Study of the role of miR-143-3p and its target IGF-IIR in atherosclerotic plaque instability.
miR-143-3p levels were found to be decreased in the aortas of ApoE-/- mice after 18 weeks on a high-
fat diet and in the carotids of patients with ACA, as measured by RT-qPCR.

An in silico study was conducted in various miRNA-mRNA interaction databases to select interesting 
targets. The insulin-like growth factor type II receptor (IGF-IIR), a confi rmed target of miR-143-3p, was 
chosen for further investigation. Protein extraction from the arteries of ApoE-/- mice after 18 weeks 
on the diet showed an increase in IGF-IIR expression, although it did not reach statistical signifi cance. 
However, in vitro experiments conducted in two vascular cell lines, human umbilical vein endothelial 
cells (HUVECs) and mouse VSMCs, revealed a decrease in IGF-IIR when cells were transfected with 
miR-143-3p mimetics. Additionally, the cellular apoptosis of these lines, measured as caspase-3 
protein activity through Western blot, decreased following increased miR-143-3p expression.

3. Implication of miR-155-5p and its targets AKT, eNOS, and p85α in atherosclerosis 
progression and vascular insulin resistance. miR-155-5p levels were found to be increased in the 
arteries of ApoE-/- mice after 18 weeks on a high-fat diet and in the carotids of patients with ACA.

A similar in silico study was conducted to investigate miRNA-mRNA interactions, and the relationship 
with its confi rmed target AKT was chosen for further analysis. AKT expression was found to be 
decreased in ApoE-/- mice after 18 weeks on a high-fat diet compared to wild-type animals, as shown 
through Western blot analysis. The ACA group also exhibited reduced AKT expression, confi rmed by 
immunohistochemistry (IHC). It was further demonstrated that in HUVECs and VSMCs, AKT decreased 
upon transfection with miR-155-5p mimics. Due to AKT’s key role in the insulin response pathway, the 
study examined whether insulin response was impaired after increased miR-155-5p expression in the 
VSMC line, resulting in decreased AKT activity as measured by serine 473 phosphorylation in response 
to insulin.
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Additionally, miR-155-5p expression was analyzed by RT-qPCR in ACA patients based on body mass 
index (BMI) and AKT expression by IHC. It was observed that miR-155-5p levels increased proportionally 
with BMI. The expression of miR-155-5p was also analyzed based on other clinical characteristics and 
we observed that the relative expression of this miRNA increased in patients with diabetes and ACA, 
or if the patient was symptomatic.

4. Study of the role of miR-15a-5p and miR-199a-3p and their targets IKKs, NF-κB p65, 
mTOR, and LOX-1 in atherosclerosis progression, especially in infl ammation and foam cell 
formation. miR-15a-5p and miR-199a-3p levels were decreased in the aortas of ApoE-/- mice after 
18 weeks on a high-fat diet and in the carotids of the ACA patient group.

Following in silico analysis to identify potential targets, proteins belonging to the NF-κB pathway 
were selected. IKKα and IKKβ were considered potential targets of miR-15a-5p, while IKKβ and 
p65 were potential targets of miR-199a-3p. Western blot and IHC revealed increased expression 
of IKKα, IKKβ, and p65 in the aortas of ApoE-/- mice after 18 weeks on the high-fat diet and in 
the carotids of the ACA patient group. Furthermore, in HUVECs and VSMCs, targets showed 
decreased expression when cells were transfected with miR-15a-5p and miR-199a-3p mimetics. 
The relationship between miR-15a-5p and IKKα and IKKβ, as well as miR-199a-3p and IKKβ, was 
confi rmed through luciferase assays in the HEK293 cell line. Increasing miR-15a-5p and miR-199a-
3p led to reduced NF-κB activity and infl ammation in HUVECs and VSMCs, as demonstrated by the 
phosphorylation of IKKα/β through Western blot in HUVECs and VSMCs, and p65 translocation to 
the nucleus through immunofl uorescence in HUVECs.

Additionally, the lectin-like oxidized low-density lipoprotein receptor 1 (LOX-1) was identifi ed 
as a potential target of miR-15a-5p in miRNA-mRNA interaction databases. LOX-1 expression 
was studied in the aortas of ApoE-/- mice and in humans through immunofl uorescence and IHC, 
revealing increased LOX-1 levels. When VSMCs were transfected with miR-15a-5p or miR-199a-3p 
mimetics and treated with oxidized LDL, lipid accumulation decreased, as indicated by Oil Red O 
staining.

5. Confi rmation of miR-143-3p, miR-155-5p, miR-15a-5p, and miR-199a-3p alterations 
in carotid arteries and immune cells in a transgenic mouse model for human APOB100 gene. 
Since the miRNA study was conducted in the aortic artery of ApoE-/- mice, and the human vascular 
samples compared aortic and carotid arteries, we confi rmed alterations in miR-143-3p, miR-155-
5p, miR-15a-5p, and miR-199a-3p in another mice model of atherosclerosis, at both vascular levels 
(arteries and carotids) and in immune cells. To address this objective, I conducted a three-month 
research stay in Anton Gisterå’s laboratory at the Karolinska Institute in Stockholm, Sweden, a 
specialized lab in the study of immunology in the atherosclerotic process.

We used the HuBL model, a mouse containing the transgene of human apolipoprotein B100, 
which develops atherosclerotic lesions and dyslipidemia very similar to humans. In this case, we 
isolated miRNAs from common carotids, carotid bifurcations, and CD3+ cells (T cells) and CD3- 
cells (B cells, immature T cells, and other immune cells) from the spleen of female mice at 11 and 
46 weeks to study miRNA alterations in early atherosclerosis (with lesions in the carotid bifurcation 
and not in common carotids) and advanced atherosclerosis (with atherosclerotic lesions in both 
the carotid bifurcation and common carotids). At the vascular level, we confi rmed that miR-
143-3p levels were decreased and miR-155-5p levels were increased in both early and advanced 
carotid atherosclerosis. In contrast, miR-15a-5p and miR-199a-3p levels were decreased in early 
carotid atherosclerosis. Furthermore, miR-143-3p expression increased in both CD3+ and CD3- 
cells in advanced atherosclerosis. miR-199a-3p was detected only in CD3- cells, where it was also 
increased. miR-155-5p and miR-15a-5p levels were elevated in CD3+ cells compared to CD3- cells in 
early carotid atherosclerosis.
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6. Confi rmation of miR-143-3p, miR-155-5p, miR-15a-5p, and miR-199a-3p as potential 
biomarkers for advanced atherosclerotic disease in humans. Plasma samples from patients with 
advanced carotid atherosclerosis and individuals without atherosclerosis were used. Extracellular 
vesicles were precipitated from the plasma, and miRNAs were isolated. It was confi rmed through 
Western blot analysis of exosome markers and dynamic light scattering (DLS) that the obtained 
extracellular vesicle pellet was enriched in exosomes.

miRNAs were extracted from extracellular vesicles, and the relative expression of miR-143-3p, miR-
155-5p, miR-15a-5p, and miR-199a-3p was studied using RT-qPCR. A signifi cant decrease in miR-143-
3p expression and a signifi cant increase in miR-15a-5p and miR-199a-3p expression were observed 
in the plasma of patients with advanced carotid atherosclerosis. However, there were no signifi cant 
changes in miR 155-5p levels. To confi rm the potential of these miRNAs as biomarkers for the disease, 
ROC curve analysis was performed, confi rming miR-143-3p and miR-15a-5p as potential biomarkers 
for advanced carotid atherosclerosis, and miR-199a-3p in combination with miR-15a-5p.

Conclusions:

Based on the studies carried out and the results obtained in this doctoral thesis, we can reach the 
following conclusions:

1. The downregulation of miR-143-3p promotes vascular cell apoptosis and plaque instability by 
targeting IGF-IIR.

2. Increased levels of miR-155-5p induces vascular insulin resistance in experimental and human 
atherosclerosis by targeting AKT. 

3. The decrease in miR-15a-5p and miR-199a-3p induces the upregulation of IKKα, IKKβ, p65 and 
LOX-1 favouring infl ammation and lipid uptake in atherosclerosis. 

4. The downregulation of miR-15a-5p and miR-199a-3p occurs in early experimental 
atherosclerosis, while increased miR-155-5p and decreased miR-143-3p is observed in both early and 
advanced carotid atherosclerosis. 

5. miR-143-3p, miR-15a-5p and the combination of miR-15a-5p and miR-199a-3p are potential 
non-invasive biomarkers of human advanced carotid atherosclerosis.

Our results demonstrate that altered levels of miR-143-3p (i), miR-155-5p (ii), miR-15a-5p (iii,iv), and 
miR-199a-3p (iii,iv) in vascular lesions are involved in the progression of experimental and human 
atherosclerosis, promoting: (i) apoptosis of endothelial and vascular smooth muscle cells and plaque 
instability, (ii) vascular insulin resistance, (iii) infl ammation, and (iv) lipid uptake in vascular smooth 
muscle cells. This research contributes to a comprehensive understanding of the involvement of 
specifi c miRNAs in atherosclerosis progression and suggests miR-143-3p and miR-15a-5p as potential 
non-invasive biomarkers for advanced atherosclerosis.

12

Abstract



 
 



“...No sé que fue de aquel rumor,
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siendo la carne del león.
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2. Introduction





2. INTRODUCTION

 Cardiovascular diseases (CVDs) are the main cause of death in Western countries (1) being 
atherosclerosis the most fatal CVD in developed and undeveloped countries (2). The main issue with 
this disease is that it curses with a relatively long asymptomatic period that can go back to infant days, 
until clinical complications occur later in life (2). Atherosclerosis is a disease of large and medium-
sized muscular arteries characterised by infl ammation and dysfunction of the lining of the involved 
blood vessels and the build-up of cholesterol, lipids, and cellular debris. This results in the formation 
of a plaque, obstruction of blood fl ow and diminished oxygen supply to target organs (3).

2.1 Atherosclerosis: from physiology to pathology

2.1.1 Function and structure of the vascular wall

 Prior to understanding the atherosclerotic process, it is necessary to understand the basics 
of vascular histology and physiology. The vessel wall consists of three main layers: the intima, media, 
and adventitia with diff erent compositions and functions (Figure I).

Intima: It is the inner layer in close contact with the blood. The intima begins as a thin layer 
of endothelial cells (ECs) in newborns. During aging, this layer becomes more complex and consists 
of several layers (3). The endothelium remains the inner layer covering the subendothelial layer, 
consisting of connective tissue conforming the extracellular matrix (ECM), a few vascular smooth 
muscle cells (VSMCs), and dendritic cells (3). Finally, there is a separation between the intima and 
media layer: the internal elastic membrane (lamina) which is composed of a fenestrated layer of 
elastic fi bers (3).

Media: It is the medium layer of arteries and veins and consists of layers of VSMCs with elastic 
and collagen fi bers between them, making it the thickest layer under non-pathological conditions. 
The VSMCs have two main functions in the media: contraction to preserve vascular tone and secrete 
molecules to maintain the ECM. The fi rst function is more evident in small or medium arteries, whereas 
the second one is more important in larger arteries (4).

Adventitia: It is the outer layer of arteries and the most heterogeneous. It consists of an 
ECM matrix with fi broblasts (the main cell type), immune cells, nerves, and small blood vessels that 
conforms the vasa vasorum. This vasa vasorum provides nutrients and removes waste from larger 
veins and arteries. At fi rst, the adventitia received less recognition than the other layers; however, it 
has recently gained popularity. The cells in this layer are able to capture stimuli coming from cells of 
both the vascular wall and adjacent tissues; in fact, they can act as the fi rst “injury sensing tissue” in 
the vascular wall (5).
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Figure I. Morphology of a blood vessel. This image shows the three main layers of the vessel wall: adventitia; media; 
and intima, which is formed by the subendothelium and the endothelium. ECs= endothelial cells; VSMCs= vascular smooth 
muscle cells. © Paula González

2.1.2 Endothelial function and dysfunction

 As previously stated, the endothelium is a monolayer of cells in close contact with the 
blood that it is part of the intima layer. However, even though it is thin, it is crucial for maintaining 
homeostasis of the vascular wall and for the appearance and development of various CVDs.

Endothelial cells are infl uenced by two hemodynamic forces: cyclical strain, caused by the extension 
and distension of the vessel diameter, and shear stress, defi ned as the tension generated by blood 
fl ow, and it is the reason why ECs are aligned parallel to it (37,38). Shear stress is defi ned by the mean 
fl ow ratio, which depends on cyclical strain and bending of the vascular wall (disturbed blood fl ow 
areas), viscosity, which depends on the speed of the blood fl ow, and the physical characteristics of 
the blood (38,39). Because ECs are in close contact with this force, either high or low shear stress 
stimulates changes in the ECs signalling pathway; therefore, mechanical stimuli on factors that aff ect 
vascular homeostasis and other cell types, such as VSMCs (39,40) (Figure II).

A healthy endothelium is capable of integrating many signals and multiple factors that control 
vascular tone, cell adhesion, proliferation of VSMCs, and vascular permeability (6). The endothelium 
produces molecules that relax the vascular tone, such as nitric oxide (NO) and prostacyclin, or contract 
the vascular wall, such as angiotensin II (Ang II) (6,41). NO is produced by endothelial nitric oxide 
synthase (eNOS) in response to diff erent stimuli, such as shear stress, and maintains quiescence of the 
vascular wall, decreasing infl ammation, thrombosis, and cell proliferation; thus, it is used to measure 
endothelial function (6). Other factor that controls endothelial function are the vascular endothelial 
growth factors (VEGFs), that modulate endothelial permeability to cells and agents, the formation of 
the endothelial monolayer; as well as being an angiogenic and vasoactive factors (42) (Figure II).
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When the endothelium gets activated (also known as endothelial dysfunction) under certain conditions 
(e.g. infl ammation, shear stress, oxidative stress…), it stops being quiescent and enters a “defensive” 
mode characterized by the expression of cell-surface adhesion molecules (e.g. the vascular cell 
adhesion molecule (VCAM-1) or the monocyte chemoattractant protein-1 (MCP-1)) that recruits 
infl ammatory cells, that enters the subendothelial space; and switches NO production by eNOS to 
reactive oxygen species (ROS), known as eNOS uncoupling (6–8). ROS are secondary messengers 
under physiological conditions, but when there are more ROS than those that are capable of being 
buff ered by endothelial antioxidant molecules, oxidative stress occurs, leading to infl ammation and 
endothelial damage (14) (Figure II).

Shear stress is one of the main causes of endothelial activation. In fact, there are areas in the arteries 
that are more prone to vascular injuries, and they are disturbed blood fl ow areas that promote eNOS 
uncoupling and infl ammatory pathways (8). The change in endothelial permeability also permits 
the entrance of low-density lipoproteins (LDLs) into the vascular intima, that in conjunction with 
the oxidative conditions due to eNOS uncoupling, oxidize LDLs to form oxidized LDLs (Ox-LDLs) 
that accumulate in the intima, forming atherosclerotic plaques (43). In addition, shear stress also 
diminishes molecules such as Krüppel-like factors 2 and 4 (KLF2 and KLF4) and the nuclear factor 
erythroid-derived 2-related factor 2 (Nrf2), which are mechanosensitive mediators that diminish 
endothelial dysfunction and oxidative stress (43) (Figure II). 

Therefore, activation of the endothelium, entrance of LDLs, and recruitment of monocytes into the 
subendothelial space are the fi rst steps in atherosclerotic progression. 

Lastly, glycocalyx, a sugar-enriched layer produced by endothelial cells that appears in the apical 
wall, formed mostly by glycosylated proteins and proteoglycans, which bind to the endothelial cell 
membrane and are crucial for its permeability. This matrix modulates the entrance of factors not only 
by their size but also by their charge (electrostatic barrier) because it is negatively charged; therefore, 
it acts as a barrier that prevents negative charged molecules or cells (e.g., erythrocytes or bacteria) 
from entering the vascular wall (44) (Figure II).

The glycocalyx also communicates mechanical signals generated by shear stress to the ECs and 
the ECM because its main components, syndecans and glypicans, are bound to the endothelial 
membrane in areas where they can communicate mechanical changes to cytoskeletal proteins, 
among others. Syndecans like syndecan-1 is implicated in phenotype and infl ammation modulation, 
and glypicans, like glypican-1, are related to eNOS phosphorylation and NO production. There are 
also glycosaminoglycans, such as hyaluronic acid, salicylic acid, and heparan sulphate, that bind to 
syndecans and glypicans to form the glycocalyx. Other molecules such as matrix metalloproteases 
(MMPs), adhesion molecules such as CD44, or integrins conform this matrix (45,46).

In healthy conditions, the glycocalyx has a specifi c width (that diff ers between veins, capillaries, 
and arteries) and is constantly changing. But in the atherosclerotic process, the accumulation of 
LDLs in the subendothelial space increases ROS production, MMPs, leukocyte adhesion molecules, 
and infl ammation in the endothelium, this aff ects the presence of antioxidant enzymes and the 
composition of the glycocalyx leading to its “shedding” (44–46). When the glycocalyx is degraded, 
the permeability of the endothelium decreases, more LDLs enter, infl ammation and oxidative stress 
increase, and atherosclerosis progresses (Figure II).
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Figure II. Mechanisms of endothelial activation. This picture represents an endothelium under physiological conditions 
(left), with a physiological shear stress caused by the laminar effl  ux of the blood; eNOS producing NO for the correct 
relaxation of the vessel, and Ang II for the contraction; the production of KLF2-4 and Nrf2 promoted by shear stress; and a 
normal glycocalyx that prevents from the infi ltration of molecules and infl ammatory cells. On the contrary, the right side 
of the illustration represents an activated endothelial cell, where there is a turbulent blood fl ow that decreases shear stress 
inducing the shedding of the glycocalyx and the expression of adhesion molecules like MCP-1 or VCAM-1, that allows the 
infi ltration of monocytes and LDLs in the vascular wall; and eNOS uncoupling increasing ROS production; moreover the 
LDLs with the ROS are going to produce Ox-LDLs and this oxidative environment is going to aff ect the VSMCs that are going 
to proliferate and migrate from the media. NO= nitric oxide; eNOS= endothelial NO synthase; Ang-II= angiotensin II; KLF 
2-4= Krüppel-like factor 2 and 4; Nrf2= nuclear factor erythroid-derived 2-related factor 2; ROS= reactive oxygen species; 
LDL= low-density lipoprotein; Ox-LDL= oxidized low-density lipoproteins; MCP-1= monocyte chemoattractant protein-1; 
VCAM-1= vascular adhesion molecule-1; VSMCs= vascular smooth muscle cells. © Paula González.

2.1.3 Infl ammation in the atherosclerotic progression

 Atherosclerosis has been defi ned in recent years as a chronic infl ammatory disease (47) 
while, traditionally atherosclerosis has been regarded as a disease driven by LDLs accumulation in 
the vascular subendothelium (47,48). This subclinical infl ammation attracts cells from the innate and 
adaptive immune responses to the atherosclerotic plaque (47), and the signalling pathways mediated 
by these immune cells are altered during atherosclerotic progression (48). 

2.1.3.1 Innate or adaptive immune responses, and infl ammation in the promotion of 
atherosclerosis

 There are diff erent innate and adaptive immune response cell types, all of which have diff erent 
functions and eff ects on atherosclerosis. The innate immune response has two components, humoral 
and cellular (49). The humoral arm of the innate response is led by molecules, such as pentraxins 
(for example, C reactive protein, pentaxin 3), collectines (e.g. A surfactant protein), or fi colins, these 
molecules are like “pre-antibodies” that activate the complement and regulate infl ammation (50), and 
antibodies. The cellular arm of the innate response is formed by mononuclear and polymorphonuclear 
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phagocytes, which are macrophages and dendritic cells, which are both derived from monocytes and 
present antigens to T cells from the adaptive immune system; the polymorphonuclear phagocytes are 
neutrophils, basophils, and eosinophils, which also present antigens to the adaptive immune system 
(49). 

We begin by explaining the role of macrophages in atherosclerosis. These cells are pivotal for 
the development of atherosclerosis. First, there is an endothelial dysfunction and a pathogenic 
accumulation of LDLs (enriched in cholesterol and containing apolipoprotein B (ApoB)) in the 
vascular wall, where they are susceptible to modifi cations such as oxidation. Increased oxidative 
stress and infl ammation in the endothelium lead to the recruitment of monocytes by cells with 
chemoattractant molecules such as MCP-1 or chemokine ligands 3, 4, and 5 (9). 

Monocytes then enter the vascular wall and try to clear LDLs that accumulate in the vascular wall. 
They transform into macrophages that clear LDL under normal conditions by their LDL receptor 
(LDLr); however, in hypercholesterolemic conditions, there are not only increased monocytes 
(9), but the macrophage-LDLr decreases and they begin to take up Ox-LDL by their scavenger 
receptors (for example, CD36, lectin-like Ox-LDL receptor-1 (OLR-1 or LOX 1)) switching to a foam 
cell phenotype (10), but macrophages can have other phenotypes. Classically, macrophages have 
been classifi ed as M1 (pro-infl ammatory) related to T helper (Th) type-1 (Th1) T-cells, which are 
usually localized in the shoulder (high infl ammation and apoptosis) area of the plaques, and M2 
(anti-infl ammatory) macrophages related to Th2 T-cells, these cells are usually localized in the 
adventitia and in stable plaques (11) (Figure III).

Dendritic cells (DCs) are potent antigen-presenting cells; therefore, like macrophages, they serve 
as a bridge between the innate and adaptive immune responses. The role played by antigen-
presenting cells (APCs) in atherosclerosis is still under discussion, but just like macrophages, DCs 
uptake LDLs, turning into foam cells, increasing ROS and infl ammation, and presenting antigens 
to T cells, promoting their proliferation in the plaque, and they also promote tumor necrosis factor 
alpha (TNFα) and interferon gamma (IFNγ) in antigen activated T cells (51). Nonetheless, the exact 
role of DCs in atherosclerosis remains to be elucidated (Figure III).

The last innate response cells are neutrophils, basophils, and eosinophils. Neutrophils are known to 
present antigens to T cells and form pro-infl ammatory neutrophil extracellular traps (NETs), these 
NETs are stimulated by cholesterol crystals, Ox-LDLs, and various chemokines (52). Interestingly, 
when the formation of NETs is inhibited, plaque size is reduced in mice (53) because the formation 
of NETs is associated with an increase in pro-infl ammatory macrophages that promote the disease 
(52). The infl uence of basophils and eosinophils on atherosclerosis is not well known; eosinophils 
are greater in size than neutrophils and are mostly involved in allergic responses presenting 
antigens to Th2 cells. They can form pro-infl ammatory eosinophil extracellular traps, but how they 
aff ect atherosclerosis remains unknown. Basophils are smaller than eosinophils and are involved 
in allergenic responses, like the other cells they can form extracellular traps, but how they aff ect 
atherosclerosis is unknown (54) (Figure III).

The adaptive immune response is carried out by lymphocytes that can be B cells (B lymphocytes) 
and T cells (T lymphocytes). B cells are important for humoral and adaptive immunity, since they 
oversee free antibodies in the circulation and have the B-cell receptor (BCR) to recognize antigens 
(55). There are two main types of B cells: B1 cells, which are divided into B1a, B1b, and B2 cells, with 
diff erent eff ects and functions. There are four types of antibodies: IgM, IgG, IgE, and IgA. 
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IgMs have a low affi  nity to antigens and can be found in the blood as well as in atherosclerotic 
injuries, because they have been proven to identify oxidation-specifi c motifs that are found in Ox-
LDLs (and other structures) with an anti-atherosclerotic eff ect (15). IgGs are the most prevalent 
immunoglobulins in the blood and have a high antigen neutralizing capacity; however, IgGs have also 
been found in mouse plaques, promoting atherosclerosis (16). IgEs are the lowest expressed in the 
blood and participate in allergenic responses, however, mice lacking IgEs showed protection against 
atherosclerosis and obesity by reducing foam cell formation (17). Lastly, IgAs are very prevalent in 
mucosal surfaces and the blood and participate in allergic responses; however, how these antibodies 
may aff ect atherosclerosis remains unclear (56) (Figure III).

For the diff erent types of B cells, we have the B1-cell type, which is divided into B1a and B1b if they 
are CD5+ or CD5-, respectively. They secrete IgM into the blood and interact with T cells. These cells 
have been well described in mice, but their existence in humans is still under discussion. Follicular B 
cells, which are B2 cells and make up for most circulating B cells, produce antibodies after a second 
encounter with an antigen, leading to an antigen specifi c T-cell response. Another type of B2 cells 
are the marginal zone ones that derive from the bone marrow, and to fi nish, we have the regulatory 
B cells that induce immunosuppressive regulatory T cells (Treg) (55). Specifi cally speaking about 
atherosclerosis, B1 cells are atheroprotective by secreting IgMs, whereas B2 cells are considered 
atherogenic by secreting IgGs that activate T cells and increase infl ammation (57) (Figure III).

Finally, we introduce the T cells. Beginning with T cells expressing CD4 or CD4+ T cells, they can 
diff erentiate into Th and Treg subtypes, each with diff erent eff ects on atherosclerosis. Th cells have 
diff erent subtypes: Th1, Th2, Th9, Th17, Th22, and follicular helper (Tfh ) cells with diff erent functions 
and eff ects on disease progression (37) (Figure III).

Th1 cells secrete pro-infl ammatory IFNγ and TNFα, promoting atherosclerosis development and 
chronic infl ammation (12). Th2 cells produce interleukin-4 (IL)-4 to counteract the IFNγ produced 
by Th1 cells; therefore, we believe that they would protect against atherosclerosis. However, even 
though these cells seem to be protective against the malady in humans, this association is not so clear 
(59). Th9 cells produce IL-9 and are associated with increased infl ammation and atherosclerosis (60). 
Th17 cells produce IL-17, but their eff ect on the disease is controversial; some studies describe that 
Th17 cells protect against the disease, while others defend it as a promoter (61). Th22 cells produce IL-
22, which induces infl ammation and atherosclerosis in apolipoprotein E defi cient (ApoE-/-) mice (62). 
Tfh  are closely related to B cells in germinal centres and to an increase in atherosclerosis in diff erent 
mouse models (63). Treg cells have been shown to be protective against atherosclerosis, since these 
cells are inversely correlated with the size of the injury (14) (Figure III).

The other T cell type is CD8 or CD8+ T cells. When activated, these cells secrete TNFα and IFNγ to 
increase infl ammation and apoptosis. In the context of atherosclerosis, CD8+ T cells are more 
abundant than CD4+ cells in human and mouse injuries, where they aggravate atherosclerotic lesion 
formation by controlling macrophage accumulation in the vessel walls (13).
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Figure III. Immune cells in atherosclerosis. This illustration shows the diff erent immune cells that can be involved in 
atherosclerosis. There are T cells (purple cells) than can be pro-atherogenic like Th1 or anti-atherogenic like Th2; B cells 
(green) that can be B1 or anti-atherogenic and B2 or pro-atherogenic; APCs; macrophages; monocytes; foam cells; and 
neutrophils that can form the pro-atherogenic NETs. The diff erent antibodies are also represented, IgGs (blue), IgEs 
(orange), IgAs (pink) and IgEs (green). They all participate in atherosclerosis by protecting against or promoting the disease 
progression depending on the environment inside the vascular wall. Ig= immunoglobulin; VSMC= vascular smooth muscle 
cell; NET= neutrophil extracellular traps; APC= antigen presentation cells; Ox-LDL= oxidized low-density lipoproteins. © 
Paula González.

2.1.3.2 Pro- and anti-Infl ammatory molecules in atherosclerosis development

 Maintaining homeostasis in the vascular wall is important for maintaining health; however, 
during atherosclerosis progression, diff erent molecules promote infl ammation and oxidative stress, 
leading to endothelial dysfunction, cell apoptosis, and plaque rupture. Among these molecules are 
ROS and cytokines.

As previously stated, NO is produced by eNOS in the endothelium and is important for optimal 
vasculature functioning (Chapter 2.1.2). However, when there are oxidative stress and higher ROS 
production, there is a lower NO bioavailability and eNOS uncoupling, contributing to the major ROS 
presence. The main sources of ROS in the vascular wall that are altered during atherosclerosis, are the 
nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (NOX), with three main isoforms 
in the vascular wall: NOX1, in VSMCs; NOX2 in endothelial cells; and NOX4 in both cell types. NOX1 
and NOX2 have been proven to promote atherosclerosis, while NOX4 is consider atheroprotective 
(64); the xanthine oxidases that are important in the production of ROS in the endothelium under 
physiological conditions, but during atherosclerosis they are accumulated in the plaque increasing 
ROS, oxidative stress and monocyte infi ltration (65); also the mitochondria is an important ROS 
production site in cells, as well as a ROS controlling site. Most of the antioxidant enzymes are located in
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the mitochondria, like superoxide dismutase (SOD) 1 and 2 (there is also a cytoplasmic isoform: SOD3); 
the catalase, and the glutathione peroxidase (GPx). The eff ect of decreased SOD in atherosclerosis 
is context dependent, but decreased catalase and GPx activities are related to an increase in 
atherosclerosis (64).

ROS production directly increases oxidative stress, leading to atherosclerosis; moreover, ROS also 
increase infl ammation. ROS are capable of activating the NLRP3-infl ammasome and increasing 
infl ammatory chemokines such as IL-1β and IL-18 to promote atherosclerosis in ApoE-/- mice (66), 
as well as other cytokines like IL-6 or TNFα to increase infl ammation (67).

Cytokines are used to defi ne “one term for a group of protein-cell regulators, variously called 
lymphokines, monokines, interleukins, interferons, which are produced by a wide variety of cells in the 
body, play an important role in many physiological  responses, are involved in the  pathophysiology 
of a range of diseases, and have therapeutic potential” (68). Cytokines are organised in diff erent 
classes: ILs, TNFs, IFNs, colony stimulating factors (CSFs), transforming growth factors (TGFs) and 
chemokines. They are important regulators of infl ammation and immunity (69). 

IFNs, all the ILs except the IL-1 family and CSFs act through the Janus kinase (JAK)-signal transducer 
and activator of transcription (STAT) pathway; TNFs, the IL-1 family act through the nuclear factor 
kappa B (NF-κB) and the mitogen-activated protein kinases (MAPK) pathways; and the TGFs act 
through the Smads pathway (69). 

The IL-1 family has 11 members, highlighting IL-1α, IL-1β, IL-33 and IL-18. These cytokines act as 
ligands to specifi c receptors (IL-1Rs) there are 10 types with an extracellular part that recognize 
the ILs and an intracellular part that has a toll-like receptor domain, that when active leads to the 
activation of the NF-κB domain (70) (Figure IV). IL-1α is a proinfl ammatory chemokine that has 
been proven to be increased in human and mouse atherosclerosis (25). IL-1β and IL-18 are also 
proinfl ammatory, their secretion is promoted by the NLRP3 infl ammasome and its increased in 
human and experimental atherosclerosis where they increase IFNγ (71,72). IL-33 has proven to be 
(in contrast with the other IL-1 family cytokines) atheroprotective, IL-33 has shown to decrease 
IFNγ and Th1 cells while increasing Th2 in atherosclerosis (73). 

IL-2, IL-6, IL-10, IL-17, or IL-21 are other interleukins that participate in atherosclerosis. IL 2 and IL-10 
are part of the anti-infl ammatory cytokines and are considered protective against atherosclerosis 
by increasing the population of Treg and decreasing LDLs, respectively (74,75). On the contrary, 
IL-6, IL-17 and IL-21 are part of the pro-infl ammatory cytokines and contribute to atherosclerosis 
development. IL-6 is increased in atherosclerotic injuries and promotes the disease by activating 
the NF-κB and STAT3 pathways (76,77); IL-10 and IL-21 are also increased in mouse and human 
atherosclerosis and promote the disease by increasing macrophage activation, IFNγ and plaque 
instability (78,79) (Figure IV).

Then we have the CSF, for example the granulocyte-monocyte-CSF is pro-atherosclerotic by 
stimulating intima cells proliferation as well as the production of IFNγ in Th1 cells (80); the 
granulocyte-CSF also promotes atherosclerosis by increasing ROS production and macrophage 
activation (81,82); another CSF would be the macrophages CSF, that is also increased in human 
and mouse atherosclerosis and promotes the disease by augmenting the monocyte infi ltration in 
the injury and foam cell formation (83,84).

TGFs like TGF-beta (TGF-β) has a dual role in the vascular wall. TGF-β increase infl ammation in 
endothelial cells by increasing chemokines like MCP-1, or Intercellular adhesion molecule I (ICAM-1); 
but in VSMCs the eff ect is the contrary, those cytokines are decreased and has an anti-infl ammatory
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eff ect, however the global eff ect of the molecule seems to be pro-atherogenic (85). TNFs like TNFα 
is also important for the infl ammatory promotion of atherosclerosis, in fact when TNFα is increased 
in the endothelium activating NF-κB and NLRP3 infl ammasome increasing IL-1β and therefore, 
the disease progresses (86,87). IFNs like IFNγ is increased during atherosclerosis and leads to the 
diff erentiation of pro atherosclerotic T cells like Th1 (78) (Figure IV). 

Lastly, chemokines or chemoattractant molecules are also implicated in the infl ammatory-
atherosclerotic progression. MCP-1 is increased in atherosclerosis, this chemokine is expressed 
in damaged tissues and increases monocyte and T-cell infi ltration leading to the progression of 
the malady (88). ICAM-1 is also important for macrophage recruitment leading to atherosclerosis 
development, and when it is decreased, there is a smaller injury and NF-κB activity (89). The vascular 
cell adhesion molecule-1 (VCAM-1) is poorly expressed in the endothelium under physiological 
conditions, but when there is infl ammation, the expression increases, leading to LDL transcytosis 
through the vascular wall and a higher lipidic plaque (87).

Figure IV. Infl ammatory molecules in atherosclerosis. During atherosclerosis development and progression there are 
many molecules that promote infl ammatory pathways and genes. We have enzymes like NOX1 or 2 that increase ROS 
inside the cells, however, there are also cellular mechanisms to decrease ROS production, these are antioxidant enzymes 
like SOD 1 or 2 or GPx, both in the mitochondria. Other chemokines like ILs (e.g., IL-6, IL-2, IL-10, IL-21…) or CSFs get to their 
receptors, these receptors activate the JAK/STAT pathway, and STAT is a transcription factor that when active, promotes the 
translation of pro-infl ammatory genes like IFNγ, or genes that promote plaque instability and macrophage activation. There 
are other chemokines like TGFs, the IL 1 family proteins or TNFs, that also bind with their specifi c receptors from the cell 
membrane to promote pathways that can activate, among others, the NF-κB pathway, once active this transcription factor 
also promotes the expression of genes that increase ROS, the NLRP3 infl ammasome, infl ammatory chemokines like IL-6, IL-
21, IFNγ; or chemoattractant molecules like MCP-1. NOX= NADPH oxidases; SOD= superoxide dismutase; GPx= glutathione 
peroxidase; ROS= reactive oxygen species; ILs= interleukins; CSFs= colony stimulating factors; JAK= Janus kinase; STAT= 
signal transducers and activators of transcription; IFNγ= interferon gamma; TGFs= transforming growth factors; TNFs= 
tumor necrosis factors; NF-κB = nuclear factor kappa B; NLRP3= nucleotide-binding domain, leucine-rich containing family, 
pyrin domain-containing-3; MCP-1= monocyte chemoattractant protein-1. © Paula González.
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2.1.4 Vascular smooth muscle cells: proliferation, apoptosis and phenotype 
switching in atherosclerosis

 VSMCs are the main component in the media layer of the arteries. Under physiological 
conditions VSMCs have a contractile phenotype with a low rate of proliferation, but when there is an 
alteration in homeostasis, they adopt a “synthetic” phenotype characterized by high proliferation, 
migration, and production of ECM. In addition, the contractile phenotype of the VSMCs amongst 
large or small vessels is diff erent to modulate the systemic and/or blood fl ow to organs (18). VSMCs 
content and structure also changes with age and sex, for example, adult women have a thicker media 
than adult men (90), but interestingly, male VSMCs proliferate more than females (91) and respond 
better to signals like NO (18).

Proliferation of VSMCs drives atherosclerosis progression, in fact, they account for approximately 
70 % of the cells that constitute the atherosclerotic plaque (92). There are diff erent explanations 
for this increase in proliferation, for example Ox-LDLs induce Nrf2 in atherosclerosis, even though 
is an antioxidant molecule, is related to LOX-1 increasing this synthetic phenotype of VSMCs (92). 
Also the NO produced by the endothelium aff ects the proliferation of VSMCs, uncoupled eNOS, and 
decreased NO increases the proliferation of VSMCs (93,94). However, the proliferation of VSMCs and 
thicker media has been related to stable plaques (95).

VSMCs not only proliferate in atherosclerosis, but they also migrate from media to intima. In health, 
the ECM in which the VSMCs are embedded protects against this phenotype switching, but when 
altered it allows not only the proliferative phenotype, but also the migration of the cells to the intima. 
The infl ammatory environment of the disease may change the composition of the ECM from laminin 
and collagen-4 to syndecan-4 and collagen-1 (96) leading to this VSMCs phenotype switching and 
migration. When they migrate and under specifi c conditions, the VSMCs can adopt a macrophage-, 
osteoblast- or mesenchymal-like phenotype (19). 

VSMCs are one of the main sources of foam cells in atherosclerosis, the mechanisms underlying this 
switch remain poorly understood, however these cells can uptake Ox-LDL leading to this phenotype. 
Lately some studies are trying to give light into this question, the P2RY12/P2Y12 receptor, originally 
identifi ed in platelets, to induce their aggregation and thromboembolism, promotes VSMCs-foam 
cell formation by decreasing cholesterol effl  ux and lipolysis as well as autophagy in those cells (97); 
c-FOS is also important in this regard, mitochondrial ROS increase c-FOS in VSMCs driving an increase 
in LOX-1 expression and VSMCs-foam cells (98); other works give the smooth muscle 22α a protective 
role against VSMCs-foam cell formation by regulating the liver X receptor translocation to the nucleus 
and cholesterol effl  ux accumulation in the cells (99).

Under specifi c stimuli, the VSMCs lose their smooth-muscle specifi c markers and change to osteoblast-
like cells (19). In an in vitro scale this transformation is induced with β-glycerophosphate and in vivo can 
be induced with an adenine and high phosphorus diet, and the mechanism by which the VSMCs turn to 
an osteoblast phenotype may involve mitochondrial dysfunction, when these cells turn osteoblastic 
they create a pro-calcifi cation environment leading to the calcifi cation of the plaque (100); recently 
S adenosylhomocysteine (SAH) hydrolase (SAHH), a risk factor of CVDs, has been related to plaque 
calcifi cation, SAHH inhibition accumulates SAH in the vascular wall decreasing AMPK and increasing 
VSMC-osteoblast like cells (101).

Other phenotypes that VSMCs can adapt are mesenchymal and myofi broblast-like. Inhibiting 
the TGF-β pathway in VSMCs from ApoE-/- mice under a HFD turns them into a mesenchymal-
like phenotype that can diff erentiate into other macrophages-, osteoblast-, or adipocyte-like cells 
promoting atherosclerosis (102). When VSMCs turn to myofi broblast like cells they are part of the 
vascular remodelling of the media ECM by secreting collagen type-1, recent works propose the 
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prostaglandin D2 receptor 1 (DP1) as a modulator of this switch. When DP1 is decreased, there is 
angiotensin II-media thickening, and VSMCs transformation to myofi broblast (103).

Figure V. VSMCs phenotypes. This fi gure represents the diff erent VSMCs phenotypes in atherosclerosis, the contractile, 
synthetic, foam cell, osteoblast, and myofi broblast-like and diff erent possible mechanism by which this switching occurs. 
SAH= S-adenosylhomocysteine; Nrf2= nuclear factor erythroid 2-related factor 2; NO= nitric oxide; LOX-1= lectin-like 
oxidized low-density lipoprotein receptor 1; TGF-β= transforming growth factor- beta; DP-1= prostaglandin D2 receptor 1; 
VSMC= vascular smooth muscle cell. © Paula González. 

Finally, in the most advanced stages of the disease, apoptosis is increased in the VSMCs leading to 
plaque instability and rupture, but the underlying cause of this apoptosis is unknown, lately, the 
proprotein convertase subtilisin/kexin type 9 that has shown to promote senescence and apoptosis 
in mice, and has also been detected in human atherosclerosis giving it a potential relevance in the 
apoptosis-driven plaque rupture (104).

2.1.5 Plaque rupture and thrombosis

 When there is an advanced atherosclerotic plaque, we can observe two outcomes that defi ne 
two types: unstable, if plaques break leading to thrombosis or stable plaques, that are protected from 
rupture. 

The stable plaques are mostly characterized by a thick fi brous cap made of ECM populated of 
myofi broblast-like cells that mainly come from VSMCs, this myofi broblast transition is led by platelet-
derived growth factor, increasing this protective smooth muscle cells and the fi brous cap (105) (Figure 
VI).

One of the main associations between atherosclerosis and vascular symptomatology is the change 
from the stable to unstable plaque type, but there is a very big handicap to study it and it is the lack of 
animal models to use and compare with human subjects. 
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The unstable plaque also known as vulnerable, “high-risk” and “thrombosis prone” is characterized by a thin 
fi brous cap and a lipid-rich necrotic core (LRNC). This rupture occurs in the 75 % of patients with atherosclerosis, 
and most of these ruptures happens in the infl ammatory shoulder area, where the fi brous cap meets the 
endothelium (106,107) (Figure VI). In addition, in the plaque areas we can also observe calcifi cation and 
intraplaque hemorrhage (IPH), but the presence of these last two have been controversial, since it is hard to 
associate them to symptomatology, however, more recently, the presence of both intraplaque haemorrhage 
and calcifi cation has also been proposed as risk factors for stroke and carotid heart disease (108). 

Sadly, the mechanisms of plaque instability remain unknown, some authors propose VSMCs apoptosis thinning 
the fi brous cap, as well as neoangiogenesis, this process is promoted by the hypoxia conditions that occur 
in the plaque. This new vasculature arises from the adventitia vasa vasorum, these vessels in the plaque and 
IPH can promote plaque instability in an indirect way, by increasing infl ammation and the LRNC in vulnerable 
plaques (109). Another new possible explanation of plaque instability is the presence of cholesterol crystals in 
the plaque, these crystals increase infl ammation and stress, and also are proven to weaken the thin fi brous 
cap in these plaques (110). In this regard, the content of foam cells (pro-infl ammatory and pro-oxidative) is 
important to enrich the LRNC, when these cells die, they release their cellular content to the plaque contributing 
to the before mentioned enrichment, in vulnerable plaques (111). Other pro-infl ammatory immune cells like 
CD4+ CD28null T cells are increased in unstable plaques, these cells are cytotoxic and produce IFNγ, that can 
contribute to plaque rupture; in addition, advanced plaques from patients with acute coronary syndrome, show 
that Tregs (that are mostly considered protective in the context of atherosclerosis) are decreased in the unstable 
plaques (112,113).

Like plaque instability, the mechanisms of calcium accumulation in the plaques are still unknown. Recently 
the tissue non-specifi c alkaline phosphatase (TNAP) has emerged as a possible modulator. The inhibition of 
TNAP decreased the calcifi cation in human VSMCs and mice atherosclerosis, in the last one it also ameliorated 
dyslipidaemia and plasma cholesterol levels (114).

To fi nish, when the plaque ruptures, this exposes vascular or LRNC components to the blood, amongst these 
components is the tissue factor (TF) from macrophages and VSMCs that activates the coagulation cascade, the 
complement and the recruitment of platelets in the vascular damaged area, and leads to the formation of blood 
thrombus and the symptomatology of diff erent CVDs (115,116) (Figure VI). In fact, since 1999, it is known that 
inhibition of TF reduces thrombosis in vulnerable plaques (117).
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Figure VI. Stable vs. unstable plaque. This illustration shows a stable plaque (upper 
panel) with a thick fi brous cap made from fi broblast-like VSMCs and ECM; and an 
unstable plaque (lower panel) with a plaque rupture that exposes the LRNC and the 
TF to the blood stream creating a blood clot. VSMC= vascular smooth muscle cell; 
LRNC= lipid-rich necrotic core; TF= tissue factor; LDL= low-density lipoprotein; Ox-
LDL= oxidized low-density lipoproteins; VSMCs= vascular smooth muscle cells. © 
Paula González.

2.1.6 Animal models of atherosclerosis

 The need to study the mechanisms underlying atherosclerosis prompted the development of 
animal models to answer all the ongoing questions about the disease progression. In 1908 Ignatowski 
described the eff ects of a high fat diet in atherosclerosis progression in rabbits (118). Rabbits continued 
to be crucial in atherosclerosis investigation until 1950s, permitting the discovery of the main cell 
types in atherosclerosis lesions, how dietary cholesterol entered the vessel wall by the LDLs, and how 
important is infl ammation for the disease progression (119).

In recent years, murine models are dominating atherosclerosis investigation, but that does not 
mean that there is no investigation in other species like zebrafi sh, hamsters, pigs, nonhuman 
primates, or chickens. But, although human atherosclerosis occurs since childhood, animals tend to 
be fairly protected against atherosclerosis development increasing the need to generate protocols 
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to accelerate the development of the disease, one of the most eff ective is to feed the animals with 
“atherogenic” diets, these are high fat diets (HFD) that mimic human diets, one of the most used one 
is the Western diet (119).

As previously stated, zebrafi shes have been used to study atherosclerosis by giving them a HFD, this 
model is nice to study the fatty streak off set in living organisms, but they do not develop advanced 
injuries (120). The pig has also been used to study the malady, its cardiovascular system is very 
similar to humans, which is an advantage, and develop atherosclerosis if given a HFD, but there is a 
lack of antibodies that detect pig proteins and cell markers, minimizing the investigation to mostly 
histological measurements, which is a disadvantage (121). Guinea pigs and hamsters have similar 
lipid handling as humans, but there is no consistency between studies (119). Nonhuman primates 
develop injuries that are very similar to humans when fed a HFD, but there are a lot of ethical 
considerations for the use of primates, which limits the use of these species in atherosclerosis 
investigation (122).

Since 1990, the mouse became the main animal model to study atherosclerosis, the principal 
genetic background of mouse models of atherosclerosis is the C57BL/6J because can be considered 
“susceptible” to atherosclerosis progression, but usually this background is combined with genetic 
engineering to promote atherosclerosis progression (119). ApoE-/- mice strain is one of the most used 
models of atherosclerosis and was fi rst described in 1992. ApoE is a ligand for receptors that clean 
chylomicrons and very low density lipoproteins, by this defi ciency, mice are hypercholesterolemic 
and develop atherosclerosis spontaneously, but the disease can also be accelerated by feeding the 
mice with a HFD (123). The second most used mouse strain to develop atherosclerosis is the LDL 
receptor defi cient (Ldlr-/- ) model that also has hypercholesterolemia, and develops atherosclerosis, 
but slower than in the ApoE-/- mice, unless a HFD is used, because the lipid profi le in Ldlr-/-  mice is 
less aff ected than in the ApoE-/- mice (124,125).

Recently, new mouse models of advanced atherosclerosis have been arising. The proprotein 
convertase subtilisin/kexin type 9 (PCSK9), is expressed in the liver and binds to the LDLr, (PCSK9 
inhibitors are a new therapy against CVDs in humans) the injection of adenovirus containing 
gain of function of human D374Y-PCSK9 fed a Western diet increases hypercholesterolemia and 
atherosclerosis in the mice (126). The last models are mouse strains with humanized lipoproteins 
profi les like the human APOB transgenic mice, a strain containing the human APOB and the Ldlr-/- 
develops severe hypercholesterolemia and atherosclerosis (127). But even if the animal models of 
atherosclerosis are getting better, there is still a long way to go, by now, human remains the best 
and more accurate model for human atherosclerosis investigation.

2.2 Signalling pathways in atherosclerosis

2.2.1 Insulin signalling pathway and resistance 

 The insulin hormone was discovered one hundred years ago, in 1921, and since its discovery 
a lot of advances have occurred to affi  rm that this hormone is secreted by pancreatic β-cells in 
response to increased glucose levels in the blood to be internalized in tissues (128). Nowadays, 
one of the crucial points of investigation is the interaction between insulin or insulin-like growth 
factors (IGFs) and their specifi c receptors, because insulin insulin receptor (IR) interaction regulates 
glucose utilization in human tissues and the disruption of this utilization leads to the development 
of insulin resistance and diseases like type-two diabetes (129). 
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To further understand how insulin signalling impairing aff ects health and disease, we fi rst must 
explain the insulin receptor characteristics and the pathway that begins when the hormone binds 
to the receptor.

The IR is part of a tyrosine kinase receptors subfamily that includes the IR and the IGFs receptors. 
The structure is of a tetramer made of the combination of two α/β subunits, that come from the 
same precursor. Both α subunits are extracellular, and therefore, insulin binds to them. Once insulin 
is fused, the β subunits activate their tyrosine-kinase activity and phosphorylate one-another 
beginning the intracellular insulin signalling pathway (130). When the IR is active, it phosphorylates 
the insulin receptor substrates (IRSs), that recruit diff erent mediators and can activate diff erent 
signalling pathways, but we are going to focus on the protein kinase B (AKT) (Figure VII). 

Active-IRSs recruit the phosphoinositide 3-kinase (PI3K), this protein phosphorylates the 
phosphoinositide-4,5-biphosphate from the cell plasma membrane into phosphoinositide 3,4,5- 
triphosphate (PIP3). PIP3 is a secondary mediator that activates serine/threonine kinases like 
3-phosphoinositide-dependent protein kinase-1 (PDK1) that mediates the fi rst phosphorylation of 
AKT in the threonine 308 (T308) residue to separate this protein from the membrane, only when 
free the mammalian target of rapamycin complex 2 (mTORC2) is able to phosphorylate the residue 
serine 473 (S473) to fully activate AKT (20). AKT is a key node in the insulin responsive pathway, 
because when active, it has more than a hundred substrates, implicated in diff erent biological 
functions, therefore mediating most if not all the physiological and metabolic functions of insulin, 
like fatty acid synthesis (SREBP-1 pathway), cell proliferation (mTORC1 pathway), or glucose uptake 
(increase in glucose transporter type 4 (GLUT4) translocation) (21). That is one of the reasons by 
which insulin resistance is linked to a decrease of active AKT (Figure VII).

Then we have the IGFs, there are two types the IGF-I and the IGF-II, each bind to the IGF-I receptor 
(IGF-IR), and the IGF-II can also bind to the IGF-II receptor (IGF-IIR). The most study out of the IGFs 
is the IGF-I that is mostly produced by the liver and regulates bone and muscle growth, as well as 
regulate the growth of pancreatic islets (22). And like insulin, IGF-I and IGF-II bind to their IGF-IR 
in the tissue and is able to activate multiple pathways, having the PI3K/AKT among them (23,24) 
(Figure VII). 

More specifi cally, IGF-II is crucial during embryonic development and after birth the levels in 
plasma decrease, however even though in adult mice IGF-II is almost undetectable in humans, this 
IGF isoform is the most expressed one in adults (24). At fi rst, the binding of IGF-II to its specifi c 
receptor, the IGF-IIR (also known as manose-6-phosphate receptor) was considered a regulation 
union that led to IGF-II clearance through the lysosome in cells, or the inactivation of the protein 
if bound in the plasma (131). This was because this IGF-IIR is a single transmembrane glycoprotein 
and no intrinsic activity was given to it after the union of IGF-II, but in 1990, Okamoto T. et al. proved 
that the union between IGF-II and its receptor generated a conformational change in IGF-IIR from 
lysosomal vesicles and plasma membranes that activates G-proteins (132). In recent years IGF-IIR 
activity has been tightly related to cardiomyocytes apoptosis (131,133) (Figure VII).
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Figure VII. PI3K/AKT and IGF-IIR signalling pathways. This graph represents AKT activation by insulin and IGF-I. First, 
insulin gets to the insulin receptor (IR) activating its tyrosine-kinase activity and recruiting the insulin receptor substrates 
activating the recruitment of p85α, this transforms the PIP2 in PIP3, which activates the PDK1 to modulate the fi rst 
phosphorylation of AKT in T308. This mono phosphorylated AKT cleaves from the cell membrane into the cytoplasm where 
mTORC2 phosphorylates AKT S473 to fully activate the kinase and promote insulin response, cell survival and growth and 
protein synthesis. Then the IGF-IR is also able to activate the PI3K to begin this signalling pathway. Lastly, this illustration 
also shows the IGF-IIR that has a G protein activity and modulates cell apoptosis when active. The dashed line represents an 
unknown or unconfi rmed eff ect, while the continuous line represents a known or confi rmed eff ect. AKT= protein kinase B; 
IR= insulin receptor; PI3K= phosphoinositide 3-kinase; p85α = phosphoinositide 3-kinase regulatory subunit p85 alpha; PIP2= 
phosphoinositide-4,5-biphosphate; PIP3= phosphoinositide-3,4,5-triphosphate; PDK1= 3-phosphoinositide-dependent 
protein kinase-1; T308= threonine 308; S473= serine 473; mTORC2= mammalian target of rapamycin complex 2; IGF-IR= 
insulin-like growth factor-I receptor; IGF-IIR= insulin–like growth factor-II receptor. © Paula González.

Insulin resistance is defi ned as a state of reduced responsiveness of insulin-targeting tissues to 
physiological levels of insulin (134). There are three tissue types that are crucial for insulin signalling and 
resistance: liver, that regulates glucose production in the body; white adipose tissues, that modulate 
lipid synthesis; and the skeletal muscle, the main tissue of insulin-driven glucose consumption (134). 
Insulin resistance in the skeletal muscle is characterized by a decrease in GLUT4 expression and 
activity, as well as a decrease in the activation of the IR/PI3K/AKT pathway, in all cases the activation 
is measured by the phosphorylation of the protein, for example a decrease in the phosphorylation of 
the S473 from AKT means an inactivation of the pathway and a lack of insulin responsiveness (135). 
Same thing happens in the liver, where a decrease in the PI3K/AKT pathway activation is related to 
insulin resistance, an increase in gluconeogenesis and a decrease in glycogen synthesis (136). Also, 
in the white adipose tissue, insulin resistance is related to a decrease in the PI3K/AKT pathway and 
a decrease in phospho S473, in fact, in this case, is related to an increase in lipid deposition, and 
apoptosis of the white adipocytes (137) (Figure VIII).

Obese patients can have a subclinical infl ammation in the white adipose tissue that can lead to 
insulin resistance (not all obese patients develop insulin resistance, even though it is a risk factor), 
however, to develop whole body insulin resistance, you also need it in the liver and with this, comes 
the comorbidities like type-2 diabetes, non-alcoholic fatty liver disease (NAFLD) or CVDs (138,139). 
All of them are part of what is called metabolic syndrome, not only that, but insulin resistance in 
both diabetic and non-diabetic patients is a well-known risk factor for CVDs, and hyperinsulinemia is 
also linked to atherosclerosis progression (140). In addition, we know that the IGF-IR protects against 
apoptosis in VSMCs, and therefore against atherosclerotic progression and plaque rupture (141), and 
that the PI3K/AKT pathway is increased in macrophages and VSMCs driven the progression of the 
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disease by increasing cell proliferation (142,143). But how insulin resistance begins in the vascular 
tissue and is linked to atherosclerosis remains unknown (Figure VIII).

Figure VIII. Systemic insulin resistance communication. Insulin resistance in the adipose tissue 
can be related to a decrease in the PI3K/AKT pathway and can get to the liver (also decreasing that 
pathway) to promote whole body insulin resistance, increasing this in the white adipose tissue, or 
starting this in the muscle where GLUT4 and the PI3K/AKT pathway will decrease. But, as represented 
by the dashed line, how adipose and liver insulin resistance is leased to the vascular tissue and 
atherosclerosis remains unknown. PI3K= phosphoinositide 3-kinase; GLUT4= glucose transporter type 
4. © Paula González. 

2.2.2 Nuclear factor-кB pathway

 The nuclear-factor kappa B (NF-κB) is a family of dimeric proteins that modulate infl ammatory 
responses; and cellular proliferation, survival, and diff erentiation in mostly all multicellular organisms, 
by integrating specifi c signals like TNFs or ILs. The family is composed by fi ve monomers: p65/RelA, 
RelB, cRel, p50 and p52, they share a common amino-terminal REL homology domain, RHD, and form 
homo or heterodimers to diff erentially bind the DNA to regulate the transcription of specifi c sets of 
genes. The activation of the dimers is at the same time, regulated by two pathways: the canonical and 
the non-canonical (26,27).

The canonical pathway, also known as NEMO-dependent is fast and transient and mostly led by the 
p65/RelA-p50 heterodimer of NF-κB. Without any activator, the p65-p50 heterodimer is sequestered 
in the cytoplasm by the NF-κB inhibitors (IκBs) like IκB alpha (IκBα). To detach the IκBα-NF-κB union, 
the IκBα needs to be phosphorylated by the IκB kinases (IKKs), which is the main event in the canonical 
pathway. There are diff erent IKKs but the most important one in this pathway is the subunit IKKbeta 
(IKKβ, also known as IKK2) that forms a complex with the subunit IKKalpha (IKKα, also known as IKK1 
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or CHUK) and IKKgamma (IKKγ also known as NF-κB essential modulator, NEMO) (28). But to have a 
better image of this pathway lets go to the beginning. Diff erent signals can activate specifi c receptors 
and the NF-κB response like pattern-recognition receptors; T- and B-cell receptors (TCR and BCR, 
respectively); and infl ammatory cytokines receptors such as TNFs receptors (TNFRs), IL-6R, IL-1βR, 
etc. (28).

Damaged tissue releases TNFα to activate the TNFR to recruit the TNFR-1 associated death-domain 
protein (TRADD), that is then going to interact with the E3 ubiquitinase cIAP, and the TNFR-associated 
factor 2 (TRAF2) and 5 (TRAF5). This cIAP-TRAF2-5 complex is a recruiting signal to the receptor-
interacting serine/threonine-protein kinase 1 (RIPK1), for its ubiquitination. The ubiquitinated 
RIPK1, recruits the TGF-β-activated kinase 1 (TAK1) to also be ubiquitinated. Ubiquitinated TAK1 
forms a complex with the TAK1 binding protein 2 (TAB2) and frees itself from the receptor. The 
TAB2-TAK1 complex promotes the auto-phosphorylation of TAK1 activating the protein. Active 
TAK1 phosphorylates the IKK complex, once phosphorylated the IKKα/β/γ phosphorylates the 
IκBα, which is a signalling of ubiquitination that degrades the protein, to free the p65-p50 NF-κB 
dimer (that is also phosphorylated) and allow its translocation from the cytoplasm to the nucleus 
to promote the expression of proinfl ammatory cytokines. The other possible activators like IL-1β, 
or antigens recognized by the TCR or BCR also activates a signalling pathway that converges in the 
TAB2-TAK1 complex formation and TAK1 autophosphorylation, to activate the IKKα/β/γ complex 
and free the NF-κB dimer from IκBα, to promote the expression of a specifi c set of genes (28) 
(Figure IX).

The non-canonical pathway also known as NEMO-independent pathway is led by the p52-RelB 
heterodimer, even though in some cell types p65 may also be involved. In contrast with the 
canonical pathway, the activation of the non-canonical one is slow and persistent, but like the 
canonical, one of the main inductors is the TNFs family. One molecule from the family like TNFα 
gets to the TNFR and recruits the proteins TRAF2-3 and the E3 ubiquitinase cIAP to ubiquitinate 
TRAF3 to signal the accumulation of the NF-κB inducing kinase (NIK) in the cytoplasm. NIK will 
then phosphorylate IKKα, the main IKK modulator of this pathway that dimerize with another 
molecule of IKKα and NIK. This IKKα-NIK complex will phosphorylate the heterodimer formed 
by p100-RelB, this phosphorylation serves as a ubiquitination signal of the p100 monomer to be 
processed by the proteasome to conform p52-RelB heterodimer that will translocate to the nucleus 
to modulate specifi c sets of genes that at fi rst were thought to only be related to B-cell maturation 
and lymphoid organ development, but now an aberrant activation of the non-canonical pathway is 
confi rmed to contribute to the pathogenesis of infl ammatory diseases (144) (Figure IX).
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Figure IX. NF-κB canonical and non-canonical pathway. This graph shows the NF-κB canonical pathway, with the TNFα 
getting to its receptor to recruit the death-domain protein associated to the TNFR1 (TRADD), the factor associated to the 
TNFα receptor 2 and 5 (TRAF2 and 5) and the E3 ubiquitinase cIAP; this ubiquitinates (Ub) the receptor-interacting serine/
threonine-protein kinase 1 (RIPK1) and calls the TGF-β-activated kinase 1 (TAK1) and the TAK1 binding protein 2 (TAB2) to 
autophosphorylate TAK1 and signal the complexing of the inhibitors of nuclear factor-kappa B (NF-κB) (IκB) kinases (IKKs) 
alpha (IKKα), beta (IKKβ) and gamma (IKKγ). The IKK complex phosphorylates the IκBα to free the NF-κB dimer from it, to 
enter the nucleus and increase gene expression. In the non-canonical pathway TNFα gets to its receptor to recruit TRAF2 and 
3, and cIAP to increase the NF-κB inducing kinase (NIK) that forms a complex with two monomers of IKKα to phosphorylate 
the NF-κB dimer conform by p100 and RelB, this ubiquitinates p100 to form p52-RelB dimer that enters the nucleus to 
increase gene expression. © Paula González.

Taking into account that the NF-κB pathway is one of the main regulators of infl ammation in cells 
and that atherosclerosis is defi ned as an infl ammatory disease, study how dysregulations in the 
pathway are related to the disease may be interesting. RIPK1 has been proven to be overexpressed 
in experimental and human early-atherosclerotic injuries and the treatment with RIPK1 anti-sense in 
mice, macrophages and endothelial cells decreases NF-κB activation, improving atherosclerosis (25). 
As previously stated, VSMCs are crucial for atherosclerosis development, and NF-κB activation by 
TNFα has been proven to increase the expression of adhesion molecules like VCAM-1 in these cells, 
which facilitates the invasion of monocytes and leucocytes to promote the progression of the disease 
(145). Other studies has shown that under an infl ammatory stimuli like lipopolysaccharide, human 
umbilical vein endothelial cells (HUVECs) increase ICAM-1, VCAM-1, MMP9 and cyclooxygenase-2 
(COX-2) via the NF-κB pathway (29). In addition an overexpression in the NF-κB pathway in infi ltrating 
macrophages in atherosclerotic plaques, increase pro-infl ammatory genes like Ccl2 (encoding for 
MCP-1) or Il6, and adhesion molecules like VCAM-1 in vitro, and in vivo to promote atherosclerotic 
progression in mice (30,146).
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2.3 microRNAs from their synthesis to their eff ects

2.3.1 Biosynthesis, function, and biology of microRNAs 

 microRNAs (miRNAs) are small non-coding RNAs for about 19 to 24 nucleotides long, that do 
not translate into protein, but modulate the expression of them by binding to their messenger RNA 
(mRNA), serving as a signal for silencing or degradation of the mRNA (31). The fi rst ever discovered 
miRNA was Lin-4 in C. elegans in 1993 where they discovered that a small transcript for the Lin-4 gene 
had complementary sequences in the 3´untranslated region of the mRNA for Lin-14, regulating the 
translation of Lin-14 by an antisense-RNA-RNA interaction (147). From that year to nowadays a lot 
has been discovered about miRNAs biology.

Animal miRNAs are encoded as individual miRNA genes (monocistronic), as miRNA clusters 
(polycistronic), or in introns of protein-coding genes (intronic) (32). The fi rst step in the biosynthesis 
of miRNAs happens in the nucleus and consists in the processing of the primary miRNAs (pri-miRNAs) 
that has a hairpin shape, by the microprocessor complex. This complex is formed by the RNAse III 
Drosha and the double-stranded RNA (dsRNA)-binding protein, DiGeorge syndrome critical region 
gene 8 (DGCR8). This pri-miRNA is usually over several kilobases long with a 5´cap and a poly(A) tail 
(like a usual mRNA) transcribed from the DNA by an RNA polymerase II. Once transcribed the hairpin 
structure is crucial for the recognition of the pri-miRNA by the microprocessor complex, the average 
shape of the pri-miRNA consist of a stem with three helical turns with dsRNA segments that are 
surrounded by two single-stranded RNA (ssRNA) segments at the end (the basal segments on one 
side and the terminal loop at the other. The part where the ssRNA and dsRNA are conjoined is called 
SD junction, and is the part that is recognize by DGCR8, in addition with a methylation of the pri-
miRNA by the methyltransferase like 3. Once DGCR8 is linked to the SD junction, recruits Drosha that 
transiently interacts with the pri-miRNA (about 33 bp long) SD junction to catalyse the processing of 
the hairpin structure into two products: the miRNA precursor (pre-miRNA) that is about 70 nucleotides 
long with the terminal loop, and a 11bp long part with the basal segments (148,149) (Figure X).

Then the pre-miRNAs are exported to the cytoplasm by the nuclear exportin-5 to be processed by the 
RNAse III Dicer. Like it happened for the pri-miRNA, the hairpin shape that the pre-miRNA still has, is 
crucial for the correct recognition and processing of Dicer, this is called the “loop-counting rule” and 
explains that Dicer recognises the 3´and 5´ends of the pre-miRNA and measures a fi xed distance to 
cleave to the hairpin that is determined by its distance relative to the nearby loop structure. When 
optimal (2nt), Dicer secures the catalytic centre to achieve precise processing of the pre-miRNA (150) 
to cut the hood and liberate a 22-24 nucleotides long RNA duplex (32). Later the duplex is recognized 
by the protein Argonaute in a process that needs from the heat shock proteins 70 and 90, to form the 
miRNA-induced silencing complex (RISC), one of the strands will be selected by Argonaute while the 
other will be degraded. RISC is not only conformed by Argonaute and the selected miRNA strand, but 
also the eff ector protein trinucleotide repeat containing adaptor 6A (GW182). The GW182 proteins act 
as molecular scaff olds to bridge Argonaute proteins the specifi c mRNA which the miRNA is going to 
bind to (151) (Figure X).

The selection of the duplex by Argonaute is important if the 3´side of the pre-miRNA is selected, 
we call it 3p strand; and if the 5´side is selected, 5p strand. In most cases there is one strand that 
is predominantly selected, receiving the name of “miR” or “guide” strand, while the less selected 
one is called “miR*” or “passenger” strand (151). The selection of one or the other is important since 
their sequences are complementary, therefore having potentially diff erent targets and eff ects. This is 
because the recognition of a specifi c mRNA target is driven by a region called seed region between 
the 2-8 fi rst nucleotides from the miRNA sequence (common for all the miRNAs from a specifi c family) 
being the best union if all the nucleotides are recognized and losing affi  nity if some of the nucleotides 
from the extremes are not complementary (152). In addition, the localization in the mRNA where the 
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complementary sequence is recognized is also important for the translational-repressor eff ect that 
the miRNA is going to have. If the miRNA binds to the mRNA in the coding region (CDS) effi  ciently 
represses translation of the protein but the mRNA remains intact, while binding to the 3´untranslated 
region (3´UTR) effi  ciently triggers mRNA degradation (153). In contrast to what happens between 
CDS and 3´UTR, the union of the miRNA in the 5´UTR of the mRNA seems to stabilize both molecules 
increasing the translation of the mRNA (154) (Figure X).

Figure X. Biosynthesis of miRNAs. This image shows the biology and synthesis of miRNAs. It begins in the nucleus as a 
pri-miRNA that is processed by Drosha and DGCR8 to form the pre-miRNA that travels to the cytoplasm where TRBP and 
Dicer cut the hairpin structure to give raise to the miRNA duplex. The miRNA duplex is recognized by Argonaute to conform 
the RISC to select the miRNA strand and guide it to the target mRNA. Once fused with the target mRNA, it will lead to its 
degradation (red) if the target sequence is in the 3´UTR, or its silencing (blue) if the target sequence is in the CDS of the 
miRNA. miRNA= microRNA; GTP= guanosine triphosphate; UTR= untranslated region; CDS= coding sequence; DGCR8= 
DiGeorge syndrome critical region 8; RISC= miRNA induced silencing complex; pri-miRNA= primary miRNA; pre-miRNA= 
miRNA precursor; mRNA= messenger RNA. Ilustration created with Biorender. © Paula González. 

Lastly, miRNAs have been confi rmed to be driven in the plasma inside of exosomes, serving as 
molecular communicators between diff erent cell types both in healthy conditions and in diseases, 
one of them being atherosclerosis (155). For example, the miR-23a-3p is increased in the extracellular 
vesicles from atherosclerotic mice and can promote endothelial infl ammation and dysfunction by 
targeting Dusp5 and maintaining the phosphorylation of extracellular signal-regulated kinase 1/2 
(ERK1/2) in vitro (156).
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2.3.2 microRNAs and atherosclerosis

 Since miRNAs are negative regulators of the expression of proteins, their dysregulation has 
been involved in the development and progression of diff erent diseases. The expression of miRNAs 
has, in fact, been proven to be altered in metabolic diseases like obesity (157), NAFLD (158) or diabetes 
(159); as well as other diseases like Alzheimer (35), cancer (34) or CVDs like atherosclerosis.

miRNA dysregulation has been observed in diff erent parts of the atherosclerotic process. miR-217, a 
miRNA that is linked to aging is also involved in atherosclerosis progression, when miR-217 is increased 
in the endothelium, promoting endothelial dysfunction by decreasing the vascular endothelial growth 
factor receptor, an inhibitor of eNOS expression (36). miR-345-3p expression decreases in HUVECs 
treated with Ox-LDLs, increasing its target TRAF6, the NF-κB pathway, infl ammation and apoptosis 
(160) (Figure XI).

miR-93, miR-145 and miR-128-3p modulate VSMCs switching from a healthy phenotype to a synthetic 
proliferative and migratory phenotype. miR-93 increases in the VSMCs of rats after a carotid artery 
injury in vivo, increasing their migration and proliferation by targeting mitofusin 2 and the Raf-
extracellular signal-regulated kinases 1/2 pathway to increase neointima formation (161). miR-145 
is also important for maintaining the contractile phenotype in healthy VSMCs by increasing genes 
involved in contraction or alpha-smooth muscle actin (α-SMA) while decreasing genes that promote 
the synthetic phenotype like Krüppel-like factor 4/5. Indeed, during atherosclerosis progression there 
is a decrease in miR-145 expression (162). miR-128-3p is decreased in the carotids of mice with stenosis, 
promoting the proliferative and migratory phenotype acting on its direct target Krüppel-like factor 4. 
In this case, this target modulates the methylation in the DNA of the key VSMCs diff erentiation marker 
myosin heavy chain 11 increasing the proliferation of the cells and the media layer from arteries (163). 
In addition, miRNAs are also able to modulate plaque calcifi cation. miR-125b was decreased in the 
calcifi ed aortas of ApoE-/- mice, in addition in vitro assays with VSMCs confi rmed that a decrease in 
miR-125b increases the osteoblast transcription factor SP7 (direct target) promoting the osteogenic 
transdiff erentiation of VSMCs and the calcifi cation of the atherosclerotic injury (164). miR-200b-3p is 
upregulated in the plasma of patients with atherosclerosis and in macrophages treated with Ox-LDLs, 
this miRNA has the cholesterol transporter ATP binding cassette subfamily A member 1 (ABCA1) as a 
confi rmed target, so when increased this miRNA promotes lipid deposition and foam cells formation 
in macrophages by decreasing the cholesterol effl  ux, promoting atherosclerosis (165) (Figure XI). 

Assessing the dysregulation of miRNAs during diff erent parts of the atherosclerotic pathway 
and modulating or reversing that dysregulation can, therefore, be a potential clinical target for 
atherosclerotic diseases.
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Figure XI. miRNA dysregulation during atherosclerosis. This illustration shows some of the miRNA dysregulations that 
occur during atherosclerosis progression. In endothelial cells there is an upregulation of miR-217 and a decrease in miR-
345-3p. In VSMCs, there is an increase in miR-93 and miR-128-3p; and a decrease in miR-145 and miR-125b modulating the 
phenotype switch in these cell types. In macrophages Ox-LDL increases miR-200b-3p. VSMCs= vascular smooth muscle cell; 
LDL= low-density lipoprotein; Ox-LDL= oxidized low-density liporproteins. © Paula González.
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“Voy aprendiendo el ofi cio,
olvidando el porvenir,
me quejo sólo de vicio,
maneras de vivir”

-Maneras de vivir, Leño
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3. AIMS

 Atherosclerosis is a long-term dynamic disease. The fi rst injuries may appear during childhood 
and can be asymptomatic until the death of an individual. During this time, diff erent processes occur, 
one of which is the dysregulation in the expression of diff erent miRNAs. We hypothesized that this 
dysregulation alters specifi c targets to promote or protect against the progression of atherosclerosis. 
Therefore, our main aim was to study the dysregulation of diff erent miRNAs during atherosclerosis 
progression.

To achieve this main aim, we established the following specifi c aims:

1. Identify potential miRNAs involved in experimental and human atherosclerosis. 

2. Study the role of miR-143-3p dysregulation and its target IGF-IIR in the atherosclerotic plaque 
instability.

3. Analyze the involvement of miR-155-5p and its targets AKT, eNOS, p85α in the progression of 
atherosclerosis and vascular insulin resistance.

4. Investigate the role of miR-15a-5p and miR-199a-3p and their targets IKK, NF-κB p65, mTOR 
and LOX-1 in the progression of atherosclerosis, mainly in infl ammation and in the formation of foam 
cells.

5. Confi rm if miR-143-3p, miR-155-5p, miR-15a-5p and miR-199a-3p are also altered in the 
carotids and immune cells from a mouse model of atherosclerosis transgenic for the human APOB100 
gene.

6. Identify if the selected miRNAs can be used as non-invasive biomarkers for advanced 
atherosclerosis.
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“Creo en los fantasmas terribles,
de algún extraño lugar,
y en mis tonterías para,
hacer tu risa estallar.
En un mundo descomunal,
siento tu fragilidad ”

-Lucha de gigantes, Nacha Pop
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4. MATERIAL AND METHODS

4.1 Human samples

4.1.1 Characterization of the human cohort

 Two cohorts of patients were included in this study. In the fi rst of them, human aortas were 
consecutively collected from deceased organ donors from 2010 to 2013 under the authorization of the 
French Biomedicine Agency (PFS 09-007). After macroscopic examination, aortas were classifi ed into 
two groups according to the Stary classifi cation (166): control aortas (CAs (without atherosclerosis), 
n=7) and aortas with fi brolipidic initial plaques (FAs (fi broatheromas), n=7). A small portion of the 
tissue from each sample was fi xed in 4% paraformaldehyde for histological and immunochemical 
assessments. For the CA samples, it was practically and virtually impossible to separate and process 
the tunica intima independently. For these samples, the adventitia was carefully removed, and only 
the results obtained from the tunica media are presented. There were no signifi cant diff erences in 
terms of age and gender. The study conformed to the principles outlined in the Declaration of Helsinki.

The second cohort included patients with advanced carotid atherosclerosis (ACA). Forty atherosclerotic 
plaques from patients with a carotid stenosis higher than 70% undergoing carotid endarterectomy at 
IIS-Fundación Jiménez Díaz (Table 2). The plaques showed an increase in infl ammatory cells (Stary 
stages V–VI), whereas the adjacent areas were mainly composed of VSMCs and lipid deposits (Stary 
stage III) (166,167). In the same study, plasma was collected from 29 patients to obtain extracellular 
vesicles and quantify miRNAs (Table 4). The study was approved by the Hospital’s Ethics Committee 
(IIS-Fundación Jiménez Díaz) with reference number PI1442016 according to the institutional and 
Good Clinical Practice guidelines, which were performed in accordance with the Declaration of 
Helsinki. All the participants provided written informed consent.

4.1.2 microRNA isolation from paraffi  n-embedded vascular samples

 The miRNA content of paraffi  n-embedded carotids and aortas was extracted using the RNeasy 
FFPE kit (Qiagen, Germany). All extractions were performed according to the manufacturer’s protocol 
using 1-2 sections of 20 μm thick per sample. All centrifugations in this protocol were performed at 
room temperature, unless otherwise specifi ed.

Firstly, 1 or 2 sections of 20 μm each were introduced into a 1.5 mL tube (excess paraffi  n was removed 
from the tissues) and 160 μL of deparaffi  nization solution (Qiagen, Germany) was added. To correctly 
deparaffi  nate the samples, we mixed thoroughly for at least 30 seconds using a vortex until the tissue 
precipitated at the bottom of the tube, followed by a 30 second pulse at maximum speed at the 
centrifuge to separate the paraffi  n, which must be in an aqueous phase, from the tissue that will be at 
the bottom of the tube. 

Afterwards, 150 μL of the PKD buff er was added and the tube was incubated for 3 minutes at 56 °C, 
then vortexed until the phases were homogenous, before centrifugation at 11,000 x g for 1 minute. 
Next, 10 μL of proteinase K was added, mixed softly by pipetting and the sample was incubated at 56 
ºC followed by an 80 ºC incubation both for 15 minutes with regular vortexing.

At least 150 μL of the inferior phase containing the nucleic acids was recovered and incubated on 
ice for 3 minutes before a 15-minutes, 20,000 x g centrifugation. The supernatant was transferred to 
another 2 mL tube (the pellet has leftover tissues and DNA, so we need to be careful not to disrupt 
the pellet). We added 1/10 of the volume of DNase booster buff er and 10 μL of DNase I stock solution, 
we gave the mix a short spin in the centrifuge and then we incubated the mix for 15 minutes at room 
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temperature. To adjust the joint conditions in the mix, we added 320 μL of RBC buff er, and then 1,120 
μL of 100% ethanol was mixed with the vortex after each step (a precipitate may appear, but this does 
not aff ect the extraction).

We added all the volume of each sample to a fi lter cartridge inside a 2 mL collection tube and to add 
700 μL at a time and centrifuged for 15 s at ≥ 8,000 x g until all the volume had passed through the 
cartridge, discharging the eluted volume after every centrifugation. To wash the cartridge 500 μL 
of RPE buff er was added followed by a 15-seconds centrifugation at ≥ 8, 000 x g, and this step was 
repeated. To fully dry the cartridge, we added it to another 2 mL collection tube and centrifuged it 
at maximum speed for 10 minutes with the lid open. Finally, to elute the miRNAs and tRNA, 25 μL of 
RNAse free water was added to the cartridges and a 2-minutes centrifugation at maximum speed 
was carried out, and the elute contained the RNAs, that were storage at -80 ºC until processing 
them.

4.1.3 Histological techniques

4.1.3.1 Hematoxylin and eosin staining

 Paraffi  n-embedded human carotid arteries and aortas were stained with hematoxylin and eosin 
(H&E) purchased from PanReac Appli-Chem ITW Reagents. First, the sections were deparaffi  nized 
using xylene, followed by hydration by a 3-minute incubation in 100 %, 96 %, 70 % ethanol, and 
distilled water. Then, the samples were incubated with Mayer´s hematoxylin for 10 minutes; excess 
staining was removed with successive washings with tap water and one last 5 minutes wash with 
distilled water before contrasting with a 1 to 5 minutes incubation with alcoholic eosin. Finally, the 
samples were dehydrated by a 3-minutes incubation in distilled water, 70 %, 96 %, 100 % and three 
5 minutes incubations in xylene before being mounted with DPX mounting medium (255,254.1610, 
PanReac Appli-Chem ITW Reagent, Sigma-Aldrich, USA).

4.1.3.2 Masson´s trichrome staining 

 Paraffi  n-embedded human carotids were stained with Masson´s trichrome purchased from 
Sigma Aldrich and counterstained with Weigert´s ferric hematoxylin following the manufacturer’s 
protocol.  The samples were deparaffi  nized using xylene, followed by a 3-minutes incubation in 100 
%, 96 %, 90 %, and 70 % ethanol, and distilled water. The tissue was fi xed in 10 % formalin for 2 
minutes and washed with distilled water for 3 minutes. The nuclei were stained with Weigert´s ferric 
hematoxylin for 5 minutes, and excess staining was removed with tap water, followed by a 30 second 
wash in 1 % acetic acid. Then, the samples were incubated with the fi rst stain: azophloxin for 10 
minutes, with another wash in 1 % acetic acid for 30 seconds; then, followed by an incubation with 
the second stain: orange phosphotungstic acid for 1 minute with another wash in 1 % acetic acid for 
30 seconds. Lastly, the samples were incubated with the third stain: green light SF for 2 minutes with 
another wash in 1% acetic acid for 30 seconds. Finally, the samples were dehydrated and washed 
three times with xylene before being mounted with DPX mounting medium (255,254.1610, PanReac 
Appli-Chem ITW Reagent, Sigma-Aldrich, USA).

4.1.3.3 Immunohistochemistry and Immunofl uorescence of human vascular tissues

 Paraffi  n-embedded human vascular samples were cut into 5 μm sections, and AKT, IKKα, 
IKKβ, p65 and LOX-1 were detected using immunoperoxidase with rabbit anti-AKT (#9272, Cell 
Signaling Technology Inc. ®, USA), anti-IKKα (sc-7606, Santa Cruz Biotechnology, USA), anti-IKKβ 
(#2678, Cell Signaling Technology, Inc.®, USA), anti p65 (#PA1-186; Invitrogen, USA) and anti-LOX-1 
(#PA5-102452, Invitrogen, USA) polyclonal antibodies (Table IV). 
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The samples were deparaffi  nized using two 5-minutes incubations in xylene and hydrated by a 
3-minutes incubation in 100 %, 96 %, and 70 % ethanol, and distilled water. To inactivate endogenous 
peroxidase, the samples were incubated for 30 minutes in a H2O2 3 %: methanol solution at a 1:1 
dilution. To increase antigen retrieval, for the immunohistochemistry, the sections were boiled for a 
maximum of 40 minutes in 100 mM citrate at pH 6. For the anti-IKKα antibody, an additional 5-minutes 
incubation with 0.5 % Tween® 20 in distilled water was added. Next, the samples were incubated for 
1 hour at room temperature in blocking buff er consisting of 4 % BSA and 6 % serum in phosphate-
buff ered saline (PBS) 1X, followed by overnight incubation at 4 °C with the specifi c primary antibody. 
Primary antibodies were prepared in a 4 % BSA and 1 % normal serum solution in PBS 1X. When we 
used peroxidase-conjugated secondary antibodies (anti-AKT and anti-p65 antibodies), the slides were 
incubated with peroxidase substrate DAB (416424, Palex, Spain) for 30 minutes. For the IKKα and 
LOX-1, an incubation of 30 minutes with Vectastain Elite ABC-HRP Kit (416411, Palex, Spain) at room 
temperature was carried out after the secondary antibody incubation and before the DAB incubation. 
The sections were counterstained with hematoxylin, dehydrated, and mounted in DPX mounting 
medium (255,254.1610, PanReac Appli-Chem ITW Reagent, Sigma-Aldrich, USA). In each experiment, 
negative controls without primary antibody were included to check for nonspecifi c staining. 

For the immunofl uorescence, the slides were dehydrated as previously described and permeabilized 
with 0.2 % Triton in PBS 1X. Then, the slides were blocked with 4 % BSA and 6 % serum in PBS 1X 
before incubating with anti-LOX-1 (1:200) and α-SMA (1:1000) (Table IV) primary antibodies at the 
same time at 4 ºC overnight. The next day, the slides were incubated with Alexa fl uorTM 488 anti-
Rabbit for anti-LOX-1, since the α-SMA antibody is already conjugated with a secondary antibody. For 
counterstaining, the samples were incubated with DAPI at a 1:10,000 dilution for 10 minutes before 
mounting with FluoromountTM Aqueous Mounting Medium (F4680, Sigma-Aldrich, USA).

4.2 Animal procedures

4.2.1 Description of the Apolipoprotein E knockout (ApoE-/-) mouse model

 For this thesis, we used the ApoE-/- mouse model, a well-known atherosclerotic model that 
develops atherosclerotic lesions similar to those in humans, both spontaneously and after being fed 
a high-fat diet (HFD) (123). In the present study, male mice of this model were compared with male 
C57Bl/6 wild-type (WT) mice. 

The WT mice were fed a standard diet ([STD] 5.3 % of the kcal was provided by fat, Rod18 H, LASvendi, 
Germany) for 8 or 18 weeks, whereas the ApoE-/- mice were separated into two groups: one was fed 
the STD and the other a HFD (60.3 % of the kcal was provided by fat, TD. 06414, Envigo, USA) for 8 or 
18 weeks before sacrifi ce. 

STD 
%kcal from

HFD 
%kcal from

Protein 18.9 18.3

Carbohydrate 75.8 21.4

Fat 5.3 60.3

Table I. Composition of the diets used in this study.

WT and ApoE-/- mice were maintained under standard light (12 h light/dark cycles), temperature (23.3 
ºC), and humidity (65.1 %) conditions, and ad libitum diet from weaning up to sacrifi ce (Figure XII).
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Figure XII. Graphical scheme of the ApoE-/- mouse model. This illustration shows the two wild type groups fed a standard 
type-diet for 8  and 18 weeks before euthanasia (up), and the four groups of the ApoE-/- model; two fed a standard type-diet 
and two a high-fat diet for 8 and 18 weeks. The asterisk represents the time where the mice were euthanized, where the 
diff erent tissues were harvested for miRNA isolation and histological analysis. ApoE-/-= apolipoprotein E defi cient mice.

4.2.2 Description of the HuBL mouse model

 Female B6.129S7-Ldlrtm1Her/J (Jax strain 002207) mice on C57BL/6J background and Human 
APOB100-tg Ldlrtm1Her (HuBL) mice backcrossed to C57BL/6J for 10 generations were used (168). 
The latter strain carries the full-length human APOB100 gene, in which codon 2153 has been converted 
from Gln to Leu to prevent the formation of apoB48, thus generating only apoB100. 

For this work, the mice were fed a standard chow diet (2018 Teklad Global 18 % Protein Rodent Diet, 
Envigo, USA) and water ad libitum, and maintained in the same light, humidity, and heat conditions 
previously mentioned (Chapter 4.2.1) from their weaning up to their sacrifi ce at 11 or 46 weeks. 
All experiments were performed according to institutional guidelines and were approved by the 
Stockholm Regional Board for Animal Ethics (Figure XIII).
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Figure XIII. Graphical scheme of the HuBL mouse model. This illustration shows the two HuBL groups fed a standard 
chow diet for 11- and 46-weeks before euthanasia. The asterisk represents the time where the mice were euthanized, where 
the diff erent tissues were harvested for miRNA isolation and histological analysis, in this case, the illustration also shows 
schemes of the tissues collected like the carotids, the aortic root and the CD3+ and CD3- splenocytes isolated from the mice 
spleen. HuBL= low-density lipoprotein receptor knock-out mice transgenic for the human apolipoprotein B 100 gene.

4.2.3 In vivo techniques and experiments

4.2.3.1 Sacrifi ce of the mice

 After 8 or 18 weeks of feeding the corresponding diet, the animals were sacrifi ced after fasting 
for 16 h. All animal experiments were conducted in accordance with the accepted standards of animal 
use approved by the Complutense University of Madrid Ethics Committee, Autonomic Community 
of Madrid (PROEX188/88) and the guidelines from Directive 2010/63/EU of the European Parliament 
on the protection of animals used for scientifi c purposes. The microbiological and health status of 
the mice were controlled by the Federation of European Laboratory Animal Science Associations 
(FELASA) criteria and showed no pathogenic infection.

For euthanasia, the mice were anesthetized with Ketamine (Ketalar® [Pfi zer, USA]) and Xylazine 
(Rompun® [Bayer, Germany]) intraperitoneal injection on a 50:5 dose per Kg. The aorta was harvested 
and stored at -80 °C, while the aortic root was washed with saline, included in the Tissue-Tek® O.C.T. 
(VWR BDH Chemicals®, USA) and then stored at -80 ºC for further analysis. Blood was extracted from 
the jugular vein and mixed with 0.4 % p/v Citrate on a 1:10 dilution (Merck, USA), then the plasma was
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recovered after a 1200 x g centrifugation of 15 minutes at 4 ºC for subsequent analysis. Before injection, 
the animals were weighed, and plasma glucose was measured using an Accu-Chek® glucometer 
(Aviva, Roche, Switzerland).

The HuBL mice were euthanized by a CO2 overdose inside a chamber, and afterwards blood was 
collected by cardiac puncture in EDTA-coated tubes and the vasculature was perfused with sterile 
PBS, and the diff erent tissues were collected. The carotid arteries and the spleen were dissected and 
put in RNAlater storage reagent (AM720, Thermo Fisher, USA) for later RNA isolation. The heart was 
dissected and preserved in optimal cutting temperature compound for immunohistochemistry. The 
proximal part of the aortic root was sectioned using the Thermo Fisher CryoStar NX50 cryostat and 
stained with hematoxylin and Oil Red O.

4.2.3.2 In vivo insulin signaling studies

 To study the vascular insulin signaling in physiological conditions, in vivo insulin signaling 
assays were performed. 16-hours fasted mice were intraperitoneally (i.p.) injected with 1 U/kg BW of 
insulin glulisine (Apidra SoloStar, France) or an equivalent volume of 0.9 % p/v saline solution (n= 5 
per group). After 10 minutes, mice were sacrifi ced, and harvested tissues were immediately frozen in 
liquid nitrogen. Insulin signaling was assessed by Western blot against phospho-AKT (Ser473) (Table 
IV) in tissue homogenates.

4.2.3.3 CD3+ cell sorting

 Single-cell suspensions were prepared from spleens and CD3+ cells were isolated by negative 
selection with antibodies against CD11b, CD16/32, CD45R, and Ter-119 following the manufacturer’s 
protocol (Dynabeads untouched mouse T cells kit, InvitrogenTM, Thermo Fisher Scientifi c, USA). 

4.2.4 Molecular biology techniques

4.2.4.1 miRNA and total RNA isolation from the mice

 The miRNA content in the aortas, carotids and CD3 cells from the spleen was extracted using 
the mirVanaTM miRNA Isolation Kit (InvitrogenTM, Thermo Fisher Scientifi c, USA). All extractions were 
performed according to the manufacturer’s protocol. All centrifugations were performed at 4 °C and 
10,000 x g.

The aorta was crushed in liquid nitrogen until it was powdered for miRNA extraction, while the carotids 
and cells were directly crushed in the Lysis/Binding buff er with a Qiagen Tissue Lyser. To carry out the 
protocol, the aortas was weighed around 22 mg; for the carotids and CD3+ cells around 10 mg weight 
was assessed, and 30 mg for the CD3- cells. Here we explain the volumes for the aorta (22 mg). First, 
we added 10 volumes of lysis/binding buff er for each gram of tissue (220 μL); 1/10 volumes of miRNA 
homogenate additive were added (22 μL) later, followed by a 10-minute incubation on ice. Then, we 
added the same amount of acid-phenol: chloroform as the lysis/binding buff er (220 μL), the result was 
centrifuged for 5 minutes, after which there were two phases. For the extraction of miRNAs and total 
RNA, we recovered the upper phase (approximately 200 μL).

Now we added 1/3 of 100 % ethanol and passed the mixture through a fi lter cartridge (AM10051G, 
Thermo Fisher Scientifi c, USA) and centrifuged for 15 seconds. The cartridge contained total RNA and 
the eluted portion of miRNAs. To isolate the miRNAs, 2/3 of 100 % ethanol was added to the eluent 
with the miRNAs and passed through another fi lter cartridge inside a collection tube, followed by 
centrifugation at 10, 000 x g for 15 seconds at 4 °C. The miRNAs were then stuck in the cartridge and 
the eluent was discarded.
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To isolate total RNA and miRNAs from the cartridges, the fi lter must be washed. A fi rst wash 
consisting of 700 μL of wash solution 1 was carried out followed by a 10 second centrifugation. 
Another two washings with 500 μL of wash solution 2/3 were performed each, followed by a 10 second 
centrifugation. Lastly, 100 μL of RNAse-free water was added to each cartridge (for total RNA or 
miRNA isolation) and passed through a 1.5 mL tube for another 10 seconds of centrifugation. The 
resulting eluent contained miRNAs or total RNA from each sample and was stored at -80 °C. 

The miRNA sample concentration was determined using NanoDropTM 2000 and NanoDrop 
2000/2000c Operating Software (Thermo Scientifi c, USA).

 4.2.4.2 Protein extraction from the mouse aorta

 The mouse aorta was crushed in liquid nitrogen using a mortar until the tissue became a 
powder. Then, the powder was added to a 1.5 mL tube with 200 μL of lysis buff er (50 mM HEPES 
(BP310-500, Fisher, USA) [pH 7.4], 1 % Triton X-100, 50 mM sodium pyrophosphate, 0.1 M sodium 
fl uoride, 10 mM EDTA, 10 mM sodium orthovanadate, 10 μg/mL aprotinin, 10 μg/mL leupeptin, and 
2 mM PMSF) and was homogenized by syringing at least 40 times/sample with a 25G 5 mL syringe. 
The homogenate was centrifuged for 15 minutes at 13.500 x g and 4 °C. After centrifugation, the 
supernatant containing the proteins was collected for Western blot and stored at -80 ºC.

4.2.5 Histological techniques

4.2.5.1 Oil Red O staining of aortic roots

 Aortic root samples were included in Tissue-Tek® optimal cutting temperature (O.C.T.) 
compound (Sakura Finetek, Japan) and later frozen in liquid nitrogen. The O.C.T. embedded aortic 
root samples from the experimental model were cut into 5 μm sections using a cryostat (CM1510 S; 
Leica, Germany). Cut sections were stained with Oil Red O and hematoxylin to assess the lipid depots. 
The individual lesion areas in the aortic root were determined by averaging the maximal values. Stock 
Oil Red O (Sigma-Aldrich, USA) solution was prepared with 3 mg/mL Oil Red O in 99 % isopropanol. 
The stock solution was diluted at a 3:2 ratio in ultrapure water. 

Frozen cryosections were air dried at room temperature and then fi xed in 10 % formalin for 10 minutes, 
followed by a quick wash in 60 % isopropanol; afterwards, the samples were stained with the Oil Red 
O stock (fi ltered before use) for 30 minutes; another quick wash with 60 % isopropanol was carried 
out followed by another 5 minutes wash with distilled water, after which excess coloring was removed 
from the samples, a 5 to 10 minutes counterstained with Carazzi´s hematoxylin (255298.1610, PanReac 
Appli-Chem ITW Reagent, Sigma-Aldrich, USA); excess hematoxylin was removed with a 5 minutes 
water wash, and the sections were mounted with aqueous mounting medium for imaging (Vector 
Labs, Palex, Spain).

Images were acquired using an inverted Eclipse TE300 microscope coupled with a Digital Sight DS-
U2 camera (Nikon, Japan). Quantifi cation of Oil Red O staining in aortic roots was performed using 
IP Win32 v4.5 software (Acromag, USA). Finally, % stenosis, % lesion area/total area, and % lipid 
deposition/total area was analyzed using the ImageJ software.

4.2.5.2 En Face analysis of the whole aorta

 Atherosclerotic lesions were quantifi ed using en face analysis of the entire aorta. For en 
face preparations, the aorta was opened longitudinally while still attached to the heart and major 
branching arteries in the body. The aorta from the heart to the iliac bifurcation was then removed and 
pinned on a white wax surface in a dissecting pan using stainless steel pins 0.2 mm in diameter. 
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After overnight fi xation with 4 % paraformaldehyde and rinsing with PBS, the aortas were stained for 
6 minutes in a fi ltered solution containing 0.5 % Oil Red O.35 % ethanol, and 50 % acetone, and then 
unstained in 80 % ethanol. The Oil Red O-stained aortas were photographed using an inverted Eclipse 
TE300 microscope coupled to a Digital Sight DS-U2 camera (Nikon, Japan), and the atherosclerotic 
lesions were quantifi ed using IP Win32 v4.5 software (Acromag, USA).

4.2.5.3 Immunohistochemistry and Immunofl uorescence of the aortic root

 Frozen cryosections were air dried at room temperature, fi xed in pure acetone for 10 minutes, 
rinsed with PBS 1X for 5 minutes, incubated for 30 minutes with 3 % H2O2: methanol in a 1:1 dilution 
to inactivate the endogen peroxidase, and rinsed with PBS 1X for 5 minutes. Afterwards, the samples 
were incubated for 1 hour at room temperature in a humid chamber with blocking solution (4 % BSA 
and 6 % goat serum in PBS 1X) and rinsed with PBS 1X before adding the primary antibody. 

The anti-IKKβ (#2684, Cell Signalling Technology®, Table IV) antibody was prepared in 4 % BSA and 
1 % goat serum in PBS 1X solution, and the samples were incubated overnight at 4 °C in a humid 
chamber. The primary antibody was removed after another wash with PBS 1X, and the secondary 
rabbit peroxidase antibody was prepared in 4 % BSA in PBS 1X solution at 1:200 dilution and incubated 
for 1 hour. The slides were then rinsed and incubated with the peroxidase substrate DAB (416424, 
Palex, Spain) for 2 minutes before stopping the reaction with distilled water. Finally, the sections were 
counterstained with Carazzi’s hematoxylin for 2 minutes, rinsed with water, and mounted using an 
aqueous mounting medium for imaging (Vector Laboratories, Palex, Spain). 

The images of sections were acquired, and the staining was quantifi ed in the 100x images, using the 
IP Win32 v4.5 software (Acromag, USA).

For the single immunofl uorescence, the slides were fi xed in acetone as previously stated. After fi xing, 
the sections were incubated with Avidin/biotin blocking kit (SP-2001, Vector Labs, USA) for 30 minutes 
before blocking with 5 % normal horse serum in PBS 1X for another 30 minutes. Then the primary 
antibody was added at the correct dilution, anti-CD4 or anti-CD8 (1:100) (Table IV) and incubated at 4 
ºC overnight. Afterwards, the sections were incubated for 1 hour at room temperature and protected 
from light with the secondary antibody DyLight/Alexa 594 anti-Rat (1:200, SA5-1008, Invitrogen, 
USA) and then mounted with Fluorescent Mounting Medium (#S 3023, Dako, Denmark). 

For the double immunofl uorescence for anti-CD4 and anti-CD3, fi rst we performed the incubation 
with the primary and secondary antibodies for anti-CD4 as previously described Then, the slides were 
blocked again with 5 % normal goat serum in PBS 1X, and incubated with the anti-CD3 antibody 
(AF3628, R&D System, USA), at a 1:300 dilution for 1 hour at room temperature, followed by the 
corresponding secondary antibody DyLight®/Alexa 488 anti-Rabbit (ab96899, Abcam, USA) for 
another hour, before incubating with DAPI (1:1,000) for 20 minutes. Finally, the slides were mounted 
with Fluorescent Mounting Medium (#S 3023, Dako, Denmark). 

The pictures for the CD4, CD8 and CD3 immunofl uorescences were taken with a Nikon Instruments 
Fully-Automated A1 Confocal Laser Microscope and the NIS image acquiring Software (Nikon, Japan).

However, for the double immunofl uorescence of p65/CD31, p65/α-SMA, and LOX-1/α-SMA (Table IV), 
the protocol was diff erent. After fi xing, the samples were permeabilized with 0.2 % Triton in PBS 1X 
before blocking with 4 % BSA and 6 % serum in PBS 1X. The primary antibodies were added in pairs 
as follows: anti-p65 and anti CD31; anti-p65 and anti-α-SMA; and anti-LOX-1 and anti-α-SMA, at the 
dilutions specifi ed in the Table IV. In the double immunofl uorescences of p65 or LOX-1 with α-SMA, 
the secondary antibodies used were Alexa Fluor 488 anti-Rabbit against anti-p65 and anti-LOX-1. In 
the double immunofl uorescence p65 and CD31, the secondary antibodies used were Alexa Fluor™ 594 
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anti-Rabbit against anti-p65 and Alexa FluorTM 488 anti-Goat against anti CD31. The incubation with 
the secondary antibodies were for 1 hour. Finally, the samples were counterstained with DAPI for 10 
minutes before mounting with FluoromountTM Aqueous Mounting Medium (F4680, Sigma, USA).

4.3 In vitro experimentation

4.3.1 Cell culture conditions 

4.3.1.1 Human umbilical vein endothelial cells (HUVECs)

 HUVECs were purchased from PromoCell (Germany). They were grown in MCDB-131 culture 
medium (Life Technologies, USA) enriched with L-glutamine 2 mM (GibcoTM, Fisher Scientifi c, USA), 
foetal bovine serum (FBS) 7.5 % v/v (GibcoTM, Fisher Scientifi c, USA), Penicillin/Streptomycin 100 
U/mL (GibcoTM, Fisher Scientifi c, USA) and endothelial growth factor 1X (R&D systems®, USA) and 
0.2 % v/v MycoZapTM Plus-CL (VZA-2012, Lonza, Switzerland). Cells were received at passage 2 and 
grown until passage 8. All the cells were grown at 37°C in a humidifi ed incubator with 5 % CO2 (Fisher 
Scientifi c, USA).

4.3.1.2 Vascular smooth muscle cells (VSMCs)

 The generation of immortalized WT VSMCs lines has been previously described (169). Cell 
lines were cultured to subconfl uence (70–80 %) with DMEM/high glucose (DMEM, SH30022.1, Cytiva) 
medium supplemented with 10 % v/v FBS (GibcoTM, Fisher Scientifi c, USA), 100 U/mL Penicillin/
Streptomycin (GibcoTM, Fisher Scientifi c, USA), 2 % v/v HEPES pH 7.4 (BP310-500, Fisher Scientifi c, 
USA) and 0.2 % v/v MycoZapTM Plus-CL (Lonza, Switzerland). All cells were grown to 80 % confl uence 
at 37 °C in a humidifi ed incubator with 5 % CO2 (Fisher Scientifi c, USA).

4.3.2 Cell culture maintenance

4.3.2.1 Cell passage

 For the correct maintenance of the cells, they were grown until 80 % confl uence before 
passage. The cells were washed with PBS 1X before adding 0.25 % trypsin-EDTA (GibcoTM, Fisher 
Scientifi c, USA) for a quick 2-minutes incubation, and trypsin was inactivated by adding FBS medium, 
followed by a centrifugation at 1,200 rpm for 5-minutes to remove trypsin. The cell pellet was then 
resuspended in FBS medium and transferred to a new culture plate at the desired dilution.

4.3.2.2 Cell freezing and thawing

 For the correct freezing of the cells, they need to be in a medium with an anti-freezing 
component to prevent the formation of crystals that can damage the cells, this is the dimethyl 
sulfoxide (DMSO). In addition, they need to be in a recipient that allows slow freezing of -1 ºC every 
minute. “Mr. FrostyTM”, a plastic recipient fi lled with 2-propanol, permits slow freezing. 

To freeze the cells, the culture medium was removed, and the cells were washed with PBS 1X. Then, 
the cells were lifted with 0.25 % trypsin-EDTA and centrifuged to remove the medium. Afterwards, 
the pellet containing the cells was resuspended in freezing medium (FBS with 20 % v/v of DMSO) that 
was collected in cryotubes (10018-754, VWR®, USA) and put in the “Mr. FrostyTM”, for its freezing in 
an ultra-freezer. Frozen cells can be stored at -80 °C for months; however, for longer time periods it 
is better to store them in a liquid nitrogen tank. To thaw the cells, they are tempered in a bath, the 
freezing medium is removed by centrifugation, and they are passed to the maintenance medium with 
FBS as fast as possible.
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4.3.3 Molecular biology techniques

4.3.3.1 miRNA isolation from cultured cells

 The miRNA content of the cells was extracted using the mirVanaTM miRNA Isolation Kit 
(InvitrogenTM, Thermo Fisher Scientifi c, USA). The protocol is explained in more detail in the 4.2.4.1 
section. However, there are some specifi cations for isolation in cell cultures.

After the 72-hours transfection with INTERFERin® or 48 hours with RNAiMAX reagent, the cells were 
washed with PBS 1X. First, 300 μL of lysis/binding buff er were added to each well and the cells were 
raised using a plastic scraper (3010, Costar ®, Corning Inc., USA). Then 30 μL of miRNA homogenate 
additive was added, followed by a 10-minutes incubation on ice. Then 300 μL of acid-phenol: 
chloroform was added and mixed until it became cloudy, and then centrifuged for 5 minutes, after 
which there were two phases; if not, this step was repeated. For the extraction of miRNAs and total 
RNA, we recovered the upper phase (approximately 300 μL) and measured the volume. 

4.3.3.2 Transfection with miRNA precursors

 The mimics of miR-155-5p, miR-143-3p, miR-15a-5p, and miR-199a-3p were purchased from 
Sigma-Aldrich. Approximately 5 × 104 HUVECs and 2.5 × 104 VSMCs were seeded in P60 culture plates 
(353002, FalconTM, Thermo Fisher Scientifi c, USA) and transfected with 10 nM MISSION® miRNA 
mimic hsa-miR-143-3p or hsa-miR-15a-5p (HMI0221 or HMI0256, Sigma Aldrich, USA); 20 nM hsa-
miR-155-5p (HMI0254, Sigma Aldrich, USA); and 100 nM hsa-miR-199a-3p (HMI0340, Sigma Aldrich, 
USA). 

The miRNA mimics were transfected using 4-6 μL of the siRNA transfection reagent INTERFERin® 
(#409-10, Polyplus Transfection®, France) following the manufacturer’s protocol. 

The cells were seeded 24 hours before transfection, and the medium was substituted with 1 mL FBS-
medium at the beginning of the experiment. First, the mixtures of miRNA mimic and INTERFERin® were 
performed in a medium without FBS until a fi nal volume of 100 μL/condition, this mix was incubated 
for 10-30 minutes and added dropwise to the cells. After 6 hours of incubation at 37 ºC another 1 mL of 
FBS-medium was added to each condition. miRNA levels in transfected cells were assessed 72 hours 
after transfection and protein downregulation was analyzed 96 hours after transfection.

For the transfection of 20 nM miR-15a-5p and 100 nM miR-199a-3p into VSMCs, LipofectamineTM 

RNAiMAX (13778500, Thermo Fisher, USA) was used following the manufacturer’s protocol.

We performed inverse transfection to transfect the mimics with RNAiMAX. For a fi nal volume of 1 
× 105 cells in 1mL of FBS-medium, we fi rst prepared a mixture of mimic and Opti MEMTM (GibcoTM, 
Fisher Scientifi c, USA), and a mixture of RNAiMAX and Opti-MEMTM, both to a fi nal volume of 100 
μL/condition and allowed to sit for 5 minutes at room temperature. Next, we mixed the mimic and 
RNAiMAX in Opti-MEMTM at a 1:1 dilution to obtain 200 μL of mix/condition, and the mixture was 
incubated for at least 20 minutes to allow RNAiMAX to introduce the mimics and form small vesicles. 
During this 20-minutes incubation, the cells were lifted with trypsin and counted to make a dilution 
of 1 × 105 cells/mL of medium. Once the incubation was fi nished, the mix of mimic, RNAiMAX, was 
added drop by drop to the P60, followed by the 1 mL of suspended cells at the right concentration. 
miRNA expression and protein downregulation were analyzed 48 hours after transfection.

After transfection, cells were stimulated with diff erent molecules to assess the biological eff ects of 
miRNA overexpression.
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4.3.3.2.1 Insulin stimulation of the cells

 After the 96-hour transfection with INTERFERin®, the cells were deprived with DMEM 
without FBS for 6 hours and in the last 10 minutes 100 nM insulin was added in the presence or 
absence of mimic-miR-155-5p overexpression. Next, the proteins were isolated, and insulin resistance 
was assessed by measuring AKT phosphorylation levels of the serine 473 (S473) residue (Table IV).

4.3.3.2.2 Thapsigargin stimulation of the cells

 To study the eff ect of miR-143-3p on apoptosis, HUVECs were transfected for 96 hours with 
the miRNA mimic. The transfection medium was replaced with MCDB-131 medium without FBS to 
deprive the HUVECs for 6 hours with or without the miRNA mimic. For the VSMCs, there was a 2-hour 
deprivation in FBS-free DMEM medium followed by a 2-hour treatment with thapsigargin (100 nM, 
Santa Cruz Biotechnology, USA). The proteins were then isolated and used to study apoptosis by 
measuring the amount of cleaved caspase-3 using β-actin as loading control.

4.3.3.2.3 Tumor necrosis factor alpha (TNFα) stimulation of the cells

 To assess the eff ect of miR-15a-5p and miR-199a-3p on the NF-κB pathway, HUVECs and 
VSMCs were transfected with mimic-miR-15a-5p and/or mimic-miR-199a-3p. They were deprived of 
FBS for 1 hour and were transfected with the mimics for 96 hours (HUVECs) or 48 hours (VSMCs) and 
then stimulated with 10 ng/mL TNFα (Sigma-Aldrich, USA) for 10 minutes. The proteins were isolated, 
and we analyzed the phosphorylation of IKKα/β and the levels of IκBα as well as p65 levels and its 
phosphorylation by Western blot.

4.3.3.2.4 Oxidized low density lipoprotein (Ox-LDL) stimulation of the cells

 To estimate whether miR-15a-5p and miR-199a-3p may be aff ecting LDL uptake in VSMCs. 
3.5 x 103 cells were seeded in 96-well culture plates (FB012931, FisherbrandTM, Fisher, USA) for a 
48-hours transfection with the mimics. For the last 24 hours, VSMCs were treated with 100 μg/mL Ox-
LDLs from human plasma (L34357, Thermo Fisher Scientifi c, USA) in the presence or absence of the 
mimics. The lipid content of the cells after 24-hour incubation was analyzed by quantifying Oil Red O 
staining.

4.3.4 Protein isolation from cultured cells

 Once the in vitro experiments were completed, cells were washed with PBS 1X. First, 60 μL 
Lysis buff er (50 mM Tris, 150 mM NaCl, 1 % v/v Triton X-100, 10 mM sodium orthovanadate, 10 μg/
ml aprotinin, 10 μg/ml leupeptin, and 2 mM PMSF, pH 8) was added to each well, and the cells were 
raised using a plastic scraper. After recovering the lysis buff er with the cells in a 1.5 mL tube, the 
cells were vortexed at least 10 times for 10 seconds each, followed by centrifugation to concentrate 
the cells and membranes in a pellet. The pellet was then sonicated for 4 pulses of 60 amplitude and 
0.5 Â s each with a sonicator (VC 100 Sonics & Materials Inc, USA). To allow all the membranes to 
break and release proteins in the buff er, the cells were incubated on ice for a minimum of 30 minutes 
before centrifugation at 13,500 x g for 15-minutes at 4 °C. After centrifugation, the proteins were in 
the supernatant, and the leftover membranes were in the pellet. Finally, the supernatant was used to 
quantify protein concentration using the Bradford method.

57

Material and methods



4.3.5 Nuclear fractionation and extraction of proteins

 HUVECs were maintained in MCDB-131 medium without FBS for 1 hour, then stimulated 
with TNFα (10 ng/mL) for 10 minutes. The cells were then scraped and homogenized in buff er A (10 
mM HEPES (pH 7.8), 15 mM KCl, 2 mM MgCl2, 0.1 mM EDTA, 1 mM dithiothreitol (DTT), and 1 mM 
phenylmethylsulphonyl fl uoride) and syringed with an insulin syringe at least 40 times to mechanically 
break the cellular membrane. After 10 minutes on ice, the cell homogenates were pelleted and 
resuspended in two volumes of buff er. Subsequently, 3 M KCl was added dropwise to reach a 0.39 M 
KCl concentration. Nuclei were extracted from the cells after incubation for 1 hour at 4 ºC followed by 
centrifugation at 12,000 x g for another 1 hour. The supernatants were then dialyzed in buff er C (50 
mM HEPES (pH 7.8), 50 mM KCl, 0.1 mM EDTA, 1 mM DTT, and 1 mM phenylmethylsulphonyl fl uoride 
with 10 % (v/v) glycerol). The samples were then cleared by centrifugation and sonicated using a VC 
100 sonicator (Sonics & Materials Inc., USA) to break the nuclear membrane. Protein concentration in 
the cytoplasm and nuclei was measured. Then, we analyzed the levels and phosphorylation of IκBα, 
IKKα and IKKβ in cytosolic fractions by Western blot as described above. We measured p65 in the 
nuclear and cytosol fractions by Western blot. We used β-actin and histone H3 as control for total 
protein in cytosolic and nuclear fractions, respectively.

4.3.6 Immunofl uorescence of p65

 The coverslips were pretreated with 0.2 % gelatin for 30 minutes at room temperature and 
rinsed twice with PBS 1X in a 24-well culture plate, after which 15 × 103 HUVECs were seeded for 
transfection. After the 96 hours-transfection with mimic-miR-15a-5p and/or mimic-miR-199a-3p 
followed by 1 hour of deprivation and stimulation with 10 ng/mL TNFα, the cells were rinsed twice 
with PBS 1X and fi xed with 4 % paraformaldehyde (252931.1214, PanReac AppliChem, ITW Reagents, 
USA) for 20 minutes, rinsed twice with PBS 1X again and permeabilized with Triton X-100 0.5 % 
and SDS 0.1 % for 5 minutes each. Next, the cells were blocked with PBS 1X-4 % BSA (A6588,0100, 
PanReac AppliChem, ITW Reagents, USA) and 1.5 % normal goat serum (1000C, Invitrogen, USA) for 
30 minutes at room temperature, and then the p65-NF-κB primary antibody was diluted at 1:200 in 
the blocking buff er and incubated at 4 °C overnight.

After the primary antibody incubation, the cells were rinsed three times with PBS 1X, and were 
then incubated with the secondary antibody 555 goat anti-rabbit (A32732, Invitrogen, USA) diluted 
at 1:500 and DAPI (A4099, Sigma Aldrich, Germany) at 1:1,000 in the blocking buff er, for 1 hour at 
room temperature. Finally, the cells were rinsed twice with PBS 1X and once with distilled water, and 
the coverslips were mounted with ProLongTM Gold Antifade Reagent Mounting Medium (P36930, 
Invitrogen, USA) and inverted onto glass slides. The colocalization of p65/DAPI and DAPI/p65 was 
calculated using the JaCoP plugin from the Image J-win64 Software to calculate M1, M2, and Pearson’s 
coeffi  cients.

4.3.7 Oil Red O staining from cultured cells

 After 100 μg/mL Ox-LDL treatment for the last 24 hours of the 48-hours transfection with the 
miR-15a-5p and miR-199a-3p mimics, the cells were carefully washed twice with PBS 1X and placed on 
ice. To fi x the cells, they were incubated for 20 minutes in 10 % formalin (5701; Fisher Scientifi c, USA). 
Formalin was washed three times with PBS 1X, and the rest of the protocol was performed at room 
temperature. The cells were quickly washed with 65 % isopropanol before the 15-minutes incubation 
with the Oil Red O stock solution and washed again with 65 % isopropanol. Finally, the cells were 
washed with distilled water to remove excess coloring before taking pictures of the 96-well to the 
microscope.
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To prepare the Oil Red O stock solution, we weighted 0.5 g of Oil Red O in 100 mL of 99 % isopropanol 
and then we added 40 mL of water. We let it be for 10-15 minutes before fi ltering the stock, after 
which it was stable for 1-2 hours.

4.3.8 Dual Luciferase assay to confi rm possible targets from miR-15a-5p and 
miR-199a-3p

 For reporter assays, a region of wild-type 3’-untranslated region (3’UTR) from IKBKB (miR-
15a-5p), the 3UTR from mutated IKBKB (miR-15a-5p), the wild-type 3’UTR from IKBKB (miR-199a-
3p), the 3’UTR from mutated IKBKB (miR-199a-3p), the wild-type 3’UTR from CHUK (miR-15a-5p), 
the 3’UTR from mutated CHUK (miR-15a-5p), the wild-type 3’UTR from RELA (miR-199a-3p) and the 
3’UTR from mutated RELA (miR-199a-3p) were constructed annealing the following primers: 

3’UTR-IKBKB (miR-15a-5p) F: 5’-TCGAGACTGACCTCTTTTTATTTCACTGCTG 
CTATATTAAAAGGAGTATGC-3’ and 3’UTR-IKBKB (miR-15a-5p) R: 5’-GGCCGCA 
TACTCCTTTTAATATAGCAGCAGTGAAATAA AAAGAGGTCAGTC-3’; 3’UTR-IKBKB (miR-
15a-5p) mutated. F: 5’-TCGAGACTGACCTCTTTTTATTTCACCCCTTTGCTATTAAA 
AGGAGTATGC -3’ and 3’UTR- IKBKB (miR-15a-5p) mutated. R: 5’-GGCCGC 
ATACTCCTTTTAATAGCAAAGGGGTGAAATAAAAAGAGGTCAGTC-3’

3’UTR-IKBKB (miR-199a-3p) F: 5’-TCGAGACTGACCGCCTTGTCTGCACACTGGAGG 
TCCTCCATTTAT TAAAAGGAGTATGC-3’ and 3’UTR-IKBKB (miR-199a-3p) R: 
5’-GGCCGCATACTCCTTTTAATAAATGGAGGACCTCCAGTGTGCAGACAAGGCGGTCAGTC-3’; 
and 3’UTR-IKBKB (miR-199a-3p) mutated F: 5’-TCGAGACTGACCGGC 
GCCTTGTCTGCGAGGACCATATTAAAAGGAGTATGC-3’ and 3’UTR-IKBKB (miR-199a-3p) mutated R: 
5’-GGCCGCATACTCCTTTTAATATGGTCCTCGCAGACAAGGCGCC GGTCAGTC-3’.

3’UTR-CHUK (miR-15a-5p) F: 5’-TCGAGACTGACGAATATTCCTTTATTTTGCTGCT 
TATTAAAAGGAGTATGC-3’ and 3’UTR-CHUK (miR-15a-5p) R: 5’-GGCCGCATA 
CTCCTTTTAATAAGCAGCAAAATAAAGGAATATTCGTCAGTC-3’; and 3’UTR-CHUK 
(miR-15a-5p) mutated F: 5’-TCGAGACTGACGAATATTCCTTTATTTCTGTAAGTAT 
TAAAAGGAGTATGC-3’ and 3’UTR-CHUK (miR-15a-5p) mutated R: 5’-GGCCGCATACT 
CCTTTTAATACTTACAGAAATAAAGGAATATTCGTCAGTC-3’.

CDS-RELA (miR-199a-3p) F: 5’-TCGAGACTGACAGGTGACAGTGCGGGACC 
CATCAGTATTAAAAGGAGTATGC-3’ and 3’UTR-RELA (miR-199a-3p) R: 
5’-GGCCGCATACTCCTTTTAATACTGATGGGTCCCGC ACTGTCACCTGTCAGTC-3’; 
and 3’UTR-RELA (miR-199a-3p) mutated F: 5’-TCGAGACTGACAGGTGACAGTGCGG 
GACCAGGCCATATTAAAAGGAGTATGC -3’ and 3’UTR-RELA (miR-199a-3p) mutated R: 
5’-GGCCGCATACTCCTTTTAATATGGCCTGGTCCCGCACTGTCACCTGTCAGTC-3’.

Annealing was conducted by incubating both oligos for 4 minutes at 95 °C and for 10 minutes at 70 
°C in annealing buff er (100 mM potassium acetate, 30 mM HEPES, pH 7.4, and 2-mM magnesium 
acetate). Oligos were then phosphorylated and cloned into the psiCHECK2 vector from Promega 
digested with XhoI and NotI.

Thirty thousand HEK293 cells were plated in DMEM containing 10 % FBS. Twenty-four hours later, cells 
were transfected with the psiCHECK2 vectors either with mimic-miR control, mimic-miR-15a-5p or 
mimic-miR-199a-5p using LipofectamineTM RNAiMAX (13778500, Thermo Fisher, USA)  following the 
manufacturer’s instructions. The luciferase reporter assay was performed 72 hours after transfection 
using the Dual-Glo luciferase kit (Promega, Madison, WI, USA).
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4.4 Exosome precipitation and analysis

4.4.1 Exosome precipitation from plasma

 To precipitate the exosomes from the plasma samples, the mirVanaTM total exosome RNA 
and protein isolation kit (from plasma) (4478545, Thermo Fisher Scientifi c, Waltham, MA, USA) was 
used following the manufacturer’s protocol. 

First, the plasma was clarifi ed with one centrifugation at 2,000 x g for 20 minutes and a second 
centrifugation at 10,000 x g for the same amount of time; in both cases, the supernatant was collected, 
and the pellet was discharged. When the plasma was ready, 0.5 volumes of PBS 1X and 0.2 volumes 
of the Exosome Precipitation Reagent (from plasma) (4484451, Thermo Fisher Scientifi c, USA) were 
added until the sample became cloudy, and the mixture was incubated for 30 minutes on ice, followed 
by centrifugation at 10,000 x g for 30 minutes at room temperature. 50 μL of PBS 1X was added to 
the pellet and incubated overnight at 4 °C to soften it before resuspension. The pellet containing 
the extracellular vesicles was used to extract miRNAs. To confi rm that the pellet was enriched with 
exosomes, diff use light scattering analysis and Western blot were performed.

4.4.2 Molecular biology techniques 

 4.4.2.1 miRNA isolation from exosomes

 The miRNA content of the exosomes was extracted using the mirVanaTM Total exosome RNA 
and Protein Isolation Kit (from plasma) (InvitrogenTM, Thermo Fisher Scientifi c, USA). The protocol 
is very similar to mirVanaTM, as explained in more detail in 4.2.4.1 section. However, there are some 
specifi cations for their isolation from exosomes.

We began by adding PBS 1X until a fi nal volume of 200 μL, since we had the exosomes in 50 μL of PBS 
1X, we added 150 μL. Then we added a volume of 2 X denaturing solution (200 μL) and allowed it to 
sit for 5 minutes on ice. After incubation, another volume of acid-phenol-chloroform was added (400 
μL). Up until this point, the protocol is the same as mirVanaTM previously explained in section 4.2.4.1.

4.4.2.2 Protein isolation 

 After extraction of the exosomes, the pellet containing the extracellular vesicles was 
resuspended in 50 μL of PBS 1X. This suspension can be directly used for the analysis of superfi cial 
and internal proteins. 

4.4.2.3 Dynamic light scattering (DLS) 

 The resuspension of exosomes in 50 μL of PBS 1X, used for protein isolation, was also used for 
DLS to study the size of the exosomal particles in the pellet. Five measurements of each sample were 
performed using the DLS system Malvern Z sizer NS.
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 4.5 Molecular biology techniques commonly used in all samples

4.5.1 Reverse transcription (RT) and quantitative polymerase chain reaction 
(qPCR)

 Complementary DNA (cDNA) for mRNA analysis was synthesized using the high-capacity 
cDNA reverse transcription kit for mRNAs; and using the TaqMan® advanced miRNA cDNA synthesis 
kit for miRNAs. Quantitative polymerase chain reaction (qPCR) was performed using cDNA as the 
template and TaqMan® Fast Advanced Master Mix (Thermo Scientifi c, USA). Genes were detected 
using TaqMan® probes (Thermo Scientifi c, USA) for miRNAs and mRNAs (Table III). All probes for 
the miRNAs detected both the mouse and human target genes. The RT-qPCR experiments were 
performed using an ABI Prism 7900HT Thermal Cycler and the QuantStudioTM 7 Pro Real-Time PCR 
System (Applied Biosystems, USA). The following protocol was used: enzyme activation at 95 °C for 
20 seconds, followed by 40 cycles at 95 ºC for 1 second to denature and 20 seconds 60 ºC to anneal/
extend.

The relative abundance of miRNA and mRNA targets, normalized with the endogenous gene and 
relative to the control, was calculated as follow: Relative Quantifi cation (RQ) = 2−ΔΔCt; ΔCt (cycle 
threshold) = Ct (miRNA target) − Ct (endogenous gene); ΔΔCt = [ΔCt (for any sample) − ΔCt (for the 
control)]. Amplifi cation of miR-191-5p (tissues and cells) or miR 16 5p (exosomes) was used as an 
internal control for all samples. 

4.5.2 Bradford assays for the quantifi cation of protein concentration

 Aorta, cell, and exosome protein lysates were quantifi ed using the Bradford protein assay, 
a colorimetric method. The assay was performed in 96-well plates. First, a calibration curve from 
1 to 5 μg/μL of Quick Start Bovine Serum Albumin (BSA) standard (#5000206, Bio-Rad, USA) was 
performed, and then 1 μL of the sample lysate was added in triplicate. The calibration curve and 
lysates were added to distilled water until a fi nal volume of 50 μL. Bradford stain (#5000006, Bio-Rad, 
USA) was prepared on a 1/5 dilution as specifi ed by the manufacturer and then 200 μL was added to 
each well containing BSA or lysate. The plaque was incubated away from light for 5-minutes and then 
read at 595 nm using a BioTek® PowerWave XS (Agilent Technologies, USA) reader and the Agilent 
BioTek Gene5 software v3.12 (Agilent Technologies, USA).

4.5.3 Western blot analysis 

 Proteins from cell lysates (20–40 μg) and tissue samples (60 µg) were prepared in 4 X sample 
buff er (2 % SDS; 1M tris pH 6,8; 10 % glycerol, and 4 % β-mercaptoethanol in distilled water) and 
boiled in a thermoblock at 95 °C for 5 minutes prior to electrophoresis.

For electrophoresis, proteins were separated on a 10 % or 10–20 % gradient acrylamide gel with a 4 % 
acrylamide concentration fraction. Before loading the samples, the gels were placed in the tetracell 
and the space between them was fi lled with running buff er 1X (Tris 250 mM, Glycine 2.5 M, 1 % w/v 
SDS for running buff er 10 X) for electrophoresis. Then, the diff erent wells were washed using a syringe 
and running buff er 1X and then the samples were loaded. First, the running speed was set to a fi xed 
100 volts with a variable amperage and watts until the samples reached the separating gel, at which 
point the voltage was raised to 120 volts until the end.

After electrophoresis, the proteins inside the gels were transferred to a 0.45 μM pore PVDF membrane 
(Merck, Germany) for 1 hour and 30 minutes or 2 hours at 110V, on ice in transfer buff er (124 mM Tris 
and 1 M Glycine in 20% metanol). The PVDF membranes were blocked by agitation at a low speed 
with a blocking buff er consisting of 5 % w/v milk (00017658, Dismadel S.L., Spain) and 3 % w/v BSA
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fraction (pH=7.0) for Western blot (A6588,0100, PanReac, AppliChem, ITW reagents, USA) in 
Tween®20-Tris-buff ered saline (TTBS, Tris 100 mM, NaCl 1.5 M and 0.2 % v/v of 10 % v/v Tween®20 
(142312.1611, PanReac, AppliChem, ITW reagents, USA)) for 1 hour at room temperature. The 
remaining blocking buff er was washed thrice with three 10-minutes fast speed washes with TTBS 
before adding the primary antibodies.

The primary antibodies used are shown in Table IV, and all of them were diluted in TTBS, incubated 
overnight with agitation at 4 °C, and washed by three 10-minutes fast speed washes with TTBS before 
incubation with secondary antibodies (Table IV). Rabbit and mouse primary antibodies were detected 
using horseradish peroxidase-conjugated anti-rabbit IgG (NA931V; 1:4000 in TTBS) and anti-mouse 
IgG secondary antibodies (NA934V; 1:5000 in TTBS) (GE Healthcare, UK), respectively. Secondary 
antibodies were prepared in TTBS with 1 % w/v BSA (rabbit) or 1 % w/v milk (mouse) and incubated 
for 1 hour at room temperature with low-speed agitation.

To visualize the bands, the membranes were incubated in the dark using SuperSignalTM West Pico 
PLUS Chemiluminescent Substrate (34580, Thermo Fisher Scientifi c®, USA) and VWR® Life Science 
imager gel and documentation analysis system v.4.3.9. and VWR® imager software v.1.8.2. (VWRTM, 
Avantor, USA). The loading was normalized with β-actin.

When it was possible, phospho-proteins and their total expression were detected in the same gel 
using a Stripping Buff er (1 M Tris 6.8 pH, 10 % w/v SDS up to 100 mL of distilled H2O, for every 25 mL 
of this buff er, 174 μL of β-mercaptoethanol was added) for 20 minutes, blocking the membrane again 
before incubation with the next antibody.  

4.6 Bioinformatical analysis

4.6.1 In silico search for miRNA and targets

 The miRNAs analyzed in the study were identifi ed by an exhaustive search for key words 
(miRNAs, atherosclerosis, and infl ammation, NF-κB) in diff erent publications in PubMed and the 
GEO database from NCBI. Once the miRNAs of interest were selected, the interaction between 
them and their mRNA targets was evaluated using miRNA-Target Interaction databases such as 
TargetScan, miRWalk, miRDB, and miRTarBase (at their latest online versions). The data collected 
from these databases were analyzed, and only those targets that appeared in two or more databases 
were considered possible targets. Hybridization experiments were performed using the multiple 
alignment tool in ClustalW v2. 0.12 (Desmond D. Higgins, EMBL, Ireland) to identify the possible 
area of interaction between the miRNA and mRNA if it did not appear in the previously mentioned 
databases. 

4.6.2 Statistical analysis

4.6.2.1 Quantifi cation of Western blot images

 Band densitometry of the Western blot images was performed using ImageJ Software (v1.52a, 
National Institute of Health, USA). First, the image type was changed from RGB to 8-byte. Then, the 
rectangle tool was used to select the fi rst band with the selected fi rst lane tool (or Ctrl+1), and the rest 
of the bands were selected individually with the selected tool (or Ctrl+2). The measurement tool was 
used to measure the area of each band (or Ctrl+3). The values were then copied and pasted on an Excel 
spreadsheet to calculate the mean, standard deviation, and standard error of each group. 
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4.6.2.2 Quantifi cation of Oil Red O stains and immunohistochemistry

 The immunohistochemistry and Oil Red O staining images were quantifi ed using the “count 
and measure objects” tool in the Image-Pro Plus software IPWin (v4.5, Media Cybernetics, USA) (IPWin 
v4.5 software). The color considered positive staining for the same protein was manually selected, 
and the value corresponding to the sum of all stained areas was obtained. The results are expressed 
as the percentage of stained area with respect to the total area analyzed in each sample.

ImageJ software was also used to quantify the Oil Red O staining images of the VSMCs. All images 
were open as a stack and converted to an 8-gray scale. Then, a common threshold was set for all 
images using the adjusted threshold tool. To analyze the positive staining, the measurements were 
set to area, integrated density, and adjusted threshold. Finally, the measurement tool in the analysis 
menu was used to quantify positive staining in all images at the same time.

4.6.2.3 Quantifi cation of the immunofl uorescence of p65

 To quantify the corrected total cell fl uorescence (CTCF) intensity of p65 in the diff erent images, 
the ImageJ Software (v1.52a, National Institute of Health, USA) was used. First, the measurements 
need to be set to area, integrated density, minimum and maximum gray values, and mean gray value. 

Now we select the cell of interest using the free form selection tool and measure; to calculate the 
CTCF we need to measure the background, so from each cell (minimum of three maxima of fi ve cells 
from each image) we did 3 background measurements with the circle tool. Once the measurement 
was completed, all the data were copied and pasted to another Excel sheet. The corrected total cell 
fl uorescence was calculated using the following formula:

CTCF=Integrated density-(Area of selected cell × [x̄  fl uorescence of background readings]) 

The JaCoP plugin from ImageJ software was used to measure the colocalization of p65 and DAPI. 
The images of p65 and DAPI were opened, the image type was changed to 8-byte and then a blue 
(DAPI) or red (p65) fi lter was added. Then, each image was added to the JaCop plugin to perform this 
analysis: Pearson’s, M1, and M2 coeffi  cients; Coste’s automatic threshold; and cytofl uorogram and 
click on analysis, at which point the threshold selected by the plugin may need to be changed, and the 
image is re-analyzed. Finally, the Pearson’s, M1, and M2 coeffi  cients were copied in an Excel sheet to 
calculate the mean, standard deviation, and error of the coeffi  cients in each condition. 

4.6.2.4 Graphpad Prism for statistical analysis and the design of graphs

 The data from the experimental groups were analyzed using GraphPad Prism v8.2.1 software 
(GraphPad Software, USA). The minimum “n” for statistical analysis of the in vitro experiments was 3. 
In the case of mouse and human samples, the minimum sample size for each group was 4.

Normality tests were performed to confi rm that the data followed a normal distribution. Statistical 
signifi cance of the diff erences between groups that had a Gaussian distribution was assessed by 
Student’s t-test when comparing two groups, or by ANOVA tests followed by a Bonferroni or Tukey 
post-hoc test when comparing more than two groups. If the variables did not have a Gaussian 
distribution, the diff erences between the two groups were studied with a Mann-Whitney test, or 
with a Kruskal-Wallis’s test followed by Dunn’s post-hoc test when comparing more than two groups. 
Correlations between variables were assessed using two-tailed Spearman’s or Pearson’s r correlation 
analysis. The exact p value is indicated in each fi gure when it reached statistical signifi cance (p < 0.05). 
Receiver Operating Characteristic (ROC) analysis was performed to test the diagnostic accuracy of 
the evaluated miRNAs.
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4.6.2.5  Cytoscape and InteractiVenn 

 The Cytoscape v.3.8.2. on Java 11.0.6. by AdoptOpenJDK (Germany) was used to represent 
the proposed targets of each miRNA and the regulatory axis during atherosclerosis progression. 

The online site http://www.interactivenn.net/ was used to generate the Venn diagram with the target 
results of each database. 

4.6.2.6 CLIPStudio

 The CLIPStudio v. 2.2.2 was used to create all the images from this thesis. All the rights and 
fair use of the images are reserved to Paula González, as the creator of the of them.

4.7 Materials

4.7.1 Reagents used in cell culture

Insulin is soluble in ultrapure water at concentration of 1 mM. For these experiments, the working 
concentration was 100 nM.

Thapsigargin is a sesquiterpene lactone extracted from the plant Thapsia garganica that inhibits 
endoplasmic reticulum Ca2+/ATPase-generating stress. Soluble in DMSO to a 1 mM stock solution. 
For these experiments, the working concentration was 100 nM.

TNFα is a proinfl ammatory cytokine, soluble in ultrapure water to a concentration of 10 μg/mL. For 
the experiments, the working concentration was 10 ng/mL. 

Ox-LDLs were purchased from Thermo Fisher at a 2.5 mg/mL concentration. For the experiments, the 
working concentration was 100 μg/mL.

4.7.2 Table of kits used

Name Manufacturer Reference

RNeasy FFPE kit Qiagen 73504

mirVanaTM miRNA Isolation Kit InvitrogenTM AM1560

TaqManTM Advanced miRNA cDNA Synthesis Kit InvitrogenTM A28007

mirVanaTM Total exosome RNA and protein isolation kit InvitrogenTM 4478545

Total Exosome Isolation Kit (from plasma) InvitrogenTM 4484450

Table II. Kits used in this thesis
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4.7.3 Table of miRNA and genes probes

All probes used were TaqMan®miRNA and TaqMan®genes assays.

Table III. TaqMan® Probes used in this work.

Origin miRNA/genes Reference

Mus musculus mmu-let-7d-5p mmu478439_mir

Mus musculus mmu-miR-15b-5p mmu482957_mir

Mus musculus mmu-miR-22-3p mmu480104_mir

Mus musculus mmu-miR-26b-5p mmu482965_mir

Mus musculus mmu-miR-27b-3p mmu478270_mir

Mus musculus mmu-miR-34a-5p mmu481304_mir

Mus musculus mmu-miR-122-5p mmu480899_mir

Mus musculus mmu-miR-146b-5p mmu478513_mir

Mus musculus mmu-miR-149-5p mmu480946_mir

Mus musculus mmu-miR-375-3p mmu481141_mir

Mus musculus mmu-miR-191-5p mmu481584_mir

Mus musculus mmu-miR-9-5p mmu481285_mir

Mus musculus mmu-miR-15a-5p mmu482962_mir

Mus musculus mmu-miR-16-5p mmu482960_mir

Homo sapiens hsa-miR-199a-3p 477961_mir

Mus musculus mmu-miR-218-5p mmu481001_mir

Homo sapiens hsa-miR-301a-3p 477815_mir

Homo sapiens hsa-let-7c-5p 478577_mir

Homo sapiens hsa-let-7g-5p 478580_mir

Homo sapiens hsa-let-7i-5p 478375_mir

Homo sapiens hsa-miR-143-3p 477912_mir

Homo sapiens hsa-miR-145-5p 477916_mir

Mus musculus mmu-miR-155-5p mmu480953_mir

Mus musculus mmu-miR-221-5p mmu481659_mir

Mus musculus mmu-miR-223-3p mmu481007_mir

Mus musculus Hprt Mm03024075_m1

Mus musculus Foxp3 Mm00475162_m1

Mus musculus Ifng Mm01168134_m1

Mus musculus Il21 Mm00517640_m1

Mus musculus Pdcd1 Mm01285676_m1

Mus musculus Vcam1 Mm01320970_m1

Mus musculus Il1β Mm00434228_m1

Mus musculus Ccl2 Mm00441242_m1
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Antibody Dilution Supplier Reference Technique

AKT 
1:1000 Cell Signalling 

Technology ®
#9272

WB

1:200 IHC

β-Actin 1:5000 Sigma Aldrich A5441 WB

Cleaved Caspase 3 (D175) 1:1000
Cell Signalling 
Technology ®

#9661 WB

eNOS 1:1000 Merck Milipore #07-520 WB

IGF-IIR (H-300) 1:1000
Santa Cruz 

Biotechnology
sc-25462 WB

IKKα (B-8) 
1:250 Santa Cruz 

Biotechnology
sc-7606

WB

1:25 IIHC-P

IKKβ
1:1000 Cell Signalling 

Technology ® 
#2678

WB

1:50 IHC-P

IKKβ 1:200 Proteintech ® 15649-1-AP OCT-IHC

IκBα (L35A5) 1:2000
Cell Signalling 
Technology ® 

#4814 WB

NF-κB p65

1:2000

Invitrogen #PA1-186

WB

1:200 IF

1:300 IHC/IF

p85α 1:1000 Abcam Ab191606 WB

p-AKT (S473) (193H12) 1:1000
Cell Signalling 
Technology ®

#4058 WB

anti-CD3 antibody [SP7] 1:300 Abcam Ab16669 IF

anti-CD4 1:100 BD Biosystems 553647 IF

anti-CD8 1:100 BD Biosystems 553027 IF

LOX-1
1:1000

Invitrogen #PA5-102452
WB

1:100 IHC-P/IF

Anti-Actin, α-Smooth Muscle - Cy3™ antibody, 
Mouse monoclonal

1:1000 Sigma C6198 IF

Mouse/Rat CD31/PECAM-1 Antibody 1:200 R&D System AF3628 IF

DAPI 1:1000
Thermo Fisher 

Scientifi c
62248 IF

p-IKKα/β (Ser176/180) 1:1000
Cell Signalling 
Technology ®

#2697 WB

555 Goat Anti-Rabbit 1:500 Invitrogen A32732 IF

Horse Anti-Rabbit IgG (H+L), Biotinylated 1:200
Vector Laboratories 

(Palex)
BA-1100-1.5 IHC-P

Goat Anti-Rabbit IgG (H+L), Horseradish Peroxidase 
(HRP) Conjugate, affi  nity purifi ed

1:3000
Invitrogen A16096

WB

1:200 IHC

Horse Anti-Mouse IgG (H+L), Biotinylated 1:200
Vector Laboratories 

(Palex)
BA-2001 IHC-P

Donkey Anti-Rat IgG (H+L) (DyLight® 594) cross-
absorbed

1:200 Abcam SA5-1008 IF

Goat Anti-Rabbit IgG (H+L) (DyLight® 488) 
preadsorbed

1:200 Abcam Ab96899 IF

Alexa Fluor™ 594 Donkey anti-Rabbit IgG (H+L) 1:200 Thermo Scientifi c A21207 IF

Alexa Fluor™ 488 Donkey anti-Rabbit IgG (H+L) 1:200 Thermo Scientifi c A21206 IF

Alexa Fluor™ 488 Donkey anti-Goat IgG (H+L) 1:200 Thermo Scientifi c A11055 IF

ECLTM Anti-Mouse IgG, Horseradish Peroxidase 
linked whole antibody (from sheep)

1:5000 Sigma Aldrich NA931V WB

 4.7.4 Table of antibodies

Table IV. Primary and secondary antibodies used in this study.
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que me dejo la vida en sus rincones,
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Joaquín Sabina



5. Results





5. RESULTS
5.1. Characterization of mouse and human atherosclerosis 
 To carry out this work, we have used a classical model of atherosclerosis as ApoE−/−  mice 
under HFD for 8 or 18 weeks (Chapter 4.2.1). Firstly, we confi rmed that ApoE−/−  mice had a signifi cant 
increase in body weight in addition to hypercholesterolemia and hypertriglyceridemia (Table 1, ‡), 
being signifi cantly higher in ApoE−/−  fed with HFD for 18 weeks.

8 wks 18 wks

WT 
STD

ApoE-/-

STD
ApoE-/-

HFD

WT 
STD vs. 
ApoE-/-

STD

WT 
STD vs. 
ApoE-/-

HFD

ApoE-/-

STD vs. 
ApoE-/-

HFD

WT 
STD

ApoE-/-

STD 
ApoE-/-

HFD

WT 
STD vs. 
ApoE-/-

STD

WT 
STD vs. 
ApoE-/-

HFD

ApoE-/-

STD vs. 
ApoE-/-

HFD

BW (g) ‡
25.9 ± 
0.34

25 ± 
0.45

29 ± 
0.42

p=n.s.
p<0.0
001

p<0.0
001

28.6 ± 
0.32

29.3 ± 
0.41

34.3 ± 
1.02

p=n.s.
p<0.0
001

p=0.0
017

gWAT (mg)/
BW (g) ‡

8.2 ± 
0.71

5.4 ± 
1.0

20.6 ± 
3.23

p=n.s.
p=0.0
012

p=0.0
005

5.9 ± 
0.91

5.3 ± 
0.48

38.2 ± 
4.01

p=n.s.
p<0.0
001

p<0.0
001

iWAT (mg)/
BW (g) ‡

4.9 ± 
0.66

5.0 ± 
0.36

17.1 ± 
3.47

p=n.s.
p=0.0
024

p=0.0
057

3.7 ± 
0.54

6.1 ± 
0.59

21.2 ± 
3.13

p=n.s.
p=0.0
008

p=0.0
090

Cholesterol 
(mg/dL) ‡

96.4 
± 6.5

188.9 ± 
16.8

209.8 ± 
2.1

p=0.0
001

p<0.0
001

p=n.s.
117.5 
± 3.9

201.9 ± 
8.3

234.0 ± 
6.5

p<0.0
001

p<0.0
001

p=0.0
063

Triglycerides 
(mg/mL) ‡

49.2 
± 4.9

84.8 ± 
9.5

88.5 ± 
6.7

p=n.s.
p=0.0
065

p=n.s.
30.7 ± 
3.1

72.8 ± 
8.1

86.4 ± 
5.4

p=0.0
024

p=0.0
029

p=n.s.

Blood 
glucose (mg/
dL) ‡

376.1 
± 
11.75

227.6 ± 
12.96

427 ± 
24.23

p<0.0
001

p=n.s.
p<0.0
001

279.8 
± 9.49

216.3 ± 
6.04

339.2 ± 
13.58

p=n.s. p=n.s.
p<0.0
001

Table 1. Table representing the data corresponding to the body weight (BW), gonadal white adipose tissue (gWAT)/BW and 
inguinal white adipose tissue (iWAT)/BW ratios; cholesterol, triglycerides, and glucose levels in the blood of the 8 and 18-
week experimental groups.

‡ Results shared with PhD. Thesis from Andrea Raposo López-Pastor (Result section 4.2.1 and 4.2.2).

After that, we analyzed vascular damage by Oil Red O (ORO) staining of aortic roots (Figure 1A). A 
signifi cant increase in lipid depot, lesion area and % of stenosis was noted in aortic roots from ApoE−/−-
fed a HFD for 18 weeks in comparison with the other groups (Figure 1B). Similarly, en face analysis of 
ORO-stained whole aorta showed a signifi cant increase in the lesion area in ApoE−/− HFD vs. WT STD 
and ApoE−/−STD mice after 18 weeks of diet (Figure 2).
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Figure 1. Histological characterization of experimental atherosclerosis. (A) Representative images of the Oil Red O 
staining of the aortic roots from the six groups of the experimental mouse model of atherosclerosis. Magnifi cation 40x 
(scale bar= 200 µm); magnifi cation 100x (scale bar= 100 µm). Black arrows point out the lipid depots in the aortic roots. (B) 
Quantifi cation of the percentage of lipid accumulation, lesion area and stenosis of aortic root from the mouse model. WT= 
wild-type; STD= standard type diet; ApoE-/-= apolipoprotein E defi cient mice; HFD= high-fat diet; wks= weeks; ORO= Oil 
Red O; H= hematoxylin. WT STD 8 weeks (n=5); ApoE-/- STD 8 weeks (n=5); ApoE-/- HFD 8 weeks (n=7); WT STD 18 weeks 
(n=5); ApoE-/- STD 18 weeks (n=4); ApoE-/- HFD 18 weeks (n=9).
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On the other hand, the human vascular samples were also characterized to assess the plaque type. 
Firstly, diff erent clinical parameters were studied in the ACA patients like age, biological sex, body 
mass index (BMI), diabetes, hypertension, coronary artery disease, and smoking habits (Table 2).

ACA Patients
(Carotid Plaque) (n=14)

Age, years 70 ± 7

Biological sex (male/female), % 71.4 % / 28.6 %

BMI (Kg/m2) 29.2 ± 6.3

Diabetes mellitus, % 42.9 %

Hypertension, % 85.7 %

Coronary artery disease, % 100 %

Current smoking, % 37.7 %

Table 2. Clinical characteristics of patients bearing advanced 
carotid atherosclerosis (ACA).

Secondly, we performed H&E and Masson’s trichrome stainings, and we could diff erentiate regions as 
media in samples from CAs and FAs; and media, fi brous and shoulders in samples from ACA (Figure 
3). Histological analysis revealed that complicated plaques from ACA contained an intraplaque 
haemorrhage and/or a certain degree of calcifi cation. The non complicated regions were composed 
of fi brous thickening with a variable content of VSMCs (Figure 3).

Figure 2. Histological characterization of experimental atherosclerosis. En face staining of aortas from male WT mice fed 
a standard diet, male ApoE-/- mice fed a STD, and male ApoE-/- mice fed a HFD for 18 weeks. Scale bar=100 μm. WT= wild-
type; STD= standard type diet; ApoE-/-= apolipoprotein E defi cient mice; HFD= high fat diet. WT STD (n=4); ApoE-/- STD 
(n=5); ApoE-/- HFD (n=4).
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 5.2. miRNAs profi le in experimental and human atherosclerosis
 To elucidate the potential miRNAs that could be involved in the progression of atherosclerosis, 
we performed an in silico study in PubMed using the following keywords: *miRNAs* and 
*atherosclerosis*, *miRNAs* and *NAFLD*, and *miRNAs* and *infl ammation*. In addition, we 
searched the GEO Database to confi rm whether some of the miRNAs found in PubMed, have been 
reported as possible modulators of the disease in other murine or human studies. 

As a result, we concluded that twenty-four miRNAs of interest were separated into three groups: 
miRNAs that could be potential modulators of NAFLD (let-7d-5p, miR-15b-5p, miR-22-3p, miR-26b-
5p, miR-27b-3p, miR-34a-5p, miR-122-5p, miR-146b-5p, miR-149-5p, and miR-375-5p), miRNAs that 
could be promoters of atherosclerosis (let-7c-5p, let-7g-5p, let-7i-5p, miR-143-3p, miR-145-5p, miR-
155-5p, miR-221-5p, and miR-223-3p), and miRNAs that could regulate the NF-κB pathway (miR-9-5p, 
miR-15a-5p, miR-16-5p, miR-199a-3p, miR-218-5p, miR-223-3p, and miR-301a-3p).

The expression of these miRNAs was studied in the aortas of mice fed 8 and 18 weeks of diet using 
RT-qPCR. After 8-weeks of HFD, there were changes in the expression of only three miRNAs: miR-
149-5p, miR-155-5p, and miR-223-3p (Figure 4A, p values in Table 3). However, after 18 weeks of HFD 
the expression of 11 miRNAs was signifi cantly altered: let-7c-5p, let-7d-5p, let-7i-5p, miR-9-5p, miR-
15a-5p, miR-16-5p, miR-122-5p, miR-143-3p, miR-149-5p, miR-155-5p, and miR-199a-3p (Figure 4B, p 
values in Table 3).

Figure 3. Histological characterization of human atherosclerosis. Representative images of Masson’s trichrome and 
hematoxylin and eosin staining from the aorta of control subjects (CAs), subjects with initial lesions or fi broatheroma (FAs), 
and the carotid artery from patients with advanced carotid atherosclerosis (ACA). Magnifi cation 40x (scale bar = 200 µm) 
and 100x (scale bar = 100 µm). CAs= control aortas; FAs= fi broatheroma; ACA= advanced carotid atherosclerotic plaque; 
M=media; F=fi brous; S=shoulder; A=atheroma; L=lumen; H&E = hematoxylin and eosin.
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To confi rm whether the levels of the studied miRNAs in the murine model might be clinically relevant 
in human atherosclerosis, these miRNAs were selected for analysis in the aorta of the CAs and FAs, 
and the carotid of the ACA group using RT qPCR. From the 11 miRNAs selected, six were altered in 
ACA patients: miR-15a-5p, miR-16-5p, miR-122-5p, miR-143-3p, miR-155-5p, and miR-199a-3p (Figure 
4C, p values in Table 3).

Succeeding the screening of the fi rstly selected twenty-four miRNAs in the aorta of our experimental 
model and patients (Table 3), four miRNAs were selected for further analysis because they had the 
same pattern of signifi cant alteration in our experimental model and human atherosclerosis. The 
miRNAs selected were the following: miR-143-3p, miR-155-5p, miR-15a-5p, and miR-199a-3p. In 
addition, considering that most of the signifi cant histological and molecular changes happened after 
18 weeks of diet, we decided to continue the investigation only in these groups. 

Figure 4. Heatmaps of miRNAs studied in experimental and human atherosclerosis. Using RT-qPCR, we analyzed 20 
(in the 8 weeks groups) and 24 (in the 18 weeks groups) miRNAs in thoracic aorta arteries from WT, ApoE-/-  STD, and 
ApoE-/- HFD at 8 (A) and 18 (B) weeks of diet, respectively, and 11 miRNAs that were altered the most in the mouse model 
were studied in human samples (C). Using the mean values of RQ (0-3) for each group, we generated three heatmaps using 
GraphPad Prism v8. The p values are listed in Table 3. WT= wild-type; STD= standard type diet; ApoE-/- = apolipoprotein E 
defi cient mice; HFD= high-fat diet; CAs= control aortas; FAs= fi broatheroma; ACA= advanced carotid atherosclerosis. WT 
STD 8 weeks (n=5); ApoE-/-  STD 8 weeks (n=5); ApoE-/- HFD 8 weeks (n=7); WT STD 18 weeks (n=5); ApoE-/-  STD 18 weeks 
(n=4); ApoE-/-  HFD 18 weeks (n=9); CAs (n=7); FAs (n=7); ACA (n=14).
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5.3. Study of the role of miR-143-3p dysregulation and its target 
IGF-IIR in atherosclerotic plaque instability 
5.3.1. miR-143-3p is downregulated in human and experimental 
atherosclerosis

 As previously explained, miR-143-3p was downregulated in the aorta of ApoE-/-  mice fed a HFD 
for 18 weeks (Figure 5A) and in carotid plaques from patients with advanced atherosclerosis (Figure 
6). We wanted to link this alteration with the severity of the disease, by comparing the percentages 
of lipid accumulation, lesion area and stenosis in the aortic roots and the expression of this miRNA. 
Our results showed that the expression of miR-143-3p was inversely correlated with the percentage of 
lipid deposition (Figure 5B) and lesion area in the root (Figure 5C) in a statistically signifi cant manner.

Figure 5. miR-143-3p is downregulated in aorta from the experimental atherosclerosis model and correlates with the 
disease progression. (A) The expression of miR-143-3p was quantifi ed by RT-qPCR in the aorta of the 18-weeks fed mice. 
By Spearman’s correlation, we set diff erent correlation between miR-143-3p and % lipid depot/ aortic area (B), and % lesion 
area/total area (C). WT= wild-type; STD= standard type diet; ApoE-/-  = apolipoprotein E defi cient mice; HFD= high-fat diet; 
RQ = relative quantifi cation. WT STD (n = 7); ApoE-/-  STD (n = 8); ApoE-/- HFD (n = 8).

The next step was to determine a possible target 
that may promote disease progression. In silico
analyses were performed using diff erent miRNA-
target interaction databases to select among 
all possible genes. First, we searched the list 
of possible targets from TargetScan, miRDB, 
and miRWalk databases (Figure 7A), and only 
targets with a potential role in atherosclerosis 
that appeared in at least two databases 
were considered. Finally, these targets were 
also searched in miRTarBase, a database for 
confi rmed miRNA-target interactions, to identify 
some of them as actual targets.

Figure 6. miR-143-3p is downregulated in human 
advanced atherosclerosis. The expression of miR 
-143-3p was studied by RT-qPCR in the samples 
of control, initial atherosclerosis, and advanced 
atherosclerosis patients. CAs= control aortas; 
FAs= fi broatheroma; ACA= advanced carotid 
atherosclerosis; RQ = relative quantifi cation. CAs (n 
= 5); FAs (n = 6); ACA (n = 14).
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From all the possible targets, we chose to study the insulin-like growth factor type-2 (IGF II) receptor 
(IGF IIR) (Figure 7B). Not only this is a confi rmed target of miR-143-3p, but previous results from our 
group have also demonstrated that overexpression of this protein is related to an increase in apoptosis 
(Figure 7C) and also, its expression was signifi cantly higher in the shoulder regions of carotid plaque 
from ACA patients, being a vulnerable region of plaque rupture (141).

Figure 7. In silico search for possible targets of miR-143-3p. We performed a search in diff erent miRNA-target databases 
to choose potential pro-atherosclerotic proteins modulated by miR-143-3p, with those results we performed (A) Venn 
diagram representing diff erent results obtained from miR-143-3p in databases, such as miRDB, TargetScan, and miRWalk. 
(B) Graphics showing possible targets of miR-143-3p. (C) Graphical scheme of possible modulation of atherosclerosis by IGF 
IIR. The dotted line represents an unknown interaction between IGF IIR and caspase-3 activation. IGF-II = insulin-like growth 
factor type II; IGF-IIR = IGF-II receptor.

5.3.2. The expression of IGF-IIR is increased in the plasma and aorta of the 
mice

 IGF-IIR can be in the membrane of cells or soluble in plasma binding IGF-II. The expression 
of this protein was measured by Western blot in whole aorta lysates and plasma samples from the 
18-weeks groups. Firstly, we studied IGF-IIR in the aorta of mice, its expression seems to be increased 
in the HFD-fed group without reaching statistical signifi cance (Figure 8A). Moreover, the expression 
of IGF-IIR was signifi cantly higher in the plasma of ApoE-/- mice fed a HFD (Figure 8B); therefore, 
we also analysed the expression of IGF-II, fi nding that this protein was signifi cantly decreased in the 
plasma of these mice (Figure 8B). 
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Figure 8. IGF-IIR and IGF-II levels in the aorta and plasma of the mouse model of atherosclerosis. Representative images 
and quantifi cation of the Western blots of IGF-IIR in the aorta (A) and plasma (B) of the mouse model; the levels of IGF-II 
were also assessed by Western blot (B) in the plasma of the mouse model. IGF-IIR = insulin like growth factor type 2 receptor. 
WT= wild-type; STD= standard type diet; ApoE-/-= apolipoprotein E defi cient mice; HFD= high-fat diet; IGF-IIR = insulin-like 
growth factor type II receptor. WT STD 18 wks (n = 6); ApoE-/- STD 18 wks (n = 6); ApoE-/- HFD 18 wks (n = 6).

5.3.3. miR-143-3p protects against apoptosis in HUVECs and VSMCs

 Since miR-143-3p was downregulated and its target, IGF-IIR, was overexpressed in human and 
experimental atherosclerosis (Figure 6, 5A and 8, respectively), we were interested in deciphering the 
protective role of this miRNA in the atherosclerotic process and for this reason we planned to perform 
in vitro experiments with endothelial (HUVECs) and vascular smooth muscle cell lines (VSMCs). We 
began by promoting the expression of the miRNA using a specifi c miRNA mimic, which are non-
natural double-stranded miRNA-like RNA fragments that bind the target of the miRNA at issue. The 
eff ect of the mimic in promoting the expression of miR-143-3p was assessed by RT-qPCR in HUVECs 
(Figure 9A) and VSMCs (Figure 10A). In both cases, transfection with the mimic signifi cantly increased 
the miR-143-3p levels.
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Figure 9. miR-143-3p downregulates IGF-IIR in HUVECs, protecting against apoptosis. Overexpression of miR-143-3p 
was assessed by RT-qPCR in HUVECs (A), and the eff ect on its confi rmed target IGF-IIR was studied by Western blot (B). 
HUVECs were subjected to a 6-hour FBS deprivation to induce apoptosis in the presence or absence of mimic-miR-143-3p, 
and apoptosis was measured by cleaved caspase-3 Western blot (C). RQ= relative quantifi cation; IGF-IIR= insulin-like growth 
factor type II receptor; D= aspartate; FBS= foetal bovine serum. All the in vitro experiments were performed at least in 
triplicate.

The repressive eff ect of the miRNA mimic on IGF-IIR was quantifi ed by Western blot in HUVECs (Figure 
9B) and VSMCs (Figure 10B), which showed a signifi cant decrease in expression in both cases. To 
confi rm the protective upshot of miR-143-3p in both cell types, we induced apoptosis in the presence 
or absence of the mimic. Apoptosis was prompted by a 6-hours deprivation of FBS in HUVECs and by a 
2-hour deprivation of FBS followed by a 2-hour incubation with thapsigargin in VSMCs. Apoptosis was 
determined by Western blot for the cleaved form of caspase-3 and our results showed a signifi cant 
decrease of cleaved caspase-3 in HUVECs (Figure 9C) and VSMCs (Figure 10C) when the expression of 
miR-143-3p was induced in comparison with the control under pro-apoptotic conditions.

Figure 10. miR-143-3p downregulates IGF-IIR in VSMCs, protecting against apoptosis. Overexpression of miR-143-3p in 
VSMCs was assessed by RT-qPCR (A), and the eff ect on its confi rmed target IGF-IIR was studied by Western blot (B). VSMCs 
were subjected to a 6-hour FBS deprivation followed by a 2-hour incubation with thapsigargin to induce apoptosis in the 
presence or absence of mimic-miR-143-3p, and apoptosis was measured by cleaved caspase-3 Western blot (C). RQ= relative 
quantifi cation; IGF-IIR= insulin-like growth factor type II receptor; D= aspartate; FBS= foetal bovine serum. All the in vitro 
experiments were performed at least in triplicate.
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5.4. Analysis of the involvement of miR-155-5p and its targets 
AKT, eNOS, and p85α in the progression of atherosclerosis and 
vascular insulin resistance

5.4.1. miR-155-5p      is     overexpressed   in   human   and   experimental  
atherosclerosis

miR-155-5p was overexpressed in the aortas of the 18-weeks mice (Figure 11A) and the ACA 
patients (Figure 12). In the same way we did for the miR-143-3p, we also correlated the levels 
of miR-155-5p with the severity of the disease by a Spearman’s correlation analysis. So, we 
obtained a signifi cant and positive correlation between miR-155-5p levels and the percentage of 
aortic root stenosis (Figure 11B) or lesion area (Figure 11C).

Figure 11. miR-155-5p is overexpressed in mouse atherosclerosis. (A) The expression of miR-155-5p was quantifi ed by RT-
qPCR in the aorta of the 18-weeks fed mice. By Spearman’s correlation, we set diff erent correlations between miR-155-5p and 
% aortic root stenosis (B), and % lesion area /total area (C). WT= wild-type; STD= standard type diet; ApoE-/-= apolipoprotein 
E defi cient mice; HFD= high-fat diet; RQ= relative quantifi cation. WT STD (n=6); ApoE-/-  STD (n=6);  ApoE-/-  HFD (n=7).

Figure 12. miR-155-5p is overexpressed in human advanced 
atherosclerosis. The expression of miR-155-5p was studied by RT-
qPCR in the samples of control, initial atherosclerosis, and advanced 
atherosclerosis patients. CAs= control aortas; FAs= fi broatheroma; 
ACA= advanced carotid atherosclerotic plaque. CAs (n=3); FAs (n=5) and 
ACA (n=11).
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After that, we performed an in silico search of miRNA-target interaction databases (Figure 13A), and 
the possible targets that appeared in at least two of them were confi rmed as targets by a search in 
miRTarBase (Figure 13B). From all the possible and confi rmed targets for miR-155-5p, AKT was the 
most interesting for us. This protein is crucial in the insulin signalling pathway (Figure 13C); moreover, 
it also phosphorylates multiple proteins that participate in many other pathways.

Figure 13. In silico search for possible targets of miR-155-5p. We performed a search in diff erent miRNA-target databases to 
choose potential proteins involved in atherosclerosis and insulin resistance and modulated by miR 155-5p. With those results, 
we performed (A) Venn diagram representing diff erent results obtained from miR-155-5p in databases, such as miRDB, 
TargetScan, and miRWalk. (B) Graph showing possible miR-155-5p targets. (C) Graphical scheme of possible modulation of 
atherosclerosis by AKT through the insulin response. AKT= protein kinase B; S= serine; T= threonine; mTORC2= mammalian 
target of rapamycin complex 2.

5.4.2. Analysis of AKT levels and activation in experimental atherosclerosis

Once AKT was selected as the target of miR-155-5p in this study, we fi rst assessed AKT protein 
levels in aorta of mice after 18-weeks of diet by Western blot. After this period, the expression was 
signifi cantly decreased in the ApoE-/- mice fed a STD and HFD compared with the control (Figure 
14A), even though the expression was slightly lower in the HFD group than in the STD group.
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Figure 14. Analysis of AKT expression and insulin signalling in the aorta from the experimental model of atherosclerosis. 
(A) Representative Western blot images of the expression of AKT (upper) and their quantifi cation (lower) in murine aorta 
samples. (B) Representative Western blot images of AKT phosphorylation in Ser473 (upper) and their quantifi cation (lower) 
in aortas from mice subjected to in vivo insulin signalling studies. WT= wild-type; STD= standard type diet; ApoE-/-= 
apolipoprptein E defi cient mice; HFD= high-fat diet; S=serine; AKT = protein kinase B. WT STD 18 wks (n = 4); ApoE-/- STD 18 
wks (n = 3); ApoE -/- HFD 18 wks (n = 3). In vivo signalling experiments: WT STD 18 wks saline (n = 4); WT STD 18 wks insulin 
(n = 6); ApoE-/- STD 18 wks saline (n = 2); ApoE-/- STD 18 wks insulin (n = 5); ApoE-/- HFD 18 wks saline (n = 3); ApoE-/- HFD 
18 wks insulin (n = 4).

AKT activation is essential in the target tissue for a proper response to insulin. To evaluate this 
response in the aortic tissue of our groups of mice, we performed in vivo insulin signalling. To do this, 
we intraperitoneally injected insulin or saline (as a control) into the mice 10 minutes before sacrifi ce, 
and then the aorta was harvested. By Western blot, the activation of AKT was analyzed, measuring 
the phosphorylation of its serine 473 residue (S473) in the aortas of the diff erent WT, ApoE-/- STD 
and ApoE-/- HFD groups that were treated with saline or insulin. (Figure 14B). We found a signifi cant 
increase in S473 phosphorylation induced by insulin administration in the WT and ApoE-/- STD groups. 
However, this increase was lost in the HFD group, confi rming vascular insulin resistance (Figure 14B).
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5.4.3. AKT is decreased in human atherosclerosis

 AKT levels were also measured in paraffi  n-embedded aortic and carotid tissues from human 
samples (Figure 15A). Similar results to those obtained in the experimental model were found in 
human samples. So, AKT protein levels were signifi cantly decreased in the ACA patients in relation 
to FAs samples (Figure 15B). Therefore, to confi rm whether the levels of miR-155-5p and AKT were 
related in these patients, we performed Spearman’s correlation analysis (Figure 15C). In the carotid 
of patients with atherosclerosis, miR-155-5p levels signifi cantly and negatively correlated with the 
expression of AKT. 

Figure 15. AKT expression decreases with the progression of atherosclerosis and is correlated with miR-155-5p 
expression in human plaques. Representative images of AKT levels measured by immunohistochemistry in the aorta and 
carotid human samples (A) and their quantifi cation (B) expressed as % positive staining/mm2. Magnifi cation 100× (scale 
bar = 100 µm); magnifi cation 200× (scale bar = 50 µm). (C) Scatter plot and Spearman’s r correlation analysis between the 
expression of miR-155-5p and AKT expression in human samples. CAs= control aorta; FAs= fi broatheroma; ACA= advanced 
carotid atherosclerotic plaque; IHC= immunohistochemistry; RQ = relative quantifi cation; AKT = protein kinase B. CAs (n = 
5); FAs (n = 4); ACA (n = 12). miR-155-5p-AKT correlation (n=14).

5.4.4. The levels of miR-155-5p and AKT are related to obesity

 We also wanted to confi rm whether the levels of miR-155-5p might be altered as the BMI 
augmented. We classifi ed the patients according to their body mass index following the criteria 
established by the World Health Organization (lean BMI=18.5-24.9, overweight BMI=25.0-29.9, and 
obese BMI>30.0). We observed a signifi cant increase in miR-155-5p expression (Figure 16A), as well 
as a progressive decrease in AKT (Figure 17A and B), as the BMI increased. This was supported by 
a signifi cant and positive correlation between the BMI and miR-155-5p levels (Figure 16B) and a 
signifi cant and inverse correlation between the BMI and AKT levels (Figure 17C).
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Figure 16. The expression of miR-155-5p is correlated with the BMI in human samples. (A) Expression levels of miR-
155-5p in human carotid samples of patients stratifi ed according to the BMI. miR-155-5p expression was quantifi ed using 
RT-qPCR (B). Scatter plots and Spearman’s r correlations between the BMI and miR-155-5p expression. CAs= control 
aorta; FAs= fi broatheroma; ACA= advanced carotid atherosclerosis; RQ = relative quantifi cation; BMI= body mass index.                                 
miR-155-5p RT-qPCR: CAs (n = 3); FAs (n = 5); ACA (lean) (n = 3); ACA (overweight) (n = 3); ACA (obese) (n = 4). Correlation 
between miR-155-5p and BMI (n = 11).

Figure 17. The expression of AKT is correlated with the BMI in human samples. Representative images of AKT 
immunohistochemistry (A) and their quantifi cation (B) in human samples from patients stratifi ed according to the BMI. 
Magnifi cation 100× (scale bar = 100 µm); magnifi cation 200× (scale bar = 50 µm).  (C) Scatter plots and Spearman’s r 
correlations between the BMI and AKT expression. AKT levels and BMI. CAs= control aorta; FAs= fi broatheroma; ACA= 
advanced carotid atherosclerosis; RQ = relative quantifi cation; AKT = protein kinase B; IHC=immunohistochemistry. CAs (n 
= 5); FAs (n = 4); ACA (lean) (n = 3); ACA (overweight) (n = 4); ACA (obese) (n = 5). Correlation between AKT and BMI (n = 12).
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5.4.5. miR-155-5p levels and its relationship with diabetes and instability of 
carotid plaques

 The levels of miR-155-5p in the vascular tissues of the patients were also studied and compared 
to other clinical characteristics that we had access to, for example, if the patients were diabetic or not, 
and if a patient was asymptomatic or symptomatic.

First, we separated the patients with advanced carotid atherosclerosis into diabetic and non-diabetic, 
and in this case, the levels of miR-155-5p were statistically higher in the diabetic patients than in the 
other groups (Figure 18A). Secondly, we divided the ACA patients whether they had an asymptomatic 
or symptomatic atherosclerosis, also in this case, miR-155-5p was overexpressed in the symptomatic 
patients in comparison with the rest (Figure 18B), and the asymptomatic patients also had a higher 
expression of this miRNA when compared to FAs subjects (Figure 18B).

Figure 18. The expression of miR-155-5p is related with diff erent clinical characteristics. (A) ACA patients were divided 
into diabetic and non-diabetic, and the expression of miR-155-5p was assessed by RT-qPCR.  (B) ACA patients were divided 
into symptomatic and asymptomatic and the expression of miR-155-5p was studied by RT-qPCR. CAs= control aorta; FAs= 
fi broatheroma; ACA= advanced carotid atherosclerosis; RQ = relative quantifi cation. CAs (n=3); FAs (n=5); ACA (non-diabetic 
(n=8)); ACA (diabetic (n=6)); ACA (asymptomatic (n=7)); ACA (symptomatic (n=5)). 

5.4.6. miR-155-5p modulates the levels of AKT and eNOS in HUVECs

 After the in silico search for confi rmed 
or potential targets for miR-155-5p, not only 
AKT appeared to be an interesting target, but 
on a cellular scale, we also wanted to confi rm 
whether this miRNA was able to downregulate 
eNOS.

We began by confi rming the induction of miR-
155-5p in the cells by RT-qPCR (Figure 19), the 
cells were transfected with mimic-miR-155-5p, 
and the RT-qPCR showed a signifi cant increase 
in the miRNA levels in comparison with the 
control, vehicle, and cells transfected with 
mimic-miR-143-3p (Figure 19).

Figure 19. The levels of miR 155-5p were increased by the 
mimic transfection. The cells were transfected with mimic-
miR-155-5p, and the induction was assessed by RT-qPCR. 
RQ = relative quantifi cation. All the in vitro experiments 
were performed at least in triplicate.
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When the overexpression of miR-155-5p was confi rmed, we studied the eff ect of this induction on 
the chosen targets, AKT (Figure 20A) and eNOS (Figure 20B); in both cases, the expression of both 
proteins was decreased by the mimic-miR-155-5p.

Figure 20. miR-155-5p modulates the expression of AKT and eNOS in HUVECs. HUVECs were transfected with mimic-
miR-155-5p and its eff ect on AKT (A) and eNOS (B) expression was analysed by Western blot. AKT= protein kinase B; eNOS= 
endothelial nitric oxide synthase. All the in vitro experiments were performed at least in triplicate.

5.4.7. miR-155-5p modulates p85α, AKT, and insulin resistance in VSMCs

 In VSMCs, the studied targets of miR-155-5p were AKT and p85α, both proteins had been 
previously confi rmed by other authors and they are part of insulin signalling pathway. Therefore, we 
transfected the VSMCs with the mimic-miR-155-5p. After transfection, we fi rst evaluated the eff ect of 
miR-155-5p on selected targets in VSMCs by Western blot. In both cases, miR-155-5p overexpression 
signifi cantly decreased the expression of AKT (Figure 21A) and p85α (Figure 21B) in VSMCs. 

AKT is a protein that requires two phosphorylations to be fully active: one in the residue T308 and 
the second in the S473; when the last phosphorylation occurs, is when the protein is fully active. To 
determine the eff ect of miR-155-5p on insulin-mediated AKT activation, we stimulated VSMCs with 
insulin (100 nM) for 10 minutes in the presence or absence of mimic-miR-155-5p and measured the 
phosphorylation of S473 in AKT by Western blot. In fact, VSMCs overexpressing miR-155-5p showed a 
signifi cant reduction in AKT phosphorylation in S473 after insulin stimulation (Figure 21C).
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Figure 21. miR-155-5p modulates targets from the insulin pathway, such as p85α and AKT, thereby regulating insulin 
resistance in VSMCs. Representative Western blot images of the expression of AKT (A) and p85α (B) and their quantifi cation 
in transfected VSMCs. (C) Representative Western blot images of AKT phosphorylation in response to insulin stimulation in 
transfected VSMCs and their quantifi cation. VSMCs were deprived of FBS for 6h and then stimulated with 100 nM insulin for 
10 minutes, and the activation of AKT by insulin was measured by the phosphorylation on S473. AKT= protein kinase B; S= 
serine; p85α= phosphoinositide 3-kinase regulatory subunit p85 alpha. All the in vitro experiments were performed at least 
in triplicate.
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5.5. Role of miR-15a-5p and miR-199a-3p in the progression of 
atherosclerosis

5.5.1. miR-15a-5p and miR-199a-3p are decreased in experimental and 
human atherosclerosis

 The expression of miR-15a-5p and miR-199a-3p was analysed in whole aorta lysates from the 
18-weeks mice groups and paraffi  n-embedded aortic tissue from the patients by RT-qPCR. miR-15a-
5p expression was decreased in the aorta from ApoE-/-  HFD group (Figure 22A), and the same was 
observed in the ACA patients in comparison with subjects CAs and FAs (Figure 23A). When comparing 
atherosclerosis progression in the mice and miR-15a-5p expression, there was a signifi cant and inverse 
correlation between miR-15a-5p levels and the percentage of lipid deposition (Figure 22B) and lesion 
area (Figure 22C).

Figure 22. miR-15a-5p and miR-199a-3p are downregulated in the experimental model of atherosclerosis. The expression 
of miR-15a-5p (A) and miR-199a-3p (D) was quantifi ed by RT-qPCR in the aorta of the 18-weeks fed mice. By Spearman’s 
correlation, we set diff erent correlations between miR-15a-5p and % lipid deposition/aortic area (B), and % lesion area/
total area (C) and miR-199a-3p and % lipid deposition/aortic area (E) and % lesion area/total area (F). WT= wild-type; STD= 
standard type diet; ApoE-/-= apolipoprotein E defi cient mice; HFD= high-fat diet; RQ = relative quantifi cation. WT STD (n=7); 
ApoE-/- STD (n=8); ApoE-/- HFD (n=8). Correlation between miR-15a-5p and atherosclerosis (n=14). Correlation between 
miR-199a-3p and atherosclerosis (n=14).
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The expression of miR-199a-3p was also signifi cantly downregulated in the ApoE-/- HFD group 
compared to the WT STD, but also in the ApoE-/- STD group compared to the WT STD (Figure 22D). 
However, this miRNA was only decreased in human advanced atherosclerosis samples, compared with 
subjects with FAs (Figure 23B). In addition, the expression of miR-199a-3p in mice was signifi cantly 
correlated with the percentages of lipid deposition/aortic area (Figure 22E) and lesion area/total area 
(Figure 22F) in the aortic root as happened with miR-15a-5p.

Figure 23. miR-15a-5p and miR-199a-3p are downregulated in human atherosclerosis. The expression of miR-15a-5p (A) 
and miR-199a-3p (B) was quantifi ed by RT-qPCR in aorta from subjects without atherosclerosis, and subjects with initial 
atherosclerosis and in carotid from patients with advanced atherosclerosis. CAs= control aortas; FAs= fi broatheroma; ACA= 
advanced carotid atherosclerosis; RQ= relative quantifi cation. CAs (n=5); FAs (n=5); ACA (n=14).

After that, we were interested in fi nding potential targets of both miRNAs. In the case of miR-15a-5p, 
we chose to study four possible targets, IKKα and IKKβ, which are catalytic subunits of IKK complex 
and induce the activation of NF-κB pathway, as well as LOX-1 and mTOR (Figure 24A, B and E). And 
for miR-199a-3p, searching for possible targets in miRNA target interaction databases resulted in the 
selection of IKKβ and p65, both components of the NF-κB pathway as well as mTOR (Figure 24 C-E).
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Figure 24. In silico search for possible targets of miR-15a-5p and miR-199a-3p. We performed a search in diff erent miRNA-
target databases to choose potential pro-atherosclerotic proteins modulated by miR-15a-5p and miR-199a-3p, with those 
results we performed a Venn diagram representing diff erent results obtained from miR-15a-5p (A) and miR-199a-3p (C) 
in databases, such as miRDB, TargetScan, and miRWalk. Graphics showing possible miR-15a-5p (B) and miR-199a-3p (D) 
targets. (E) Graphical scheme of NF-κB pathway and its modulation by miR-15a-5p or/and miR-199a-3p. IKK= inhibitor of 
nuclear factor kappa B. Subunits alpha, beta and gamma (IKKα/β/γ); IκBα =nuclear factor-kappa B inhibitor alpha.

5.5.2. IKKα, IKKβ and p65 are increased in the aorta of ApoE-/- mice

 To assess the expression of our selected possible targets, IKKα (miR-15a-5p), IKKβ (miR-15a-
5p and miR-199a-3p), and p65 (miR-199a-3p), we homogenized the aortas of the diff erent groups in a 
buff er to isolate the total proteins that were studied by Western blot (Figure 25A). 

The expression of IKKα was increased in the ApoE-/- group fed a HFD, compared with the WT STD 
group (Figure 25A and B); p65 was also increased in the HFD group compared with the ApoE-/- STD 
and WT STD groups (Figure 25A and B). This increase of p65 was confi rmed by immunofl uorescence 
of p65 in the aortic roots showing that the protein was increased in endothelial cells (Figure 27) and 
VSMCs (Figure 28) from ApoE-/- HFD. In addition, the levels of IκBα, inhibitory subunit of the NF-κB, 
were also found to be lower in aorta from ApoE-/- HFD than in the control group (Figure 25B).
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Figure 25. The expression of IKKα, IKKβ and p65 is upregulated in the aorta from ApoE-/- mice by HFD. (A) Representative 
Western blot images from the aorta of the three groups. (B) Measurement of the levels of IKKα, IKKβ, IκBα and p65 by 
Western blot in the aorta of the experimental groups. IKKα= inhibitor of nuclear factor-kappa B kinase subunit alpha; IKKβ= 
inhibitor of nuclear factor-kappa B kinase subunit beta; IκBα= nuclear factor kappa-B kinase inhibitor alpha; WT= wild-type; 
STD= Standard type diet; ApoE-/-= apolipoprotein E defi cient mice; HFD= high-fat diet. WT STD (n=9); ApoE-/- STD (4-6); 
ApoE-/- HFD (n=6-8).

Since IKKβ showed a tendency to be increased in the aorta of the HFD group by Western blot, but 
without statistical signifi cance (Figure 25B), we performed an IHC against IKKβ in the aortic root of all 
the mouse groups (Figure 26A), confi rming that IKKβ was increased in the ApoE-/- HFD group (Figure 
26B).
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Figure 26. The expression of IKKβ was increased in the aortic root from ApoE-/- mice. Representative images (A) and 
quantifi cation (B) from the immunohistochemistry of IKKβ in the aortic root of the experimental groups. Magnifi cation 100x 
(scale bar=100 µm); magnifi cation 200x (scale bar=50 µm). IKKα= Inhibitor of kappa-B kinase subunit alpha; IKKβ= inhibitor 
of nuclear factor-kappa B kinase subunit beta; WT= wild-type; STD= standard type diet; ApoE-/- = apolipoprotein E defi cient 
mice; HFD= High-fat diet; IHC= Immunohistochemistry. WT STD (n=6); ApoE-/- STD (4); ApoE-/- HFD (n=9). 
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Figure 28. A
ctive p65 levels in vascular sm

ooth m
uscle cells from

 aortic roots in the experim
ental m

odel of atherosclerosis. In aortic roots from
 W

T STD
 18 w

ks, A
poE -/- STD

 18 w
ks and 

A
poE -/- H

FD
 18 w

ks, w
e analyzed the colocalization of p65 (green) and nuclei (blue) to detect active p65 (p65 m

erged w
ith nuclei). M

oreover, w
e also colocalized p65 w

ith α-SM
A

 to detect 
V

SM
Cs that express p65 (p65 m

erged w
ith α-SM

A
). M

agnifi cation 200x, scale bar = 50 μm
. W

T= w
ild-type; STD

= standard type diet; A
poE -/-= apolipoprotein E defi cient m

ice; α-SM
A

= alpha-
sm

ooth m
uscle actin; H

FD
= H

igh-fat diet. W
T STD

 (n=6); A
poE -/- STD

 (n=4); A
poE -/- H

FD
 (n=9).
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5.5.3. The expression of IKKα, IKKβ and p65 is increased in human advanced 
atherosclerosis

 When we confi rmed that the expression of our selected targets was increased in the aorta 
from the mouse model, the next step was to study their expression in our human samples.

First, we performed IHC against IKKα in CAs, FAs, and ACA (Figure 29A), that showed an increased 
expression in the ACA compared with the control groups (Figure 29B). This protein is a possible target 
for miR-15a-5p, so we correlated the expression of both by a Spearman’s correlation that confi rmed 
that these molecules were related (Figure 29C).

Figure 29. The expression of IKKα is upregulated in carotid plaques from patients with advanced atherosclerosis. (A) 
Representative images from the IHC of IKKα. Magnifi cation 100x (scale bar = 100 µm); magnifi cation 200x (scale bar = 50 
µm). The expression of IKKα (B) was measured and the relation with miR-15a-5p expression (C) was tested by a Spearman’s 
correlation. IKKα= inhibitor of nuclear factor kappa-B kinase subunit alpha; CAs= control aortas; FAs= fi broatheromas; ACA= 
advanced carotid atherosclerosis; RQ= relative quantifi cation; IHC= immunohistochemistry. CAs (n=5); FAs (n=5); ACA 
(n=12). Correlation between miR-15a-5p and IKKα (n=12).
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Then we performed IHC against IKKβ in our samples from human subjects (Figure 30A). IKKβ was also 
overexpressed in the ACA patients compared with the controls (Figure 30B). We also correlated the 
expression of miR-15a-5p and miR-199a-3p with this protein, but only the miR-15a-5p was correlated 

Figure 30. The expression of IKKβ is upregulated in carotid plaques from patients with advanced atherosclerosis. (A)
Representative images from the immunohistochemistry of IKKβ. Magnifi cation 100x (scale bar=100 µm); magnifi cation 
200x (scale bar=50 µm). The expression of IKKα (B) was measured and the relation with miR-15a-5p expression (C) was 
tested by a Spearman´s correlation. IKKβ= inhibitor of nuclear factor kappa-B kinase subunit beta; CAs= control aortas; 
FAs= fi broatheromas; ACA= advanced carotid atherosclerosis; RQ= relative quantifi cation; IHC= immunohistochemistry. 
CAs (n=5); FAs (n=5); ACA (n=12). Correlation between miR-15a 5p and IKKβ (n=12).
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Lastly, we did IHC against p65 in human vascular samples (Figure 31A). The levels of p65 were increased 
in the ACA patients compared with the controls (Figure 31B). Finally, we also correlated the expression 
of miR-15a-5p and miR-199a-3p with this protein, but only the miR-15a-5p levels negatively correlated 
with p65 in human atherosclerosis (Figure 31C).

Figure 31. The expression of p65 is upregulated in carotid plaques from patients with advanced atherosclerosis. (A) 
Representative images from the immunohistochemistry of p65. Magnifi cation 100x (scale bar=100 µm); magnifi cation 200x 
(scale bar=50 µm). The expression of p65 (B) was measured and the relation with miR-15a-5p expression (C) was tested by 
a Spearman’s correlation. CAs= control aortas; FAs= fi broatheromas; ACA= advanced carotid atherosclerosis; RQ= relative 
quantifi cation; IHC= immunohistochemistry. CAs (n=5); FAs (n=5); ACA (n=12). Correlation between miR-15a-5p and p65 
(n=12).
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5.5.4. miR-15a-5p and miR-199a-3p modulate the expression of diff erent 
infl ammatory and proliferative targets in vascular cells

 The next steps in our work were to study how miR-15a-5p aff ects the selected targets involved 
in NF-κB pathway in vascular cells. We began by inducing the expression of miR-15a-5p transfecting 
a mimic-miR-15a-5p in HUVECs (Figure 32A). Then, we analyzed the eff ect on the selected targets by 
Western blot (Figure 32B). After the induction of miR-15a-5p we obtained a signifi cant decrease in the 
expression of IKKα, IKKβ and p65 (Figure 32C), nevertheless, we think the reduction in p65 expression 
was due to an indirect eff ect of the miRNA. In addition, we did not observe any change in IκBα levels 
(Figure 32C).

Figure 32. miR-15a-5p overexpression reduced IKKα, IKKβ and p65 levels in endothelial cells. HUVECs were transfected 
with mimic-miR-15a-5p for 72h. The increase in miRNA expression was measured by RT-qPCR (A). The silencing eff ect miR-
15a-5p has on their targets IKKα (C, upper-left) and IKKβ (C, upper-right), as well as p65 (C, lower-left) and IкBα (C, lower-
right), was analysed by Western blot 96h after transfection (B). IKKα= inhibitor of nuclear factor kappa-B kinase subunit 
alpha; IKKβ= inhibitor of nuclear factor kappa-B kinase subunit beta; IκBα= nuclear factor kappa-B kinase inhibitor alpha; 
HUVECs = Human umbilical vein endothelial cells; RQ= relative quantifi cation. All the in vitro experiments were performed 
at least in triplicate. 
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In addition, we also evaluated whether miR-15a-5p overexpression might reduce the same protein 
targets in VSMCs. First, we performed an RT-qPCR to confi rm the increase in miR-15a-5p expression 
by the mimics in VSMCs (Figure 33A). Afterwards, we confi rmed that miR-15a-5p overexpression 
decreased the expression of our selected targets (Figure 33B-C). We achieved a signifi cant decrease of 
IKKβ, and p65 (Figure 33B) amongst other possible targets like mTOR (Figure 33C), important for the 
VSMCs phenotype-switching.

Figure 33. miR-15a-5p overexpression reduced IKKβ, p65, and mTOR expression in VSMCs. VSMCs were transfected 
with mimic-miR-15a-5p for 48h. The increase in miRNA expression was measured by RT-qPCR (A). The silencing eff ect of 
miR-15a-3p for 48h has on their targets IKKβ (B, upper-left), p65 (B, upper-right), and mTOR (C), was analysed by Western 
blot (B-C). IKKβ= inhibitor of nuclear factor kappa-B kinase subunit beta; mTOR= mammalian target of rapamycin; VSMCs= 
vascular smooth muscle cells; RQ= relative quantifi cation. All the in vitro experiments were performed in triplicate.
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Next, we wanted to confi rm that miR-199a-3p was also capable of doing the same observed in 
miR-15a-5p, we induced miR-199a-3p overexpression using mimic-miRNAs (Figure 34A). Then, the 
expression of the selected targets, IKKβ and p65, were studied by Western blot (Figure 34B). In 
HUVECs, there was a signifi cant decrease in these proteins in the presence of the mimic-miR-199a-
3p (Figure 34C). Surprisingly, there was also a signifi cant decrease in the expression of IκBα, but this 
must be a secondary eff ect of the miRNA overexpression.

Figure 34. miR-199a-3p overexpression reduced IKKβ, p65 and IκBα expression in endothelial cells. (A) HUVECs were 
transfected with mimic-miR-199a-3p for 72h. The increase in miRNA expression was measured by RT-qPCR. (B) The silencing 
eff ect of miR-199a-3p for 96h on their targets IKKα (C, upper-left) and IKKβ (C, upper right), p65 (C, lower left) and IкBα (C, 
lower right), was analysed by Western blot. IKKα= inhibitor of nuclear factor kappa-B kinase subunit alpha; IKKβ= inhibitor of 
nuclear factor kappa-B kinase subunit beta; IκBα= nuclear factor kappa-B kinase inhibitor alpha; HUVECs = Human umbilical 
vein endothelial cells; RQ= relative quantifi cation. All the in vitro experiments were performed at least in triplicate.
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The induction of miR-199a-3p was also done in VSMCs and assessed by RT-qPCR confi rming that the 
mimic increased the expression of the miRNA (Figure 35A). We also studied the expression of the 
selected targets: mTOR, IKKβ and p65 after the induction of miR-199a-3p obtaining a decrease in 
IKKβ and mTOR expression, but not in p65 (Figure 35B).

Figure 35. miR-199a-3p overexpression reduced IKKβ and mTOR expression in VSMCs. (A) VSMCs were transfected with 
mimic-miR-199a-3p for 48h. The increase in miRNA expression was measured by RT-qPCR. (B) The silencing eff ect of miR-
199a-3p for 96 hours on their targets IKKβ (left), p65 (middle), and mTOR (right), was analysed by Western blot. IKKβ= 
inhibitor of nuclear factor kappa-B kinase subunit beta; mTOR= mammalian target of rapamycin; VSMCs= vascular smooth 
muscle cells; RQ = relative quantifi cation. All the in vitro experiments were performed in triplicate.
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5.5.5. miR-15a-5p and miR-199a-3p impair IKKα/β activation decreasing 
infl ammation in vascular cells

 IKKα/β are catalytic subunits of IKK complex and they are activated when they are 
phosphorylated. Then, they phosphorylate IκBα, inhibitory subunit of NF-κB, allowing the dimmer 
to enter the nucleus where it acts as a transcription factor. First, we did a time-course stimulation 
with TNFα for 10 to 40 minutes in HUVECs, to decide the correct time of treatment. We studied the 
phosphorylation of IKKα/β (Figure 36A) and p65 (Figure 36B) and IκBα protein levels (Figure 36C) 
by Western blot and decided that the treatment with TNFα for 10 minutes was the optimal time to 
obtain NF-κB activation (Figure 36A-C). To confi rm that after this time p65 was translocated to the 
nucleus (and therefore, active) we performed a cellular sub-fractioning and p65 protein levels in the 
cytoplasmic and nuclear fractions were measured by Western Blot (Figure 36D). So, we might observe 
that TNFα for 10 minutes induced an increase of p65 protein levels in the nucleus and a decrease of 
p65 in the cytoplasm (Figure 36D) indicating the translocation and activation of p65 NF-κB.

Figure 36. Eff ect of TNFα in NF-κB pathway in HUVECs. To establish the correct time of stimulation with TNFα a time 
course was done, and the activation of the pathway was assessed by Western blot of p-IKKα/β (A), p-p65 (B) and IκBα (C) at 
10, 20 and 40 minutes of stimulation with TNFα (10 μg/mL). The same proteins were studied by Western blot after a cellular 
sub-fractioning of cytoplasm and nuclei (D) to confi rm p65 translocation to the nucleus. IKKα= inhibitor of nuclear factor 
kappa-B kinase subunit alpha; IKKβ= inhibitor of nuclear factor kappa-B kinase subunit beta; IκBα= nuclear factor kappa-B 
kinase inhibitor alpha; TNFα= tumor necrosis factor alpha; ´ = minutes; H3= histone 3.
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To assess that miR-15a-5p was aff ecting not only the expression of IKKα/β but also its activity, we 
stimulated HUVECs with TNFα for 10 minutes in the presence or absence of the mimic-miR-15a-5p 
and the eff ect was assessed by Western blot (Figure 37A). When there was an overexpression of miR-
15a-5p, there was a decrease in IKKα/β phosphorylation induced by TNFα, this decrease was led by 
the decrease of total IKKβ in the presence of the miRNA (Figure 37B).

Figure 37. miR-15a-5p aff ects the activity of IKK complex in HUVECs. HUVECs were treated with TNFα (10μg/mL) for 10 
minutes after the transfection with mimic-miR-15a-5p. The protein levels of their targets were measured by Western blot (A) 
and their quantifi cations represented by diff erent graphics (B). miR-15a-5p overexpression reduced the phosphorylation of 
IKKα/β induced by TNFα. IKKα= inhibitor of nuclear factor kappa-B kinase subunit alpha; IKKβ= inhibitor of nuclear factor 
kappa-B kinase subunit beta; IкBα = nuclear factor kappa-B kinase inhibitor alpha; TNFα= tumor necrosis factor alpha; ´ = 
minutes; HUVECs= human umbilical vein endothelial cells. All the in vitro experiments were performed at least in triplicate.

The same experiment was performed but overexpressing miR-199a-3p with or without TNFα 
stimulation (Figure 38A), obtaining the same result. There was a decrease in IKKα/β activation induced 
by TNFα when miR-199a-3p is overexpressed, and this eff ect was mostly due to the decrease of IKKβ 
(Figure 38B).
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Figure 38. miR-199a-3p aff ects the activity of IKK complex in HUVECs. HUVECs were treated with TNFα (10 µg/mL) for 10 
minutes after the transfection with mimic-miR-199a-3p. The protein levels of their targets were measured by Western blot 
(A) and their quantifi cations represented by diff erent graphics (B). miR-199a-3p overexpression reduced the phosphorylation 
of IKKα/β induced by TNFα. IKKα = inhibitor of nuclear factor kappa-B kinase subunit alpha; IKKβ= inhibitor of nuclear factor 
kappa-B kinase subunit beta; IκBα= nuclear factor kappa-B kinase inhibitor alpha; TNFα= tumor necrosis factor alpha; ´= 
minutes; HUVECs= human umbilical vein endothelial cells. All the in vitro experiments were performed at least in triplicate.

NF-κB is active when translocated to the nucleus, therefore, we performed an immunofl uorescence 
against p65 in HUVECs transfected with one miRNAs in the presence or absence of TNFα (Figure 39). 
To quantify the activity of this transcription factor each p65 picture was superposed with the DAPI 
image (nuclei) and the co-localization between each other was assessed with the M1 and M2 Mander’s 
coeffi  cients (Figure 40A-B) as well as the Pearson’s correlation (Figure 39C). The M1 coeffi  cient 
indicates the amount of p65 that colocalize with DAPI and it is in the nuclei, the M2 shows the amount 
of DAPI that colocalize with p65, and the Pearson’s coeffi  cient relates the M1 and M2 coeffi  cient 
(values between 0 to 1 scale, being 1 the maximum correlation). 
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There was an increase in the M1 coeffi  cient when the cells were stimulated with TNFα in absence of 
the mimic-miRNAs when compared with the control; and if the cells were stimulated with TNFα in 
presence of the mimic miR-199a 3p compared with the cells that only had an overexpression of the 
miRNA. However, TNFα had no eff ect in this coeffi  cient in the presence of mimic-miR-15a-5p when 
compared with its specifi c control, but it was decreased when compared with the cells that were 
stimulated with TNFα with or without mimic-miR-199a-3p (Figure 40A).

The M2 coeffi  cient was only increased in the cells stimulated with TNFα in the presence of the mimic-
miR-15a-5p when compared to its control and cells that were stimulated with this molecule in the 
presence of mimic-miR-199a-3p. But the M2 coeffi  cient was decreased if the cells were stimulated 
with TNFα in the presence of mimic-199a-3p when compared with cells stimulated with TNFα without 
any mimic (Figure 40B).

The Pearson’s coeffi  cient was increased in the cells stimulated with TNFα in the absence of mimics 
and in the presence of mimic-miR-199a-3p when compared to its control, respectively (Figure 40C). 
This coeffi  cient showed no changes if the cells were stimulated with TNFα in the presence of mimic-
miR-15a-5p if compared with cells without TNFα stimulation but was decreased compared with cells 
stimulated with this molecule without mimics (Figure 40C).

In summary there was an induction of p65 translocation when the cells were stimulated with 
TNFα without the overexpression of both miRNAs, but this induction was impaired by miR-15a-5p 
overexpression. However, the increase of miR-199a-3p by itself was not able to impair the translocation 
of NF-κB to the nucleus, nonetheless it seemed lower than the cells stimulated only with TNFα.

Lastly, we also quantifi ed the fl uorescence of p65 using the corrected total cell fl uorescence (CTCF), 
this showed a decrease in p65 expression if miR-15a-5p or miR-199a-3p were induced (Figure 40D).
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Figure 40. miR-15a-5p and miR-199a-3p reduced the activation of p65 in endothelial cells. HUVECs were stimulated 
with TNFα with or without mimic-miR-15a-5p or mimic-miR-199a-3p and the activation of p65 was measured by 
immunofl uorescence. Since p65 is active in the nucleus, the JaCoP plugin from Fiji was used to quantify the colocalization 
of p65 and DAPI by three values: the M1 (A) and M2 (B) Mander’s coeffi  cient, and the Pearson’s correlation (C) of each 
picture. In all cases, the closer the value is to 1, indicated more colocalization. (D) The intensity of fl uorescence of p65 was 
measured in all the conditions. TNFα= tumor necrosis factor alpha; CTCF= corrected total cell fl uorescence. To quantify the 
co-localization, ten pictures were taken for each condition and analyzed as an individual point. All the in vitro experiments 
were repeated at least in triplicate.
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Since IKKβ and p65 were decreased by the induction of miR-15a-5p in VSMCs (Figure 33B) as well as in 
HUVECs (Figure 32C) but not by inducing miR-199a-3p (Figure 35B), and after confi rming that in these 
last cell type IKK signalling was impaired by miR-15a-5p. We wanted to confi rm if this miRNA was also 
impairing the activation of the NF-κB pathway in presence of specifi c activators also in VSMCs. 

VSMCs were stimulated with TNFα for 10 minutes with or without miR-15a-5p induction by mimic-
miRNA. The activation of the NF-κB pathway was assessed by Western blot of IKKα/β phosphorylation 
(Figure 41A). In VSMCs, miR-15a-5p overexpression signifi cantly decreased IKKα/β activation induced 
by TNFα (Figure 41B) and increased the levels of IκBα (Figure 41B). 

Figure 41. miR-15a-5p aff ects the activity of IKK complex in VSMCs. Cells were treated with TNFα (10 µg/mL) for 10 
minutes after the transfection with mimic-miR-15a-5p. The protein levels of their targets were measured by Western blot 
(A) and their quantifi cations represented by diff erent graphics (B). IKKα = Inhibitor of nuclear factor kappa-B kinase subunit 
alpha; IKKβ= inhibitor of nuclear factor kappa-B kinase subunit beta; IκBα= nuclear factor kappa-B kinase inhibitor alpha; 
TNFα= tumor necrosis factor alpha; ´= minutes; VSMCs = vascular smooth muscle cells. All the in vitro experiments were 
performed at least in triplicate.

5.5.6. IKBKB and CHUK are confi rmed targets of miR-15a-5p and IKBKB of 
miR-199a-3p

 We performed experiments based on luciferase constructs to demonstrate the direct 
interaction of miR-15a-5p and miR-199a-3p with the 3´UTRs of p65, IKKβ and IKKα mRNAs (Figure 
42). Our results demonstrate a direct and specifi c interaction of miR-15a-5p with the 3´UTR of IKBKB 
(IKKβ) and CHUK (IKKα) mRNAs and miR-199a-3p with the 3´UTR of IKBKB (IKKβ) mRNA. However, 
we did not fi nd any change regarding the interaction of miR-199a-3p with the 3´UTR of RELA (p65) 
mRNA.
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Figure 42. Regulation of IKBKB, CHUK and RELA expression by the interaction of miR-15a-5p or miR-199a-3p with 
its 3’ UTR sequence. Shown is the normalized Renilla luciferase activity in HEK293 cells transfected with the diff erent 
constructs. (A) HEK293 cells were co-transfected with the psiCHECK IKKbeta (miR-15a-5p) and psiCHECK IKKbeta (miR-
15a-5p) mutated plasmids together with mimic-miR control or mimic-miR-15a-5p. (B) HEK293 cells were co-transfected 
with the psiCHECK IKKbeta (miR-199a-3p) and psiCHECK IKKbeta (miR-199a-3p) mutated plasmids together with mimic-
miR control or mimic-miR-199a-3p. (C) HEK293 cells were co-transfected with the psiCHECK IKKalpha (miR-15a-5p) and 
psiCHECK IKKalpha (miR-15a-5p) mutated plasmids together with mimic-miR control or mimic-miR-15a-5p. (D) HEK293 
cells were co-transfected with the psiCHECK RELA (miR-199a-3p) and psiCHECK RELA (miR-199a-3p) mutated plasmids 
together with mimic-miR control or mimic-miR-199a-3p. In all cases, Renilla luciferase activity was normalized to fi refl y 
luciferase activity. CHUK (IKKα); IKBKB (IKKβ); RELA (p65). All the in vitro experiments were performed at least in triplicate.

5.5.7. Role of miR-15a-5p and miR-199a-3p in the foaming of VSMCs

 Among the possible targets that appeared in the miRNA-target databases for miR-15a-5p 
and miR-199a-3p that modulate ox-LDL uptake were lectin-like oxidized low density lipoprotein 
receptor 1 (OLR1 (gene) or LOX-1 (protein)) for miR-15a-5p or CD36 for miR-199a-3p. The ox-LDL 
uptake is important in VSMCs, because when they capture these molecules, they switch to a foam cell 
phenotype. First, we performed an immunofl uorescence for LOX-1 and α-SMA to confi rm that LOX-1 
was expressed by VSMCs from the media layer. Confi rming LOX-1 staining in aortic roots from ApoE 
-/- HFD, where the levels of miR-15a-5p were lower (Figure 43A and 22A, respectively). In this sense, in 
vitro experiments demonstrated that miR-15a-5p overexpression signifi cantly reduced LOX 1 protein 
levels in VSMCs (Figure 43B).
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Figure 43. Role of LOX-1 in the progression of experimental atherosclerosis. (A) Double immunofl uorescence of LOX-1 
(green) and α-SMA (red) in aortic roots from WT STD 18 wks, ApoE-/- STD 18 wks and ApoE-/- HFD 18 wks. Magnifi cation 200x, 
scale bar = 50 μm. (B) VSMCs were transfected with mimic-miR-15a-5p for 48 hours and we measured LOX-1 protein levels 
by Western-blot. WT = wild-type; STD = standard-type diet; HFD= high fat diet; ApoE-/-= apolipoprotein E defi cient; LOX-1 
= lectin-like oxidized low-density lipoprotein receptor-1. All the in vitro experiments were performed at least in triplicate.

To confi rm that the protein was also expressed in human atherosclerosis, we performed an IHC against 
LOX 1 (Figure 44A). Observing that patients with advanced carotid atherosclerosis and lower miR-15a-
5p levels had a signifi cant increase of LOX-1 protein levels (Figure 44A). Moreover, we also performed 
a double immunofl uorescence of LOX-1 and α-SMA, and we found that LOX-1 was expressed by 
VSMCs in human plaques (Figure 44B).
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Figure 44. Role of LOX-1 in the progression of human atherosclerosis. (A) We studied LOX-1 protein levels in aorta from 
CAs, FAs and in carotid from ACA patients by immunohistochemistry with LOX-1 antibodies. The quantifi cation is expressed 
as positive staining/mm2. Upper images (magnifi cation 100x, scale bar = 100 μm), lower images (magnifi cation 200x, scale 
bar = 50 μm). (B) Double immunofl uorescence of LOX-1 (green) and α-SMA (red) in vascular samples of CAs, FAs and ACA. 
Magnifi cation 200x, scale bar = 50 μm. CAs= control aortas; FAs= fi broatheromas; ACA= advanced carotid atherosclerosis; 
LOX-1= lectin-like oxidized low-density lipoprotein receptor-1; IHC= immunohistochemistry. CAs (n=4); FAs (n=3); ACA (n=8).

Finally, we studied whether the overexpression of miR-15a-5p or miR-199a-3p might have a protector 
role in foaming of VSMCs. For that, VSMCs were treated with 100 μg/mL of ox LDL in presence or 
not of mimic-miR-15a-5p or mimic-miR-199a-3p, and lipid content was quantifi ed by an ORO staining 
(Figure 45A). Our results show that miR-15a-5p or miR 199a-3p overexpression reduced ox-LDL uptake 
by VSMCs (Figure 45A and B).
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Figure 45. miR-15a-5p and miR-199a-3p overexpression reduced ox-LDL uptake in VSMCs. VSMCs were transfected with 
mimic-miR-15a-5p or mimic-miR-199a-3p for 48h and the increase in miRNA expression was measured by RT-qPCR. In the 
last 24h of transfection, the cells were treated with ox-LDL (100 μg/mL) and then stained with Oil Red O. (A) Representative 
images from Oil Red O staining, from which it was measured the uptake of ox-LDLs (B). VSMCs= vascular smooth muscle 
cells; Ox-LDL= oxidized low-density lipoprotein; ORO= Oil Red O. All the in vitro experiments were performed at least in 
triplicate.

5.6. miRNAs are also altered in the carotids and immune cells 
from a mouse model of atherosclerosis transgenic for the human 
APOB100 gene

5.6.1. Characterization of the HuAPOB100-tg Ldlr-/- model

 We used the HuAPOB100-tg Ldlr-/- mice (HuBL) from Anton Gisterå’s lab in the Karolinska 
Institutet, this is a Ldlr knockout mice that is also transgenic for the human apolipoprotein B 100 gene. 
With this transgene, mice develop atherosclerotic injuries faster than the Ldlr knockout mice, and 
their lipoprotein profi le is more similar to the human one compared with other mouse models.

11-weeks 46-weeks 11-weeks vs. 46-weeks

BW (g) 21.9 ± 0.9 24.4 ± 2.2 p=n.s.

Cholesterol (mg/dL) 96.1 ± 3.5 102.7 ± 8.7 p=n.s.

Triglycerides (mg/dL) 72.6 ±5.1 60.4 ± 3.3 p=n.s.

Table 4. Table with the characteristics regarding the BW (g), cholesterol (mg/dL) and triglycerides 
(mg/dL) of the HuBL mice.
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In this specifi c case, we wanted to focus on the possible miRNA alteration in the mice carotids 
and CD3 cells during disease severity with age, comparing initial atherosclerosis and/or advanced 
atherosclerosis. To do so, we used 11-weeks female mice, as young mice and 46-weeks female mice, 
as middle-aged mice, both groups were fed a standard chow diet and showed no diff erence in body 
weight and plasma cholesterol and triglycerides (Table 4). After those weeks, we harvested the heart 
and aortic roots for histological analysis; and the carotids (common carotids and carotid bifurcation) 
and CD3 cells from the spleen for the miRNA isolation (Figure XIV).

To characterize the severity of the atherosclerotic injury in these mice, we performed an Oil Red O 
staining in the aortic roots from the 11-weeks and 46-weeks groups (Figure 46A) to quantify the lipid 
deposition in the area. We observed a signifi cant increase in this parameter in the aortic roots from 
46-weeks mice compared with the young mice (Figure 46B). In addition, we were able to assess that 
the 46-weeks mice showed an advanced atherosclerosis, while the 11-weeks mice showed initial 
injuries development, therefore by comparing middle-age and young mice, we are also comparing 
initial and advanced atherosclerosis.

Figure 46. Characterization of the atherosclerotic injury in the HuAPOB100-tg Ldlr-/- mice. (A) Representative images 
of the Oil Red O staining from the aortic roots. Magnifi cation 50x (scale bar = 200 µm); magnifi cation 100x (scale bar = 100 
µm). Quantifi cation of the percentage of lipid accumulation of the aortic root from the mouse model (B). ORO= Oil Red O; 
H= hematoxylin. 11-weeks (n=6); 46-weeks (n=4).

5.6.2. miR-143-3p and miR-155-5p are altered in mice carotids

 Once we harvested the carotid bifurcation and the common carotids from the mice, we began 
by isolating miRNAs and total RNA, to study the levels of miR-143-3p, miR-155-5p, miR-15a-5p and 
miR-199a-3p. First, we assessed the miRNA alteration in the carotid bifurcation from the 11-weeks 
compared to 46-weeks mice. 
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Figure 47. miR-143-3p is downregulated in the carotid bifurcation and correlates with atherosclerosis severity in mice 
with advanced carotid atherosclerosis. (A) The expression of miR-143-3p was analyzed in the carotid bifurcation of young 
and middle-aged mice by RT-qPCR. (B) By Pearson’s correlation, we set the correlation between miR-143-3p in the carotid 
bifurcation and the % of lipid deposition RQ = relative quantifi cation. 11-weeks (n=6); 46-weeks (n=4). Correlation between 
miR-143-3p and atherosclerosis (n=10).

The carotid bifurcation is an area that develops atherosclerosis easier than the common carotid or the 
aorta. When studying the four miRNAs in these mice, only miR-143-3p was statistically downregulated 
in the carotid bifurcation of mice with advanced atherosclerosis compared with mice with initial 
atherosclerosis (Figure 47A) and correlates with the disease severity (Figure 47B).

Figure 48. miR-143-3p is downregulated in the common carotids and correlates with atherosclerosis severity in mice 
with advanced carotid atherosclerosis. (A) The expression of miR-143-3p was analyzed in the common carotids of young 
and middle-aged mice by RT-qPCR. (B) By Pearson’s correlation, we set the correlation between miR-143-3p in the common 
carotids and the % of lipid deposition. RQ = relative quantifi cation. 11-weeks (n=6); 46-weeks (n=4). Correlation between 
miR-143-3p and atherosclerosis (n=10). 

Then we compared the miRNA expression in common carotids of 11-weeks and 46-weeks mice, where 
miR-143-3p was downregulated (Figure 48A), and miR-155-5p (Figure 49A) was overexpressed, and in 
both cases these miRNAs were correlated with the disease progression (Figure 48B and 49B).
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Figure 49. miR-155-5p is upregulated in the common carotids and correlates with atherosclerosis severity in mice 
with advanced carotid atherosclerosis. (A) The expression of miR-155-5p was studied in the common carotids of young 
and middle-aged mice by RT-qPCR. (B) By Pearson’s correlation, we set the correlation between miR-155-5p levels in the 
common carotids and the % of lipid deposition. RQ = relative quantifi cation. 11-weeks (n=6); 46-weeks (n=4). Correlation 
between miR-155-5p and atherosclerosis (n=10).

In addition, we also wanted to assess if other genes that participate in atherosclerosis development 
were altered, like Ccl2, Il1β; Serpine, Vcam1, Cd68, Arg1, and Nos2. In the carotid bifurcation, there 
was no signifi cant change; but in the common carotids there was a signifi cant increase in Ccl2 (Figure 
50A), Vcam1 (Figure 50D) and Il1β (Figure 50G) levels in the 46-weeks mice. To further delve in the 
possible relationship between miR-143-3p, miR-155-5p and those genes, we performed a Pearson’s 
correlation amongst them. Ccl2 and Vcam1 correlated with miR-143-3p levels (Figure 50B, E) and miR-
155-5p levels (Figure 50C, F), in addition Il1β expression was also related to miR-155-5p (Figure 50H).
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Figure 50. Ccl2, Vcam1 and Il1β are overexpressed in advanced atherosclerosis and correlate with miR-143-3p and miR-
155-5p levels. The expression of Ccl2 (A), Vcam1 (D) and Il1β (G) were analysed in the common carotids of young and middle-
age female mice by RT-qPCR. By a Pearson’s correlation, the expression of Ccl2, Vcam1 and Il1β was correlated to miR-
143-3p levels (B, E) and miR-155-5p levels (C, F and H), respectively. RQ= relative quantifi cation; Ccl2= gene encoding the 
monocyte chemoattractant protein-1; Vcam1= gene encoding the vascular cell adhesion molecule-1; Il1β= gene encoding 
the interleukin-1 beta. 11-weeks (n=6); 46-weeks (n=4). Correlations between miRNAs and mRNA (n=10).

5.6.3. miR-143-3p, miR-155-5p, miR-15a-5p and miR-199a-3p are altered in 
the carotid bifurcation of mice with initial atherosclerosis

 After confi rming that some miRNAs were altered with age and disease severity in the carotid 
bifurcation and common carotids in mice (Figure 47-49). We wanted to compare if there were site-
specifi c diff erences between the common carotid and the carotid bifurcation in young mice.

As a result, miR-155-5p (Figure 51B) was overexpressed and miR-143-3p (Figure 51A), miR-15a-
5p (Figure 51C) and miR-199a-3p (Figure 51D) were downregulated in a site specifi c manner in the 
11-weeks group. Surprisingly, when assessing the expression of the before mentioned genes, only 
Ccl2 was statistically overexpressed in the carotid bifurcation (Figure 52A) correlating with miR-155-
5p levels (Figure 52B) and miR-199a-3p levels (Figure 52C).
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Figure 51. miR-143-3p, miR-155-5p, miR-15a-5p and miR-199a-3p levels are altered in the carotid bifurcation of mice 
with initial atherosclerosis. The expression of miR-143-3p (A), miR-155-5p (B), miR-15a-5p (C) and miR-199a-3p (D) was 
assessed in the common carotids and carotid bifurcation of the 11-weeks mice by RT-qPCR. RQ = relative quantifi cation 
11-weeks (n=6).

Figure 52. Ccl2 is overexpressed in the carotid bifurcation of mice with initial atherosclerosis and correlates with the 
expression of miR-155-5p and miR-199a-3p. The expression of Ccl2 (A) was assessed by RT-qPCR in the common carotids 
and carotid bifurcation of mice with an initial atherosclerosis. By a Pearson’s correlation the expression of Ccl2 was correlated 
with miR-155-5p (B) and miR-199a-3p (C). Ccl2= gene encoding the monocyte chemoattractant protein 1. RQ= relative 
quantifi cation. 11-weeks (n=6). Correlation between Ccl2 and miRNAs (n=10).
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5.6.4. miR-143-3p, miR-155-5p, miR-15a-5p and miR-199a-3p are altered in 
CD3 cells in the spleen of mice with advanced atherosclerosis

 Anton Gisterå’s lab is an expert in the immunological side of atherosclerosis, so we wanted to 
dig deeper into how the miRNAs could modulate the infl ammatory cells in an atherosclerotic process. 
To do so, we harvested the spleen from the 11- and 46-weeks mice and isolated CD3- cells (non-mature 
T cells) and CD3+ cells (mature T cells).

For the fi rst analysis, we wanted to compare the expression of our miRNAs of interest in CD3+ cells 
from 11- and 46-weeks mice, which showed that miR-143-3p was the only one overexpressed in 
advanced atherosclerosis (Figure 53), and the expression of miR-199a-3p was undetectable in these 
cells via RT-qPCR.

Figure 53. miR-143-3p is overexpressed in the 
CD3+ cells from the spleen of mice with advanced 
atherosclerosis. The expression of miR-143-3p was 
studied in the CD3+ cells from the spleen of 11- 
and 46-weeks old mice by RT-qPCR. RQ= relative 
quantifi cation. 11-weeks (n=6); 46-weeks (n=4).

In addition, we wanted to analyse the levels of mRNA for diff erent genes related to T cell (CD3+ positive 
cells) phenotype: Il21 (Figure 54A), Ifng (Figure 54B), Foxp3 (Figure 54C) and Pdcd1 (Figure 54D). All 
of them were upregulated in the CD3+ cells from 46-weeks mice compared to 11-weeks mice. Like in 
other cases, when performing a correlation among gene-miRNAs, Pdcd1 was directly correlated to 
miR-143-3p in the CD3+ cells.
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Figure 54. Il21, Ifng, Foxp3 and Pdcd1 levels are increased in CD3+ cells in mice with advanced atherosclerosis, and the 
last one correlates with miR-143-3p levels. The expression of Il21 (A), Ifng (B), Foxp3 (C) and Pdcd1 (D) was studied in CD3+ 
cells from the spleen of mice with initial or advanced atherosclerosis by RT-qPCR. (E)  We compared by Pearson’s correlation 
the expression of those genes and miR-143-3p and only Pdcd1 showed a signifi cant correlation. RQ= relative quantifi cation; 
Il21= gene encoding the interleukin 21; Ifng= gene encoding the interferon gamma; Foxp3= gene encoding the transcription 
factor Foxp3; Pdcd1= gene encoding the programmed cell death protein 1. 11-weeks (n=6); 46-weeks (n=4). Correlation 
between Pdcd1 and miR 143-3p (n=10).

Then we also wanted to compare the expression of our miRNAs of interest in CD3- cells from our mice 
groups. In this case, miR-143-3p (Figure 55A), and miR-199a-3p levels were overexpressed (Figure 
55B) in advanced atherosclerosis.

Figure 55. miR-143-3p and miR-199a-3p are overexpressed in CD3- cells from the spleen of mice with advanced 
atherosclerosis. The expression of miR-143-3p (A) and miR-199a-3p (B) was analysed in the CD3- cells from the spleen of 
mice with initial or advanced atherosclerosis by RT-qPCR. RQ= relative quantifi cation. 11-weeks (n=6); 46-weeks (n=4).
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Like with the carotids, we wanted to compare the expression of the miRNAs between CD3- and CD3+ 
cells in initial atherosclerosis. This resulted in miR-155-5p (Figure 56A) and miR-15a-5p (Figure 56B) 
being overexpressed in CD3+ cells compared with CD3- cells in young mice with initial atherosclerosis.

Figure 56. miR-155-5p and miR-15a-5p are overexpressed in CD3+ cells from the spleen of mice with initial atherosclerosis. 
The expression of miR-155-5p (A) and miR-15a-5p (B) was analysed in the CD3+ and CD3- cells from the spleen of mice with 
initial atherosclerosis by RT-qPCR. RQ= relative quantifi cation.11-weeks (n=6).

Finally, we wanted to assess if there might be some kind of correlation between miRNAs levels in 
the infl ammatory cells, the carotids, and atherosclerosis progression. For it, we calculated RQ 
values of miR-143-3p from 46-weeks mice referred to 11-weeks mice. miR-143-3p levels in CD3+ 
(Figure 57A, left) or CD3- (Figure 57A, right) cells of carotid bifurcation show an inverse correlation 
with atherosclerosis progression. However, miR-155-5p levels in the common carotid and carotid 
bifurcation in initial atherosclerosis are correlated with the expression of CD3- and CD3+ cells in mice 
with initial atherosclerosis (Figure 57B).

Figure 57. The expression of miR-143-3p and miR-155-p is correlated between CD3 cells and the carotids during 
atherosclerosis development. The expression of miR-143-3p was correlated by Pearson’s correlation between the carotid 
bifurcation, CD3+ cells (A, left) and CD3- cells (A, right) in mice with initial or advanced atherosclerosis. (B) The expression 
of miR-155-5p was correlated by Pearson’s correlation between the common carotid vs. carotid bifurcation, and CD3- vs. 
CD3+ cells in mice with initial atherosclerosis. 11-weeks (n=6); 46-weeks (n=4). Correlation between cells and carotids (n=10).
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After fi nding these correlations, we wanted to study if the eff ects in the tissue may be because there 
was an increase in T cells (CD3+ cells) in the actual atherosclerotic injuries. To answer that question, 
we performed an immunofl uorescence against CD4+, CD8+ and CD3+ (Figure 58A), but there was no 
diff erence in the deposition of T cells between 11- or 46-week-old mice. However, there were more 
CD8+ cells in the 46-weeks group if compared with CD4+ cells in the 11-weeks one (Figure 58B and C). 
However, thanks to the DAPI staining in the aortic root, we were able to identify a fi brotic cap in the 
advanced atherosclerotic injuries combined with a necrotic core.

Figure 58. There are T cells in the atherosclerotic injury in the aortic roots in initial and advanced atherosclerosis. (A)  
To assess the T cell infi ltration in the atherosclerotic injury, an immunofl uorescence for CD8+, CD4+, and CD3+ cells were 
done in the aortic root of 11 and 46-weeks mice. Representative images of the immunofl uorescence are shown. The CD8+ 
cells and CD4+ cells (B) and CD3+ cells (C) were counted in the initial and advanced atherosclerosis groups. 11-weeks (n=6); 
46-weeks (n=4).

122

Results



5.7. Identifi cation of miRNAs as potential non-invasive biomarkers 
for advanced atherosclerosis

5.7.1. Profi le of miRNAs in the plasma of the mouse model of atherosclerosis

 miRNAs are soluble in the blood where they are mobilized inside exosomes. We wanted to 
study if the expression of our miRNAs of interest was altered in the mouse model of atherosclerosis, 
so we took the plasma from three groups of 18 weeks of diet and isolate miRNAs from them.

We fi rst precipitated extracellular vesicles from the plasma and to assess if the vesicles were enriched 
in exosomes, we performed a Western blot of specifi c markers from the exosome’s extracellular 
membrane like CD63 antigen and CD81 antigen and the absence of Golgi subfamily A member 2 
(GM130), a specifi c marker from the surface of vesicles from the endoplasmic reticulum (Figure 59). 
We also used a cellular control from hepatocytes lines (Huh7 lysate) that is enriched in GM130 while 
poor in CD63 and CD81 (Figure 59).

Figure 59. The plasma extracellular vesicles from our mice groups are enriched in exosomes. 
Representative images from the Western blot of exosomal positive markers like CD63 and CD81, 
and the negative marker GM130. All were compared to a control sample that is positive for GM130 
and poor in exosomal markers. WT= wild-type; STD= standard type diet; ApoE-/-= apolipoprotein E 
defi cient mice; HFD= high-fat diet. WT STD (n=1); ApoE-/- STD (n=5); ApoE-/- HFD (n=5).

After confi rming that the extracellular vesicles isolated were enriched in exosomes, we isolated the 
miRNAs and quantifi ed the expression of miR-143-3p (Figure 60A), miR-155-5p (Figure 60B), miR-15a-
5p (Figure 60C) and miR-199a-3p (Figure 60D), but there was no alteration in the levels of the miRNAs 
between the groups.
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Figure 60. Study of miRNAs expression in the plasma of the experimental model of atherosclerosis. The exosomes from 
the plasma of three groups of 18 weeks of diet were precipitated and miRNAs were isolated from them. The expression 
of miR-143-3p (A), miR-155-5p (B), miR-15a-5p (C) and miR-199a-3p (D) was analyzed by RT-qPCR. WT= wild-type; STD = 
standard type diet; ApoE-/-= apolipoprotein E defi cient mice; HFD= high-fat diet; RQ= relative quantifi cation. WT STD (n=7); 
ApoE-/- STD (n=6); ApoE-/- HFD (n=6).

5.7.2. miR-143-3p, miR-15a-5p and miR-199a-3p are potential biomarkers for 
advanced carotid atherosclerosis

 Even though the miRNAs studied were not altered in the plasma from our mouse model of 
atherosclerosis, we were interested in studying if they were altered in human atherosclerosis and 
might be potential diagnostic biomarkers for advanced atherosclerosis. We isolated miRNAs from 
plasma extracellular vesicles (EVs) from patients with ACA and Controls without atherosclerosis (Table 
5). 
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ACA Patients
(Exosomes) (n=29)

Age, years 67 ± 10

Biological sex (male/female), % 72.4% / 27.6 %

BMI (Kg/m2) 28.8 ± 4.8

Diabetes mellitus, % 34.5 %

Hypertension, % 75.8 %

Coronary artery disease, % 100 %

Current smoking, % 27.6 %

Table 5. Clinical characteristics of patients bearing advanced 
carotid atherosclerosis (ACA).

To confi rm whether the isolated EVs from plasma were enriched in exosomes, we analysed the 
presence of the exosome markers CD63 antigen and CD81 antigen and the absence of GM130. We did 
not fi nd GM130 in the isolated EVs compared to positive controls (HUVECs lysate or Huh7 lysate) but 
we did fi nd CD63 and CD81 expression (Figure 61A and B). In addition, we obtained that the diameter 
of the isolated EVs measured by DLS was between 10 and 106 nm, most exosomes having a diameter 
of 21.04–50.8 nm (Figure 62).

Figure 61. The isolated plasma extracellular vesicles are enriched in exosomes. Representative images from the Western 
blot of exosomal positive markers like CD63 and CD81, and the negative marker GM130. All were compared to a cellular 
control (Huh7 (A) or HUVECs (B) lysates) that is positive for GM130 and lacks exosomal markers (A-B). CAs= control aortas; 
ACA= advanced carotid atherosclerosis; HUVECs= human umbilical vein endotelial cells. CAs (n=5); ACA (n=10).
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Figure 62. Characterization of size of extracellular vesicles isolated from plasma from patients with advanced carotid 
atherosclerosis. The size from the extracellular vesicles precipitated from the plasma of patients with ACA have mostly the 
size of exosomes. To further confi rm that our extracellular vesicles were enriched in exosomes, we performed a dynamic 
light scattering analysis of each sample, here we represent the graphs from the size of the particles. These graphs represent 
the mean of 5 measurements of each sample.

After that, we isolated the miRNAs from EVs in control as well as in ACA patients. By RT-qPCR, we 
analyzed the expression of miR-143-3p, miR-155-5p, miR-15a-5p and miR-199a-3p. The levels of miR-
143-3p were downregulated in the plasma from ACA patients (Figure 63A). In contrast, the levels of 
miR-15a-5p (Figure 63C) and miR-199a-3p (Figure 63D) were upregulated, while miR-155-5p showed 
no diff erences (Figure 63B).

Lastly, a receiver operating characteristic analysis curve (ROC) was performed to propose the altered 
miRNAs as possible non invasive biomarkers of advanced atherosclerosis (Figure 64). During this 
analysis diff erent parameters were studied like the area under the curve (A.U.C.), that has a value 
between 0.0 and 1.1, and the closer this value is from 1, the better the proposed biomarker is; there are 
also two percentages: sensitivity, is the number of patients with ACA that you are able to discriminate 
as such, and the specifi city is the number of healthy subjects that you are able to discriminate as 
such with accuracy depending on the variable that you are analysing, in this case depending on the 
expression of miRNA in CAs vs. ACA patients.
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Figure 63. Study of miR-143-3p, miR-155-5p, miR-15a-5p and miR-199a-3p expression in the plasma of ACA patients. 
The exosomal expression of miR-143-3p (A), miR-155-5p (B), miR-15a-5p (C) and miR-199a-3p (D) was assessed by RT-qPCR. 
CAs= control aortas; ACA= advanced carotid atherosclerosis; RQ=relative quantifi cation. CAs (n=6-13); ACA (n=28).

This study showed that all the altered miRNAs (miR-143-3p, miR-15a-5p and miR-199a-3p) could be 
potential biomarkers of the disease, having a signifi cant diff erence in expression between control and 
ACA patients (Figure 64).
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Figure 64. ROC curve representation of the diff erent miRNAs from the plasma of the patients. Here we combined all 
the ROC curves that resulted from the analysis of the plasmatic miRNAs as biomarkers. The curve for individual miRNAs 
is represented by dashed lines and the combination of miRNAs by normal lines with symbols. The curve for miR-143-3p is 
coloured in red; miR-15a-5p is coloured in blue, miR-199a-3p is coloured in green; the combination of miR-15a-5p and miR-
199a-3p is coloured in purple with square symbols. 

In the case of miR-15a-5p and miR-199a-3p, that are overexpressed in ACA patients, we studied if the 
combination of the miRNAs would be better than individually, so we performed ROC analysis for miR-
15a-5p and miR-199a-3p. Interestingly, the combination of the two miRNAs had a slight worst A.U.C. 
than individually, (Table 6), even though this combination had a more signifi cant p value.

Model A.U.C. (95% CI) Sens % Spec % H-L p value

miR-143-3p 0.7940 (0.64, 0.95) 71.43 84.62 <0.343 0.0027

miR-15a-5p 0.8951 (0.72, 0.96) 88.89 83.33 >1.278 0.0028

miR-199a-3p 0.7895 (0.57, 0.92) 78.95 60.00 >2.485 0.0506

miR-15a-5p + miR-199a-3p 0.8458 (0.74,0.94) 86.96 72.73 >1.351 0.0004

Table 6. Results from the ROC analysis of the diff erentially expressed miRNAs in ACA patient’s plasma. In this 
table all the ROC analysis parameters are shown, area under the curve (A.U.C.) with the 95% confi dent interval 
(95% CI), the sensitivity (Sens %) and specifi city (Spec %) percentages, the high-low limit (H-L) which informs the 
value of expression of the miRNA that can discriminate between the most CAs and ACA patients, and the p value.

Once confi rmed as potential non-invasive biomarkers of advanced atherosclerosis, we performed 
diff erent assessments of the circulating levels of miRNAs and clinical characteristics. As we had 
previously obtained that miR-155-5p levels in carotid plaque is higher in diabetic patients, we also 
evaluated this relationship in the circulating levels of the four miRNAs studied. The expression of 
miR-143-3p was decreased in both diabetic or non-diabetic ACA patients compared to control (Figure 
65A); miR-155-5p (Figure 65B) and miR 199a 3p (Figure 65D) showed no diff erence among diabetic 
or non-diabetic ACA patients; and lastly, the levels of miR-15a-5p (Figure 65C) were only increased in 
non-diabetic patients compared with the CAs.
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Figure 65. Analysis of circulating miRNAs expression in ACA patients with or without diabetes. Patients with ACA 
were separated in diabetic and non-diabetic according to their clinical information and (A) miR-143-3p, (B) miR-155-5p, (C) 
miR-15a-5p and (D) miR-199a-3p expression was quantifi ed using RT-qPCR in plasma samples. CAs= control aortas; ACA= 
advanced carotid atherosclerosis; RQ = relative quantifi cation. CAs (n=13); ACA (non-diabetic (n=17); ACA diabetic (n=10).

Finally, the ACA patients were grouped by their biological sex, but only miR-15a-5p and miR-199a-3p 
showed some kind of diff erential profi le. The expression of miR-15a-5p was increased in women with 
advanced carotid atherosclerosis when compared to controls (Figure 66A); while miR-199a-3p was 
increased in women if compared with controls and men patients (Figure 66B).
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Figure 66. Analysis of miR-15a-5p and miR-199a-3p in the plasma of the patients with advanced atherosclerosis 
according to their biological sex. The patients with ACA were grouped by their biological sex, and the expression of miR-
15a-5p (A) and miR-199a-3p (B) was assessed by RT-qPCR. CAs=control aortas; ACA= advanced carotid atherosclerosis; RQ= 
relative quantifi cation. CAs (n=6); ACA (women (n=8)); ACA (men (n=19)).
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“Para algunos, la vida es galopar
por un camino empedrado 
de horas, minutos y segundos,
yo, que más humilde soy,
solo quiero que la ola que surge 
del último suspiro de un segundo,
me transporte mecido
hasta el siguiente”

                                          -Salir, Extremoduro
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6. DISCUSSION

 The underlying pathology behind many cardiovascular diseases is atherosclerosis, a 
pathological process aff ecting large and medium-sized arteries with many contributing factors: 
endothelial dysfunction, VSMCs and macrophage phenotype-switching, lymphocyte infi ltration, 
infl ammation, oxidative stress, cell apoptosis, cell proliferation, and miRNA dysregulation, are all 
examples of factors that can promote atherosclerosis progression and the development of disease 
manifestations such as stroke or myocardial infarction (163,170–173). In our studies, we confi rmed that 
several miRNAs were altered during atherosclerosis progression in early and advanced experimental 
atherosclerosis as well as in humans with advanced carotid atherosclerosis. This led us to a focused 
interest in miR-143-3p, miR-155-5p, miR-15a-5p, and miR-199a-3p.

6.1. miR-143-3p is dysregulated during atherosclerosis progression

 At atherosclerosis-prone sites in the vasculature, apoptosis of endothelial and VSMCs can 
promote the progression of the disease (174). In line with this, miRNAs levels can be altered, not only as 
a consequence of the disease but can be causative in modulating pro-atherosclerotic mechanisms like 
apoptosis (175). In our work, we propose that the dysregulation of miR-143-3p during atherosclerosis 
may increase apoptosis of vascular cells leading to the progression of the disease.

miR-143-3p is dysregulated in diff erent diseases like cancer, e.g. downregulation of the miRNA in 
hepatocellular carcinoma cells modulates their growth and apoptosis by targeting the fi broblast 
growth factor 1 (176); Alzheimer’s disease, where miR-143-3p is downregulated promoting Tau protein 
phosphorylation by targeting the death-associated protein kinase 1 (177); and acute myocardial 
infarction, where miR 143-3p is also downregulated and its expression can be restored by skeletal 
myoblast transplantation treatment (178).

When discussing the available scientifi c literature on miR-143-3p in atherosclerosis, a large part of the 
bibliography is contradictory regarding the cluster formed by miR-143/miR-145, or only miR-143. Many 
references do not specify if it is the 3p or 5p sequence. It is known that the miR-143/miR-145 cluster 
is crucial for the correct function and phenotype of VSMCs. Several publications state that increased 
expression of both miR-143/miR-145 promotes the contractile phenotype of VSMCs while decreases 
the proliferative phenotype (179,180). In this direction, some authors state that the ablation of miR-
143/miR-145 increases atherosclerotic injuries in several mouse models (181). However, other studies 
have given a protective role to the miR-143/miR-145 cluster, Ldlr−/− mice also defi cient in the miR-143/
miR-145 cluster, showed less atherosclerosis (182). In addition, other authors have shown that miR-
143 seems to be increased in human atherosclerotic injuries and endothelial cell dysfunction altering 
endothelial glycolysis (183). In our case, we show a decreased expression of miR-143-3p throughout 
our experimental and human atherosclerosis studies. Taken together, this is indicative that miR-143 
confers protection for the malady.

Another point that is important in the atherosclerosis development is the age and the location of the 
plaque. Age is indeed the most prominent risk factor for having larger plaques (184). Regarding the 
location in the vasculature, low-shear stress areas with a turbulent fl ow, like the carotid bifurcation or 
the lesser curvature of the aorta, develop atherosclerosis faster than other areas with high-shear stress 
and laminar fl ow like the internal mammary arteries, or the common carotids. Most of the studies 
done in humans investigate carotid atherosclerosis while in mice it is more common to investigate 
atherosclerosis in the aorta, specifi cally in aortic roots where they develop the maximum lesion (185). 
We found that miR-143-3p was downregulated in the whole aorta and carotid bifurcation of young mice 
with initial atherosclerosis development, as well as in the carotid bifurcation and common carotids of 
“middle-aged” HuBL mice with 46-weeks-of-age that showed advanced atherosclerosis. In addition, 
miR-143-3p was downregulated in the carotid plaques of patients with advanced atherosclerosis as
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compared with subjects without atherosclerosis or with early aortic atherosclerosis. We compared 
the miRNA expression in the aorta and carotids because even though the aorta and the carotids are 
very diff erent anatomically and size-wise, the miRNA expression between the thoracic aorta and the 
carotids is very similar and comparable, only showing diff erences with the femoral aorta (186). In our 
case, we were able to correlate the expression of miR-143-3p in the aorta and carotids of our mouse 
models and the severity of the atherosclerotic injury. Similarly, the expression of other miRNAs such 
as miR-33a and miR-33b has also been related to atherosclerosis progression (187).

Next, we used miRNA-target interaction databases to select targets of miR-143-3p that may be 
promoting atherosclerosis. We selected the IGF-IIR since this protein has been confi rmed as a target 
of miR-143-3p in the metabolic syndrome (188), but not atherosclerosis. In our experimental model 
of atherosclerosis, HFD-fed ApoE−/−  mice showed lower miR-143-3p expression and a consequent 
increase in IGF-IIR expression (although the diff erence observed in the IGF-IIR was not statistically 
signifi cant). In the same way, we obtained a signifi cant decrease of the IGF-IIR in HUVECs and VSMCs 
after overexpressing the miR-143-3p using mimics. In addition, previous results from our group showed 
that IGF-IIR was overexpressed in the shoulder area of carotid plaques from patients with advanced 
atherosclerosis (141). For a long time, IGF-IIR only served as a plasmatic and tissue regulator of IGF-II, 
that participated in tissue growth (22). In this line, we found that there was an increase in the plasmatic 
expression of IGF-IIR that correlated with a decrease in IGF-II after 18 weeks of HFD in our ApoE−/−

mouse model, but more investigation is needed to assess how this is related to atherosclerosis. 

Nowadays, it is confi rmed that IGF-IIR has a G protein activity when IGF-II is coupled to the receptor 
(132), but the pathway and eff ects of this activation need to be fully elucidated. It is confi rmed that 
IGF-IIR decreases cardiomyocyte viability by activating the ERK1/2 cascade and increasing mitophagy 
and Bcl-2 phosphorylation (189). Other studies performed in cardiomyocytes confi rm IGF-IIR as a 
promoter of apoptosis. Ang-II via the activation of jun kinase 1, promotes the degradation of sirtuin-1 
and the heat-shock transcription factor 1 that in normal conditions impairs the transcription of IGF-
IIR, protecting the cardiomyocytes; but an increase in IGF-IIR augments the caspase-3 activity and 
apoptosis in those cells (133). In agreement with those results, previous studies from our group 
demonstrated that the upregulation of IGF-IIR in atherosclerotic lesions could contribute to plaque 
instability by two potential mechanisms: reducing IGF-II bioavailability and thereby less eff ect on cell 
survival, or increasing apoptosis of plaque-resident cells (141). Moreover, miR-143-3p has been shown 
to modulate apoptosis not only in cardiomyocytes but in astrocytes, and bladder carcinoma cells 
(190–192). Taking all this data into consideration, we wanted to assess if an increase in miR-143-3p 
may protect HUVECs and VSMCs from apoptosis. Our results show that miR-143-3p overexpression 
reduced the apoptosis in both cell types in the presence of pro-apoptotic signals. For these reasons, 
we propose a protective role of miR-143-3p in atherosclerosis progression by modulating IGF-IIR and 
apoptosis, but the exact pathway remains to be elucidated (Figure XIV).

The atherosclerosis process in experimental models has been associated with the development of 
germinal centres in the spleen, and the foundation of T-cell-dependent humoral responses leading 
to the production of high-affi  nity antibodies (193,194). Since the systemic implications of miRNA 
dysregulation in atherosclerosis are not thoroughly explored, we wanted to study if miR-143-3p 
was altered in the spleen of mice during atherosclerosis progression. To do so, we sorted CD3+ cells 
(mature T cells) and CD3- cells (B cells, and others) from the spleen of the HuBL mice. This revealed 
that miR-143-3p was overexpressed in CD3+ cells and CD3- cells from the spleen of mice with advanced 
atherosclerosis as compared to controls. There are very few publications about the expression of miR-
143 3p in CD3+ or CD3- cells and the eff ects of this miRNA in these cells. One study has shown that 
miR-143-3p is downregulated in CD3+ cytokine-induced killer cells that upregulate TNFα and IFNγ in 
oncogenic mouse models (195).
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Due to the lack of literature on this topic, we wanted to delve into the phenotype of the CD3+ cells 
from mice with advanced atherosclerosis and observe correlations to miR-143-3p. The splenic CD3+ 
T cells showed an increase in the mRNA of Il21, Ifng, Foxp3, and Pdcd1. Interestingly, only Pdcd1 
levels, encoding PD-1 (programmed cell death protein-1), positively correlated with miR-143-3p. 
IFNγ (encoded by Ifng) is the hallmark cytokine of Th1 responses that may lead to plaque rupture 
and instability (78), while Foxp3 is expressed in Treg cells that are atheroprotective. PD-1 is an 
immune checkpoint molecule and is considered a T cell exhaustion marker in chronic infections. It 
is also expressed in activated CD8+ T cells in atherosclerosis and blocking PD-1 could increase the 
production of pro-atherogenic cytokines (196). Our transcriptional profi ling of the CD3+ cells in 
mice with advanced atherosclerosis indicates that these T cells are more atherogenic and shows an 
increase in miR-143-3p levels, however, to assess the implications in atherosclerosis development, 
further functional investigations are needed.

Surprisingly, we were able to inversely correlate the expression of miR-143-3p during atherosclerosis 
progression in the carotid bifurcation of HuBL mice with the expression of the miRNA in both CD3+
and CD3- cells. This indicates that these processes are intertwined or commonly regulated by organ 
crosstalk. Pro-infl ammatory molecules like MCP-1 and adhesion molecules like VCAM-1 that promote 
lymphocyte infi ltration in the vessel wall are upregulated during atherosclerosis development 
(197,198). In line with this, we found that the mRNAs for Ccl2 (encoding MCP-1) and Vcam1 (encoding 
VCAM-1) were increased in the common carotids of 46-week HuBL mice with advanced atherosclerosis. 
The expression of these miRNAs was inversely correlated with the expression of miR-143-3p. This 
reaffi  rms their opposing roles in atherosclerosis, known from the literature. Taken together, further 
investigations into how the expression of miR-143-3p in immune eff ector cells and the carotids aff ects 
the progression of the disease are warranted.

Even if MCP-1 and VCAM-1 do not appear as possible targets in any miRNA-target databases, a recent 
report by Xiong et al. showed that an increase of miR-143-3p levels in cardiomyocytes protects against 
apoptosis, and an increase in VCAM-1 and ICAM-1 expression by modulating the neuropeptide Y and 
the circular RNA mmu_circ_0000021 expression (199). Zhou et al. also stated that an increase in miR-
143-3p decreased the expression of MCP 1 via the modulation of GLUT9, a target of miR-143-3p in 
renal tubular epithelial cells (200). This indicates that a decrease in miR-143-3p may indirectly increase 
Ccl2 and Vcam1 in the carotids, but a proper investigation in VSMCs and endothelial cells is still needed 
to confi rm this. To assess T cell infi ltration in the atherosclerotic plaques, we performed an IF for the T 
cell markers CD8, CD4, and CD3, fi nding no obvious increase in lymphocyte infi ltration between initial 
and advanced atherosclerosis. A small sample size and technical issues obstructed further conclusions 
regarding these data. Consistent with previous reports, there was a high infi ltration of CD8+ cells in 
the plaques as compared to CD4+ cells (13). Nonetheless, the eff ect of CD4+ cells might be more 
prominent (201) compared to CD8+ cells in the atherosclerotic plaques of HuBL mice (202).
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Figure XIV. Representation of miR-143-3p dysregulation in atherosclerosis. Atherosclerosis progression is represented 
with VSMCs migration; monocytes, macrophage, T and B-cell infi ltration; the infi ltration and oxidation of LDL, VSMCs 
phenotype switching, the formation of foam cells and necrotic core. In addition, the zoomed-in area represents the eff ect 
of miR-143-3p in VSMCs and endothelial cell apoptosis, where it acts by diminishing the expression of IGF-IIR that decreases 
caspase-3 activation and therefore apoptosis; also, other proteins like MCP 1, and VCAM-1 are indirectly correlated with 
the expression of the miRNA; the illustration also shows the increase in PD-1 in T-cells that correlates with the expression 
of miR-143-3p. Dashed lines represent unknown or unconfi rmed molecular eff ects, while continued lines represent known 
or confi rmed eff ects from one molecule to the other. Red lines represent inhibition and green lines activation by the miR-
143-3p. Black lines represent the direction of the signalling pathway. IGF-II= insulin-like growth factor type-2, IGF-IIR= 
IGF-II receptor, LDL= low-density lipoprotein, Ox-LDL= oxidized LDL, PD-1= programmed cell death protein 1, MCP-1= 
monocyte chemoattractant protein-1, VCAM-1= vascular cell adhesion molecule-1, VSMCs= vascular smooth muscle cells.
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6.2. miR-155-5p is increased during atherosclerosis development

 Metabolic syndrome is a cluster of conditions that occur together, increasing the risk of 
cardiovascular diseases and type 2 diabetes. Its components, obesity, hypertension, dyslipidemia, 
and elevated blood glucose are considered risk factors for atherosclerosis (203). However, the exact 
relation between glucose levels, insulin resistance, and atherosclerosis remains unknown (140). In this 
sense, miRNAs could potentially be a link between the vasculature that directly modulates targets in 
the insulin pathway. This is why we wanted to assess how the dysregulation of miR-155-5p may aff ect 
insulin resistance and related pathways in an atherosclerotic context.

miR-155-5p seems to play a controversial role in atherosclerosis and the most plausible explanation 
might be that the function of miR-155-5p depends on the phase of atherosclerosis. Thus, miR-155-5p 
could delay atherosclerosis development in the early phases, while it could promote its progression 
in advanced stages (204,205). Some reports suggest that this miRNA is increased in patients with 
advanced carotid atherosclerosis (206) while others suggest that is downregulated (207). In addition, 
some authors indicate that a decrease in miR-155-5p expression can be protective to restore 
endothelial function by inhibiting lipid uptake and infl ammation in macrophages (208,209), while 
others propose that a decrease in miR-155-5p could be protective by limiting foam cell formation by 
targeting proteins like the scavenger receptor CD36 or by decreasing cell proliferation of HUVECs 
and VSMCs (207,210). Moreover, studies using macrophages as a model for advanced atherosclerosis, 
demonstrated that a treatment using antagomiR-155 attenuated atherosclerosis development and 
progression (211). Similarly, lower plaque sizes were observed in ApoE−/− mice with a leukocyte 
specifi c miR-155 defi ciency (212) or in ApoE−/− miR-155−/− double knockout mice (213). However, there 
is indeed more bibliography that proposes miR-155-5p to be a promoter of atherosclerosis rather than 
a protector. Our results are more in tune with the fi rst option since we found that miR-155-5p was 
overexpressed in the whole aorta and carotid bifurcation of mice with early atherosclerosis as well as 
the common carotids of 46-week-old mice with advanced atherosclerosis. Moreover, an upregulation 
was also observed in the carotid plaques of patients with advanced atherosclerosis; and the expression 
of miR-155-5p positively correlated with atherosclerosis progression in ApoE−/− and HuBL mice.

After screening miRNA-target databases we decided to study: AKT, eNOS, and p85α. AKT and p85α are 
confi rmed targets of miR-155-5p (207,214). We also obtained a decrease in AKT and p85α expression 
after induction of miR-155-5p in VSMCs. However, the direct interaction between NOS3 (encoding 
eNOS) and miR-155-5p is not confi rmed yet via dual luciferase assays, even though it is confi rmed that 
eNOS protein levels are regulated by miR-155-5p (215,216). In line with this, we observed a decrease 
in AKT and eNOS protein levels after the induction of miR-155-5p expression in HUVECs. 

Prior to the in vitro assays, we could show that AKT was decreased in the whole aorta of ApoE−/−

mice after 18 weeks of high fat diet as well as in the patients with advanced carotid atherosclerosis 
when compared with control arteries. AKT protein levels were negatively correlated with the levels 
of miR-155-5p. AKT promotes proliferation and survival of VSMCs and ECs during atherosclerosis 
(207,217,218). AKT levels were higher in fi bro-lipidic plaques, representing an early stage of the 
disease, as compared to advanced carotid atherosclerosis. In initial plaque formation, there is more 
VSMCs proliferation and migration, and AKT is generally increased during these processes (207). 
In contrast, in more advanced plaque stages there is an increase in vascular cell apoptosis where 
AKT is decreased (219). AKT is not only involved in cell survival and apoptosis but it is also crucial 
for other pathways like the insulin response pathway (21). We studied insulin responses in the aorta 
from 18-weeks mice and only the mice fed a HFD showed a lack of insulin response measured by 
phosphorylation of AKT in S473. Measuring the phosphorylation of this residue is one of the main 
ways to assess insulin signalling and the approach has been validated by diff erent authors (220–222). 
In our case, we confi rmed that the increased expression of miR-155-5p in VSMCs decreased AKT levels 
and phosphorylated-S473 after insulin stimulation. We propose that the increase of miR-155-5p could 
be inducing vascular insulin resistance in atherosclerosis by decreasing AKT.
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miR-155-5p is widely known as a modulator of infl ammation and cellular lipid accumulation. As it has 
been previously shown, miR-155-5p promotes white adipocyte diff erentiation and inhibits brown/
beige phenotypes. Therefore, a decrease of this miRNA has been proposed as a protective mechanism 
against obesity (223). In addition, the accumulation of white adipose tissue in patients is related to an 
impairment in the PI3K/AKT pathway and the risk of the development of type 2 diabetes and CVDs 
that correlates with the increase in BMI (224,225). We studied associations with BMI in miR-155-5p and 
AKT expression in human vascular samples and we could show an increase in miR-155-5p expression 
and a decrease in AKT expression that correlated with BMI. In addition, we wanted to study if the 
expression of the miRNA was related to other clinical characteristics of the patients with advanced 
carotid atherosclerosis, such as symptomatology and type 2 diabetes. In both cases, patients with 
type 2 diabetes and symptomatic plaques showed higher expression of miR-155-5p. Taking into 
account that the transcription of miR-155-5p is driven by infl ammation (215) and that symptomatic 
plaques (226), diabetic (227) and obese (225) patients have higher infl ammation, this could be a likely 
explanation for the increase in miR-155-5p expression, but further experiments are needed to confi rm 
this (Figure XV).

Lastly, we obtained an increase in miR-155-5p in the common carotids of HuBL mice with advanced 
atherosclerosis that positively correlated with an increase in Ccl2, Vcam1, and Il1β mRNA levels. As 
previously stated, Ccl2 and Vcam1 are increased in advanced atherosclerosis which is also the case for 
Il1β (228). These miRNAs do not appear to be targeted by miR-155-5p, but there is an increase in Ccl2
(encoding MCP-1), Vcam1, Il1β, and miR-155-5p in response to NF-κB (229), and this infl ammatory 
pathway is increased in atherosclerosis (230–232). Therefore, this increase in miR-155-5p, Ccl2, Vcam1,
and Il1β in advanced atherosclerosis may be due to an increase in NF-κB. In this sense, it has been 
reported that NF-κB-p65 interacts with the promoter site of miR-155, and thus NF-κB activation 
promotes miR-155 transcription (233). In this regard, the overexpression of miR-155-5p observed 
in advanced atherosclerosis could be induced by NF-κB activation itself since some groups have 
described a signifi cant NF-κB activation in advanced carotid atherosclerosis (234,235) as well as in 
aortic root from ApoE−/− mice under HFD (236), both similar to the samples used by us.

Nevertheless, increased Ccl2 and Vcam1 promote the infi ltration of leukocytes in the vascular wall 
(146), so we studied the expression of miR-155-5p in the CD3+ and CD3- cell populations from the spleen 
of the HuBL mice, this miRNA was increased in the CD3+ cells from mice with initial atherosclerosis 
compared with CD3- cells, and the expression positively correlated with the expression of miR-155-5p 
in the carotid bifurcation compared with the common carotids. miRNAs also serve as signals between 
cell types in diff erent diseases (237). Specifi cally, miR-155-5p has been studied as an exosomal signal 
from diff erent types of T cells. Th17-derived miR-155-5p increases infl ammation and aggravates 
systemic sclerosis (238). miR-155-5p could also activate CD8+ cells to decrease tumor growth in 
ovarian cancer (239) and promote macrophage polarization to an M1-like phenotype (240). Hence, 
the increase in miR-155-5p in the carotid bifurcation could be due to miR-155-5p-enriched exosomes 
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Figure XV. Representation of miR-155-5p dysregulation in atherosclerosis. The fi rst steps in atherosclerosis are 
represented by VSMCs migration; monocytes, macrophage, T- and B-cell infi ltration; the oxidation of LDL, and VSMCs 
phenotype switching. In addition, the zoomed-in area represents the eff ect of miR-155-5p in VSMCs, where it acts by 
diminishing the expression of AKT and p85α to decrease insulin response; also, other proteins like MCP-1, IL-1β, and VCAM-
1 are directly correlated with the expression of the miRNA; and in HUVECs where miR-155-5p also diminishes eNOS. Dashed 
lines represent unknown or unconfi rmed relationships between molecules, and continued lines known or confi rmed eff ects 
between molecules. Red lines represent inhibition and green lines activation by miR-155-5p. Black lines represent the direction 
of the signalling pathway. AKT= protein kinase B, p85α= phosphoinositide-3-Kinase Regulatory Subunit 1, LDL= low-density 
lipoprotein, Ox-LDL= oxidized LDL, eNOS= endothelial nitric oxide synthase, MCP-1= monocyte chemoattractant protein-1, 
VCAM-1= vascular cell adhesion molecule-1, IL-1β= interleukin-1 beta, VSMCs= vascular smooth muscle cells, S473= serine 473.  
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6.3. miR-15a-5p and miR-199a-3p downregulation and the promotion of                           
atherosclerosis

 The redefi nition of atherosclerosis as an infl ammatory disease at the end of the last century 
challenged the old paradigm of it being solely a lipid dysfunction-driven disease (241). Lifestyle choices 
such as diet, stress, smoking, etc. have been proposed as modulators of infl ammation (242,243). 
On a molecular scale, miRNAs have been postulated as important modulators of infl ammation and 
atherosclerosis (160). Here we propose the downregulation of miR-15a-5p and miR-199a-3p in vascular 
tissues during atherosclerosis as a potential cause for increased infl ammation and atherosclerosis 
progression.

Most of the investigation regarding miR-15a-5p (244,245) and miR-199a-3p (246,247) has been done 
in diff erent types of cancer. We observed a decrease in miR-15a-5p and miR-199a-3p expression in 
the aorta and carotid bifurcation of ApoE−/− and HuBL mice with initial atherosclerotic injuries, 
respectively; we also found that both miRNAs were downregulated in patients with advanced 
carotid atherosclerosis. There is little known about how miR-15a-5p directly aff ects atherosclerosis 
and the few reports contain confl icting information. It has been proposed to inhibit chemokine (C 
X3 C motif) unique ligand 1- increasing infl ammation in endothelial cells (248), and also to promote 
VSMCs proliferation and migration by inhibiting Bcl-2 and increasing MCP-1 and MMP-9. There are 
a few more reports on miR-199a-3p and atherosclerosis but they contain somewhat confl icting data 
as well. miR-199a-3p was decreased in ApoE−/− mice after 12 weeks of HFD and seems to protect 
against foam cell formation in macrophages and VSMCs proliferation and migration (249,250), but 
in the endothelium, an increase in miR-199a-3p levels seem to promote endothelial dysfunction by 
decreasing NO availability (251). The mediated eff ects seem to be cell and context dependent.

Similar to our previous approach, we searched in miRNA-target databases to select potential or 
confi rmed targets for miR-15a-5p and miR-199a-3p that could modulate atherosclerosis. We selected 
targets related to infl ammation, cell survival, and/or lipid uptake. For miR-15a-5p we chose IKKα, 
IKKβ, mTOR and LOX-1; and for miR-199a-3p, IKKβ, p65 and mTOR. In this case, we focused on 
studying these targets related to infl ammation in the experimental model and the human samples. In 
mice, IKKα, IKKβ, and p65 were increased in the aorta, and the latter two were also increased in the 
endothelial cells and VSMCs from the aortic root of the mice submitted to 18-weeks of HFD, while 
IκBα was decreased. Similarly in humans, IKKα, IKKβ, and p65 were increased in the carotid samples 
from patients with advanced carotid atherosclerosis, and the expression was inversely correlated 
with miR-15a-5p expression. In the literature, IKKα has been confi rmed as a target of miR-15a-5p 
(252); while IKKβ (253,254) and mTOR (255) are confi rmed targets for miR-199a-3p. In line with this, 
increased miR-15a-5p levels decreased IKKβ and p65 expression in HUVECs and VSMCs, IKKα in 
HUVECs, and mTOR and LOX-1 in VSMCs. Increasing miR-199a-3p levels correlated with decreased 
IKKβ expression in HUVECs and VSMCs, p65 and IκBα in HUVECs, and mTOR in VSMCs. To further 
confi rm this miRNA-mRNA interaction, dual-luciferase assays were performed and confi rmed IKKα as 
a target of miR-15a-5p, IKKβ as a target for miR-15a-5p and miR-199a-3p, but not p65 as a target for 
miR-199a-3p. Nonetheless, Zeng et al. have previously shown that p65 could modulate the expression 
of miR-199a-3p (256).

As IKKα, IKKβ, and p65 are part of the NF-κB pathway, we wanted to assess how miR-15a-5p and miR-
199a-3p may modulate this pathway in HUVECs and VSMCs. Diff erent studies have already defi ned 
miR-15a-5p as a modulator of the NF-κB pathway. Decreased miR-15a-5p increases NF-κB activation 
in macrophages (257); hippocampal neurons (258); retina (using a specifi c deletion of miR-15a/miR-16 
in vascular endothelial cells) (259); and chondrocytes (260). Similar eff ects are seen with miR-199a-3p, 
a decrease in this miRNA has been shown to promote NF-κB signalling in kidney cells (254), cervical 
epithelial cells (261), and bovine mammary epithelial cells (262). In line with these results, we obtained 
a decrease in IKKα/β activity and NF-κB activation in HUVECs when miR-15a-5p or miR-199a-3p were 
overexpressed, and in VSMCs when miR-15a-5p was overexpressed. Therefore, we can conclude that 
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miR-15a-5p, by targeting IKKα and IKKβ, and miR-199a-3p, by targeting IKKβ, modulate the NF-κB 
pathway during the progression of atherosclerosis.

In addition to the infl ammatory targets, we also studied mTOR, which is a confi rmed target for miR-
199a-3p (255). However, there is no confi rmation in the literature for miR-15a-5p to target mTOR. 
For that reason, confi rmation experiments need to be done. Our last target was LOX-1 for miR-15a-
5p. Initially, we found elevated LOX-1 protein levels in atherosclerotic carotid plaques from patients 
with advanced carotid atherosclerosis, and that ECs and VSMCs expressed LOX-1 in human and 
experimental samples. LOX-1 is a scavenger receptor expressed in macrophages, endothelial cells, 
and VSMCs. LOX-1 protein is increased in atherosclerosis and can modulate the proliferation and 
migration of VSMCs (92,263) and the foaming of VSMCs and macrophages (97,264). Furthermore, 
miRNAs like miR-98 (265), miR-186-5p (266) and let-7g (267) target LOX-1 and protect against 
atherosclerosis. In our case, we propose miR-15a-5p as the modulator of LOX-1 expression in VSMCs, 
and we obtained a signifi cant decrease of the protein by increasing this miRNA in those cells. CD36, 
another scavenger receptor, is a potential target for miR-199a-3p, however, to confi rm it as target, 
luciferase assays are needed. Our next step was to study if an overexpression of miR-15a-5p or miR-
199a-3p would decrease lipid uptake in VSMCs and, as a consequence, the foaming of those cells. In 
this sense, Liu et al. confi rmed that Ox-LDL decreased the expression of miR-199a-3p increasing foam 
cell formation in macrophages by targeting the runt-related transcription factor 1 (249); and Wu et al. 
also confi rmed that Ox-LDL decreased the expression of miR-15a-5p in endothelial cells promoting 
cell proliferation, apoptosis and endothelial-to-mesenchymal transition by targeting the epidermal 
growth factor receptor (268). We also obtained a decrease in lipid uptake in VSMCs when miR-
15a-5p and miR-199a-3p where overexpressed. We demonstrated that miR-15a-5p overexpression 
downregulate LOX-1 protein levels (but the direct interaction between them, needs to be confi rmed) 
and in consequence VSMCs could uptake lower Ox-LDL, having both miRNAs an anti-foaming role in 
VSMCs (Figure XVI).

Lastly, we also studied the expression of miR-15a-3p and miR-199a-3p in CD3+ and CD3- cell populations 
from the spleen of HuBL mice. Regarding infl ammatory cells, miR-15a-5p is known for activating: 
the CD8+ and natural killers by targeting PD-1 (269,270), the pro infl ammatory Th1 response, and 
usually the pro-atherogenic response from CD4+ cells (271). Moreover, miR-199a-3p was upregulated 
in CD4+ cells from systemic lupus erythematosus patients (272), but Haralambieva et al. showed that 
both, miR-199a-3p and miR-15a-5p, were specifi c for B cells (273). We found expression of miR-15a-
5p in CD3+ cells, that was in fact, increased if compared with the expression in CD3- cells in initial 
atherosclerosis, which contradicts the results shown by Haralambieva et al. However, miR-199a-3p 
was only expressed in CD3- cells, where it was increased in mice with advanced atherosclerosis. To 
delve into how CD3- cell specifi c miR-199a-3p may be involved in advanced atherosclerosis, or how 
miR-15a-5p may be involved in initial atherosclerosis, more experiments need to be carried out.
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Figure XVI. Representation of miR-15a-5p and miR-199a-3p dysregulation in atherosclerosis. Atherosclerosis 
progression is represented with VSMCs migrating; monocytes, macrophage, LDL T and B-cell infi ltration; the oxidation 
of LDL, VSMCs phenotype switching, the formation of foam cells and the necrotic core. In addition, there is a zoom 
that represents the eff ect of miR-15a-5p and miR-199a-3p in VSMCs and endothelial cell NF-κB infl ammatory pathway, 
where they act by diminishing the expression of IKKα and IKKβ that decreases NF-κB activation by increasing the 
inhibitory protein IκBα; and therefore infl ammation; moreover, the scheme shows the eff ect of miR-15a 5p in VSMCs 
phenotype switch to foam cells by decreasing lipid uptake via the modulation of LOX-1. Dashed lines represent 
unknown or unconfi rmed eff ect from molecules, and continued lines known or confi rmed eff ects from one molecule 
to the other. Red lines represent inhibition and green light activation by the miRNAs. Black lines represent the 
direction of the signalling pathway. NF-κB= Nuclear factor kappa B, IκBα= NF-κB inhibitor alpha, IKK= IκBα kinase, 
IKKα= IKK alpha, IKKβ= IKK beta, IKKγ= IKK gamma, p65= NF κB p65 subunit, LOX-1= lectin-like oxidized low-density 
lipoprotein receptor, LDL= low-density lipoprotein, Ox-LDL= oxidized LDL, VSMCs= vascular smooth muscle cells.
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6.4. miR-143-3p, miR-15a-5p and miR-199a-3p might be useful as potential                 
biomarkers in advanced carotid atherosclerosis

In recent years it has been confi rmed that miRNAs not only act as intracellular signals for 
modulating the expression of target proteins, but also as extracellular signals between cells; in order 
to do this, the cells vehicle the miRNAs inside extracellular vesicles, mainly in exosomes (237). We 
precipitated extracellular vesicles from the plasma of healthy donors and patients with atherosclerosis, 
then, we purifi ed exosomes and isolated miRNAs, proposing circulating miR-143-3p and miR-15a-5p 
individually, and the combination of circulating miR-15a-5p and miR-199a-3p as potential biomarkers 
for advanced carotid atherosclerosis.

There are diff erent evidences in the bibliography of how the exosomes derived from a specifi c cell 
type can aff ect other. This cellular communication of exosomal miRNAs (exo-miRNAs) has been 
seen in various diseases like cancer (269), pulmonary hypertension (274) or atherosclerosis (275,276). 
Exosomes enriched in miR-143-3p from pulmonary arteries smooth muscle cells are captured by 
pulmonary artery endothelial cells increasing pulmonary hypertension; miR-155-5p is increased in 
the exosomes from glioma-stem cells, and when captured by glioma cells promotes proliferation 
and tumor growth (277); exosomes from cancer cells that are enriched in miR-15a-5p are detected by 
CD8+ cells and activate them by inhibiting PD-1 (269); and exosomes containing miR-199a-3p from 
endothelial progenitor cells (275) or adipocyte-progenitor cells (276) can be captured by endothelial 
cells promoting atherosclerosis.

These exo-miRNAs are also released into the blood, and therefore, have been proposed as biomarkers 
of several diseases. In this sense, the identifi cation of new miRNAs or panels of new miRNAs could 
make possible to detect the change from stable to unstable plaques and the consequent increase 
in cardiovascular risk. In this way, we validated whether the four miRNAs studied could be useful as 
potential biomarkers of advanced atherosclerosis and compared them with other published studies. 
The fi rst of them, miR-143-3p, its elevated levels have been found in clinical heart failure (278), and are 
proposed as a biomarker of acute ischemic stroke (279); but decreased miR-143-3p has been proposed 
as a biomarker for pulmonary hypertension (280) and atherosclerosis, being even lower in patients 
with vulnerable plaques (281). In line with these results, miR-143-3p was also signifi cantly lower in our 
patients with advanced atherosclerosis than in the subjects without atherosclerosis.

Other potential biomarker studied was miR-155-5p, its elevated levels have also been proposed as 
a biomarker of rheumatoid arthritis (282) and unstable coronary artery disease (206), in the studied 
cohort, we did not fi nd any diff erence in the plasmatic levels of miR-155-5p in advanced carotid 
atherosclerosis patients compared with subjects without atherosclerosis, contrary to what we found 
in our vascular samples where patients with an unstable carotid atherosclerosis had an increased miR-
155-5p expression. The third miRNA studied was miR-15a-5p, its elevated levels have been proposed 
as a biomarker of rheumatoid arthritis (282) and coronary artery disease where is related to the 
necrotic core and decreases after exercise (243), our results also propose that elevated miR-15a-5p 
can be a biomarker of advanced carotid atherosclerosis. Finally, the last miRNA studied was miR-
199a-3p, and its decreased expression has been proposed as a biomarker of atherosclerotic patients 
after heart failure (283), and is also related to the necrotic core size (243), our results showed elevated 
levels of miR-199a-3p in the plasma of patients with advanced carotid atherosclerosis, but did not 
reach enough signifi cance to be considered a potential biomarker. Furthermore, we also wanted to 
relate other clinical characteristics like diabetes or biological sex, to the levels of the exo-miRNAs in 
patients with advanced atherosclerosis, but even fi nding some diff erences like between biological 
women and man in the expression of miR-199a-3p, the main driver of miRNA dysregulation seems to 
be the advanced atherosclerosis.

Taking all this in consideration, we propose miR-143-3p and miR-15a-5p as potential biomarkers of 
advanced atherosclerosis, and miR-199a-3p only if combined with miR-15a-5p (Figure XVII).
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Figure XVII. Representation of circulating miRNA dysregulation in advanced atherosclerosis. The scheme represents the 
diff erences in miRNA expression in the plasma from subjects without atherosclerosis and patients with advanced carotid 
atherosclerosis. 
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“Fundieron plomo y cobre,
pusieron sal en sobres,
Alerta, hay un testigo,
nos han dejado vivos.
Fue un atraco perfecto,
excepto por esto,
Nos queda garganta, puño y
pies.
No fue un golpe maestro,
dejaron un rastro,
ya pueden correr, ya vuelve la 
sed”

                       -Golpe Maestro, Vetusta Morla
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7. GENERAL CONCLUSIONS

 Based on the performed studies and the obtained results in the current 
Doctoral Thesis, we can reach the following conclusions:

1. The downregulation of miR-143-3p promotes vascular cell apoptosis 
and plaque instability by targeting IGF-IIR.

2. Increased levels of miR-155-5p induces vascular insulin resistance in 
experimental and human atherosclerosis by targeting AKT. 

3. The decrease in miR-15a-5p and miR-199a-3p induces the upregulation 
of IKKα, IKKβ, p65 and LOX-1 favouring infl ammation and lipid uptake in 
atherosclerosis. 

4. The downregulation of miR-15a-5p and miR-199a-3p occurs in early 
experimental atherosclerosis, while increased miR-155-5p and decreased 
miR-143-3p is observed in both early and advanced carotid atherosclerosis. 

5. miR-143-3p, miR-15a-5p and the combination of miR-15a-5p and miR-
199a-3p are potential non-invasive biomarkers of human advanced carotid 
atherosclerosis.
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“...Hay un mundo por descubrir y 
una vida que arrancar, 
de brazos del guión fi nal.
A veces siento al despertar,
que el sueño es la realidad.
Bebe, canta, sueña, siente que
el viento ha sido hecho para ti,
vive, escucha y habla, usando,
para ello el corazon,
Siente que la lluvia besa tu cara,
cuando haces el amor.
Grita con el alma, grita tan alto,
que de tu vida tú seas, amigo, el
único actor ”

                     -Molinos de viento, Mägo de Oz
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8. FINAL CONCLUSION
Our results show that altered levels of miR-143-3p (i), miR-155-5p (ii), miR-15a-5p (iii,iv) 

and miR-199a-3p (iii,iv) in vascular lesions are involved in the progression of experimental 
and human atherosclerosis promoting: (i) apoptosis of endothelial and vascular smooth 
muscle cells and plaque instability, (ii) vascular insulin resistance, (iii) infl ammation and (iv) 
lipid uptake in vascular smooth muscle cells. Finally, regarding human diagnosis, circulating 
miR-143-3p and miR-15a-5p could serve as potential biomarkers of advanced atherosclerosis 
(Figure XVIII).

Figure XVIII. Summary of the eff ects of miR-143-3p, miR-155-5p, miR-15a-5p and miR-199a-3p in experimental and human 
atherosclerosis. Atherosclerosis progression is represented with VSMCs migrating; monocytes, macrophage, LDL, T and B-cell 
infi ltration; the oxidation of LDL, VSMCs phenotype switching, the formation of foam cells and the necrotic core. There is a zoom-
in area that represents the eff ect of miR-143-3p in endothelial cells and VSMCs apoptosis by modulating IGF-IIR; miR-155-5p eff ect 
in insulin response in VSMCs by decreasing AKT activation and p85 α expression; miR-15a-5p and miR-199a-3p role in VSMCs and 
endothelial cell NF κB infl ammatory pathway, where they act by diminishing the expression of IKKα and IKKβ, moreover, the scheme 
shows the eff ect of miR-15a-5p in VSMCs phenotype switch to foam cells by decreasing lipid uptake via the modulation of LOX-1; and 
the dysregulation of miR-143-3p, miR-15a-5p and miR-199a-3p in the plasma of patients with advanced carotid atherosclerosis. Dashed 
lines represent unknown or unconfi rmed eff ects from molecules, and continued lines known or confi rmed eff ects from one molecule 
to the other. Red lines represent inhibition by the miRNAs. Black lines represent the direction of the signalling pathway. IGF-IIR= IGF-II 
receptor, AKT= protein kinase B, p85α= phosphoinositide-3-Kinase Regulatory Subunit 1, NF-κB = Nuclear factor kappa B, IκB α = NF-
κB inhibitor alpha, IKK= IκB α kinase, IKKα= IKK apha, IKKβ= IKK beta, IKKγ= IKK gamma, p65= NF-κB p65 subunit, LOX-1= lectin-like 
oxidized low-density lipoprotein receptor, LDL= low-density lipoprotein, Ox-LDL= oxidized LDL, VSMCs= vascular smooth muscle cells.
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“...Fuiste la niña de azul,
ahora eres la vieja verde,
como se porta la vida,
cuando vales lo que tienes.
Las vueltas que da la vida,
el destino se burla de ti,
Dónde vas, bala perdida,
dónde vas, triste de ti”

         -Dolores se llamaba Lola, Los Suaves
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7. CONCLUSIONES GENERALES

Basándonos en los estudios realizados y los resultados obtenidos en la 
presente Tesis Doctoral, podemos llegar a las siguientes conclusiones:

1. La disminución de miR-143-3p induce un aumento en la expresión de 
IGF-IIR que promueve la apoptosis de las células vasculares y la inestabilidad 
de las placas de ateroma.

2. Niveles elevados de miR-155-5p inducen resistencia a la insulina 
vascular en la aterosclerosis experimental y humana mediante la inhibición 
de la expresión de AKT.

3. La disminución de miR-15a-5p y miR-199a-3p induce la sobreexpresión 
de IKKα, IKKβ, p65 y LOX-1, favoreciendo la infl amación vascular y la 
captación de lípidos durante la progresión de la aterosclerosis.

4. La disminución de miR-15a-5p y miR-199a-3p se observa en la 
aterosclerosis carotidea experimental temprana, así como el aumento 
de miR-155-5p y la disminución de miR-143-3p, se observa tanto en la 
aterosclerosis carotídea temprana como avanzada.

5. miR-143-3p, miR-15a-5p y la combinación de miR-15a-5p y miR-199a-
3p son potenciales biomarcadores no invasivos de aterosclerosis carotídea 
avanzada en humanos.
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“...Como las frases que ya no te escribo,
pa’ que vuelvas otra vez.
Y ahora que, voy más solo que la luna,
negociando gasolina para este amanecer,
ya ves, voy buscando en la basura,
unos labios que me digan: 
`esta noche quedate´”

                    -Buscando en la basura, La Fuga
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8. CONCLUSIÓN FINAL
 Nuestros resultados muestran que los niveles alterados de los miR-143-3p (i), miR-
155-5p (ii), miR-15a-5p (iii,iv) y miR-199a-3p (iii,iv) en lesiones vasculares están involucrados 
en la progresión de la aterosclerosis experimental y humana, promoviendo: (i) la apoptosis 
de las células endoteliales y de músculo liso vascular y la inestabilidad de las placas, (ii) la 
resistencia a la insulina vascular, (iii) la infl amación y (iv) la captación de lípidos en las células 
de músculo liso vascular. Finalmente, en cuanto al diagnóstico en humanos, los miR-143-3p 
y miR-15a-5p circulantes podrían servir como potenciales biomarcadores de la aterosclerosis 
avanzada (Figura XIX).

Figura XIX. Resumen de los efectos de  los miR-143-3p, miR-155-5p, miR-15a-5p y miR-199a-3p en la aterosclerosis. La progresión de la 
aterosclerosis se representa con la migración de las células de músculo liso vascular; la infi ltración de monocitos, macrófagos, LDL, células T y 
B; la oxidación de LDL; el cambio de fenotipo de las VSMCs; la formación de células espumosas y el núcleo necrótico. Hay una zona de aumento 
que representa el efecto del miR-143-3p en la apoptosis de las células endoteliales y las VSMCs al modular el IGF-IIR; el efecto de miR-155-5p 
en la respuesta a la insulina en las VSMCs al disminuir la activación de AKT y la expresión de p85α; el papel de miR-15a-5p y miR-199a-3p en 
la vía infl amatoria NF-κB, donde actúan disminuyendo la expresión de IKKα e IKKβ, además, el esquema muestra el efecto de miR-15a-5p en 
el cambio de fenotipo de las VSMCs a células espumosas a través de la modulación de LOX-1; y la desregulación de miR-143-3p, miR 15a-5p y 
miR-199a-3p en el plasma de pacientes con aterosclerosis carotídea avanzada. Las líneas discontinuas representan efectos desconocidos o 
no confi rmados de las moléculas, y las líneas continuas representan efectos conocidos o confi rmados de una molécula a otra. Las líneas rojas 
representan inhibición por parte de los miRNAs. Las líneas negras representan la dirección de la vía de señalización. IGF-IIR = receptor de IGF-
II, AKT = proteína quinasa B, p85α = subunidad reguladora de fosfoinositida-3-cinasa 1, NF-κB = factor nuclear kappa B, IκB α = inhibidor alfa 
de NF-κB, IKK = quinasa IκBα, IKKα = IκBα, IKKβ = IκBβ, IKKγ = IκB γ, p65 = subunidad p65 de NF-κB, LOX-1 = receptor de lipoproteínas de baja 
densidad oxidadas de tipo lectina-1, LDL = lipoproteína de baja densidad, Ox-LDL = LDL oxidada, VSMCs = células de músculo liso vascular.
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“Vivir más con menos,
Quiero, ser necesario,
quiero, encontrar el norte,
quiero, risas y abrazos,
gente con valores”

         -Quiero, quiero y quiero, Arnau Griso                                                                                                                          
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“I tried to be perfect,
It just wasn’t worth it,
Nothing could ever be so wrong,
It’s hard to believe me,
It never gets easy,
I guess I knew that all along”

           -Pieces, Sum 41
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Abstract: (1) Background: Cardiovascular diseases (CVDs) are the main cause of death in devel-
oped countries, being atherosclerosis, a recurring process underlying their apparition. MicroRNAs
(miRNAs) modulate the expression of their targets and have emerged as key players in CVDs;
(2) Methods: 18 miRNAs were selected (Pubmed and GEO database) for their possible role in pro-
moting atherosclerosis and were analysed by RT-qPCR in the aorta from apolipoprotein E-deficient
(ApoE−/−) mice. Afterwards, the altered miRNAs in the aorta from 18 weeks-ApoE−/− mice were
studied in human aortic and carotid samples; (3) Results: miR-155-5p was overexpressed and miR-
143-3p was downregulated in mouse and human atherosclerotic lesions. In addition, a significant
decrease in protein kinase B (AKT), target of miR-155-5p, and an increase in insulin-like growth
factor type II receptor (IGF-IIR), target of miR-143-3p, were noted in aortic roots from ApoE−/−

mice and in carotid plaques from patients with advanced carotid atherosclerosis (ACA). Finally,
the overexpression of miR-155-5p reduced AKT levels and its phosphorylation in vascular smooth
muscle cells, while miR-143-3p overexpression decreased IGF-IIR reducing apoptosis in vascular cells;
(4) Conclusions: Our results suggest that miR-155-5p and miR-143-3p may be implicated in insulin
resistance and plaque instability by the modulation of their targets AKT and IGF-IIR, contributing to
the progression of atherosclerosis.

Keywords: atherosclerosis; miR-155-5p; miR-143-3p; unstable plaque; apoptosis; AKT; IGF-IIR

1. Introduction

Cardiovascular diseases are the main cause of premature death in developed countries
and usually progress with an asymptomatic period [1]. Atherosclerosis is usually the
underlying cause of cardiovascular diseases like coronary artery disease or myocardial
infarction [2–4].

Insulin-resistant states are associated with metabolic abnormalities that include glu-
cotoxicity, lipotoxicity and inflammation, and which also lead to endothelial dysfunc-
tion. Therefore, hyperglycaemia, hyperlipidemia and proinflammatory cytokines are
known to selectively impair the phosphoinositide 3-kinase (PI3K)/AKT/ endothelial ni-
tric oxide synthase (eNOS) pathway, increase oxidative stress and enhance the release of
endothelin 1 (ET-1) from the endothelium [5]. Different manifestations associated with
insulin resistance, including dyslipidemia, hyperglycaemia, inflammation and obesity,
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may be intermediary mediators along with insulin resistance to generate endothelial
dysfunction [6,7].

MicroRNAs (miRNA) are small non-coding RNAs conserved between species that
regulate the expression of genes. Since their discovery, hundreds of these transcripts have
been described unravelling the role they play in development or disease [8]. In this sense,
both inhibition and overexpression of miRNAs that participate in the establishment and
progression of CVDs have been described. For instance, miR-145 and miR-143 regulate
vascular smooth muscle cell (VSMC) fate and plasticity [9], whereas miR-24-3p has been
described as an important regulator in VSMCs proliferation and apoptosis [10]. Moreover,
miR-27b, -130a and -210, which are involved in the maintenance of endothelial cell home-
ostasis, are increased in patients with peripheral arterial disease [11] and downregulated in
T2DM patients after treatment with liraglutide [12].

The effect of miR-155-5p in several diseases is controversial. Some studies demon-
strated that this miRNA protects against the progression of diseases such as cervical cancer
by targeting phosphoinositide-dependent protein kinase 1 (PDK1) [13] or type-2-diabetes
by targeting the transcription factor MafB (Mafb) [14]. During atherosclerosis progres-
sion, miR-155-5p overexpression promotes inflammation [15] and oxidized low-density
lipoprotein uptake in macrophages [16].

The miR-143-3p is well studied in the progress and development of different types
of cancer like adenocarcinoma [17] or ovarian cancer [18]. In recent years, miR-143-3p has
emerged as a possible regulator of myocardial infarction [19,20]. In contrast, the role of this
miRNA plays in atherosclerosis remains mostly unknown.

For these reasons, 18 miRNAs were selected by searching in PubMed and GEO
database for their possible role in promoting atherosclerosis and analyzed by RT-qPCR in
the aorta from ApoE−/− and wild-type mice. To carry out this objective, we have used a
classic experimental model of atherosclerosis, ApoE−/− mice under a standard diet (STD)
or a high-fat diet (HFD) for 8 and 18 weeks. Then, the altered miRNAs in the aorta from
ApoE−/− mice fed with the corresponding diets for 18 weeks were studied in human aortic
and carotid samples, using vascular samples from control subjects (CAs), subjects with
fibrolipidic plaques (FAs) or patients with advanced carotid atherosclerosis (ACA). Finally,
we focused on the role of miR-155-5p and miR-143-3p and their targets (AKT and IGF-IIR,
respectively) in the progression of experimental and human atherosclerosis, as well as its
implication in vascular insulin resistance. To unravel the molecular mechanism by which
these miRNAs promote atherosclerosis, we performed in vitro overexpression experiments
in human vein endothelial cells (HUVECs) and vascular smooth muscle cells (VSMCs).

2. Results

2.1. miR-143-3p and miR-155-5p Levels Are Altered in Aorta from ApoE−/− Mice

ApoE−/− mice under HFD were used as an animal model of atherosclerosis. Firstly, we
confirmed that ApoE−/− mice had a significant increase in body weight and weight gain in
addition to hypercholesterolemia and hypertriglyceridemia (Supplemental Table S1), being
significantly higher in ApoE−/− fed with HFD for 18 weeks.

After that, we analysed vascular damage by Oil Red O (ORO) staining of aortic roots
(Figure 1A). A significant increase in lipid depot, lesion area and % of stenosis was noted in
aortic roots from ApoE−/− HFD 18 wks in comparison with the other groups (Figure 1B).
Similarly, en face analysis of ORO-stained whole aorta showed a significant increase in
lesion area in ApoE−/− under HFD for 18 weeks vs. Control STD and ApoE−/− STD of the
same age (Supplementary Figure S1).
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(scale bar = 100 µm). The black arrows point out the lipid depots in the aortic roots. (B) Quantifica-
tion of the percentage of lipid accumulation, lesion area and stenosis of aortic root from the mouse 
model. WT STD 8 wks (n = 6); ApoE−/− STD 8 wks (n = 5); ApoE−/− HFD 8 wks (n = 4); WT STD 18 wks 
(n = 4); ApoE−/− STD 18 wks (n = 4); ApoE−/− HFD 18 wks (n = 9). Relative expression of miR-155-5p (C) 
and miR-143-3p (D) in the aorta of the three experimental groups at 8 (upper graphics) and 18 weeks 
(lower graphics) of diet was measured by qPCR. Amplification of miR-191-5p was used in the same 
reaction of all samples as an internal control. WT = Wild type group; STD = standard type diet; 
ApoE−/− = ApoE deficient mice; HFD = high-fat diet; wks = weeks. qPCR miR-155-5p: WT STD 8 wks 
(n = 5); ApoE−/− STD 8 wks (n = 4); ApoE−/− HFD 8 wks (n = 6); WT STD 18 wks (n = 6); ApoE−/− STD 18 
wks (n = 6); ApoE−/− HFD 18 wks (n = 7). qPCR miR-143-3p: WT STD 8 wks (n = 7); ApoE−/− STD 8 wks 
(n = 5); ApoE−/− HFD 8 wks (n = 8); WT STD 18 wks (n = 7); ApoE−/− STD 18 wks (n = 8); ApoE−/− HFD 
18 wks (n = 8). 

Moreover, we have established correlations between miR-155-5p or miR-143-3p and 
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Figure 1. miR-155-5p and miR-143-3p expression in the aorta of the mouse model of atherosclero-
sis. (A) Representative images of the Oil Red O staining from the aortic roots of the six groups of
experimental mouse model of atherosclerosis. Magnification 40× (scale bar = 200 µm); magnification
100× (scale bar = 100 µm). The black arrows point out the lipid depots in the aortic roots. (B) Quan-
tification of the percentage of lipid accumulation, lesion area and stenosis of aortic root from the
mouse model. WT STD 8 wks (n = 6); ApoE−/− STD 8 wks (n = 5); ApoE−/− HFD 8 wks (n = 4);
WT STD 18 wks (n = 4); ApoE−/− STD 18 wks (n = 4); ApoE−/− HFD 18 wks (n = 9). Relative ex-
pression of miR-155-5p (C) and miR-143-3p (D) in the aorta of the three experimental groups at
8 (upper graphics) and 18 weeks (lower graphics) of diet was measured by qPCR. Amplification of
miR-191-5p was used in the same reaction of all samples as an internal control. WT = Wild type group;
STD = standard type diet; ApoE−/− = ApoE deficient mice; HFD = high-fat diet; wks = weeks. qPCR
miR-155-5p: WT STD 8 wks (n = 5); ApoE−/− STD 8 wks (n = 4); ApoE−/− HFD 8 wks (n = 6); WT STD
18 wks (n = 6); ApoE−/− STD 18 wks (n = 6); ApoE−/− HFD 18 wks (n = 7). qPCR miR-143-3p: WT
STD 8 wks (n = 7); ApoE−/− STD 8 wks (n = 5); ApoE−/− HFD 8 wks (n = 8); WT STD 18 wks (n = 7);
ApoE−/− STD 18 wks (n = 8); ApoE−/− HFD 18 wks (n = 8).

PubMed and GEO Databases were used to perform a search of miRNAs that could
play a role in atherosclerosis. After the search, a screening of the selected miRNAs was
performed in the aorta of all groups of mice (Supplemental Figure S2 and Table S2). We
observed that miR-155-5p was significantly overexpressed in ApoE−/− mice after 18 weeks
of HFD compared with WT STD mice (Figure 1C); while miR-143-3p was significantly
downregulated in ApoE−/− mice after 18 weeks of HFD vs. WT mice (Figure 1D).

Moreover, we have established correlations between miR-155-5p or miR-143-3p and
atherosclerosis progression (% lipid accumulation/aorta area, % lesion area/total area or %
aortic root stenosis) showed that miR-155-5p levels significantly and positively correlate
with % stenosis and lesion area (Supplemental Figure S3A,B, respectively). On the other
hand, we found a significant and inverse correlation between miR-143-3p levels and %
lipid accumulation or lesion area (Supplemental Figure S3C,D, respectively).
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2.2. miR-143-3p and miR-155-5p Levels Are Also Altered in Human Atherosclerotic Carotid Plaque

To confirm whether the levels of the studied miRNAs in the murine model of atheroscle-
rosis might have a clinical relevance in human atherosclerosis, we analyzed the levels of
different miRNAs in vascular samples from control subjects (CAs), subjects with fibroli-
pidic plaque (FAs) and patients with human advanced atherosclerosis undergoing carotid
endarterectomy (ACA) (Supplemental Table S2). Firstly, we performed H&E stainings,
and we could differentiate regions as media in samples from CAs and FAs and media,
fibrous and shoulders in samples from ACA (Figure 2A). Histological analysis revealed
that complicated plaques from ACA contained an intraplaque hemorrhage and/or a cer-
tain degree of calcification with a higher percentage of inflammatory cells. The adjacent
non-complicated regions were composed of fibrous thickening with a variable content of
VSMCs (Figure 2A).
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cent non-complicated regions were composed of fibrous thickening with a variable con-
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In serial sections of samples used for histological characterization, we isolated miR-
NAs and analyzed the levels of miR-155-5p (Figure 2B) and miR-143-3p (Figure 2C) by 
qPCR, showing that miR-155-5p expression was significantly upregulated (Figure 2B) and 
miR-143-3p downregulated (Figure 2C) in the ACA patients compared with the other two 
groups. 

 
Figure 2. Characterization of the atherosclerotic plaques and miRNA expression of the human vas-
cular samples. (A) Representative images of the Hematoxylin and Eosin staining from the aorta of 
control subjects (CAs) and subjects with fibrolipidic lesions (FAs) and the carotid artery from ACA 
patients (ACA). Magnification 40× (scale bar = 200 µm) and 100× (scale bar = 100 µm). Relative quan-
tification of the levels of the miR-155-5p (B) and miR-143-3p (C) by qPCR. FAs= fibrolipidic plaque; 
ACA = advanced carotid atherosclerotic plaque; M = media; F = fibrous; S = shoulder; A = atheroma; 
L = lumen. qPCR miR-155-5p: Control subjects (n = 3); FAs (n = 5); ACA patients (n = 11). qPCR miR-
143-3p: Control subjects (n = 5); fibrolipidic patients (n = 6); ACA patients (n = 14). 

2.3. AKT Expression Is Modulated by miR-155-5p Levels in Atherosclerosis and Non-Alcoholic 
Fatty Liver Disease 

To study the effect of miR-155-5p overexpression in vascular insulin resistance, HU-
VECs and VSMCs were transfected with a specific precursor for miR-155-5p. After 72h of 

Figure 2. Characterization of the atherosclerotic plaques and miRNA expression of the human vas-
cular samples. (A) Representative images of the Hematoxylin and Eosin staining from the aorta of
control subjects (CAs) and subjects with fibrolipidic lesions (FAs) and the carotid artery from ACA
patients (ACA). Magnification 40× (scale bar = 200 µm) and 100× (scale bar = 100 µm). Relative
quantification of the levels of the miR-155-5p (B) and miR-143-3p (C) by qPCR. FAs= fibrolipidic
plaque; ACA = advanced carotid atherosclerotic plaque; M = media; F = fibrous; S = shoulder;
A = atheroma; L = lumen. qPCR miR-155-5p: Control subjects (n = 3); FAs (n = 5); ACA patients
(n = 11). qPCR miR-143-3p: Control subjects (n = 5); fibrolipidic patients (n = 6); ACA patients (n = 14).

In serial sections of samples used for histological characterization, we isolated miRNAs
and analyzed the levels of miR-155-5p (Figure 2B) and miR-143-3p (Figure 2C) by qPCR,
showing that miR-155-5p expression was significantly upregulated (Figure 2B) and miR-143-
3p downregulated (Figure 2C) in the ACA patients compared with the other two groups.

2.3. AKT Expression Is Modulated by miR-155-5p Levels in Atherosclerosis and Non-Alcoholic
Fatty Liver Disease

To study the effect of miR-155-5p overexpression in vascular insulin resistance, HU-
VECs and VSMCs were transfected with a specific precursor for miR-155-5p. After 72
h of transfection, miR-155-5p was overexpressed in both vascular cell lines (Figure 3A).
Following an extensive search in different databases, AKT, eNOS and p85α were the most
relevant predicted miR-155-5p targets in atherosclerosis (Supplemental Figure S4A,B).
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regulatory subunit 1; Ins = insulin. All the in vitro experiments were performed in triplicate. 

After 96h of transfection with the miR-155-5p precursor, eNOS and AKT were signif-
icantly downregulated in HUVECs (Figure 3B,C). Similarly, the expression of AKT and 
p85α significantly decreased in transfected VSMCs (Figure 3D). Furthermore, AKT ex-
pression was also significantly downregulated in the aorta of the 18 weeks-fed ApoE−/− 

mice (Figure 4A) and in the carotid from patients with advanced carotid atherosclerosis 
(Figure 4B). Moreover, in the carotid of patients with atherosclerosis, miR-155-5p levels 
negatively correlated with the expression of its target, AKT (Figure 4C). 

Next, we assessed whether the downregulation of AKT induced by miR-155-5p could 
impair its phosphorylation. In fact, VSMCs overexpressing miR-155-5p showed a signifi-
cant reduction in AKT phosphorylation induced by 100 nM insulin for 10 min (Figure 3E). 
Regarding in vivo insulin signaling, insulin administration did not induce AKT phosphor-
ylation in the aorta from ApoE−/− HFD 18 wks, which had high levels of miR-155-5p. Con-
versely, it induced a significant increase in AKT phosphorylation in WT STD and ApoE−/− 
STD mice (Figure 4D). 

Figure 3. miR-155-5p reduced AKT expression and its activation in vascular cells. (A) Relative
quantification of the expression levels of miR-155-5p in transfected HUVECs. (B) Representative
Western blot images of AKT and eNOS expression and (C) their quantification in transfected HU-
VECs. (D) Representative Western blot images of the expression of p85α and AKT (left) and their
quantification (right) in transfected HUVECs. (E) Representative Western blot images of AKT phos-
phorylation in response to insulin stimulation in transfected VSMCs (upper) and their quantification
(lower). HUVECs = human umbilical vein endothelial cells; VSMCs = vascular smooth muscle cells;
eNOS = endothelial nitric oxide synthase; AKT = protein kinase B; p85α= phosphoinositide-3-kinase
regulatory subunit 1; Ins = insulin. All the in vitro experiments were performed in triplicate.

After 96 h of transfection with the miR-155-5p precursor, eNOS and AKT were sig-
nificantly downregulated in HUVECs (Figure 3B,C). Similarly, the expression of AKT and
p85α significantly decreased in transfected VSMCs (Figure 3D). Furthermore, AKT ex-
pression was also significantly downregulated in the aorta of the 18 weeks-fed ApoE−/−

mice (Figure 4A) and in the carotid from patients with advanced carotid atherosclerosis
(Figure 4B). Moreover, in the carotid of patients with atherosclerosis, miR-155-5p levels
negatively correlated with the expression of its target, AKT (Figure 4C).

Next, we assessed whether the downregulation of AKT induced by miR-155-5p could
impair its phosphorylation. In fact, VSMCs overexpressing miR-155-5p showed a signifi-
cant reduction in AKT phosphorylation induced by 100 nM insulin for 10 min (Figure 3E).
Regarding in vivo insulin signaling, insulin administration did not induce AKT phospho-
rylation in the aorta from ApoE−/− HFD 18 wks, which had high levels of miR-155-5p.
Conversely, it induced a significant increase in AKT phosphorylation in WT STD and
ApoE−/− STD mice (Figure 4D).

Moreover, when patients were classified by their body mass index (BMI) following
the criteria established by the World Health Organization (lean, overweight and obese), we
observed a significant increase in miR-155-5p expression (Figure 5A), as well as a progressive
decrease in AKT (Figure 5B), as the BMI increased. This was supported by a significant and
positive correlation between the BMI and both miR-155-5p (Figure 5C, left) and a significant
and inverse correlation between the BMI and AKT levels (Figure 5C, right). In addition,
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significant increase in miR-155-5p in diabetic patients with ACA (Supplemental Figure S5).
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Figure 4. AKT levels are downregulated in the human samples and the mouse model where its
activity is also impaired. (A) Representative Western blot images of the expression of AKT (upper)
and their quantification (lower) in murine aorta samples. (B) Representative images of AKT levels
measured by immunohistochemistry in the aorta and carotid human samples (left) and their quantifi-
cation (right) expressed as % positive staining/mm2. Magnification 100× (scale bar = 100 µm); magni-
fication 200× (scale bar = 50 µm). (C) Scatter plot and Spearman’s r correlation between the expression
of miR-155-5p and AKT expression in human samples. (D) Representative Western Blot images of
AKT phosphorylation (upper) and their quantification (lower) in aortas from mice subjected to in vivo
insulin signaling studies. WT = Wild type group; STD = standard type diet; ApoE−/− = ApoE deficient
mice; HFD = high fat diet; AKT = protein kinase B; FAs = fibrolipidic plaque; ACA = advanced carotid
atherosclerotic plaque. Mouse model AKT Western blot: WT STD 18 wks (n = 3); ApoE−/− STD
18 wks (n = 3); ApoE−/− HFD 18 wks (n = 3); AKT immunohistochemistry: Control subjects (n = 5);
FAs (n = 4); ACA (n = 12). miR-155-5p-AKT correlation (n = 14). In vivo signalling experiments: WT
STD 18 wks saline (n = 4); WT STD 18 wks insulin (n = 4); ApoE−/− STD 18 wks saline (n = 2); ApoE−/−

STD 18 wks insulin (n = 5); ApoE−/− HFD 18 wks saline (n = 3); ApoE−/− HFD 18 wks insulin (n = 3).

Since the ApoE−/− mice also showed hepatic steatosis after 18 weeks of diet (Figure 6A),
the expression of miR-155-5p was analysed in the liver by qPCR. Hepatic expression of miR-
155-5p was significantly higher in both ApoE−/− mice groups (Figure 6B), which correlated
with a downregulation in liver AKT expression in ApoE−/− HFD mice (Figure 6C). Moreover,
a significant and positive correlation was observed between miR-155-5p hepatic levels and
hepatic steatosis (Figure 6D).
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munohistochemistry (upper) and their quantification (lower) in human samples of patients strati-
fied according to the Body Mass Index criteria of the World Health Organization. Magnification 
100× (scale bar = 100 µm); magnification 200× (scale bar = 50 µm). (C) Scatter plots and Spearman’s 
r correlations between the Body Mass Index and miR-155-5p expression (left) or AKT expression 
(right). AKT = protein kinase B; FAs = fibrolipidic plaque; ACA = advanced carotid atherosclerotic 
plaque; ow = overweight; IHC = immunohistochemistry; BMI = body mass index. miR-155-5p qPCR: 
CAs (n = 3); FAs (n = 5); ACA (lean) (n = 3); ACA (overweight) (n = 3); ACA (obese) (n = 4). AKT 
immunohistochemistry: CAs (n = 5); FAs (n = 4); ACA (lean) (n = 3); ACA (overweight) (n = 4); ACA 
(obese) (n = 5). Correlation between miR-155-5p and BMI (n = 11) and between AKT and BMI (n = 
12). 

Since the ApoE−/− mice also showed hepatic steatosis after 18 weeks of diet (Figure 
6A), the expression of miR-155-5p was analysed in the liver by qPCR. Hepatic expression 
of miR-155-5p was significantly higher in both ApoE−/− mice groups (Figure 6B), which 
correlated with a downregulation in liver AKT expression in ApoE−/− HFD mice (Figure 
6C). Moreover, a significant and positive correlation was observed between miR-155-5p 
hepatic levels and hepatic steatosis (Figure 6D). 

Figure 5. miR-155-5p and AKT expression correlated with the body mass index in human samples.
(A) Expression levels of miR-155-5p in human carotid samples of patients stratified according to
the Body Mass Index criteria of the World Health Organization. (B) Representative images of
AKT immunohistochemistry (upper) and their quantification (lower) in human samples of patients
stratified according to the Body Mass Index criteria of the World Health Organization. Magnification
100× (scale bar = 100 µm); magnification 200× (scale bar = 50 µm). (C) Scatter plots and Spearman’s
r correlations between the Body Mass Index and miR-155-5p expression (left) or AKT expression
(right). AKT = protein kinase B; FAs = fibrolipidic plaque; ACA = advanced carotid atherosclerotic
plaque; ow = overweight; IHC = immunohistochemistry; BMI = body mass index. miR-155-5p qPCR:
CAs (n = 3); FAs (n = 5); ACA (lean) (n = 3); ACA (overweight) (n = 3); ACA (obese) (n = 4). AKT
immunohistochemistry: CAs (n = 5); FAs (n = 4); ACA (lean) (n = 3); ACA (overweight) (n = 4); ACA
(obese) (n = 5). Correlation between miR-155-5p and BMI (n = 11) and between AKT and BMI (n = 12).

2.4. IGF-IIR Expression Is Modulated by miR-143-3p

To study the role of miR-143-3p in the mechanisms involved in atherosclerosis progres-
sion, HUVECs and VSMCs were transfected with a specific miRNA precursor to increase
miR-143-3p expression. After 72h of transfection, miR-143-3p expression was significantly
increased in both HUVECs and VSMCs (Figure 7A). Among its targets, IGF-IIR was selected
due to its role in the progression of atherosclerosis (Supplemental Figure S4C,D).

After 96 h of transfection with the miRNA mimic, IGF-IIR expression was significantly
downregulated in HUVECs and VSMCs (Figure 7B). In the same way, HFD-fed ApoE−/−

mice showed lower miR-143-3p expression and a consequent increase in IGF-IIR expression
(Figures 1C and 7C, respectively). Moreover, miR-143-3p was downregulated, and in the
shoulder regions IGF-IIR was significantly overexpressed in carotid plaque from ACA
patients (Figures 2C and 7D).

Since IGF-IIR has been implicated in the instability of advanced atherosclerotic plaques,
we performed new experiments to elucidate the relationship between miR-143-3p, IGF-IIR
and apoptosis. For that, we induced the activation of caspase 3 by FBS starvation for 6 h in
HUVECs or 100 nM thapsigargin treatment for 2 h in VSMCs (Figure 7E). More importantly,
when HUVECs and VSMCs were pre-treated with pre-miR-143-3p for 96h the levels of
active caspase 3 was significantly reduced in basal conditions or in HUVECs with FBS
starvation for 6h (HUVECs) or in VSMCs stimulated with thapsigargin (Figure 7E).
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cific lipid content. Magnification 200× (scale bar = 25 µm). Below, its corresponding graph that show 
the quantification of liver steatosis. (B) Relative expression of miR-155-5p in murine liver samples 
measured by qPCR. (C) Representative Western blot images of AKT expression (left) and their 
quantification (right) in liver samples from the mouse groups. (D) Scatter plots and Spearman’s r 
correlations between liver steatosis and hepatic miR-155-5p expression. WT= Wild type group; STD 
= standard type diet; ApoE−/− = ApoE deficient mice; HFD = high-fat diet; AKT = protein kinase B. 
Image and its quantification steatosis liver: WT STD 18 wks (n = 7), ApoE−/− STD 18 wks (n = 7) and 
ApoE−/− HFD (n = 10) mice after 18 weeks on the diet. miR-155-5p qPCR liver: WT STD 18 wks (n = 
6); ApoE−/− STD 18 wks (n = 8); ApoE−/− HFD 18 wks (n = 6). Western blot of AKT liver: WT STD 18 
wks (n = 6); ApoE−/− STD 18 wks (n = 7); ApoE−/− HFD 18 wks (n = 10). 
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crease miR-143-3p expression. After 72h of transfection, miR-143-3p expression was sig-
nificantly increased in both HUVECs and VSMCs (Figure 7A). Among its targets, IGF-IIR 
was selected due to its role in the progression of atherosclerosis (Supplemental Figure 
S4C,D).  

After 96h of transfection with the miRNA mimic, IGF-IIR expression was signifi-
cantly downregulated in HUVECs and VSMCs (Figure 7B). In the same way, HFD-fed 
ApoE−/− mice showed lower miR-143-3p expression and a consequent increase in IGF-IIR 
expression (FigureS 1C and 7C, respectively). Moreover, miR-143-3p was downregulated, 
and in the shoulder regions IGF-IIR was significantly overexpressed in carotid plaque 
from ACA patients (Figures 2C and 7D). 

Since IGF-IIR has been implicated in the instability of advanced atherosclerotic 
plaques, we performed new experiments to elucidate the relationship between miR-143-
3p, IGF-IIR and apoptosis. For that, we induced the activation of caspase 3 by FBS starva-
tion for 6 h in HUVECs or 100 nM thapsigargin treatment for 2 h in VSMCs (Figure 7E). 
More importantly, when HUVECs and VSMCs were pre-treated with pre-miR-143-3p for 

Figure 6. miR-155-5p is overexpressed and AKT downregulated in the liver of the mouse model
after 18 weeks of high-fat diet. miR-155-5p is overexpressed and AKT downregulated in the liver
of the mouse model after 18 weeks of high-fat diet. (A) Representative images of H&E staining to
perform liver histological analysis (upper) and of Oil Red O staining (lower) to evaluate hepatic-
specific lipid content. Magnification 200× (scale bar = 25 µm). Below, its corresponding graph that
show the quantification of liver steatosis. (B) Relative expression of miR-155-5p in murine liver
samples measured by qPCR. (C) Representative Western blot images of AKT expression (left) and
their quantification (right) in liver samples from the mouse groups. (D) Scatter plots and Spearman’s
r correlations between liver steatosis and hepatic miR-155-5p expression. WT= Wild type group;
STD = standard type diet; ApoE−/− = ApoE deficient mice; HFD = high-fat diet; AKT = protein kinase
B. Image and its quantification steatosis liver: WT STD 18 wks (n = 7), ApoE−/− STD 18 wks (n = 7) and
ApoE−/− HFD (n = 10) mice after 18 weeks on the diet. miR-155-5p qPCR liver: WT STD 18 wks (n = 6);
ApoE−/− STD 18 wks (n = 8); ApoE−/− HFD 18 wks (n = 6). Western blot of AKT liver: WT STD 18 wks
(n = 6); ApoE−/− STD 18 wks (n = 7); ApoE−/− HFD 18 wks (n = 10).
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Figure 7. miR-143-3p protects against apoptosis in endothelial and vascular smooth muscle cells by 
targeting IGF-IIR. (A) Relative quantification of the expression levels of miR-143-3p in transfected 
HUVECs (left) and VSMCs (right). (B) Representative Western blot images of IGF-IIR expression 
(upper) and their quantification (lower) in transfected HUVECs (left panels) and VSMCs (right 
panels). (C) Representative Western blot images of IGF-IIR expression (upper) and their quantifica-
tion (lower) in murine aorta samples. (D) Representative immunohistochemical analysis of IGF-IIR 
expression in advanced carotid atherosclerosis patients (upper) and its quantification (lower) ex-
pressed in %positive staining/mm2 in the different areas of the atherosclerotic plaque. Magnification 
40× (scale bar = 200 µm). (E) Representative Western blot images of active caspase 3 (upper) and 
their quantification (lower) in transfected HUVECs following serum deprivation (left) and trans-
fected VSMCs following thapsigargin exposure (right). HUVECs = human umbilical vein endothe-
lial cells; VSMCs = vascular smooth muscle cells; IGF-IIR= insulin-like growth factor type 2 receptor; 
WT = Wild type group; STD = standard type diet; ApoE−/− = ApoE deficient mice; HFD = high fat diet; 
IHC = immunohistochemistry; M = media; F = fibrous; S = shoulder; FBS = foetal bovine serum. All 
the in vitro experiments have been performed at least 3 times (n = 3). Western blot of IGF-IIR: WT 
STD 18 wks (n = 6); ApoE−/− STD 18 wks (n = 6); ApoE−/− HFD 18 wks (n = 6). Immunohistochemistry 
of IGF-IIR: Media (n = 44); Fibrous (n = 49); Shoulder (n = 19). 

3. Discussion 
Atherosclerosis has been a silent and asymptomatic disease for decades in which var-

ious factors can contribute to the progression and rupture of vulnerable plaques and, con-
sequently, trigger the acute event such as acute myocardial infarction or stroke [21]. In 
this regard, not only could the study of miRNAs panels help in the future to identify the 
presence of vulnerable plaques, but also to avoid the progression process. In this study, 
we have analyzed 18 miRNAs and have finally identified two miRNAs, miR-155-5p and 
miR-143-3p, with altered levels in both an experimental atherosclerosis model in mice and 
in patients with advanced carotid atherosclerosis. In this paper, we present a novel role of 
miR-155-5p and miR-143-3p in the insulin resistance and apoptosis of vascular resident 

Figure 7. miR-143-3p protects against apoptosis in endothelial and vascular smooth muscle cells by
targeting IGF-IIR. (A) Relative quantification of the expression levels of miR-143-3p in transfected
HUVECs (left) and VSMCs (right). (B) Representative Western blot images of IGF-IIR expression
(upper) and their quantification (lower) in transfected HUVECs (left panels) and VSMCs (right pan-
els). (C) Representative Western blot images of IGF-IIR expression (upper) and their quantification
(lower) in murine aorta samples. (D) Representative immunohistochemical analysis of IGF-IIR ex-
pression in advanced carotid atherosclerosis patients (upper) and its quantification (lower) expressed
in %positive staining/mm2 in the different areas of the atherosclerotic plaque. Magnification 40×
(scale bar = 200 µm). (E) Representative Western blot images of active caspase 3 (upper) and their
quantification (lower) in transfected HUVECs following serum deprivation (left) and transfected
VSMCs following thapsigargin exposure (right). HUVECs = human umbilical vein endothelial
cells; VSMCs = vascular smooth muscle cells; IGF-IIR= insulin-like growth factor type 2 receptor;
WT = Wild type group; STD = standard type diet; ApoE−/− = ApoE deficient mice; HFD = high fat diet;
IHC = immunohistochemistry; M = media; F = fibrous; S = shoulder; FBS = foetal bovine serum. All
the in vitro experiments have been performed at least 3 times (n = 3). Western blot of IGF-IIR: WT STD
18 wks (n = 6); ApoE−/− STD 18 wks (n = 6); ApoE−/− HFD 18 wks (n = 6). Immunohistochemistry of
IGF-IIR: Media (n = 44); Fibrous (n = 49); Shoulder (n = 19).

3. Discussion

Atherosclerosis has been a silent and asymptomatic disease for decades in which
various factors can contribute to the progression and rupture of vulnerable plaques and,
consequently, trigger the acute event such as acute myocardial infarction or stroke [21]. In
this regard, not only could the study of miRNAs panels help in the future to identify the
presence of vulnerable plaques, but also to avoid the progression process. In this study,
we have analyzed 18 miRNAs and have finally identified two miRNAs, miR-155-5p and
miR-143-3p, with altered levels in both an experimental atherosclerosis model in mice
and in patients with advanced carotid atherosclerosis. In this paper, we present a novel
role of miR-155-5p and miR-143-3p in the insulin resistance and apoptosis of vascular
resident cells, respectively, being both key processes in the progression and instability of
atherosclerotic plaque.
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Clearly miR-155 is one of the most dynamically regulated and multifunctional miR-
NAs, which has been associated with the regulation of immune-related processes, with
an impact on cancer [8,13] and atherosclerosis [21]. Diverse studies about the role of
miR-155-5p in atherosclerosis have obtained contradictory results and the most plausible
explanation might be that the function of miR-155-5p depends on the phase of atherosclero-
sis. Thus, miR-155-5p could suppress atherosclerosis in the early phases, while promoting
its progression in advanced stages [22,23]. For instance, in a model of early atherosclerosis,
low-density lipoprotein receptor deficient mice transplanted with miR-155-deficient bone
marrow had increased atherosclerotic plaques, elevated levels of pro-inflammatory mono-
cytes, and decreased interleukin (IL)-10 production [24]. However, several studies using
ApoE−/− mice as a model for an advanced phase of atherosclerosis demonstrated that a
treatment using antagomiR-155 attenuated atherosclerosis development and progression
in ApoE−/− mice [25]. Similarly, lower plaque sizes were observed in ApoE−/− mice with
a leukocyte specific miR-155 deficiency [26] or in ApoE−/− miR-155−/− double knockout
mice [27]. In accordance with these findings, we observed that miR-155-5p expression
significantly increased in aortic roots from ApoE−/− fed with HFD, a model of advanced
atherosclerosis, as well as in carotid biopsies from patients with advanced atherosclerosis.
In contrast, subjects with fibrolipidic plaques, an early phase of atherosclerosis, showed
lower miR-155-5p levels than healthy subjects. In this regard, previous studies have de-
scribed that miR-155-5p might be a possible biomarker of plaque instability in the plasma
of coronary artery disease (CAD) patients [28] and overexpressed in macrophages dur-
ing atherosclerosis progression [29], consistent with our findings reporting a noteworthy
miR-155-5p overexpression in diabetic patients with advanced carotid atherosclerosis. The
miR-155 has also been described to promote inflammatory activation of macrophages by re-
pressing B-cell leukemia/lymphoma (BCL-6), a negative regulator of nuclear factor-kappa
B (NF-κB) signaling, thus promoting atherosclerosis [26].

Since the role of miR-155-5p in vascular insulin resistance has not been elucidated
yet and AKT is a confirmed target of this miRNA [30] that promotes proliferation and
survival of VSMCs and ECs during atherosclerosis [30–32], we explored whether miR-
155-5p could contribute to the development of insulin resistance. We demonstrated that
AKT was decreased in the aorta from HFD-fed ApoE−/− mice and in carotid samples from
ACA patients, which correlate with an overexpression of miR-155-5p. However, patients
with early atherosclerosis presented a significant increase in AKT protein levels. We also
established a significant inverse correlation between miR-155-5p and AKT in human carotid
artery. Moreover, in VSMCs and HUVECs a significant decrease in AKT protein levels
was noted after miR-155-5p overexpression, and in consequence a strong decrease in AKT
phosphorylation and function. Moreover, miR-155-5p also regulates p85α as we observed
in VSMCs, which could contribute to the significant decrease in AKT phosphorylation.

We have also found a significant and robust correlation between BMI and both miR-155-
5p and AKT expression. Recently, several miRNAs have emerged as key agents involved
in pathways related to obesity such as adipokine expression, glucose and lipid metabolism,
insulin signaling, oxidative stress, and inflammation [33,34]. Both the adipose tissue and
circulating miRNAs are deregulated in human obesity [35]. Previous studies have described
that the expression of miR-155-5p, miR-34a and let-7c might be altered in response to tumor
necrosis factor-α (TNF-α) in human adipocytes, and that miR-155-5p is closely associated
with NF-κB signalling [36,37]. It has been reported that NF-κB-p65 interacts with the
promoter site of miR-155, and thus NF-κB activation promotes miR-155 transcription [38].
In this regard, the overexpression of miR-155-5p observed in advanced atherosclerosis
could be induced by NF-κB activation itself since some groups have described a significant
NF-κB activation in carotid advanced atherosclerosis [39,40] as well as in aortic root from
ApoE−/− mice under HFD [41], both similar to the samples used by us.

In this regard, modulation of this inflammation-related miR-155-5p in both adipocytes
and their exosomes would improve adipocyte dysfunction and would have an impact on
distant organs, such as liver or vascular tissues [42]. Indeed, the deletion of miR-155 in
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mice prevented diet-induced obesity, improved insulin sensitivity, and abrogated adipocyte
hypertrophy and adipose tissue inflammation [43]. Moreover, the reduction in miR-155
increases the expression of genes involved in brown adipogenesis, lipolysis, and energy
release, which could synergize to improve fat metabolism [44–47]. Our results suggest
that miR-155-5p might promote the simultaneous development of several pathophysiolog-
ical processes in different organs, such as vascular and hepatic insulin resistance. Other
reports have already described that hepatic miR-155-5p is upregulated in HFD-induced
non-alcoholic fatty liver disease (NAFLD) in rats [47] and in non-alcoholic steatohepati-
tis (NASH) mouse models [48]. Furthermore, miR-155 plays a key role in hepatic lipid
metabolism and its deficiency reduces steatosis and fibrosis [49]. Therefore, miR-155-5p
coordinately affects various pathways that may elicit adiposity and obesity as well as
vascular and hepatic alterations.

The other miRNA candidate that we have studied has been miR-143-3p, which modu-
lates the expression of several genes relevant to cardiovascular biology and function. This
miRNA plays a protective role in myocardial infarction by targeting ciclooxygenase-2 [20]
or apoptosis-related genes [50]. So, the action of miR-143-3p might be inducing cell mi-
gration and inhibiting apoptosis. In this regard, miR-143-3p plays a key role in VSMCs
differentiation through the downregulation of its target, Ets-like gene 1, a transcriptional
coactivator that is crucial in the regulation of the VSMC phenotype [9]. In our experimental
model of advanced atherosclerosis and in patients with ACA, we observed a significant
decrease in miR-143-3p whereas in ApoE−/− mice after only 8 weeks of HFD and in sub-
jects with fibrolipidic plaques, both with early atherosclerosis, miR-143-3p levels did not
significantly differ from their respective controls.

On the other hand, we have also attributed a role to miR-143-3p in the progression
of atherosclerosis through the regulation of IGF-IIR. Xihua L et al. confirmed IGF-IIR as
a target for miR-143-3p, giving a protective role against atherosclerosis to this miRNA
in patients with metabolic syndrome [51]. IGF-IIR is a fetal promoter of cell growth,
survival and differentiation [52]. During atherosclerosis, IGF-IIR overexpression may have a
protective role in macrophages and a detrimental role in VSMCs or unstable atherosclerotic
plaques [53,54]. Moreover, IGF-IIR activates caspase 3 in cardiomyocytes, promoting
apoptosis [55]. In our work, we associated a decrease in miR-143-3p with an increase in
IGF-IIR expression both in human advanced atherosclerotic plaques and in aortic roots
from ApoE−/− mice fed with HFD. Therefore, miR-143-3p downregulation might have
a pro-apoptotic effect in HUVECs and VSMCs. However, further studies are needed to
determine the mechanism by which IGF-IIR activates caspase 3 in atherosclerosis.

In summary, this study demonstrates a novel role for miR-155-5p and miR-143-3p in
atherosclerosis progression. Our results suggest that miR-155-5p overexpression may be
involved in vascular insulin resistance by targeting AKT, whereas miR-143-3p downregula-
tion could be a pro-apoptotic mechanism by increasing IGF-IIR during plaque progression
(Graphical Abstract).

4. Materials and Methods
4.1. Human Samples

We used two cohorts of patients. In the first of them, human aortas were consecutively
collected from deceased organ donors from 2010 to 2013 under the authorization of the
French Biomedicine Agency (PFS 09-007). After macroscopic examination, the aortas were
classified according to Stary classification [56] into two groups: control aortas (CAs, n = 7),
and aortas with fibrolipidic initial plaques [fibroatheromas (FAs), n = 7]. A small portion
of tissue from each sample was fixed in 3.7% paraformaldehyde for classical histology
and immunochemistry assessments. For the CA samples, it was practically and virtually
impossible to separate and independently process the tunica intima. For these samples,
the adventitia was carefully removed, and only the results obtained from the tunica media
are presented. There were no significant differences in terms of age and gender. The
investigation conforms to the principles outlined in the Declaration of Helsinki.
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The second cohort corresponds to patients with advanced carotid atherosclerosis.
Forty atherosclerotic plaques from patients with carotid stenosis > 70% undergoing carotid
endarterectomy at IIS-Fundación Jiménez Díaz (Supplemental Table S3). The plaques
showed an increase in inflammatory cells (Stary stages V–VI), whereas adjacent areas were
mainly composed of VSMCs and lipid deposits (Stary stage III). The study was approved by
the Hospital’s Ethics Committee (IIS-Fundación Jiménez Díaz) with the reference number
PI1442016 according to the institutional and the Good Clinical Practice guidelines, which
was performed in accordance with the Declaration of Helsinki. All participants gave written
informed consent.

4.2. Animal Model

Male C57Bl/6 Wild type (WT) and ApoE knockout (ApoE−/−) mice were maintained
under standard light (12 h long light/dark cycles), temperature (23.3 ◦C), and humidity
(65.1%) conditions, and ad libitum diet from their weaning, up to their sacrifice. The
WT mice (n = 7) were fed a standard type diet ([STD] 3% of the kcal are provided by fat,
Envigo, USA) for 8 or 18 weeks, while the ApoE−/− mice were separated in two groups:
one was fed the STD (n = 7), and the other a HFD (n = 10) (60% of the kcal are provided
by fat, Envigo, Indianapolis, IN, USA) for 8 or 18 weeks before sacrifice. After 8 or
18 weeks fed with the corresponding diet, animals were sacrificed following fasting for
16 h. All animal experimentation was conducted in accordance with the accepted standards
of animal use approved by the Complutense University of Madrid Ethics Committee,
Autonomic Community of Madrid (PROEX188/88) and the guidelines from Directive
2010/63/EU of the European Parliament on the protection of animals used for scientific
purposes. The microbiological and health state of the mice was controlled by the FELASA
(Federation of European Laboratory Animal Science Associations) criteria and showed no
pathogenic infection.

For euthanasia, the mice were anesthetized with Ketamine (50 ng/mL, Ketalar® [Pfizer,
New York, NY, USA]) and Xylazine (200 mg/mL Rompun® [Bayer, Barmen, Germany])
intraperitoneal injection on a 50:5 dose per Kg. The aorta and the liver were harvested
and stored at −80 ◦C, while the aortic root was washed with saline and then included in
Tissue-Tek® O.C.T. Compound ([O.C.T.], VWR BDH Chemicals®, Radnor, PA, USA) and
stored at −80 ◦C for further analysis. Both tissues were extracted under sterile conditions.
Blood was extracted from the jugular vein and mixed with 0.4% p/v Citrate (Merck,
Darmstadt, Germany), then the plasma was recovered after a 1200× g centrifuge for 15 min
at 4 ◦C for subsequent analysis. Before the injection, the animals were weighted, and
plasma glucose was measured using an Accu-Chek® glucometer (Aviva Roche, Basilea,
Switzerland). Finally, cholesterol and triglycerides were tested in plasma samples from
fasted mice (Spinreact, Girona, Spain).

In order to study the vascular insulin signaling in physiological conditions, in vivo
insulin signaling assays were performed. Fasted mice were intraperitoneally (i.p.) injected
with 1 U/kg BW of insulin glulisine (Apidra SoloStar, Sanofi, Paris, France) or an equivalent
volume of 0,9% p/v saline solution (n = 5 per group). After 10 min, mice were sacrificed,
and harvested tissues were immediately frozen in liquid nitrogen. Insulin signaling was
assessed by Western blot against phospho-AKT (Ser473) in homogenates of aorta artery.

4.3. Cell Culture

HUVECs were purchased from PromoCell. They were grown in MCDB-131 culture
medium (Life Technologies, Carlsbad, CA, USA) enriched with L-glutamine 2mM (GibcoTM,
Fisher Scientific, Hampton, NH, USA), foetal bovine serum 7.5% v/v (GibcoTM, Fisher
Scientific, Hampton, NH, USA), Penicillin/Streptomycin 100 U/mL (GibcoTM, Fisher Scien-
tific, Hampton, NH, USA) and endothelial growth factor 1X (R&D systems®, Minneapolis,
MN, USA). Cells were received at passage 2 and were grown until passage 8. All cells were
grown at 37 ◦C in a humified 5% CO2 incubator (Fisher Scientific, Hampton, NH, USA).
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Generation of immortalized WT VSMCs lines was previously described [57]. Cell lines
were cultured to subconfluence (70–80%) with 10% foetal bovine serum (FBS)-DMEM for
in vitro experiments.

4.4. Histological Tissue Samples

Paraffin-embedded human carotids and livers from an experimental model were
cut into 5 µm sections and stained with hematoxylin and eosin purchased from PanReac
Appli Chem ITW Reagents. AKT and IGF-IIR were detected by immunoperoxidase with
rabbit anti-AKT (#9272, Cell Signalling Technology Inc.®, Danvers, MA, USA) and anti-
IGF-IIR (sc-25462, Santa Cruz Biotechnology, Dallas, TX, USA) polyclonal antibodies. After
an overnight incubation with each primary antibody, sections were incubated with a
peroxidase-conjugated secondary antibody for 1 h at 1:100 dilution. The sections were
stained for 10 min at room temperature with 3,3-diaminobenzidine and then counterstained
with hematoxylin and mounted in DPX mounting medium (255,254.1610, PanReac Ap-
pliChem ITW Reagent, Sigma-Aldrich, Saint Louis, MO, USA). In each experiment, negative
controls without the primary antibody were included to check for nonspecific staining.

The immunohistochemistry images were quantified using the “count and measure
objects” tool in the Image-Pro Plus software IPWin (v4.5, Media Cybernetics, Rockville,
USA). The color considered as positive staining for the same protein was manually selected,
and the value corresponding to the sum of all stained areas was obtained. The results were
expressed as the percentage of the stained area with respect to the total area analyzed in
each sample.

Hepatic H&E staining was performed in paraffin-embedded sections (4 µm thick) that
were evaluated by a single-blinded highly qualified hepatopathologist from Santa Cristina
Hospital (Madrid, Spain). The score range was set between 0 and 3. Steatosis score was
assessed, grading percentage involvement by steatotic hepatocytes as follows: grade 0,
0–5%; grade 1, >5–33%; grade 2, >33–66%; grade 3, >66%.

Aortic root and a section of liver samples was included in Tissue-Tek® optimum cutting
temperature (OCT) compound (Sakura Finetek, Alphen aan den Rijn, The Netherlands),
and later in liquid nitrogen for freezing. The O.C.T. embedded aortic root or liver samples
from the experimental model were cut into 5 µm sections using a cryostat (CM1510 S;
Leica, Wetzlar, Germany). Cut sections were stained with Oil Red O and hematoxylin to
assess lipid depot. Individual lesion area in aortic roots was determined by averaging
the maximal values. A stock Oil Red O (Sigma-Aldrich, USA) solution was made with
3 mg/mL Oil Red O in 99% isopropanol. The stock was diluted in a 3:2 ratio in ultrapure
water. Frozen cryosections were air dried, fixed in 10% formalin, stained with Oil Red O
and counterstained with Mayer’s hematoxylin (Electron Microscopy Sciences, Hatfield, PA,
USA). The sections were mounted with aqueous mounting medium for imaging (Vector
Labs, Newark, CA, USA). Images of sections were acquired using an inverted Eclipse TE300
microscope coupled to a Digital Sight DS-U2 camera (Nikon, Tokyo, Japan). Quantifications
for images of Oil Red O staining in aortic roots were performed using IP Win32 v4.5
software (Acromag, Wixom, MI, USA). Finally, % stenosis and % lesion area/total area was
analyzed using Image J (v1.52a, Wayne Rasband, National Institute of Health, Stapleton,
NY, USA).

4.5. En Face Imaging of Aorta

Atherosclerotic lesions were quantified by en face analysis of the whole aorta. For en
face preparations, the aorta was opened longitudinally, while still attached to the heart
and major branching arteries in the body. The aorta from the heart to the iliac bifurcation
was then removed and was pinned out on a white wax surface in a dissecting pan using
stainless steel pins 0.2 mm in diameter. After overnight fixation with 4% paraformaldehyde
and PBS rinsing, the aortas were stained for 6 min in a filtered solution containing 0.5%
Oil Red-O, 35% ethanol and 50% acetone, and then destained in 80% ethanol. The Oil
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Red-O-stained aortas were photographed, and the atherosclerotic lesions were quantified
using IP Win32 v4.5 software.

4.6. miRNA Extraction from the Aorta, Liver, Vascular Cell Lines and Paraffin-Embedded
Carotid Tissue

The miRNA content from the aorta, the liver and the cells were extracted following
the mirVanaTM miRNA Isolation Kit (InvitrogenTM, Thermo Fisher Scientific, Waltham,
MA, USA). The miRNA content from paraffin-embedded carotids was extracted using the
RNeasy FFPE kit (Qiagen, Hilden, Germany). All the extractions were made following
the protocol handled by the manufacturers. In all cases, miRNAs and long RNAs were
obtained in separate fractions. The miRNA sample concentration was then determined
using a NanoDropTM 2000 and the NanoDrop 2000/2000c Operating Software (Thermo
Scientific, Waltham, MA, USA).

4.7. Cell Transfection with miRNA Precursors

Precursors of miR-155-5p and miR-143-3p were purchased from Sigma-Aldrich. Ap-
proximately 5 × 104 cells were seeded in P60 culture plates (353002, FalconTM, Thermo
Fisher Scientific, Waltham, MA, USA) and transfected with 10–20 nM of MISSION®

miRNA mimic hsa-miR143-3p or hsa-miR-155-5p (HMI0221 or HMN0254, Sigma-Aldrich,
Saint Louis, MO, USA). As specified in the manufacturer’s protocol (#409-10, Polyplus
transfection®, Strasbourg, France), miRNA expression in transfected cells was assessed
72 h after transfection, whereas protein downregulation was analysed 96 h following
transfection. To evaluate insulin signaling in cells transfected with pre-miR-155-5p, they
were deprived in 0% FBS medium for 6h and then stimulated with 100 nM insulin (Sigma-
Aldrich, Saint Louis, MO, USA) for 10 min. To study the effect of the pre-miR-143-3p on
cell apoptosis, HUVECs were deprived of FBS for 6 h or VSMCs were deprived of FBS for
2 h followed by a treatment with thapsigargin for 2 h (100 nM, Santa Cruz Biotechnology,
Dallas, TX, USA).

4.8. RT-qPCR Analysis

Complementary DNA (cDNA) was synthesized by a High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA, USA) for mRNA analysis. Quantita-
tive polymerase chain reaction (qPCR) was done using cDNA as template and the TaqMan®

Fast Advanced Master Mix (Thermo Scientific, Waltham, MA, USA). The genes were de-
tected using TaqMan® (Thermo Scientific, Waltham, MA, USA) probes for hsa-miR-143-3p
(477912_mir, mature miRNA sequence: UGAGAUGAAGCACUGUAGCUC), mmu-miR-155-
5p (mmu480953_mir, mature miRNA sequence: UUAAUGCUAAUUGUGAUAGGGGU)
and mmu-miR-191-5p (mmu481584_mir, mature miRNA sequence: CAACGGAAUCC-
CAAAAGCAGCUG) used as endogenous gene. The references of other Taq-Man® probes
used are indicated in the Supplemental Table S2. All the probes detect both mouse and
human target genes. All RT-qPCR experiments were performed in an ABI Prism 7900HT
Thermal Cycler (Applied Biosystems, Foster City, CA, USA).

The relative abundance of mRNA targets, normalized with the endogenous gene and
relative to the control, is calculated as follow a: Relative Quantification (RQ) = 2−∆∆Ct;
∆Ct (cycle threshold) = Ct (miRNA target) − Ct (miR-191-5p); ∆∆Ct = ∆Ct for any sample
− ∆Ct for the control]. Amplification of miR-191-5p was used in the same reaction of all
samples as an internal control.

4.9. Western Blot Analysis

Proteins from cell lysates (20–60 µg), and tissue samples (20–70 µg) were separated
on a 10% or 10–20% gradient acrylamide gel and then transferred to a 0.45 µM pore PVDF
membrane (Merck, Darmstadt, Germany) as previously described [57]. The primary an-
tibodies used are shown in Supplemental Table S4 and all of them were diluted in TTBS.
Rabbit and mouse primary antibodies were immunodetected using horseradish peroxidase-
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conjugated anti-rabbit IgG (NA931V; 1:4000 in TTBS) or anti-mouse IgG secondary antibody
(NA934V; 1:5000 in TTBS) (GE Healthcare, Buckinghamshire, UK), respectively. When
possible, phospho-proteins and their total expression were detected in the same gel, using
RestoreTM Western Blot Stripping Buffer (Thermo Fisher Scientific) as per the manufac-
turer’s instructions, blocking the membrane again before the incubation with the next
antibody. Loading was normalized by β-actin or α-tubulin. Protein bands were visualized
using the Clarity Western Blot Analysis ECL (BioRad®, Hercules, CA, USA). Band densito-
metry was analysed using ImageJ Software (v1.52a, Wayne Rasband, National Institute of
Health, Stapleton, NY, USA).

4.10. Database Search to Find miRNAs and Their Possible Targets

The miRNAs analyzed in the study were identified by an exhaustive search for key-
words (miRNAs, atherosclerosis, insulin resistance, inflammation, and fatty liver) and
different publications in PubMed. Once the miRNAs of interest were selected, the interac-
tion between them and their mRNA targets was evaluated in miRNA-Target Interaction
databases such as GEO Database, TargetScan, miRWalk, miRDB, DIANA and miRTarBase.
The data collected from these databases were analyzed, and only those targets that ap-
peared in two or more databases were considered as possible targets. A diagram showing
the proposed regulatory axes during atherosclerosis progression is supplied in the Supple-
mental Figure S4B,D. These representations were made using Cytoscape software (v.3.8.2.
on Java 11.0.6. by AdoptOpenJDK, Darmstadt, Germany).

4.11. Statistical Analysis

The data from the experimental groups were analyzed using GraphPad Prism (v8,
JPM ®, New York, USA). Normality and Lognormality tests were performed to confirm that
the data followed a normal distribution. Statistical significance of the differences between
groups was assessed by Student’s t tests when comparing two groups, or with ANOVA tests
followed by a Bonferroni post-hoc test when comparing more than two groups. Correlation
between variables was assessed by two-tailed Spearman’s r correlation analyses. The exact
p value is indicated in each figure when it reached statistically significance (p < 0.05).

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ijms231810253/s1.
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Graphical Abstract

This study demonstrates a novel role for miR-15a-5p and miR-199a-3p in
atherosclerosis progression. Both miRNAs have an anti-inflammatory role due
to the regulation of their targets involved NF-kappa B pathway, in addition, they
have an anti-foaming role in vascular smooth muscle cells. Finally, miR-15a-5p
might be useful for diagnosis of advanced carotid atherosclerosis.
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Abstract
Background: Cardiovascular diseases (CVDs) prevalence has significantly
increased in the last decade and atherosclerosis development is the main trig-
ger. MicroRNAs (miRNAs) are non-coding RNAs that negatively regulate gene
expression of their target and their levels are frequently altered in CVDs.
Methods: By RT-qPCR, we analysed miR-9-5p, miR-15a-5p, miR-16-5p and
miR-199a-3p levels in aorta from apolipoprotein knockout (ApoE−/−) mice, an
experimental model of hyperlipidemia-induced atherosclerosis, and in human
aortic and carotid atherosclerotic samples. By in silico studies, Western blot
analysis and immunofluorescence studies, we detected the targets of the altered
miRNAs.
Results: Our results show that miR-15a-5p and miR-199a-3p are significantly
decreased in carotid and aortic samples from patients and mice with atheroscle-
rosis. In addition, we found an increased expression in targets of both miRNAs
that participate in the inflammatory pathway of nuclear factor kappa B (NF-
κB), such as IKKα, IKKβ and p65. In human vein endothelial cells (HUVECs)
and vascular smooth muscle cells (VSMCs), the overexpression of miR-15a-5p or
miR-199a-3p decreased IKKα, IKKβ and p65 protein levels as well as NF-κB acti-
vation. On the other hand, miR-15a-5p and miR-199a-3p overexpression reduced
ox-LDL uptake and the inflammation regulated by NF-κB in VSMCs. Moreover,
although miR-15a-5p and miR-199a-3p were significantly increased in exosomes

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
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from patients with advanced carotid atherosclerosis, only in the ROC analyses
for miR-15a-5p, the area under the curve was 0.8951 with a p value of .0028.
Conclusions:Our results suggest that the decrease ofmiR-199a-3p andmiR-15a-
5p in vascular samples from human and experimental atherosclerosis could be
involved in theNF-κB activation pathway, aswell as in ox-LDLuptake byVSMCs,
contributing to inflammation and progression atherosclerosis. Finally, miR-15a-
5p could be used as a novel diagnostic biomarker for advanced atherosclerosis.

KEYWORDS
atherosclerosis, inflammation, miRNAs, NF-κB

1 INTRODUCTION

Cardiovascular diseases (CVDs) and cancer are the dom-
inant causes of death in the world.1 Atherosclerosis is
the main cause of CVDs including heart failure, stroke,
myocardial infarction and peripheral arterial disease.2
Atherosclerosis is located in the intima of many middle
sized and large arteries, especially in the locations with
geometrically complex vessels.2 Laminar and unidirec-
tional flow induces an increase in transcription factors
such as Kruppel-like factors (KLF2 and KLF4) and nuclear
factor erythroid 2-related factor 2 (Nrf2) that will favour
an atheroprotective phenotype.3 However, non-uniform,
turbulent, multidirectional or oscillatory flow regions,
as in the bifurcation of the carotid artery produces an
increase of inflammatory transcription factors and degra-
dation of endothelial glycocalyx, leading to atherosclerotic
phenotype.3,4
Inflammation is a key factor in the progression

of atherosclerosis and in the rupture of advanced
atherosclerotic plaques.5 The dysfunctional and activated
endothelium increases the secretion of chemokines,
such as monocyte chemoattractant protein-1 (MCP-
1), which favours the recruitment and diapedesis of
monocytes and the different lymphocytes, as well as
adhesion molecules and selectins that favour rolling,
and transmigration in the subendothelial space. These
monocytes in the subendothelial space will differentiate
into macrophages. Mainly, there have been identified
two populations of macrophages, M1 and M2, being the
first one highly expressed in symptomatic patients with
advanced carotid atherosclerosis (ACA).6 Moreover, other
immune-inflammatory cells as dendritic cells or lym-
phocytes T and B also participate in the development of
atherosclerosis.5 In addition,many of the proinflammatory
mediators, enzymes, chemokines and cytokines involved
in atherogenesis could be regulated by different tran-
scription factors, among them the nuclear factor kappa B
(NF-κB).7

NF-κB is formed by p50 and p65, and IκB subunits in the
cytosol. The phosphorylation of inhibitory subunit, IκB,
by IKK complex (IKKα/IKKβ/IKKγ), its polyubiquitina-
tion, and finally, degradation by proteasome, permit the
p50/p65 heterodimer nucleus translocation,7 which acti-
vates the transcription of genes involved in the inflamma-
tory, immune or acute-phase response. Increased NF-κB
activation has been found in peripheral blood mononu-
clear cells (PBMCs) from patients with unstable angina8
or acute coronary syndrome.9 Moreover, patients with
ACA also showed a significant increase of active NF-κB in
atherosclerotic lesions and in PBMCs.10,11
MicroRNAs (miRNAs) are small endogenous non-

coding RNAs that negatively regulate the translation of
mRNAs. miRNAs play a role in development, metabolism,
cell proliferation, growth, differentiation and death.12
However, it has been described that the alteration in
the expression profile of miRNAs might be related to
human diseases, such as atherosclerosis. For instance,
miR-145 and miR-143 regulate vascular smooth muscle
cells (VSMCs) fate and plasticity,13 whereas miR-24-3p
has been described as an important regulator in VSMCs
proliferation and apoptosis.14
Atherosclerosis is an asymptomatic disease for long

periods in which several factors can contribute to the
progression and rupture of vulnerable plaques and, conse-
quently, provoke the acute event such as stroke or acute
myocardial infarction.15 In this regard, to identify new
biomarkers, miRNAs or miRNA panels will help in the
future to detect the presence of vulnerable plaques, but also
to avoid the progression process. After a screening of 20
miRNAs involved in inflammation and metabolic diseases
such asNAFLDand atherosclerosis, in thismanuscript, we
have deepened the study of two miRNAs (miR-15a-5p and
miR-199a-3p) that showed a similar behaviour in vascu-
lar samples fromhuman and experimental atherosclerosis.
We have analysed the expression of these miRNAs by
RT-qPCR in human atherosclerotic samples, using aor-
tic samples from control subjects (CAs) and subjects with

213

Additional documents



GONZÁLEZ-LÓPEZ et al. 3 of 20

fibrolipidic plaques (FAs) or carotid samples from patients
with ACA. Then, these miRNAs were also studied in the
aorta from ApoE−/− mice (a classical experimental model
of atherosclerosis) under a standard diet (STD) or a high-
fat diet (HFD) for 8 and 18 weeks and wild-type mice.
So, we focused on the role of miR-15a-5p and miR-199a-3p
and their targets (IKKα, IKKβ and p65) in the progres-
sion of experimental and human atherosclerosis, as well
as their implication in inflammation and NF-κB activa-
tion. To further characterize the role of these miRNAs in
atherosclerosis progression, we performed overexpression
experiments in human vein endothelial cell (HUVECs)
and VSMCs. Finally, we analysed the utility of circulat-
ing miR-15a-5p and/or miR-199a-3p levels as diagnostic
biomarkers of human advanced atherosclerosis.

2 METHODS

2.1 Human samples

Two cohorts of patients were analysed in this study. In
the first cohort, under the authorization of the French
Biomedicine Agency (PFS 09-007) human aortas were col-
lected from deceased organ donors from 2010 to 2013. After
macroscopic evaluation, the aortas were classified follow-
ing the Stary classification15 into two groups: control aortas
(CAs, n = 7), and aortas with initial fibrolipidic plaques
(fibroatheromas [FAs], n = 7) as previously described.16
The investigation conforms to the principles outlined in
the Declaration of Helsinki.
The second cohort includes patients with ACA. Patients

with carotid stenosis >70% underwent carotid endarterec-
tomy at IIS-Fundación Jiménez Díaz (Table S1) and the
atherosclerotic plaques (n = 40) were collected for fur-
ther analysis. The plaques showed higher inflammatory
cells infiltration (Stary stages V–VI), however, the adja-
cent areas showed mainly lipid depots and VSMCs (Stary
stage III). In the same study, plasma was collected from
29 patients to obtain extracellular vesicles and analyse
miRNAs levels (Table S1). The study was approved by
the Hospital’s Ethics Committee (IIS-Fundación Jiménez
Díaz) with reference number PI1442016 according to the
institutional and the Good Clinical Practice guidelines,
which was performed in accordance with the Declara-
tion of Helsinki. All participants gave written informed
consent.

2.2 Animal model

Male C57Bl/6 wild type (WT) and ApoE deficient
(ApoE−/−) mice were maintained under standard light

(12 h long light/dark cycles), temperature (23.3◦C) and
humidity (65.1%) conditions, and ad libitum diet from
their weaning, up to their sacrifice. The WT mice (n = 7)
were fed a standard type diet (STD; 3% of the kcal are
provided by fat, Envigo, USA) for 8 or 18 weeks, while the
ApoE−/− mice were separated into two groups: one was
fed the STD (n = 7) and the other a HFD (n = 10) for 8 or
18 weeks before sacrifice. The formula of HFD (TD06414,
Envigo, USA) is composed of casein (265.0 g/kg), l-
cystine (4.0 g/kg), maltodextrin (60.0 g/kg), sucrose
(90.0 g/kg), lard (310.0 g/kg), soybean oil (30.0 g/kg),
cellulose (65.5 g/kg), mineral mix (AIN-93G-MX (94046),
48.0 g/kg), calcium phosphate dibasic (3.4 g/kg), vitamin
mix (AIN-93-VX (94047), 21.0 g/kg) and choline bitartrate
(3.0 g/kg). The percentage of kcal supported by pro-
tein (18.3%), carbohydrate (27.3%) and fat (60.3%). Fatty
acid profile (percentage of total fat): 36% saturated, 41%
monounsaturated and 23% polyunsaturated.
Mice were sacrificed at 8 or 18 weeks of feeding with

STD or HFD, after 16 h of fasting. All animal experimen-
tations were conducted in accordance with Complutense
University of Madrid Ethics Committee, Autonomic Com-
munity of Madrid (PROEX133/19) and the guidelines from
Directive 2010/63/EU of the European Parliament regard-
ing the protection of animals used for scientific purposes.
The microbiological and health state of the mice was con-
trolled by the Federation of European Laboratory Animal
Science Associations (FELASA) criteria and showed no
pathogenic infection.
For euthanasia, the mice were anesthetized with

ketamine (50 ng/mL, Ketalar R© [Pfizer, New York, USA])
and xylazine (200mg/mLRompun R© [Bayer, Barmen, Ger-
many]) intraperitoneal injection on a 50:5 dose per Kg.
The aorta was harvested and stored at −80◦C, while the
aortic root was washed with saline and then included
in Tissue-Tek R© O.C.T. Compound ([O.C.T.], VWR BDH
Chemicals R©, Radnor, PA, USA) and stored at −80◦C for
further analysis. Both tissues were extracted under sterile
conditions. Blood was extracted from the jugular vein and
mixedwith 0.4% p/v citrate (Merck, Darmstadt, Germany),
then the plasma was recovered after a 1200 × g centrifuge
for 15 min at 4◦C for subsequent analysis. Before the
injection, the animals were weighted, and plasma glucose
was measured using an Accu-Chek R© glucometer (Aviva
Roche, Basel, Switzerland). Finally, cholesterol and triglyc-
erides were tested in plasma samples from fasted mice
(Spinreact, Girona, Spain).

2.3 Cell culture

HUVECs were purchased from PromoCell. They were
grown in MCDB-131 culture medium (Life Technologies,
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Carlsbad, CA, USA) enriched with l-glutamine 2 mM
(GibcoTM, Fisher Scientific, Hampton, NH, USA), foetal
bovine serum (FBS) 7.5% v/v (GibcoTM, Fisher Scientific,
Hampton, NH, USA), Penicillin/Streptomycin 100 U/mL
(GibcoTM, Fisher Scientific, Hampton, NH, USA) and
endothelial growth factor 1X (R&D systems R©, Minneapo-
lis, MN, USA). Cells were received at passage 2 and were
grown until passage 5. All cells were grown at 37◦C in a
humidified 5% CO2 incubator (Fisher Scientific, Hampton,
NH, USA).
Generation of immortalized WT VSMCs lines was pre-

viously described.17 Cell lines were cultured to subcon-
fluence (70%−80%) with 10% FBS-DMEM for in vitro
experiments.

2.4 Histological tissue samples

Paraffin-embedded human carotidswere cut into 5 μmsec-
tions and stained with Masson trichrome and contrasted
with haematoxylin and eosin purchased from PanReac
Appli-Chem ITW Reagents (PanReac Appli-Chem ITW
Reagents, Darmstadt, Germany). IKKα, IKKβ, p65 and
LOX-1 were detected by immunoperoxidase with rabbit
anti-IKKα (sc-7606, Santa Cruz Biotechnology, Dallas, TX,
USA), anti-IKKβ (#2678, Cell Signalling Technology Inc. R©,
Danvers, MA, USA), anti-LOX-1 (#PA5-102452, Invitrogen,
Waltham, MA, USA) and anti-p65 (#PA1-186, Invitrogen,
Waltham, MA, USA) polyclonal antibodies (see Table S2).
After an overnight incubationwith each primary antibody,
sections were incubated with a peroxidase-conjugated
secondary antibody for 1 h at 1:100 dilution or biotin-
conjugated secondary antibody (1:200) (Table S2). When
we used peroxidase-conjugated secondary antibodies, the
slides were incubated with peroxidase substrate DAB
(416424, Palex, Barcelona, Spain) for 30 min. For the
IKKα and LOX-1, an incubation of 30 min with Vectas-
tain Elite ABC-HRP Kit (416411, Palex, Barcelona, Spain)
at room temperature was carried out after the secondary
antibody incubation and before the DAB incubation. The
sections were stained for 10 min with DAB at room tem-
perature and then counterstained with haematoxylin and
mounted in DPX mounting medium (255,254.1610, Pan-
Reac Appli-Chem ITW Reagents, Darmstadt, Germany).
In each experiment, we included negative controls without
the primary antibody to check for non-specific staining.
The immunohistochemistry images were quantified

using the “count and measure objects” tool in the
Image-Pro Plus software IPWin (v4.5, Media Cybernetics,
Rockville, USA) (IPWin v4.5 software). The colour consid-
ered as positive staining for the same proteinwasmanually
selected and all samples quantified with the same parame-
ters, and the value corresponding to the sum of all stained

areas was obtained. The results were expressed as the per-
centage of the stained area with respect to the total area
analysed in each sample.

2.5 En face imaging of aorta

We quantified the atherosclerotic lesions of the whole
aorta were quantified by en face analysis. For it, the aorta
was opened longitudinally, while still attached to the heart
and major branching arteries in the body. The aorta from
the heart to the iliac bifurcationwas then removed andwas
pinned out on awhitewax surface in a dissecting pan using
stainless steel pins 0.2 mm in diameter. After overnight
fixation with 4% paraformaldehyde and PBS rinsing, the
aortas were stained for 6min in a filtered solution contain-
ing 0.5% Oil Red O, 35% ethanol and 50% acetone, and then
destained in 80% ethanol. The Oil Red O stained aortas
were photographed, and the atherosclerotic lesions were
quantified using IP Win32 v4.5 software.

2.6 miRNA extraction from the aorta,
vascular cell lines and paraffin-embedded
carotid tissue

The miRNA content from the aorta and the cells were
extracted following the mirVanaTM miRNA Isolation
Kit (InvitrogenTM, Thermo Fisher Scientific, Waltham,
MA, USA). The miRNA content from paraffin-embedded
carotids was extracted using the RNeasy FFPE kit (Qia-
gen, Hilden, Germany). All the extractions were made
following the protocol handled by the manufacturers.
The mirVana™ kit allows the isolation of miRNAs and
long RNAs in separate fractions by differential precipita-
tion. The miRNA sample concentration was determined
using aNanoDropTM2000 and theNanoDrop 2000/2000c
Operating Software (Thermo Scientific, Waltham, MA,
USA).

2.7 Cell transfection with miRNA
precursors

Precursors ofmiR-15a-5p andmiR-199a-3pwere purchased
from Sigma-Aldrich. Approximately 5 × 104 cells were
seeded in P60 culture plates (353002, FalconTM, Thermo
Fisher Scientific, Waltham, MA, USA) and transfected
with 10–20 nM of MISSION R© miRNA mimic hsa-miR15a-
5p or 50 nM hsa-miR-199a-3p (HMI0256 or HMI0340,
Sigma-Aldrich, St. Louis, MO, USA). As specified in the
manufacturer’s protocol (#409-10, Polyplus transfection R©,
Strasbourg, France), miRNA expression in HUVECs was
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assessed 72 h after transfection, whereas protein down-
regulation was analysed 96 h following transfection. In
VSMCs, the effect of the transfection in both miRNA and
protein levels was assessed after 48 h transfection with
Lipofectamine R©2000 RNAiMAX. To evaluate the effect
in NF-κB pathway in cells transfected with pre-miR-15a-
5p or/and miR-199a-3p, they were deprived in 0% FBS
medium for 1 h and then stimulated with 10 ng/mL TNF-
α (Sigma-Aldrich, St. Louis, MO, USA) for 10 min. To
study the effect of the pre-miR-15a-5p and miR-199a-3p
on inflammation, VSMCs were treated with low den-
sity lipoprotein from human plasma, oxidized (ox-LDL)
(L34357, Thermo Fisher Scientific, Waltham, MA, USA)
and some of them were transfected with the pre-miRNAs
and analysed whether there was a less LDL uptake,
reduced NF-κB activation as well as gene target regulated
by above nuclear transcription factor.
On the other hand, we have also used hsa-

antagomiR15a-5p (MSTUD0211, Sigma-Aldrich, St. Louis,
MO, USA) and hsa-antagomiR-199a-3p (MSTUD0113,
Sigma-Aldrich, St. Louis, MO, USA) to demonstrate
the effect of the decrease of miR-15a-5p or miR-199a-3p
levels on NF-κB activation. The effects of the transfec-
tion in both, miRNAs and protein levels, were assessed
after 48 h of transfection with Lipofectamine R©2000
RNAiMAX. To evaluate the effect in NF-κB pathway
in cells transfected with hsa-antagomiR-15a-5p (20 nM)
or hsa-antagomiR-199a-3p (20 nM), they were deprived
in 0% FBS medium for 1 h and then stimulated with
10 ng/mL TNF-α (Sigma-Aldrich, St. Louis, MO, USA) for
10 min.

2.8 Oil Red O staining of vascular
smooth muscle cells

After the 100 μg/mL ox-LDL treatment in the last 24 h of
transfectionwith the pre-miR-15a-5p and pre-miR-199a-3p,
the cells were carefully washed two times with PBS 1X and
put on ice. To fix the cells, they were incubated for 20 min
with 10% formalin. The formalin was removed with PBS
1X. The cells were quickly washed with 65% isopropanol
before the 15-min incubation with Oil Red O stock solu-
tion (0.5 g of Oil Red in 100 mL of 99% of 2-propanol,
then we added 40 mL of water). We wait for 10−15 min
before filtering and then washed with 65% isopropanol
again. Finally, the cells were washed with distilled water
to remove the excess colouring. The pictures were taken
with a Nikon TE300 Inverted Phase Contrast DIC Fluo-
rescence Microscope using a Nikon digital sight camera
and the Nikon NIS-Elements F software (v 5.22.00 64-bit).
The LDL uptake was quantified using ImageJ-win 64 soft-
ware. All the pictures were open at the same time and the

image type was changed to 8-bit, then the same threshold
was asset for all the pictures to detect lipid deposition, and
the selected staining from the images was measured at the
same time.

2.9 RT-qPCR analysis

Complementary DNA (cDNA) was synthesized by a
High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA, USA) for mRNA analysis.
Quantitative polymerase chain reaction (qPCR) was
done using cDNA as template and the TaqMan R© Fast
Advanced Master Mix (Thermo Scientific, Waltham,
MA, USA). The genes were detected using TaqMan R©

(Thermo Scientific, Waltham, MA, USA) probes for
mmu-miR-15a-5p (mmu482962_mir, mature miRNA
sequence: UAGCAGCACAUAAUGGUUUGUG), hsa-
miR-199-3p (477961_mir, mature miRNA sequence:
ACAGUAGUCUGCACAUUGGUUA), mmu-miR-
9a-5p (mmu481285_mir, mature miRNA sequence:
UCUUUGGUUAUCUAGCUGUAUGA) and mmu-miR-
16-5p (mmu482960_mir, mature miRNA sequence:
UAGCAGCACGUAAAUAUUGGCG) was used as an
endogenous gene in plasma samples, and mmu-miR-
191-5p (mmu481584_mir, mature miRNA sequence:
CAACGGAAUCCCAAAAGCAGCUG) used as endoge-
nous gene in the other analysis. All the probes detect both
mouse and human target genes. All RT-qPCR experiments
were performed in an ABI Prism 7900HT Thermal Cycler
(Applied Biosystems, Foster City, CA, USA).
The relative abundance of mRNA targets, normalized

with the endogenous gene and relative to the control, is cal-
culated as follows: Relative quantification (RQ)= 2−ΔΔCt;
ΔCt (cycle threshold) = Ct (miRNA target) − Ct (miR-191-
5p); ΔΔCt= [ΔCt (for any sample)−ΔCt (for the control)].
Amplification of miR-191-5p was used in the same reaction
of all samples as an internal control.

2.10 Western blot analysis

Proteins from cell lysates (20–40 μg), and tissue samples
(60 μg) were separated on a 10% or 10%−20% gradient
acrylamide gel and then transferred to a 0.45 μM pore
PVDF membrane (Merck, Darmstadt, Germany) as pre-
viously described.16,17 The primary antibodies used are
shown in Table S2 and all of them were diluted in
TTBS. Rabbit andmouse primary antibodies were immun-
odetected using horseradish peroxidase-conjugated anti-
rabbit IgG (NA931V; 1:4000 in TTBS) or anti-mouse
IgG secondary antibody (NA934V; 1:5000 in TTBS) (GE
Healthcare, Buckinghamshire, UK), respectively. When
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possible, phosphoproteins and their total expression
were detected in the same gel, using Restore™ West-
ern Blot Stripping Buffer (Thermo Fisher Scientific) as
per the manufacturer’s instructions, blocking the mem-
brane again before the incubation with the next anti-
body. Loading was normalized by β-actin or α-tubulin.
Protein bands were visualized using the SuperSignal™
West Pico PLUS Chemiluminescent Substrate (34580,
Thermo Fisher Scientific R©, Hercules, CA, USA). Band
densitometry was analysed using ImageJ Software (v1.52a,
Wayne Rasband, National Institute of Health, Stapleton,
USA).

2.11 Immunofluorescence

The coverslipswere pretreatedwith 0.2% gelatin for 30min
at room temperature and rinsed twice with PBS 1X in a 24-
well culture plate, then 15 × 103 HUVECs were seeded for
transfection. After the 96 h transfection with pre-miR-15a-
5p or/and pre-miR-199a-3p followed by a 1 h deprivation
and the stimulation with 10 ng/mL TNF-α, the cells were
rinsed twice with PBS 1X and fixed with 4% paraformalde-
hyde (252931.1214, PanReac AppliChem, ITW Reagents,
Glenview, IL, USA) for 20 min, then the cells were rinsed
twice with PBS 1X again and permeabilized with Triton X-
100 0.5% and SDS 0.1% for 5 min each. Afterwards the cells
were blocked with PBS 1X—4% BSA (A6588,0100, PanReac
AppliChem, ITWReagents, Glenview, IL, USA)—1.5% nor-
mal goat serum (1000 C, Invitrogen, Waltham, MA, USA)
for 30 min at room temperature, then the p65 NF-κB pri-
mary antibody was diluted at 1:200 of the blocking buffer
and was incubated at 4◦C overnight. After the primary
antibody incubation, the cells were rinsed three times with
PBS 1X, and were then incubated with the secondary anti-
body 555 goat anti-rabbit (A32732, Invitrogen, Waltham,
MA, USA) diluted at 1:500 and DAPI (A4099, Sigma-
Aldrich, Darmstadt, Germany) at 1:1000 of the blocking
buffer, for 1 h at room temperature. Finally, the cells were
rinsed twice with PBS 1X and once with distilled water and
the coverslips weremountedwith ProLong™ Gold antifade
reagent mounting medium (P36930, Invitrogen, Waltham,
MA, USA) and inverted onto glass slides. The pictures
were taken with a Nikon TE300 Inverted Phase Contrast
DIC Fluorescence Microscope using a Nikon HB-10101AF
super high pressure mercury lamp power supply and a
Nikon digital sight camera and the Nikon NIS-elements
F software (v 5.22.00 64-bit) and Fluorescence microscopy
(Leica SP-2 AOBS). The co-localization of p65/DAPI and
DAPI/p65 was calculated with the JaCoP plugin from
the Image J-win64 Software to calculate the M1, M2 and
Pearson’s coefficients.

2.12 Nuclear fractionation and
extraction of proteins

HUVECs were maintained in MCDB-131 medium with
0.5% FBS for at least 18 h, then stimulated with TNF-α
(10 ng/mL) for 10–40min. Lysates of endothelial cells were
resuspended in a buffer, which consisted of 10 mMHEPES
(pH 7.8), 15 mM KCl, 2 mM MgCl2, 0.1 mM EDTA, 1 mM
dithiothreitol (DTT) and 1 mM phenylmethylsulfonyl flu-
oride. After 10 min on ice, the lysates were pelleted and
resuspended in 2 volume of the buffer. Then, 3 M KCl
was added dropwise to reach a 0.39 M KCl concentration.
We extracted the nuclei from the cells with incubation
for 1 h at 4◦C followed by centrifugation at 12,000 × g
for 1 h. The supernatants were then dialyzed in a buffer
containing 50 mM HEPES (pH 7.8), 50 mM KCl, 0.1 mM
EDTA, 1 mM DTT and 1 mM phenylmethylsulfonyl fluo-
ridewith 10% (v/v) glycerol. The sampleswere then cleared
by centrifugation and stored at −80◦C until further use.
Total protein concentration was determined by the Brad-
ford method (Thermo Fisher Scientific). We analysed the
levels and phosphorylation of IκBα, IKKα and IKKβ in
cytosolic fractions by Western blotting as described above.
We measured p65 in the nuclear and cytosol fractions by
Western blot studies. We used β-actin and histone H3 as
control for total protein in cytosolic and nuclear fractions,
respectively.

2.13 Luciferase reporter assays

For reporter assays, a region of wild-type 3′-untranslated
region (3′UTR) from IKBKB (miR-15a-5p), the 3′UTR from
mutated IKBKB (miR-15a-5p), the wild-type 3′UTR from
IKBKB (miR-199a-3p), the 3′UTR from mutated IKBKB
(miR-199a-3p), the wild-type 3′UTR from CHUK (miR-
15a-5p), the 3′UTR from mutated CHUK (miR-15a-5p),
the wild-type 3′UTR from RELA (miR-199a-3p) and the
3′UTR from mutated RELA (miR-199a-3p) were con-
structed annealing the following primers:
3′UTR-IKBKB (miR-15a-5p) F: 5′-TCGAGACT-

GACCTCTTTTTATTTCACTGCTG CTATATTAAAAG-
GAGTATGC-3′ and 3′UTR-IKBKB (miR-15a-5p) R:
5′-GGCCGCA TACTCCTTTTAATATAGCAGCAGTGAA-
ATAA AAAGAGGTCAGTC-3′; 3′UTR-IKBKB (miR-
15a-5p) mutated. F: 5′-TCGAGACTGACCTCTTTTTAT-
TTCACCCCTTTGCTATTAAA AGGAGTATGC-3′ and
3′UTR-IKBKB (miR-15a-5p) mutated. R: 5′-GGCCGC
ATACTCCTTTTAATAGCAAAGGGGTGAAATAAAAAG-
AGGTCAGTC-3′.
3′UTR-IKBKB (miR-199a-3p) F: 5′-TCGAGACTGAC-

CGCCTTGTCTGCACACTGGAGG TCCTCCATTTAT
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TAAAAGGAGTATGC-3′ and 3′UTR-IKBKB (miR-199a-
3p) R: 5′-GGCCGCATACTCCTTTTAATAAATGGAG-
GACCTCCAGTGTGCAGACAAGGCGGTCAGTC-3′; and
3′UTR-IKBKB (miR-199a-3p) mutated F: 5′-TCGAGACTG-
ACCGGC GCCTTGTCTGCGAGGACCATATTAAAAGG-
AGTATGC-3′ and 3′UTR-IKBKB (miR-199a-3p) mutated
R: 5′-GGCCGCATACTCCTTTTAATATGGTCCTCGCA-
GACAAGGCGCC GGTCAGTC-3′.
3′UTR-CHUK (miR-15a-5p) F: 5′-TCGAGACTGACGA-

ATATTCCTTTATTTTGCTGCT TATTAAAAGGAGTAT-
GC-3′ and 3′UTR-CHUK (miR-15a-5p) R: 5′-GGCCGCATA
CTCCTTTTAATAAGCAGCAAAATAAAGGAATATTCG-
TCAGTC-3′; and 3′UTR-CHUK (miR-15a-5p) mutated
F: 5′-TCGAGACTGACGAATATTCCTTTATTTCTGTA-
AGTAT TAAAAGGAGTATGC-3′ and 3′UTR-CHUK
(miR-15a-5p)mutated R: 5′-GGCCGCATACTCCTTTTAA-
TACTTACAGAAATAAAGGAATATTCGTCAGTC-3′.
3′UTR-RELA (miR-199a-3p) F: 5′-TCGAGACTGACAG-

GTGACAGTGCGGGACC CATCAGTATTAAAAGGAGT-
ATGC-3′ and 3′UTR-RELA (miR-199a-3p) R: 5′-GGC-
CGCATACTCCTTTTAATACTGATGGGTCCCGC ACTG-
TCACCTGTCAGTC-3′; and 3′UTR-RELA (miR-199a-3p)
mutated F: 5′-TCGAGACTGACAGGTGACAGTGCGG
GACCAGGCCATATTAAAAGGAGTATGC-3′ and 3′UTR-
RELA (miR-199a-3p) mutated R: 5′-GGCCGCATACTC-
CTTTTAATATGGCCTGGTCCCGCACTGTCACCTGTC-
AGTC-3′.
Annealing was conducted by incubating both primers

for 4min at 95◦Cand for 10min at 70◦C in annealing buffer
(100 mM potassium acetate, 30 mM HEPES, pH 7.4 and
2 mMmagnesium acetate). Primers were then phosphory-
lated and cloned into the psiCHECK2 vector fromPromega
digested with XhoI and NotI.
Thirty thousand HEK293 cells were plated in DMEM

containing 10% FBS. Twenty-four hours later, cells were
transfected with the psiCHECK2 vectors either with pre-
miR control, pre-miR-15a-5p or pre-miR-199a-5p using
lipofectamine (Invitrogen) following the manufacturer’s
instructions. The luciferase reporter assay was performed
72 h after transfection using the Dual-Glo Luciferase Kit
(Promega, Madison, WI, USA).
The ratio between the firefly and the Renilla luciferase

allows the normalization of luciferase values. Ratios were
normalized against the ratio of the corresponding plasmid
transfected with the miR-Control. Statistical differences
were determined using unpaired t-test.

2.14 Extraction of exosomes of plasma
from patients with ACA and controls

To precipitate the exosomes from the plasma samples the
total exosome RNA and protein isolation kit (from plasma)

(4478545, Thermo Fisher Scientific, Waltham, MA, USA),
were used following the protocol recommended by the
manufacturer. First, the plasma was clarified with one
centrifugation at 2000 × g for 20 min, and a second cen-
trifugation at 10,000 × g for 20 min, in both cases the
supernatant was collected, and the pellet was discharged.
When the plasma was ready, we added 0.5 volume of
PBS 1X and 0.2 volume of the Exosome Precipitation
Reagent (fromplasma) (4484451, ThermoFisher Scientific,
Waltham, MA, USA) mixing until the sample becomes
cloudy, at this point the mix was incubated for 30 min on
ice followed by a centrifugation at 10,000 × g for 30 min
at room temperature. The pellet containing the exosomes
was used to extract the miRNAs following themirVanaTM
miRNA Isolation Kit. To confirm the pellet was enriched
in exosomes a diffuse light scattering analysis and West-
ern blot analysis of CD81, CD63 and GM130 markers were
performed.

2.15 Database search to find miRNAs
and their possible targets

The miRNAs analysed in the study were identified by
an extensive search in PubMed by using the terms (miR-
NAs, atherosclerosis and inflammation, NF-κB) and GEO
Database. Once the miRNAs of interest were selected,
the possible mRNA targets were evaluated in predic-
tive miRNA-target interaction databases such as, Tar-
getScan, miRWalk, miRDB and the experimentally val-
idated miRNA-target interaction database: miRTarBase.
The data collected from these databases were analysed,
and only those targets that appeared in two or more
of the predictive databases or just in miTarBase were
considered as possible targets. A diagram showing the pro-
posed regulatory axes during atherosclerosis progression is
supplied in Figure S5. These representations were made
using Cytoscape 3.8.2. software (v.3.8.2. on Java 11.0.6. by
AdoptOpenJDK, Darmstadt, Germany) and the online tool
http://www.interactivenn.net/ was used to generate the
Venn diagram with the target results of each database.

2.16 Statistical analysis

The data from the experimental groups were analysed
using the GraphPad Prism v8.2.1 software (GraphPad Soft-
ware, San Diego, CA, USA). Normality and lognormality
tests were performed to confirm that the data followed
a normal distribution. Statistical significance of the dif-
ferences between groups was assessed by Student’s t-tests
when comparing two groups, or with ANOVA tests fol-
lowed by a Bonferroni post hoc test when comparing
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more than two groups. Correlation between variables was
assessed by two-tailed Spearman’s r correlation analyses.
The exact p value is indicated in each figure when it
reached statistically significance (p < .05).
Receiver operating characteristic (ROC) analyses were

performed to test the diagnostic accuracy of the evaluated
miRNAs. All statistical procedures were performed using
the GraphPad Prism v8.2.1 software (GraphPad Software,
San Diego, CA, USA).

3 RESULTS

3.1 miR-15a-5p and miR-199a-3p levels
are decreased in human atherosclerotic
carotid plaque

We aimed to identify miRNAs involved in human
atherosclerosis progression. For that purpose, we collected
vascular samples from control subjects (CAs), subjects
with fibrolipidic plaque (FAs) and patients with human
advanced atherosclerosis undergoing carotid endarterec-
tomy (ACA) (Table S1). First, we performed Masson
trichrome staining, and we could distinguish the media
region in aortas from CAs and FAs and media, fibrous
and shoulders in carotid from ACA ( Figure S1). The
histological analysis showed that complicated plaques
from ACA contained an intraplaque haemorrhage with
a higher percentage of inflammatory cells and/or a cer-
tain degree of calcification. The adjacent non-complicated
regions showed a variable content of VSMCs and fibrous
thickening (Figure S1).
PubMed and GEO Databases were used to perform a

search of miRNAs that could play a role in the inflam-
mation during atherosclerosis progression. We selected
and analysed 20 miRNAs involved in inflammation and
metabolic diseases such as NAFLD and atherosclerosis,
from that screening we selected and further study four
miRNAs, miR-9-5p, miR-15a-5p, miR-16-5p and miR-199a-
3p that were involved in NF-κB pathway. Finally, we
deepened in the study of miR-15a-5p and miR-199a-3p
because both showed a similar behaviour in vascular sam-
ples from human and experimental atherosclerosis. In
serial sections of samples used for histological characteri-
zation, we isolated and analysed miRNAs levels showing
that miR-15a-5p expression was significantly downregu-
lated inACApatients comparedwith the other two groups,
miR-16-5p and miR-199a-3p expressions were significantly
decreased in ACA patients in relation to FAs subjects
(Figure 1A). In contrast, miR-9-5p expression was upreg-
ulated in ACA patients compared with Controls and FAs,
but without reaching statistical significance.

3.2 miR-15a-5p and miR-199a-3p levels
are downregulated in aorta from ApoE−/−
mice

We further analysed the levels of the four miRNAs
studied in human atherosclerosis in the hyperlipidemic
model of atherosclerosis of ApoE−/− mice under HFD.
The first step was to confirm that ApoE−/− mice gained
body weight, showed increased visceral and subcuta-
neous adiposity in addition to hypertriglyceridemia and
hypercholesterolemia (Figure S2A–C) in comparison with
Control STD, being significantly higher in ApoE−/− mice
fedwithHFD for 18 weeks.Moreover, we observed a signif-
icant increase in lesion area in ApoE−/− mice under HFD
for 18 weeks versus Control STD and ApoE−/− STD of the
same age by en face analysis of ORO-stained whole aorta
(Figure S2D).
A screening of four miRNAs was performed in the aorta

of all the experimental groups (Figure 1B and Figure S3).
We observed that miR-15a-5p and miR-199a-3p levels were
significantly decreased in ApoE−/− mice after 18 weeks of
HFD or STD compared with WT STD mice (Figure 1B);
showing a higher decrease in aorta from ApoE−/− HFD 18
wks.Moreover, a significant decrease ofmiR-16-5pwas also
noted in ApoE−/− HFD in relation to WT STD (Figure 1B).
However, we did not observe any significant change in
miR-9-5p levels at 18 weeks (Figure 1B) as well as in those
miRNAs studied in aorta of the three groups at 8 weeks of
diet (Figure S3).
In addition, we established correlations between

atherosclerosis progression (percentage lipid accumula-
tion/aorta area or percentage lesion area/total area) and
miR-15a-5p or miR-199-3p levels. We observed a significant
and negative correlation between miR-15a-5p or miR-
199a-3p levels and percentage lesion area or percentage
lipid accumulation (Figures S4A, S4B, S4C and S4D,
respectively).
Since miR-15a-3p and miR-199a-3p were altered in the

same way in human and murine atherosclerosis, we
focused on the study of both miRNAs and their targets in
vivo and in vitro (Figure S5).

3.3 IKKα, IKKβ and p65 expression is
modulated by both miRNAs

First, in PubMed and GEO Databases we studied the pos-
sible targets of both miRNAs regarding the inflammation,
concisely, proteins involved in NF-κB pathway (Figure
S5C,D). We found as possible candidates: IKKα,18 IKKβ18
and p65.18–20
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F IGURE 1 The expression of miR-9-5p, miR-15a-5p, miR-16-5p and miR-199a-3p is altered in human and experimental atherosclerosis.
Relative expression of miR-9-5p (left), miR-15a-5p (middle left), miR-16-5p (middle right) and miR-199a-3p (right) in vascular human samples
(A) and in the aorta of the experimental groups submitted to 18 weeks of diet (B) was measured by qPCR. Amplification of miR-191-5p was
used in the same reaction of all samples as an internal control. ACA, advanced carotid atherosclerotic plaque patients; ApoE−/−, ApoE
deficient mice; CAs, control subjects; FAs, fibrolipidic plaque subjects; HFD, high-fat diet; STD, standard type diet; WT, wild-type group.
qPCR miR-9-5p: WT STD (n = 5); ApoE−/− STD (n = 6); ApoE−/− HFD (n = 8); CAs (n = 6); FAs (n = 3); ACA (n = 11). qPCR miR-15a-5p: WT
STD (n = 7); ApoE−/− STD (n = 7); ApoE−/− HFD (n = 8); CAs (n = 5); FAs (n = 5); ACA (n = 14). qPCR miR-16-5p: WT STD (n = 5); ApoE−/−

STD (n = 7); ApoE−/− HFD (n = 8); CAs (n = 5); FAs (n = 7); ACA (n = 13). qPCR miR-199a-3p: WT STD (n = 7); ApoE−/− STD (n = 8);
ApoE−/− HFD 18 weeks (n = 8); CAs (n = 4); FAs (n = 5); ACA (n = 11).

Second, we checked whether their targets expression
was altered in human and experimental atherosclerosis.
Then, by immunohistochemistry we analysed the protein
levels of IKKβ, IKKα and p65 in human vascular samples
(Figure 2) and confirmed a significant increase of IKKα,
IKKβ and p65 in vascular samples from ACA in relation to
CAs or subjects with early atherosclerosis (Figures 2A, 2B,
2C and 2D, respectively). Moreover, we established a sig-
nificant and inverse correlation between miR-15a-5p and
its three targets (IKKα, IKKβ and p65) (Figure 2E).
After that, by Western blot analysis, we demonstrated

a significant increase in IKKα and p65 in aorta from
ApoE−/− HFD mice and consequently a decrease of IκBα
(Figure 3A,B). Moreover, by immunohistochemistry a sig-
nificant increase of IKKβ was noted in aorta from both
ApoE−/− mice, being clearly higher in ApoE−/− under
HFD (Figure 3C,D). InWestern blot studies the increase of
IKKβ did not reach statistical significance (Figure 2A,B).
Moreover, we have demonstrated that p65 is expressed

by endothelial cells and VSMCs in aortic roots, mainly in
ApoE−/−HFDmice (Figures S6 and S7).More importantly,
there is a strong increase of p65 in the nucleus, indicating

NF-κB activation. For these reasons, we have focused and
deepened into the role of bothmiRNAs and its modulation
in inflammation, specifically regarding NF-κB activation
through different in vitro experiments in HUVECs and
VSMCs.

3.4 Overexpression of miR-15a-5p and
miR-199a-3p reduced NF-κB activation in
endothelial cells

To explore whether the overexpression of miR-15a-5p
and/or miR-199a-3p might reduce NF-κB activation and
consequently the inflammation present in the atheroscle-
rotic process, HUVECs were transfected with the pre-
miR-15a-5p or pre-miR-199a-3p. First, we confirmed that
when HUVECs were transfected with pre-miR-15a-5p or
pre-miR-199a-3p for 72 h, we obtained the overexpression
of miR-15a-5p (Figure 4A) or miR-199a-3p (Figure 4C),
respectively. After that, when we transfected with pre-
miR-15a-5p for 96 h, we observed a significant decrease in
the protein levels of IKKα, IKKβ and p65 (Figure 4B). In
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F IGURE 2 The expression of IKKα, IKKβ and p65 is upregulated in human aorta. (A) Representative images from the
immunohistochemistry of IKKα (upper panels), IKKβ (middle panels) and p65 (lower panels). Magnification 100× (scale bar = 100 μm);
magnification 200× (scale bar = 50 μm). The expression of IKKα (B, left), IKKβ (C, left) and p65 (D, left) was measured and the relation with
miR-15a-5p expression (B, C and D, right) was tested by a Spearman’s correlation. ACA, advanced carotid atherosclerotic plaque patients; CAs,
control subjects; FAs, fibrolipidic plaque subjects; IKKα, inhibitor of nuclear factor kappa-B kinase subunit alpha; IKKβ, inhibitor of nuclear
factor kappa-B kinase subunit beta; p65, transcription factor p65. Measurement of IKKα: CAs (n = 5); FAs (n = 5); ACA (n = 12).
Measurement of IKKβ: CAs (n = 4); FAs (n = 6); ACA (n = 12). Measurement of p65: CAs (n = 6); FAs (n = 6); ACA (n = 13). Correlation
between IKKα and miR-15a-5p (n = 20), between IKKβ and miR-15a-5p (n = 24) and between p65 and miR-15a-5p (n = 23).

the same way, when HUVECs were transfected with pre-
miR-199a-3p for 96 h, a significant reduction of IKKβ, p65
and IκBαwas noted (Figure 4D). By immunofluorescence,
overexpression of miR-15a-5p or miR-199a-3p significantly
reduced p65 expression in HUVECs (Figure 5A,B).
Next, we analysed whether the overexpression of miR-

15a-5p ormiR-199a-3pwas able to reduceNF-κB activation.
One of the mechanisms implicated in the activation of
NF-κB is the IKK complex activation by phosphorylation
of IKKα and IKKβ. TNF-α is widely used as an induc-
tor of NF-κB activation. For this reason, HUVECs were
stimulated with 10 ng/mL TNF-α at different times (10
to 40 min, see Figure S8) and we analysed the phospho-
rylation of IKK complex as well as the phosphorylation
and translocation to the nucleus of p65 and the degrada-
tion of IκBα. So, we checked that 10 ng/mL TNF-α for
10 min provoked the phosphorylation of IKKα/β (Figure
S8A), a decrease of IκBα levels (Figure S8C,D), the phos-
phorylation and the translocation into the nucleus of
p65 (Figure S8B,D). First, we confirmed that miR-15a-5p

or miR-199a-3p overexpression significantly reduced the
phosphorylation and the activation of IKKα/β induced by
10 ng/mL TNF-α (Figure S9). After that, by immunofluo-
rescence we also observed that miR-15a-5p or miR-199a-3p
overexpression significantly decreased the translocation of
p65 into the nucleus due to a lesser M1 and M2 Mander’s
coefficient (Figure 5A,C,D) aswell as Pearson’s Correlation
(Figure 5A,E).

3.5 Overexpression of miR-15a-5p and
miR-199a-3p reduced ox-LDL uptake and
NF-κB activation in vascular smooth
muscle cells

The next objective was to study whether the overexpres-
sion of miR-15a-5p or miR-199a-3p might interfere in LDL
uptake and inflammation in VSMCs. For this aim, VSMCs
were transfected for 72 h with pre-miR-15a-5p or pre-
miR-199a-3p and we observed a significant increase of
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F IGURE 3 The expression of IKKα, IKKβ and p65 is upregulated in the aorta from ApoE−/− mice by HFD. (A) Representative Western
blot images from the aorta of the three groups. (B) Measurement of the levels of IKKα, IKKβ, IкBα and p65 by Western blot in the aorta of the
experimental groups submitted to 18 weeks of diet. (C) Representative images from the immunohistochemistry of IKKβ in the aortic root of
the experimental groups. Magnification 100× (scale bar = 100 μm); magnification 200× (scale bar = 50 μm). (D) IKKβ expression was
measured by immunohistochemistry. ApoE−/−, ApoE deficient mice; HFD, high-fat diet; IHC, immunohistochemistry; IкBα, nuclear factor
kappa-B kinase inhibitor alpha; IKKα, inhibitor of kappa-B kinase subunit alpha; IKKβ, inhibitor of kappa-B kinase subunit beta; p65,
transcription factor p65; STD, standard type diet; WT, wild-type group. Measurement of IKKα: WT STD (n = 8); ApoE−/− STD (n = 6);
ApoE−/− HFD (n = 7). Measurement of IKKβ by Western blot: WT STD (n = 9); ApoE−/− STD (n = 5); ApoE−/− HFD (n = 6). Measurement of
IкBα: WT STD (n = 9); ApoE−/− STD (n = 4); ApoE−/− HFD (n = 7). Measurement of p65: WT STD (n = 8); ApoE−/− STD (n = 7); ApoE−/−

HFD (n = 6). Measurement of IKKβ by IHC: WT STD (n = 6); ApoE−/− STD (n = 4); ApoE−/− HFD (n = 9).

miR-15a-5p or miR-199a-3p by qRT-PCR (Figures 6A
and 6B, respectively). After that, we demonstrated that
the overexpression of miR-15a-5p or miR-199a-3p reduced
ox-LDL uptake by VSMCs (Figure 6C). One of the mech-
anisms that might explain this result could be that miR-
15a-5p or miR-199a-3p regulate LOX-1 that is involved in
ox-LDL uptake by VSMCs. In this sense, we have shown
a significant increase of LOX-1 protein levels in ACA
plaques (Figure S10A).Moreover, we found that LOX-1was
expressed by VSMCs in human plaques and in aortic roots
mainly from ApoE−/− HFD mice (Figures S10B and S11A,
respectively). And finally, we demonstrate that miR-15a-5p
overexpression significantly reduces LOX-1 protein levels
(Figure S11B).
Moreover, as occurs in HUVECs, we also confirmed in

VSMCs that the overexpression ofmiR-15a-5p ormiR-199a-
3p reduced IKKβ and p65 protein levels (Figure 7A,B). In
this sense, we found that the overexpression of miR-15a-

5p significantly reduced the NF-κB activation induced by
TNF-α (Figure 7C).

3.6 Regulation of IKBKB and CHUK
expression through the direct interaction
of miR-15a-5p or miR-199a-3p with their
3′UTR sequence

We performed experiments based on luciferase constructs
to demonstrate the direct interaction of miR-15a-5p and
miR-199a-3p with the 3ʹUTRs of p65, IKKβ and IKKα
mRNAs (Figure S12). Our results demonstrate a direct
and specific interaction of miR-15a-5p with the 3ʹUTR of
IKBKB (IKKβ) and CHUK (IKKα) mRNAs and miR-199a-
3p with the 3ʹUTR of IKBKB (IKKβ) mRNA. However,
we did not find any change regarding the interaction of
miR-199a-3p with the 3ʹUTR of RELA mRNA.
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F IGURE 4 miR-15a-5p and miR-199a-3p overexpression reduced IKKα, IKKβ and p65 expression in endothelial cells. HUVECs were
transfected with miR-15a-5p (A) or miR-199a-3p (C) precursors for 72 h. The increase in miRNA expression was measured by qPCR. The
silencing effect miR-15a-5p or miR-199a-3p has on their targets IKKα (upper left) and IKKβ (upper right), as well as p65 (lower left) and IкBα
(lower right), was analysed by Western blot 96 h after transfection (B and D, respectively). All the in vitro experiments were performed at least
in triplicate. HUVECs, human umbilical vascular endothelial cells; IкBα, nuclear factor kappa-B kinase inhibitor alpha; IKKα, inhibitor of
nuclear factor kappa-B kinase subunit alpha; IKKβ, inhibitor of nuclear factor kappa-B kinase subunit beta; p65, transcription factor p65.
qPCR miR-15a-5p: Control (n = 4); Pre-miR-15a-5p (n = 4); Pre-miR-199a-3p (n = 4). qPCR miR-199a-3p: Control (n = 4); Pre-miR15a-5p
(n = 4); Pre-miR-199a-3p (n = 4). Measurement of miR-15a-5p effect on IKKα: Control (n = 8), Pre-miR-15a-5p (n = 6); effect on IKKβ: Control
(n = 5), Pre-miR-15a-5p (n = 5); effect on p65: control (n = 9); Pre-miR-15a-5p (n = 5); effect on IкBα: control (n = 8); Pre-miR-15a-5p (n = 6).
Measurement of miR-199a-3p effect on IKKα: Control (n = 3), Pre-miR-199a-3p (n = 3); effect on IKKβ: Control (n = 5), Pre-miR-199a-3p
(n = 5); effect on p65: Control (n = 4); pre-miR-199a-3p (n = 4); effect on IкBα: Control (n = 5); pre-miR-199a-3p (n = 4).

3.7 miR-15a-5p and miR-199a-3p as
biomarkers of advanced atherosclerosis

Finally, trying to find novel miRNAs as possible diagnostic
biomarkers for advanced atherosclerosis, we isolated miR-
NAs fromplasma extracellular vesicles (EVs) frompatients
with ACA and Controls without atherosclerosis (see Table
S1). To confirm whether the isolated EVs from plasma
could be enriched in exosomes, we analysed the presence
of the exosome markers CD63 antigen and CD81 antigen
and the absence of Golgi subfamily A member 2 (GM130),
a Golgi vesicle marker. We did not find GM130 in the iso-
lated EVs compared to a positive control (HUVECs lysate)
but we did find CD63 and CD81 expression (Figure 8A).
In addition, we obtained that the diameter of the isolated

EVs measured by DLS was between 10 and 106 nm, most
exosomes having a diameter of 21.04–50.8 nm (Figure 8B).
These findings support that the isolated EVswere enriched
in exosomes.
Regarding circulating miRNA expression, we observed

a significant increase of miR-15a-5p and miR-199a-3p
(Figure 8C) in patients with ACA in relation to CAs.
To evaluate their putative role as a diagnostic biomarker
in advanced atherosclerosis, we performed ROC analyses
(Figure 8D). For miR-15a-5p, the area under the curve was
0.8951 with a p value of 0.0028. The optimal cut-off value
for advanced atherosclerosis diagnosis was an RQ of 1.278
or higher, with a sensitivity of 88.89% and a specificity
of 83.33% (Figure 8C). For miR-199a-3p, the area under
the curve was 0.7895 with a p value of .0506 (Figure 8D).
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F IGURE 5 miR-15a-5p and miR-199a-3p reduced the activation of p65 in endothelial cells. HUVECs were stimulated with TNFα with or
without pre-miR-15a-5p, pre-miR-199a-3p or both, and the activation of p65 was measured by immunofluorescence. (A) Representative images
from the immunofluorescence of p65 (red) contrasted with DAPI (blue) and merged (purple). (B) The intensity of fluorescence of p65 was
measured in all the conditions. Since p65 is active in the nucleus, the JaCoP plugin from Fiji was used to quantify the co-localization of p65
and DAPI by three values: the M1 (C) and M2 (D) Mander’s coefficient, and the Pearson’s correlation (E) of each picture. In all cases, the
closer the value is to 1, the more co-localization. All the in vitro experiments were performed at least in triplicate. CTCF, corrected total cell
fluorescence; p65, transcription factor p65; TNFα, tumour necrosis factor alpha. Measurement of p65 CTCF: Control (n = 23),
Pre-miR-199a-3p (n = 25); Pre-miR-15a-5p (n = 19). Measurement of M1 Mander’s coefficient: Control (n = 26), TNFα (n = 22),
Pre-miR-199a-3p (n = 24); Pre-miR-199a-3p + TNFα (n = 21), Pre-miR-15a-5p (n = 19); Pre-miR-15a-5p + TNFα (n = 21). Measurement of M2
Mander’s coefficient: Control (n = 24), TNFα (n = 21), Pre-miR-199a-3p (n = 21); Pre-miR-199a-3p + TNFα (n = 22), Pre-miR-15a-5p (n = 20);
Pre-miR-15a-5p + TNFα (n = 21). Measurement of Pearson’s correlation: Control (n = 6), TNFα (n = 6), Pre-miR-199a-3p (n = 6);
Pre-miR-199a-3p + TNFα (n = 6), Pre-miR-15a-5p (n = 6); Pre-miR-15a-5p + TNFα (n = 6).

Finally, when we performed ROC analysis with both miR-
NAs simultaneously, the p value improved (p = .0004),
although the sensitivity and the specificity were similar
as compared with ROC analysis with only miR-15a-5p
(Figure 8D).

4 DISCUSSION

Atherosclerosis is a disease that develops over several
decades of life in an asymptomatic way, but when it
progresses, it becomes one of the main causes of car-
diovascular mortality, causing acute coronary syndrome
or stroke.21 The development of acute events is mostly
produced not by the complete stenosis of the vessel but
because stable atherosclerotic plaques become unstable,
favouring their rupture and the formation of a throm-

bus that can be occlusive and generate ischemia in that
artery.22
For these reasons, it is of great interest to develop new

strategies that allow the clinician to identify the presence of
vulnerable plaques.More importantly, the identification of
new markers or panels of new markers could make it pos-
sible to detect the change from stable to unstable plaques
and the consequent increase in cardiovascular risk. In this
context, the identification of miRNAs as disease medi-
ators and new biomarkers are being widely studied in
different metabolic diseases and could also be very use-
ful in CVDs.23,24 In this work, we have focused on four
miRNAs, miR-9-5p, miR-15a-5p, miR-16-5p and miR-199a-
3p, which we have considered of special relevance due to
their involvement in inflammation,18 being one of the key
events in the progression and instability of the atheroscle-
rotic plaques. An increased presence of inflammatory cells,
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F IGURE 6 miR-15a-5p and miR-199a-3p overexpression reduced ox-LDL uptake in VSMCs. VSMCs were transfected with miR-15a-5p
(A) and miR199a-3p (B) precursors for 48 h and the increase in miRNA expression was measured by qPCR. In the last 24 h of transfection, the
cells were treated with ox-LDL and then stained with Oil Red O. Quantification of measured the uptake of ox-LDLs by VSMCs (C) and
representative images from Oil Red O staining (D). All the in vitro experiments were performed at least in triplicate. ox-LDL, oxidized
low-density lipoprotein; VSMCs, vascular smooth muscle cells. qPCR miR-15a-5p: Control (n = 4); Pre-miR-15a-5p (n = 4); Pre-miR-199a-3p
(n = 3). qPCR miR-199a-3p: Control (n = 4); Pre-miR-15a-5p (n = 3); Pre-miR-199a-3p (n = 4). Measurement of ox-LDL uptake: Control
(n = 3), ox-LDL (n = 3); Pre-miR-15a-5p + ox-LDL (n = 3); Pre-miR-199a-3p + ox-LDL (n = 3).

such as M1 macrophages, T lymphocytes, dendritic cells
and eosinophils, has been found in symptomatic patients
and in the vulnerable shoulder area of human carotid
plaques.25,26
From the four miRNAs studied, the most consistent

results between human and mice atherosclerosis were
for miR-15a-5p and miR-199a-3p. In human atherosclero-
sis, significant decreases of miR-15a-5p and miR-199a-3p
were observed in advanced human atherosclerotic carotid
plaques. Similarly, other authors had previously demon-
strated a downregulation of miR-199a/b-3p in human
atherosclerotic coronary arteries.27 In the experimental
atherosclerosis model, we also found reduced levels of
miR-15a-5p and miR-199a-3p in the aorta of ApoE−/− STD
or HFD. In this sense, other study revealed that the levels
of miR-199a-3p were diminished in aortas from mice with
atherosclerosis.28 It should be noted that both miR-15a-
5p and miR-199a-3p decreases were significantly higher
as the disease progressed. Thus, the greatest decreases
were found in the carotids from patients with advanced
atherosclerosis and in the aorta from ApoE−/− mice sub-
jected to HFD for 18 weeks. Moreover, in the experimental
model we established a significant and inverse correla-
tion between the levels of both miRNAs and percentage of
lesion area and percentage of lipid depot in aortic roots.

These results suggest the involvement of both miRNAs
in the progression of atherosclerosis. In this sense, it has
been described that serum levels ofmiR-199a-3p negatively
correlated with the carotid intima-media thickness and
C reactive protein in patients with atherosclerosis.29 In
addition, miR-199a-3p levels were decreased in the periph-
eral blood of T2DM patients and were associated with the
progression of the disease.30
There is a vast number of potential target genes reg-

ulated by miR-15a-5p or/and miR-199a-3p, which are
involved in atherosclerosis, lipid metabolism and inflam-
mation, including mTOR,31 ET-1,27 YAP,32 CXCL11,33
CD44,34 MAP3K4,35 p65,36 IKKα/β,37 ICAM-138 and
p85α.39 In addition to review of the literature, we per-
formed in silico studies to determine possible targets of
both miRNAs related to the inflammation, specifically,
with proteins involved in NF-κB pathway. We found as
possible candidates: IKKα, IKKβ and p65. First, we con-
firmed elevated levels of IKKα, IKKβ and p65 in the aorta
from ApoE−/− HFD 18 weeks and in carotids from patients
with ACA. In VSMCs and HUVECs, we confirmed that
overexpression of miR-15a-5p and/or miR-199a-3p reduced
the protein levels of IKKα, IKKβ and p65 as well as
NF-κB activation, evaluated as lower degradation of IκBα
and translocation of p65 to the nucleus. Similar to our
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F IGURE 7 Effect of miR-15a-5p and miR-199a-3p overexpression in the expression of their targets in VSMCs. miR-15a-5p reduced IKKβ
and p65 expression and IKKα and IKKβ activity while increasing IκBα, and miR-199a-3p reduced IKKβ expression in VSMCs. The silencing
effect miR-15a-5p has on their targets (A) IKKβ (lower left), as well as p65 (lower right) was analysed by Western blot 48 h after transfection.
The silencing effect miR-199a-3p has on their targets (B) IKKβ (lower left) and p65 (lower right) was analysed by Western blot 48 h after
transfection. To test the effect on IKKα and IKKβ activity the VSMCs were pretreated with 0% FBS culture medium after the 48 h transfection
and stimulated with TNFα for 10 min. (C) The activation of the proteins was analysed by the Western blot of their phosphorylated forms (left
graph), and the expression of IκBα (right graph) was also analysed by Western blot. All the in vitro experiments were performed at least in
triplicate. IкBα, nuclear factor kappa-B kinase inhibitor alpha; IKKα, inhibitor of nuclear factor kappa-B kinase subunit alpha; IKKβ,
inhibitor of nuclear factor kappa-B kinase subunit beta; p65, transcription factor p65; TNFα, tumour necrosis factor alpha. Measurement of
miR-15a-5p effect on IKKβ: Control (n = 4), PremiR-15a-5p (n = 4), effect on p65: Control (n = 4); Pre-miR-15a-5p (n = 3). Measurement of
miR-199a-3p effect on IKKβ: Control (n = 4), Pre-miR-199a-3p (n = 3). Measurement of miR-199a-3p effect on p65: Control (n = 5);
Pre-miR-199a-3p (n = 3). Measurement of miR-15a-5p effect on IKKβ and IKKα activity: Control (n = 3), TNFα (n = 3); Pre-miR-15a-5p +
TNFα (n = 3); Pre-miR-15a-5p (n = 3). Measurement of miR-15a-5p effect on IкBα expression: Control (n = 3), TNFα (n = 3); Pre-miR-15a-5p +
TNFα (n = 3); Pre-miR-15a-5p (n = 3).

results, other authors have found that overexpression
of miR-199a-3p suppresses NF-κB signalling in cervical
epithelial cells40 increasing the migration, proliferation
and autophagy of HUVECs, potentially through the regu-
lation of PI3K/AKT/NF-κB pathway.30 On the other hand,
the miR-199a-3p restrained inflammation by downregu-
lating RUNX1 in macrophages18 and deactivated STAT3
signalling in macrophages under ox-LDL treatment.41
All these results point to and reinforce the idea that
miR-199a-3p could have a protective role in the vascular
endothelium and in the reduction of inflammation in the
progression of atherosclerosis. In addition, our results
also demonstrate that miR-15a-5p could have a new
atheroprotective role by decreasing NF-κB activation
(Figure 9).

Continuing with the idea of the protective role of miR-
199a-3p in the development of atherosclerosis, there are
other authors who describe the regulation of other tar-
gets that could be involved in the vascular dysfunction
and angiogenesis. So, in human atherosclerotic coronary
arteries other authors observed a significant upregulation
of ET-1 and downregulation of miR-199a/b-3p.27 Neovas-
cularization as angiogenesis in atherosclerotic lesions is a
key factor in plaque growth and instability.42 Therefore,
in atherosclerotic regions, hypoxia and local inflamma-
tion may induce intraplaque angiogenesis through growth
and angiogenic factors, lipoproteins, MMPs and oxi-
dized lipids.43,44 In this context, miR-199a-3p has been
described as a hypoxia-related miRNA and can induce
angiogenesis.45 Moreover, miR-199a-3p was related with
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F IGURE 8 miR-15a-5p and miR-199a-3p are overexpressed in the plasmatic EVs of advance carotid atherosclerotic patients, and
miR-15-5p may be a potential biomarker of the disease. To test whether miR-15a-5p and miR-199a-3p could be biomarkers of advanced
atherosclerosis, we precipitated EVs from the plasma of healthy donors and advanced carotid atherosclerosis patients. Once the EVs were
precipitated from the plasma, and in order to confirm that the pellet was enriched in exosomes, we performed the (A) Western blot of a
negative exosomal biomarker, the Golgi membrane protein GM-130; and two common markers from the exosomal membrane: CD63 and
CD81, with a cell lysate as a control; and we also performed a DLS analysis of the samples (B) to confirm that the EVs were in the correct size
range of exosomes. Afterwards the miRNAs were isolated from the exosomes and then the levels of miR-15a-5p and miR-199a-3p (C) were
analysed by qPCR. The validity of the miR-15a-5p and miR-199a-3p (D) was confirmed by a ROC curve. ACA, advanced carotid atherosclerotic
plaque patients; CAs, control subjects; ROC, receiver operating characteristic. qPCR of miR-15a-5p: CAs (n = 6), ACA (n = 27). qPCR of
miR-199a-3p: CAs (n = 5); ACA (n = 19). ROC curve miR-15a-5p (n = 34) and ROC curve miR-199a-3p (n = 25).

markers of angiogenesis including neuropilin-1, angio-
genin and galectin-3.46
We also demonstrated that both miRNAs regulate the

function of VSMCs. Thus, we observed a differential
expression of miR-15a-5p or miR-199a-3p in patients with
initial or advanced atherosclerosis. In fibrolipidic plaques,
the levels of both miRNAs were very similar or slightly
higher than controls whereas in advanced atherosclero-
sis, there was a significant decrease of both miRNAs.
This would fit with the protective role of both miRNAs.
In early stages, miRNAs could be overexpressed as an
atheroprotective mechanism, regulating different targets
involved in the migration and proliferation of VSMCs to
reduce vessel stenosis. Thus, it has been described that
miR-199a-3p overexpression inhibited VSMCs migration
and proliferation mediated by its target, SP1.29 In the cur-
rentmanuscript, we have demonstrated thatmiR-15a-5p or
miR-199a-3p overexpression reduces the levels of theirs tar-
gets, IKKβ and p65 aswell asNF-κBactivation contributing

to a significant reduction of the inflammation produced by
VSMCs. Moreover, an important percentage of foam cells
could come from VSMCs that have lost specific markers
of their contractile function and have gained membrane
receptors, having a phenotype similar to macrophages,
which allows them to capture modified LDL.47 In this
sense, it has been described that VSMCs contain LOX-
1 as an endogenous ox-LDL receptor that mediates the
NF-κB activation.48 According to this, we have also found
elevated LOX-1 protein levels in atherosclerotic carotid
plaques from patients with ACA and in the aortic roots
from ApoE−/− HFD mice and even, a higher number of
VSMCs expressed LOX-1 in both samples.
In in silico studies, we have obtained that one of the

targets of miR-15a-5p is LOX-1 and on the other hand,
miR-15a-5p or miR-199a-3p overexpression reduced ox-
LDL uptake in VSMCs. Therefore, we demonstrated that
miR-15a-5p overexpression downregulate LOX-1 protein
levels and in consequence VSMCs could uptake lower
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F IGURE 9 Role of miR-15a-5p and miR-199a-3p in the human and experimental atherosclerosis. The levels of miR-15a-5p and
miR-199a-3p were significantly increased in carotid from patients with advanced atherosclerosis (ACA) and in the aortas from ApoE−/− HFD.
These decreases of both miRNAs provoke a significant increase of their potential targets’ expression, such as: IKKα, IKKβ and p65 as well as
their phosphorylation in consequence a higher IκBα degradation and NF-κB activation, contributing to the inflammation present in advanced
atherosclerosis. On the other hand, the decrease of miR-15a-5p and miR-199a-3p produce a significant increase of LOX-1 that might favour
ox-LDL uptake in VSMCs. More importantly, in vascular cell lines, HUVECs and VSMCs, we demonstrated that miR-15a-5p or miR-199a-3p
overexpression reduced protein levels of their studied targets in consequence the decline of NF-κB activation and ox-LDL uptake. Moreover,
we isolated miRNAs from EVs (enriched exosomes) of patients with advanced atherosclerosis and healthy controls and a significant increase
of both miRNAs in EVs from ACA was noted, whereas only miR-15a-5p might be useful as biomarker of advanced atherosclerosis.

ox-LDL, having both miRNAs an anti-foaming role in
VSMCs. In the case of miR-199a-3p might be by the down-
regulation of other endogenous ox-LDL receptors but this
anti-foaming role of miR-199a-3p have previously been
described in macrophages.28
Our results indicate that circulating miR-15a-5p lev-

els are higher in patients with ACA, and ROC analyses
suggesting a potential role for advanced atherosclerosis
non-invasive diagnosis. In this sense, a previous study also
showed high miR-15a-5p levels in plasma from patients
with stable coronary artery disease (CAD) compared with
controls.49 More importantly, other authors have estab-
lished a positive correlation between miR-15a-5p and
coronary necrotic core asmarker of plaque vulnerability in
plaques from patients with CAD, while the exercise inter-
vention induced a regression of coronary plaque burden

and normalized miR-15a-5p levels.50 Other authors have
also demonstrated that elevated circulating levels of miR-
15a-5p along with miR-34a-5p and miR-374-5p in patients
with aneurysmal subarachnoid haemorrhage, are poten-
tial biomarkers in aneurysmal rupture.51 There are more
studies in the literature that support thatmiR-15a-5pmight
also be a biomarker of coronary heart disease (CHD).52,53
In one of them, the authors used direct S-Poly(T)Plus
method for CHD diagnosis and determined that miR-15a-
5p and miR-199a-3p together to other 10 miRNAs could be
used for diagnosis of CHD.52 In this sense, Vegter et al.46
demonstrated that miR-199a-3p levels are related to angio-
genesis markers in patients with heart failure. Moreover,
there was a correlation betweenmiR-199a-3p and galectin-
3 in patients with acute heart failure that might be due to
the importance of cardiac remodelling and fibrosis in heart
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failure.54 In the current work, we also obtained a signifi-
cantly higher level of miR-199a-3p in patients with ACA in
relation to controls, being the p value of ROC curve close
to statistical significance, potentially related to the small
number of human samples included in this analysis.

5 CONCLUSIONS

In summary, our results demonstrate a novel role for
miR-15a-5p and miR-199a-3p in atherosclerosis progres-
sion. Both miRNAs have anti-inflammatory role due to
regulation of their targets involvedNF-κB pathway in addi-
tion of anti-foaming role in VSMCs. Finally, miR-15a-5p
might be useful for diagnosis of ACA.
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MicroRNAs in plasma extracellular vesicles can serve
as biomarkers for atherosclerosis in humans. In mice,
low levels of miR-143-3p are an early indicator of carotid
disease and dysregulation of microRNAs is closely
linked to the immune reactions associated with
atherosclerosis.
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Abbreviations 1 

HuBL = human APOB100-transgenic Ldlr-/- 2 

miRNA = micro ribonucleic acids 3 

PD1 = programmed cell death protein 1 4 

RQ = relative quantification  5 

TEM cells = T effector/memory cells 6 

Abstract  7 

Atherosclerosis commonly remains undiagnosed until disease manifestations occur. The disease is 8 

associated with dysregulated micro(mi)RNAs, but how this is linked to atherosclerosis-related 9 

immune reactions is largely unknown. A mouse model of carotid atherosclerosis, human 10 

APOB100-transgenic Ldlr-/- (HuBL), was used to study the spatiotemporal dysregulation of a set 11 

of miRNAs. Middle-aged HuBL mice with established atherosclerosis had decreased levels of 12 

miR-143-3p in their carotid arteries. In young HuBL mice, early atherosclerosis was observed in 13 

the carotid bifurcation, which had lower levels of miR-15a-5p, miR-143-3p, and miR-199a-3p, and 14 

higher levels of miR-155-5p. The dysregulation of these miRNAs was reflected by specific immune 15 

responses during atheroprogression. Finally, levels of miR-143-3p were 70.6% lower in 16 

extracellular vesicles isolated from the plasma of patients with carotid stenosis compared to healthy 17 

controls. Since miR-143-3p levels progressively decrease when transitioning between early and 18 

late experimental carotid atherosclerosis, we propose it as a biomarker for atherosclerosis. 19 

Keywords: Atherosclerosis, micro-RNA, carotid stenosis, dyslipidemia, T-lymphocytes  20 

21 
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Introduction 1 

Immune-vascular interactions drive the atherosclerotic process, along with hemodynamic 2 

turbulence at predilection sites such as the carotid bifurcation [1, 2]. This leads to the buildup of 3 

plaque in the carotid arteries, which is a major risk factor for ischemic stroke that causes morbidity 4 

and neurological sequelae. As atherosclerosis is increasingly asymptomatic [3], there is a demand 5 

for early non-invasive biomarkers to initiate and motivate lifestyle improvements. Early diagnosis 6 

and monitoring of treatment responses using biomarkers could become even more important when 7 

novel therapeutic approaches are introduced. 8 

The dysregulation of miR-143-3p has been implicated in carotid atherosclerosis and related 9 

vascular diseases [4-9]. miR-143-3p is a small, non-coding RNA molecule that plays a crucial role 10 

in the regulation of a broad range of target genes, such as Elk1 mRNA [10]. In individuals with 11 

carotid artery plaques, the expression of miR-143-3p is downregulated [6, 8] but conflicting results 12 

regarding its effects and regulation exist from experimental models and observational studies [11-13 

15]. Due to proximity, miR-143 is co-transcribed with miR-145, and these are among the highest 14 

expressed miRNAs in the medial layer of the vessel wall [4]. Laminar flow induces the expression 15 

of miR-143 in endothelial cells and upstream regulators are serum response factor, homeobox 16 

protein Nkx-2.5, myocardin, and transforming growth factor-β signaling [10, 16]. miR-143-3p can 17 

be packaged and released extracellularly in microvesicles and exert atheroprotective effects in 18 

vascular cells or be secreted in the circulation [16]. Injections of extracellular vesicles containing 19 

miR-143-3p may reduce the progression of atherosclerosis in mice [17]. In smooth muscle cells, 20 

miR-143-3p represses proliferation and maintains cellular contractility by suppressing 21 

transcriptional regulators important for de-differentiation to a synthetic cell state [5, 10]. However, 22 

the regulation of miR-143 in immune cells during atheroprogression has not been explored. Further 23 
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knowledge of this regulation is important since local and systemic shifts in miRNA levels occurring 1 

during atheroprogression have broad regulatory consequences. 2 

In this regard, miRNAs have been proposed not only as modulators of the disease but also as 3 

potential early- or late-stage biomarkers of atherosclerosis. Therefore, we wanted to study the 4 

alteration of miR-15a-5p, miR-143-3p, miR-155-5p, and miR-199a-3p in mouse carotids and 5 

immune cells; and as a proof-of-principle, investigate if miR-143-3p is a potential biomarker of 6 

late-stage human carotid atherosclerosis. Our previous studies showed that miR-155-5p was 7 

upregulated, while miR-15a-5p, miR-143-3p, and miR-199a-3p were downregulated in human and 8 

experimental atherosclerosis and have proposed miR-15a-5p and miR-199a-3p as biomarkers of 9 

advanced human carotid atherosclerosis [8, 18]. In the present study, we propose the 10 

downregulation of miR-143-3p as a potential non-invasive biomarker of the disease. A mouse 11 

model of carotid atherosclerosis sheds further light upon the dysregulation of the above-mentioned 12 

set of miRNAs in carotid atherosclerosis and their associations with immune reactions. The data 13 

indicate that miR-143-3p reflects early atherosclerosis as well as atheroprogression and that its 14 

expression is associated with immune processes not limited to the vessel wall. 15 

Material and Methods 16 

Human samples 17 

Plasma samples from healthy donors (n=13) and patients with advanced carotid atherosclerosis 18 

(n=28) were analyzed. Sample collection and extracellular vesicle isolation were previously 19 

described [18], and the use of this cohort was extended by analyzing miR-143-3p levels. Patients 20 

were 67 ±10 years old (see Table S1 for more details). 21 
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Mouse experiments 1 

Human APOB100-transgenic Ldlrtm1Her (HuBL) and Ldlrtm1Her mice, both on C57BL/6J 2 

background, were used. Mice were fed a standard chow diet (2018 Teklad global 18% protein 3 

rodent diet, Envigo) and water ad libitum, and were maintained in conventional light, humidity, 4 

and heat conditions. Female mice were sacrificed at 11 and 46 weeks of age and male mice were 5 

sacrificed at 52 weeks of age. Spectral flow cytometry was performed using fluorophore-6 

conjugated antibodies (Table S2). RNA was analyzed using real-time PCR (Table S3). See the 7 

Supplemental Material and Methods for more details. 8 

Statistics 9 

Data are presented with scatter dot plots with mean and standard deviation. The Mann-Whitney 10 

test was used for the comparison of two groups. Data normality was assessed using the Shapiro-11 

Wilk test. Calculations were performed in GraphPad Prism 9.5.1. 12 

Results 13 

Decreased miR-143-3p in advanced carotid atherosclerosis 14 

miRNAs in extracellular vesicles were isolated from plasma samples of patients with advanced 15 

carotid atherosclerosis and donors without manifested atherosclerosis to assess the relative levels 16 

of miR-143-3p by real-time PCR. Median miR-143-3p levels were 70.6% lower in the plasma of 17 

patients with carotid stenosis (Fig. 1a). No significant difference was observed in terms of sex and 18 

diabetes (Fig. S1). A receiver operating characteristic curve analysis showed an area under the 19 

curve of 0.79 (p=.0027) and a cut-off value <0.34 produced a sensitivity of 71.4% and a specificity 20 
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of 84.6% for advanced disease (Fig. 1b). This confirms that miR-143-3p could be a potential 1 

biomarker of carotid stenosis and atherosclerosis in humans.  2 

Altered miRNAs with age and atherosclerosis severity in mice 3 

By comparing young (11 weeks) and middle-aged (46 weeks) female HuBL mice we were able to 4 

assess atheroprogression (Fig. 2a). The median atherosclerotic burden in the en-face-prepared 5 

aortic arches was 28.4 times higher in the 46-week group (Fig. 2b). Oil Red O staining of the aortic 6 

root showed 3.9 times higher lipid-stained lesions in the 46-week group (Fig. 2c). Body weight, 7 

spleen weight, splenocyte count, and blood leukocytes were not significantly altered with age in 8 

this cohort of mice (Table S4). 9 

The carotid bifurcation and common carotids were microdissected as displayed in a set of Sudan-10 

IV-stained arteries (Fig. 2d). Initial lesion formation was observed in the carotid bifurcation at 11 11 

weeks (Fig. 2e). Relative levels of miR-15a-5p, miR-143-3p, miR-155-5p, and miR-199a-3p were 12 

assessed but only the expression of miR-143-3p was significantly downregulated in the carotid 13 

bifurcation of the middle-aged HuBL mice (Fig. 2f). In the common carotids, miR-155-5p levels 14 

were significantly increased with age in addition to the downregulated miR-143-3p (Fig. 2g). 15 

Further supporting these changes, carotid miR-143-3p levels showed a negative association with 16 

disease progression as measured by Oil Red O staining in the aortic roots, and miR-155-5p levels 17 

in the common carotids showed a positive association with disease progression (Fig. 2h). The age 18 

difference between the two groups did not significantly impact plasma cholesterol and triglyceride 19 

levels (Fig. 2i). This would indicate that the disease process itself, and not hypercholesterolemia, 20 

drives these local miRNA changes at predilection sites in the vasculature. 21 
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7 

To assess whether there was site-specific miRNA dysregulation in either early or advanced 1 

atherosclerosis, we compared the carotids separately for the 11- and 46-week age groups (Fig. 3a-2 

b). The most striking changes were observed when comparing miRNA levels between the common 3 

carotids and the carotid bifurcation in early atherosclerosis: miR-15a-5p, miR-143-3p, and miR-4 

199a-3p were significantly downregulated, and miR-155-5p was upregulated (Fig. 3a). In advanced 5 

atherosclerosis, there was no significant difference in miRNA expression between the carotid 6 

bifurcation and common carotids (Fig. 3b), likely due to the extension of the disease to the common 7 

carotids at this time point. 8 

mRNA levels for a handful of genes related to atherosclerosis progression were investigated in a 9 

site-specific manner in the carotids. In early atherosclerosis, only Ccl2 mRNA, encoding monocyte 10 

chemoattractant protein 1, was overexpressed in the carotid bifurcation compared with the common 11 

carotid (Fig. 3c). Ccl2 mRNA showed a strong positive relationship with miR-155-5p expression 12 

and was inversely correlated with miR-199a-3p levels (Fig. 3d). In advanced atherosclerosis, 13 

Vcam1 mRNA, encoding vascular cell adhesion molecule 1, was increased in the common carotids 14 

and Cd68, a highly expressed mRNA in macrophages, was increased in the carotid bifurcation (Fig. 15 

3e), indicating that these sites were in different phases of atheroprogression. Cd68 mRNA levels 16 

were negatively associated with miR-143-3p whereas Vcam1 mRNA levels were positively 17 

associated with miR-143-3p (Fig. 3f). Although these associations were very weak, they support 18 

the notion that miR-143-3p is dysregulated in advanced atherosclerosis. 19 

Since there was a site-specific alteration of mRNA levels, we wanted to assess whether the 20 

expression was altered by disease severity. When comparing the mRNA levels of the selected genes 21 

of interest in the carotid bifurcation of 11 vs. 46-week mice, Nos2 mRNA, encoding inducible nitric 22 

oxide synthase, and Ccl2 mRNA were found to be increased (Fig. S2a). However, these transcript 23 
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levels did not correlate with any of the measured miRNAs. In the common carotids, there was an 1 

increase in mRNA levels of Vcam1, Ccl2, and Il1b, the latter encoding the interleukin-1β cytokine 2 

precursor, in middle-aged mice (Fig. S2b). The expression of these three transcripts showed a 3 

positive relationship with miR-155-5p levels (Fig. S2c). At the same time, Ccl2 and Vcam1 mRNA 4 

were inversely correlated with miR-143-3p expression (Fig. S2d). This further denotes the 5 

differential expression of miR-143-3p and miR-155-5p in the common carotids, which is a vascular 6 

site that typically has laminar blood flow and is affected late in the atherosclerotic process. 7 

Altered miRNAs in immune cells of atherosclerotic mice 8 

We investigated whether the selected miRNAs were altered in immune cells during early and 9 

advanced carotid atherosclerosis since previous studies mainly focused on their role in resident 10 

vascular cells. CD3+ T cells and CD3- non-T cells were isolated from the spleen of young and 11 

middle-aged mice (Fig. 4a-b). When studying the miRNA expression in the splenic CD3+ T cells, 12 

miR-143-3p was selectively increased in mice with advanced atherosclerosis, and miR-199a-3p 13 

was non-detectable in those cells (Fig. 4c). A handful of transcripts related to the T-cell phenotype 14 

were analyzed. In mice with advanced atherosclerosis, Foxp3, Ifng, Il21, and Pdcd1 mRNA levels 15 

were increased in the splenic CD3+ cells indicating that atheroprogression drives T-cell activation 16 

and regulatory transcriptional programs (Fig. 4d). Pdcd1 mRNA, encoding the immune checkpoint 17 

programmed cell death protein 1 (PD1), and Tbx21 mRNA, encoding the T-box transcription factor 18 

expressed in T-helper type 1 cells, were positively correlated with miR-143-3p expression in those 19 

cells, implicating this miRNA in the context of immune regulation (Fig. 4e). 20 

When analyzing the relative expression of miRNAs in the CD3- cells, only miR-199a-3p was 21 

increased during atheroprogression (Fig. 4f). A few transcripts involved in inflammatory pathways 22 
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were analyzed, and mRNA from the MHC class II encoding gene H2ab1 was found to be 1 

significantly decreased in the non-T cell fraction (Fig. 4g), indicating that antigen presentation 2 

could be differentially regulated during atheroprogression in the spleen. To observe specific 3 

enrichments in the immune cell compartment during atheroprogression, we compared if there was 4 

an alteration in miRNAs between splenic CD3- and CD3+ cells in early and advanced 5 

atherosclerosis. In early atherosclerosis, significant enrichments of miR-15a-5p and miR-155-5p 6 

were found in CD3+ cells (Fig. 4h), while this enrichment was subdued in advanced atherosclerosis 7 

(Fig. 4i). 8 

Specifically, cellularity in the aorta-associated mediastinal and renal lymph nodes was increased, 9 

while cellularity remained at a similar level in the spleen (Fig. S3a-b and Table S4). An expansion 10 

of germinal center B cells and plasma cells was observed in the mediastinal and renal lymph nodes 11 

as analyzed by flow cytometry (Fig. 4j and S3c-f). The expansion of plasma cells was, at this time 12 

point and location, limited to the absolute cell counts (Fig. S3d-e). As miR-199a-3p is known to be 13 

upregulated in germinal center B cells [19], this miRNA correlated with the germinal center 14 

reactions (Fig. 4k, Fig. S3n). 15 

Blood lymphocytes as well as total T cell number in the mediastinal and renal lymph nodes were 16 

not significantly different between groups (Fig. S3g-h and Table S4). However, there was an 17 

increase in the total and relative number of T effector/memory (TEM) cells (Fig. S3i-j). Confirming 18 

the upregulated Pdcd1 mRNA levels, PD1high TEM cells were found to accumulate in the aorta-19 

associated lymph nodes during atheroprogression (Fig. 4l and S3l). Speculatively, persistent 20 

presentation of atherosclerosis-associated antigens may be driving these effects. The TEM cell with 21 

intermediate PD1 expression remained unaltered (Fig. S3k-m). Expression of miR-143-3p in T 22 

cells correlated with the number of PD1high TEM cells (Fig. 4m). Since the correlation to Tbx21 23 
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10 

mRNA was stronger, this might reflect an upregulation in activated T cells or Th1 cells more 1 

specifically. However, this could not be distinguished using our experimental design. 2 

Altered miRNAs in middle-aged mice 3 

Finally, we investigated whether the dysregulation of miRNAs occurs during atheroprogression 4 

without the influence of age differences. Age-matched one-year-old male Ldlr-/- and HuBL mice 5 

fed a standard chow diet were used for this purpose (Fig. 5a). The atherosclerotic burden was 7.0-6 

fold increased in the aorta of HuBL mice as driven by more severe hypercholesterolemia induced 7 

by transgenic overproduction of APOB100 (Fig. 5b-c). No difference in body weight was recorded 8 

but HuBL mice had higher blood counts of lymphocytes, monocytes, and granulocytes (Table S5) 9 

as well as plasma cholesterol and triglyceride levels (Fig. 5c). To analyze miRNA levels, the iliac 10 

lymph nodes in proximity to the aorta were used. Levels of miR-15a-5p, miR-143-3p, and miR-11 

199a-3p were lower in HuBL compared to Ldlr-/- mice (Fig. 5d). This is similar to our findings in 12 

the vasculature of female HuBL mice at different ages but in the iliac lymph nodes of those mice, 13 

only miR-143-3p was found to be significantly decreased (Fig. S4). 14 

miR-15a-5p showed a negative association with plasma lipid levels, indicating its inverse 15 

association with hypercholesterolemia (Fig. 5e). A weaker association was observed between miR-16 

199a-3p and plasma cholesterol (Fig. 5f). miR-143-3p did not correlate with hypercholesterolemia 17 

levels, indicating that its dysregulation is more associated with disease progression than 18 

dyslipidemia. However, atheroprogression is tightly linked to hypercholesterolemia in these mice, 19 

and separating these entities is challenging. 20 

A few selected transcripts related to T-cell phenotype were analyzed. Gata3 mRNA, encoding a 21 

transcription factor involved in T-helper type 2 responses, Ifng mRNA, encoding interferon-γ, Il21 22 
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mRNA, encoding the T follicular helper-related cytokine interleukin-21, Rorc mRNA, encoding 1 

retinoic acid receptor-related orphan receptor C associated with T-helper 17 cells, and Pdcd1 2 

mRNA were all observed to be lower in the HuBL mice (Fig. 5g). Pdcd1 and Ifng correlated with 3 

miR-15a-5p expression (Fig. 5h). Taken together, severe dyslipidemia was identified as a 4 

contributing mediator of dysregulation of miR-15a-5p and, to a lesser extent, miR-143-3p. 5 

Discussion 6 

We show that the dysregulation of miR-143-3p in carotid atherosclerosis reflects the progression 7 

of the disease and that it potentially could be used as a screening tool for atherosclerosis or for non-8 

invasive disease staging. In our mouse model, we found that miR-143-3p was decreased in early 9 

and advanced atherosclerosis, as well as in the carotid bifurcation and common carotids. 10 

Downregulation of miR-143-3p has been observed in both human carotid plaques and animal 11 

models of atherosclerosis before [8]. The novel aspect of this study is the mapping of the 12 

dysregulation of miR-143-3p to different parts of the carotid arteries in mice, and that we show an 13 

upregulation of miR-143-3p in T cells during atheroprogression. Notably, miR-143-3p is 14 

transmitted by the endothelium to the circulation in extracellular vesicles and to vascular smooth 15 

muscle cells to keep them in a contractile state. T cells also release extracellular vesicles 16 

constitutively [20], which opens the possibility that T cells can communicate with and affect gene 17 

expression in vascular resident cells through miR-143-3p. However, whether miR-143-3p is a 18 

cargo of extracellular vesicles from T cells and whether they could reach vascular smooth muscle 19 

cells remains to be investigated. 20 

The differential regulation of miR-143-3p between the vasculature and the immune cell 21 

compartment might explain some conflicting observations in the field [12-15]. miR-143-3p 22 
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downregulation has previously been observed in Apoe-/- and Ldlr-/- mouse aortas when comparing 1 

mice on a high-fat diet with controls fed a chow diet [8, 21]. This finding is corroborated by our 2 

data showing that miR-143-3p is continuously decreased with age and atheroprogression. We 3 

therefore propose that it could be used as a marker for atheroprogression. Experiments of balloon-4 

injured carotid arteries in rats provide further support for this notion [22]. However, several 5 

miRNAs are downregulated in atherosclerosis and further comparisons are needed to select the 6 

most selective and sensitive markers for vascular dysfunction. PCR-based extracellular vesicle 7 

testing is not a clinically convenient methodology but can be multiplexed, adding together a set of 8 

markers to increase specificity. 9 

miRNAs exert their effects through binding complementary sequences in mRNA molecules and, 10 

due to their versatile effects, are not unanimously considered promising novel therapeutic targets 11 

anymore. Our bulk tissue analysis of carotids found miR-143-3p to be associated with Cd68, 12 

Vcam1, and Ccl2 mRNA. miR-143-3p is not known to bind those targets directly but has been 13 

shown to be an indirect modulator of Vcam1 [23] and Ccl2 [24] mRNA. Its effects are challenging 14 

to distinguish from the cotranscribed miR-145 and Carmn non-coding RNA, which are in 15 

proximity to the miR-143 locus. However, detailed mapping of this intricate coregulatory network 16 

is not critical if miR-143-3p is viewed as a strict biomarker. 17 

Immune-vascular interactions are drivers of atherosclerosis progression but how miRNAs are 18 

involved in these processes is less explored. We made a simple comparison of miRNA levels in 19 

splenic T cells and non-T cells during atheroprogression. Surprisingly, this revealed that miR-143-20 

3p was overexpressed in T cells in mice with advanced atherosclerosis. To further characterize the 21 

T cells, we studied genes related to their phenotype, showing an increase in mRNA levels of Il21, 22 

Ifng, Foxp3, and Pdcd1. Interestingly, only Pdcd1, encoding PD1, correlated with miR-143-3p. 23 

245

Additional documents



13 
 

Additionally, this miRNA also correlated with the PD1high T-helper cells found in the aorta-1 

associated lymph nodes. PD1 is highly expressed on activated and exhausted T cells and is 2 

commonly targeted with immune checkpoint inhibitors in cancer treatment to increase T-cell 3 

reactivity. Blocking PD1 could at the same time increase the production of pro-atherogenic 4 

cytokines in iliac lymph nodes [25]. One prior report corroborates our finding that miR-143-3p is 5 

expressed in T cells [26]. Wang et al. studied cytokine-induced killer cells, which include cytotoxic 6 

T cells, and report that miR-143-3p is involved in regulating T-cell activation and proliferation. 7 

Whether miR-143-3p is involved in T-cell activation in our model and how this is related to 8 

pathological processes in the vascular wall remains to be investigated. 9 

Another miRNA we measured in our atheroprogression model was miR-15a-5p, which is widely 10 

studied in the cancer field. Tumor tissue often has downregulated miR-15a-5p levels, which leads 11 

to less regulated gene expression that, in turn, could facilitate tumor growth and carcinogenesis 12 

[27]. In atherosclerosis, we found a similar effect with downregulated miR-15a-5p in early 13 

atherogenesis and iliac lymph nodes in older mice. A few reports have studied the mechanistic 14 

implications of miR-15a-5p in a vascular context and have shown that it could reduce inflammatory 15 

changes in the endothelium [28] and promote smooth muscle cell migration [29], i.e., effects that 16 

could be interpreted as beneficial for atherosclerosis and plaque stability, respectively. We found 17 

that miR-15a-5p levels were higher in splenic T cells compared to non-T cells during early 18 

atherogenesis. With disease progression, this difference was eliminated. miR-15a-5p has been 19 

associated with activated cytotoxic T cells in a tumor microenvironment [30] and its 20 

downregulation could boost T-helper cell responses in asthmatic airways [31]. Moreover, the 21 

expression of miR-15a-5p in B cells has been associated with vaccination responses [32]. We did 22 

not observe a significant difference in miR-15a-5p levels in splenic cells that could indicate a 23 
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similar effect during atheroprogression. As relative miRNA levels were measured, further controls 1 

are required to understand whether levels increased or decreased in certain lymphocyte subsets. 2 

Nonetheless, the observed lower levels in the iliac lymph nodes of HuBL mice could implicate its 3 

involvement in reduced cellular antigen responsiveness during hypercholesterolemia. Moreover, 4 

in the age-matched mice with more advanced atherosclerosis due to severe dyslipidemia, miR-15a-5 

5p correlated positively with Pdcd1 and Ifng mRNA and inversely with plasma cholesterol and 6 

triglyceride levels. Pdcd1 mRNA is a confirmed target of miR-15a-5p [33], and our data are 7 

seemingly at odds with this effect. However, the positive association with Ifng mRNA was stronger 8 

according to our data, and interferon-γ is an upstream modulator that increases miR-15a-5p 9 

expression [34]. Taken together, our study design is more suited to detect commonly regulated 10 

pathways in atherosclerosis and not to detect miRNA-targeted effects. Mechanistic studies are 11 

needed to unravel how dyslipidemia could cause dysregulation of miR-15a-5p and whether it is 12 

mediated through interferon signaling. 13 

miR-155-5p is, in a cardiovascular context, the most studied of the four miRNAs we measured. 14 

Previous reports have found it to be both increased [35] and decreased [36] in plasma samples from 15 

patients with advanced atherosclerosis. Functionally, it has been associated with increased 16 

cholesterol efflux from macrophages and reverse cholesterol transport [37, 38]. In our mouse 17 

model, we found that miR-155-5p was increased in carotid bifurcations with early atherosclerosis 18 

and in common carotids during disease progression. In the latter, it correlated positively with Ccl2, 19 

Vcam1, and Il1b mRNA. These mRNAs are not predicted to be targets of miR-155-5p but are under 20 

transcriptional control by the nuclear factor-κB pathway [39], which is activated in atherosclerosis. 21 

Levels of miR-155-5p were higher in splenic CD3+ cells compared to CD3- cells in mice with initial 22 

atherosclerosis. In the literature, miR-155-5p has been studied as an exosomal signal from different 23 
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types of T cells, e.g., miR-155-5p could increase activation of cytotoxic T cells, which decreases 1 

tumor growth in an ovarian cancer model [40]. Possibly, a similar effect on T cells would play only 2 

a minor role in atheroprogression since the miR-155-5p elevation in T cells was not observed in 3 

middle-aged mice with more pronounced disease. 4 

Finally, we found that miR-199a-3p is downregulated in early carotid atherosclerosis in mice. A 5 

similar downregulation of miR-199a-3p was observed in iliac lymph nodes in 1-year-old HuBL 6 

mice compared to Ldlr-/- mice. Previously, miR-199a-3p has been reported to be involved in 7 

endothelial dysfunction [41] and the inhibition of vascular smooth muscle cell migration [42]. The 8 

most striking data for this miRNA in our study was the upregulation in non-T splenocytes and its 9 

association with germinal center B-cell responses. During atheroprogression, germinal centers 10 

expand in the aorta-associated lymph nodes. Such reactions are central to the generation of affinity-11 

matured B cells in response to T-dependent antigens, leading to the maturation of long-lived plasma 12 

cells, the generation of memory B cells, and the production of high-affinity antibodies. Our results 13 

are consistent with previous studies focusing on miRNAs in B-cell responses and germinal centers 14 

[19, 32]. Supporting our observation, we found that splenic miR-199a-3p levels correlate with 15 

PD1high effector T cells, which could interact with germinal center B cells. 16 

There are limitations to the present study. It is a translational research study with a small sample 17 

size and large effect sizes. Biologically relevant effects of smaller magnitude and sex-specific 18 

effects could be missed. The findings are mainly correlative since it is a biomarker study, but as 19 

discussed, have generated hypotheses that could be explored mechanistically. The broadly targeted 20 

effects of miRNAs limit their therapeutic use but do not influence their potential as biomarkers. 21 

Replication of the results in other cohorts has partly been performed previously [4-6, 8, 9]. 22 

However, larger sample sizes with matched controls and adjustments for confounders would be 23 
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needed, and the validation of miR-143-3p dysregulation as a biomarker for early atherosclerosis in 1 

humans is still pending. The development of extracellular vesicle extraction coupled with real-time 2 

PCR as diagnostic tests would also be required to enable clinical use. 3 

In conclusion, the downregulation of miR-143-3p is a sensitive marker for carotid atherosclerosis 4 

in mice, and it has the potential to serve as a non-invasive biomarker for atherosclerosis in humans 5 

when measured in plasma extracellular vesicles. Furthermore, since miR-143-3p levels 6 

progressively decrease in experimental carotid atherosclerosis, it could be utilized to grade the 7 

severity of the disease. 8 
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Figure Captions 9 

Fig. 1 Plasma detection of miR-143-3p in carotid stenosis patients. (a) miRNAs in extracellular 10 

vesicles were isolated from the plasma of patients with advanced atherosclerosis and the plasma 11 

from healthy donors without manifest atherosclerosis. The relative expression of miR-143-3p was 12 

measured by real-time PCR (Mann-Whitney test, healthy donors n=13, carotid stenosis n=28, log2-13 

scaled y-axis) (b) A receiver operating characteristic curve analysis illustrates how miR-143-3p 14 

can be used as a biomarker for carotid atherosclerosis. 15 

16 

Fig. 2 Dysregulation of a set of miRNAs in mouse carotid arteries. (a) Experimental setup 17 

comparing atheroprogression in HuBL mice. (b) Micrographs of Sudan-IV-stained aortic arches 18 

with a 2 mm scale bar and quantification of the atherosclerotic plaques (orange color) divided by 19 

total aortic arch area. (c) Micrographs of Oil Red O-stained sections 300 µm from the aortic root 20 

with a 500 µm scale bar. Mean aortic root lipids were quantified (red color) and divided by aortic 21 

cross-section area. (d) Sudan-IV stained aortic arches with branches to depict microdissection of 22 

common carotids and carotid bifurcation. (e) Micrograph of a carotid artery from an 11-week-old 23 

HuBL mouse, the arrow indicates Sudan-IV+ plaque in the carotid bifurcation. (f-g) Relative 24 

quantification of miRNAs in the carotid bifurcation (bright colors) and common carotids (pale 25 

colors) from the 11-week (pink colors, n=6) and 46-week (purple colors, n=4) old female HuBL 26 
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mice. (h) Linear regression between lipid deposition in the aortic root and the levels of miR-143-1 

3p in the carotid bifurcation and between lipid deposition in the aortic root and the levels of miR-2 

155-5p and miR-143-3p in the common carotids. (i) Plasma concentration of cholesterol and3 

triglycerides. 4 

5 

Fig. 3 Site-specific miRNA level changes in early and late carotid atherosclerosis. (a-b) Relative 6 

quantification of miRNAs in the common carotids (pale colors) and carotid bifurcation (bright 7 

colors) from the 11-week (pink colors, n=6) and 46-week (purple colors, n=4) old female HuBL 8 

mice. (c) mRNA levels for genes of interest in 11-week-old mice. (d) Linear regression between 9 

Ccl2 mRNA and miR-155-5p (left) and miR-199a-3p (right) in carotids with early atherosclerosis. 10 

(e) mRNA levels for genes of interest in 46-week-old mice. (f) Linear regression between Cd6811 

mRNA (left) and Vcam1 mRNA (right), respectively, and miR-143-3p in carotids with advanced 12 

atherosclerosis. 13 

14 

Fig. 4 miRNA levels in splenic immune cells during atheroprogression. (a) Experimental setup of 15 

CD3+ and CD3- cell isolation. (b) Cell fractions before and after isolation of CD3+ cells from the 16 

spleen. (c) miRNA levels in CD3+ cells from the 11-week (pink, n=6) and 46-week (purple, n=4) 17 

old female HuBL mice. (d) mRNA levels for genes of interest in CD3+ cells. (e) Linear regression 18 

between miR-143-3p in CD3+ cells and Pdcd1 and Tbx21 mRNA. (f) miRNA levels in CD3- cells. 19 

(g) mRNA levels in CD3- cells. (h-i) miRNA levels in the CD3+ and CD3- cells from the 11- and20 

46-week groups. (j-k) Germinal center B cells as quantified using flow cytometry from the21 

mediastinal and renal lymph nodes and their correlation to miR-199a-3p in splenic CD3- cells. (l-22 

m) PD1high TEM cells in the mediastinal and renal lymph nodes and their correlation to miR-143-3p23 

in splenic CD3+ cells. 24 
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1 

Fig. 5 Dysregulated transcripts in iliac lymph nodes of middle-aged mice. (a) Experimental setup. 2 

(b) Micrographs of Sudan-IV-stained aortas with a 4 mm scale bar. (c) Total plasma cholesterol3 

and triglycerides concentrations. (d) Relative quantification of miRNAs in the iliac lymph nodes 4 

from male Ldlr-/- (pink color, n=8) and HuBL mice (purple color, n=8). (e-f) Linear regression 5 

between miR-15a-5p and miR-199-3p with plasma cholesterol and triglycerides. (g) mRNA levels 6 

for genes of interest in the iliac lymph nodes. (h) Linear regression between Pdcd1 and Ifng mRNA, 7 

respectively, and miR-15a-5p levels in the iliac lymph nodes. 8 
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