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Summary 

The vascular endothelium participates to cardiovascular homeostasis by controlling 

inflammation, thrombogenesis, angiogenesis and by adapting vascular tone and 

perfusion to tissue needs. To meet these critical functions, endothelial cells combine 

very sophisticated sensory properties, signal processing and a balanced production of 

autocrine/paracrine effectors among which NO is the more prominent. Endothelial 

dysfunction, often defined as a reduced NO bioavailability, is a recognized early key 

marker of most cardiovascular diseases, it reflects the integrated effects of risk factors 

on the vasculature. Members of microRNA-199a family, first described in cancers, 

have been identified as potential regulators of cardiac homeostasis and are described 

as modified during cardiac remodeling, diabetes or liver diseases. Moreover, an 

upregulation of miR-199a expression in cardiomyocytes was reported to influence 

endothelial cell function. 

In this work, we first demonstrated that both mature forms of miR-199a, namely, 

miR-199a-3p and miR-199a-5p, are also expressed by endothelial cells where they 

participate in a redundant network of regulation of the NO-synthase/nitric oxide 

pathway. By combining in silico, in vitro and ex vivo analysis, we have identified direct 

and indirect targets of these miRs that modulate nitric oxide production and 

degradation thereby supporting angiogenesis and modulation of vascular tone. 

Our work also highlighted that miR-199a family members are differentially regulated 

in health and disease. Indeed, we documented in two different murine models of 

pathologic cardiac hypertrophy, an up-regulation of both strands in the heart and 

vessels of the mice.   Interestingly, we found that vascular and cardiac tissue of mice 

submitted to voluntary exercise, exhibit a blunted expression of miR-199a family 

members, correlated with improved cardiac and endothelial functions. MiR-profiling 

in plasma revealed that circulating levels of the -5p arm reflect cardiac and 

endothelial levels in the pathologic and physiologic experimental models (and 

therefore cardiac and vascular health), which might support a diagnostic or prognostic 

value. 

In summary, our results demonstrated that miR-199a family members are key players 

of cardiac and endothelial functions at the crossroad of health and disease. 
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Abbreviations 
ADMA   Asymmetrical Dimethylarginine  

Ago   Argonaute 

Akt   Protein Kinase B 

AMP   Adenosine Monophosphate 

AMPK   AMP-activated Protein Kinase 

Ang   Angiotensin 

ANP   Atrial natriuretic peptide 
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BH4   Tetrahydrobiopterin 
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ET1   Endothelin 

FAD   Flavin Adenine Dinucleotide 

FMN   Flavin Mononucleotide 

FOXO   Forkhead box protein O 

GLP   Glucagon Like Peptide 

GLUT   Glucose Transporter 



Abbreviations 
 

22 
 

GSK   Glycogen Synthase Kinase 

GTP   Guanosine Triphosphate 

H/R   Hypoxia/Reoxygenation 

H2O2   Hydrogen Peroxide 

HAEC   Human Aortic Endothelial Cells 

HDL   High-density lipoprotein 

HIF   Hypoxia Inducible Factor 
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Hsp   Heat Shock Protein 
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MAPK   Mitogen-Activated Protein Kinase 

MEK   Mitogen-activated Protein Kinase kinase 

MHC   Myosin Heavy Chain 
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miR   microRNA 

MMP   Matrix Metalloproteinase  

mRNA   messenger RNA 

mTOR   mechanistic Target of Rapamycin 
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oxLDL   oxidized Low-density lipoprotein 
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PKA   Protein Kinase A 

PKC   Protein Kinase C 

PKG   Protein Kinase G 
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TNF   Tumor Necrosis Factor 
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VEGFR   Vascular Endothelial Growth Factor Receptor 
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Cardiovascular system: a general introduction 

The cardiovascular (CV) system functions as a closed circuit that ensures 

blood transport from the heart to the whole organism, allowing gas exchanges 

(oxygen versus carbon dioxide), and supplying nutrients to organs. The CV system 

constantly adapts to meet organism needs in response to neurologic and humoral 

signals ensuring, at the short and the long term, an optimal perfusion of the 

whole body. Pollution, smoking, sedentarity and an unhealthy diet constitute 

major insults to the CV functions via a direct impact on the endothelium (see 

Figure 1).   

 

 

Figure 1: Regulation of the cardiovascular system. CV system is influenced by 

environmental, physiologic and genetic factors. Pollution, life style and diet can impact 

positively or negatively the CV system leading to modulation of endothelial and cardiac 

functions.  
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Endothelium 

Endothelial Physiology 

The endothelium is the innermost layer of blood vessels that forms an 

interface between circulating blood and the media. It is an essential part of the 

vessel wall as it fulfils critical functions to guarantee vascular homeostasis. The 

endothelium is composed of a single layer of highly specialized endothelial cells; it 

is closely associated with a basal membrane to form the intima of the vessel. 

Endothelial function and dysfunction 

Homeostasis of cardiovascular system is a fine-tuned phenomenon. The 

vascular endothelium participates to this well-regulated process by controlling 

inflammation and leucocyte adhesion, thrombogenesis and platelets aggregation, 

or angiogenesis. The endothelium is also the main actor that adapts vascular tone 

to tissue needs and controls blood/tissue exchanges. To meet these critical 

functions, endothelial cells combine very sophisticated sensory properties, signal 

processing and a balanced production of autocrine/paracrine effectors (see Figure 

2) with antagonistic properties. Any disruption of this tight equilibrium is called 

endothelial dysfunction and can promote the development of pathogenesis. A 

dysfunctional endothelium phenotype is associated with impaired vasodilation, a 

pro-inflammatory and pro-thrombotic status, contributing to local and systemic 

manifestations of cardio-metabolic diseases such as atherosclerosis, hypertension 

or diabetes (1). 
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Figure 2: Endothelial-derived vasorelaxing and vasoconstricting factors. Vasodilation and 

vasoconstriction factors production are finely regulated to maintain a balance assuring 

vascular homeostasis. The disruption of the equilibrium leads to the so-called endothelial 

dysfunction. NO: nitric oxide, PGI2: prostacyclin, H2S: hydrogen sulphide, EDHF: Endothelial-

derived hyperpolarization/ (hyperpolarizing factor), ET-1: endothelin 1 and AngII: Angiotensin II. 

Endothelium-derived vasodilating factor is a generic term that includes a 

wide range of substances/modes of activation, the importance of which varies 

from a vascular bed to another and varies also depending on the 

physio/pathological status. It includes prostacyclins (PGI2) being the products of 

arachidonic acid metabolism by cyclooxygenases/prostacyclin synthase; 

Endothelial-derived hyperpolarizing factor (EDH(F)) which is not a factor per se but 

corresponds to the transmission of an hyperpolarizing stimulus to the media by 

the endothelium, and the gasotransmitters hydrogen sulfide (H2S), carbon 

monoxide (CO) and nitric oxide (NO). If EDH(F) is mainly associated with the 
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control of vascular tone in resistance arteries due to increased potassium 

conductance (2), the other endothelium-dependent factors display multiple 

properties that often overlap. PGI2 is indeed a potent vasodilator but also a 

potent inhibitor of platelet aggregation (3). H2S shares with NO anti-inflammatory, 

anti-apoptotic, and anti-oxidant properties in addition to being strong 

vasodilators. H2S as NO may prime endothelial cells toward angiogenesis and 

inhibit vascular smooth muscle cells (VSMC) proliferation (4). Similarly, CO was 

shown to prevent vascular dysfunction, regulate blood pressure, inhibit 

blood platelet aggregation or have anti-inflammatory effects (5).  

Additionally, endothelial cells are the site of production of constricting 

factors. Although an integrant part of the tight balance needed to insure a proper 

perfusion, they are more than often considered as harmful and associated with 

pathogenesis. The major « deleterious » factors include endothelin-1 (ET-1), the 

mature product of a preproET-1 precursor; thromboxane A2, the result of 

arachidonic acid metabolism by the cyclooxygenase (COX)/thromboxane synthase 

pathway, and Angiotensin II (AngII) produced from angiotensinogen via the renin-

angiotensin-aldosterone (RAA) system. All these molecules globally counteract the 

beneficial properties of gasotransmitters and PGI2; they are reinforced in 

pathological states linked with endothelial dysfunction where they induce 

vasocontraction in addition to proliferation or pro-oxidant properties (6-8). 

Endothelial ET-1 and thromboxane enhanced inflammation, platelets aggregation 

and free radical formation while AngII promotes NADPH oxidase activity to 

produce superoxide anion (O2
-.) (9) leading to an inhibition of endothelial nitric 

oxide synthase (eNOS) and NO bioavailability (10).  

Although a little restrictive, endothelium dysfunction is often considered 

as the result of a reduced NO bioavailability, nitric oxide being the more abundant 
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and multi-tasking protective factor. Down-regulation of eNOS expression or 

pharmacological inhibition of NOS and subsequent decreased NO production in 

experimental animal models (11) or even in human (12) have been undoubtedly 

associated with the development of hypertension for instance.  

In the work presented here, we therefore focused on the NOS/NO 

pathways. 

Nitric Oxide production 

NO is a versatile compound that is active as mediator of numerous 

biological processes in the nervous, immune, and cardiovascular systems. It is a 

radical in nature which should be put in link with its relatively high reactivity and 

short half-life. It maintains cardiovascular health mainly by activation of soluble 

guanylate cyclase, an ensuing cyclic guanosine monophosphate (cGMP) 

production and Protein Kinase G (PKG) activation (13). A significant part of its 

activity also results from protein (cysteine) nitrosylation; this aspect has been 

inconsiderate for a long time, but it could tremendously impact protein 

conformation, localization and/or function (14). Depending of its concentration 

and the redox environment, NO acts as a signaling molecule or cytotoxic agent. In 

the presence of oxygen, autoxidation of NO to form nitrite (NO2
.), a strong 

oxidizing and nitrating agent is favored in hydrophobic environment such as 

lipoproteins or membranes (15). NO2
. is for instance a major actor in 

environmental toxicology. Nitrite and nitrate are the end-products of NO 

metabolism but may also serve as a reservoir of NO. Indeed, several enzymes are 

able to transform nitrite and nitrate in NO (16). Additionally, acidic conditions 

favor the formation of NO from nitrite in tumor microenvironment (17). The 

reaction of NO with superoxide anion (O2
-.) leads to the formation of peroxynitrite 

(ONOO-) which can stimulate cysteine nitrosylation and tyrosine nitration leading 
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to potential alterations of DNA, lipids or protein structure and function (18). 

Protein nitration participates in the pathogenesis of diabetes, cancers, hepatic 

diseases or cardiovascular disorders (18;19). 

NO synthases 

NO is formed in equimolar amounts with L-citrulline by nitric oxide 

synthases (NOS) in the presence of L-arginine and molecular oxygen. Structurally, 

the NOS protein is a homodimeric multidomain enzyme; it catalyzes the oxidation 

of L-arginine using nicotinamide adenine dinucleotide phosphate (NADPH), flavin 

adenine dinucleotide (FAD), flavin mononucleotide (FMN), heme prosthetic 

group, tetrahydrobiopterin (BH4) and O2 as cofactors. At the dimer interface, NOS 

contains a zinc ion that coordinates a tetrahedral conformation with cysteine (C94 

and C99 from two adjacent subunits). This site is essential for the binding of BH4 

and L-arginine (13;20). 

Three NO-synthases have been formerly identified: NOS1 or neuronal NO-

synthase (nNOS), NOS2 or inducible NO-synthase (iNOS) and NOS3 or endothelial 

NO-synthase (eNOS). The nNOS is constitutively expressed in approximately 2% of 

the body neurons, its enzymatic activity is primarily regulated by 

Calcium/Calmodulin (Ca++/CaM) (21). Neuronal NO is implicated in synaptic 

transmission modulation, learning, memory or neurogenesis (22). The 

macrophagic NOS is inducible in an inflammatory context in response to 

lipopolysaccharides (LPS), cytokines or other inflammatory agents (22). iNOS is 

mostly expressed in immune cells but it can be virtually expressed in all cell types; 

its constitutive activation promotes the production of unregulated amounts of 

NO. iNOS-derived NO is an anti-viral and anti-bacteria effector that could be 

considered as potentially harmful for any cells due to its radical nature and its 

close association with ONOO- production (23;24). iNOS has been implicated in 
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septic shock where it promotes increased arteriolar vasodilation, hypotension and 

microvascular damages (25;26).  

Endothelial NO synthase: eNOS, different levels of regulation 

Despite the presence of nNOS in blood vessels and the inducible aspect of 

iNOS, in endothelial cells, the main recognized producer of NO is eNOS. 

Endothelial NOS as nNOS is considered as a constitutive, Ca++/CaM dependent 

enzyme; the activity of which is triggered by the binding of endogenous or 

pharmacological activator on endothelial receptors and in response to mechanical 

stimulation by the shear forces exerted by blood flow (13). eNOS-derived NO 

production is a tightly regulated process that results from a combination of 

transcriptional, posttranscriptional and post-translational effects that we will 

briefly illustrate (13;22). 

Marsden et al. have found that transfection of human eNOS 

promoter/reporter in non-endothelial cells, where steady state levels of eNOS 

mRNA were not appreciably expressed, lead to a high eNOS promoter activities 

suggesting that the methylation status of eNOS DNA is essential to regulate eNOS 

expression (27;28). Hence, they found that eNOS promoter is heavily methylated 

in non-endothelial cells limiting the availability of binding sites for transcription 

factors (28). In another context, Krause et al. found reduced eNOS expression in 

human umbilical vein endothelial cells (HUVECs) from intrauterine growth-

restricted fetuses compared to HUVECs from normal fetuses, correlated with 

diminished DNA methyltransferase 1 expression and an increased methylation at 

CpG-352 in the hypoxia response element of eNOS promoter (29). Similarly, 

synthetic methylated eNOS construct presented a decreased response of well-

known transcription factors Sp1, Sp3 and Ets1 (28) arguing again for eNOS 

promotor methylation as the primary level of regulation of the NOS/NO pathway.  
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  The physiological regulation of eNOS depends also on a range of 

regulatory elements binding to eNOS promoter. The detailed study of eNOS 

promoter revealed that basal eNOS transcription results from two regulatory 

regions. Positive regulatory domain (PRD I) presents a high affinity for Sp1 and Sp3 

while PRD II binds transcriptions factors Ets-1, Elf-1, YY-1, Sp1 and MYC-associated 

zinc finger protein (30). More than this cis-regulation, there is evidence that basal 

eNOS promoter activity also depends on trans-regulation as trans-acting factors 

can bind both PRD sites. In addition to the cis-elements present near the 

transcription start, other cis-regulatory DNA sequences exist as Sp1, AP-1 and AP-

2 or NF-1 binding sites as well as sterol regulatory element and shear stress 

response element (27;31). These zones allow modulation of eNOS expression 

under certain conditions. For instance, in bovine aortic endothelial cells (BAEC), 

NF-1 transcription factor mediate the up-regulation of eNOS expression by 

transforming growth factor (TGF) β1 (32;33) while tumor necrosis factor (TNF) α 

diminishes the binding of Sp1 and Sp3 to eNOS promoter to decrease eNOS 

transcription (34). Such modulations can be observed at the onset of pathologies 

such as atherosclerosis. Reactive oxygen species (ROS) synthesis as hydrogen 

peroxide (H2O2) also modulates eNOS expression in endothelial cells by activating 

the Calmodulin Kinase (CaMK) II/ Janus Kinase (JAK) 2 pathway leading to a higher 

binding of Sp1 on eNOS promoter (35). Additionally, hypoxia regulates eNOS 

expression via redox sensitive AP-1 mediated transcriptional control (36). This 

regulation is location dependent as aortic tissues present a down-regulation of 

eNOS under hypoxia while lungs vessels show an up-regulation (37;38). Moreover, 

transcription factors up-regulated under laminar shear stress such as Krüppel like 

factor (KLF) 2 and 4 (KLF4) can positively impact eNOS expression. This point will 

be described in more details below (see Shear stress and NO).  
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 The protein expression of eNOS is also the result of epigenetic 

mechanisms modulating the transcription or the translation of eNOS. For 

instance, as described in more details below, microRNAs (miR) can interact with 

the 3’untranslated (UTR) region of messenger RNA (mRNA) and induce their 

degradation or the repression of translation. Interestingly, a limited number of 

miRs have been identified as directly binding the 3’UTR region of eNOS. In 

HUVECs, miR-24 direct binding to eNOS mRNA induced down-regulation of its 

subsequent protein level (39). In human endothelium, miR-155 binds eNOS mRNA 

and leads to a decreased of protein expression. Accordingly, the repression of 

eNOS and eNOS-dependent relaxation has been described in a mouse model of 

endothelial dysfunction and attributed to the direct binding of miR-155 to eNOS 

transcript (40). In endothelial cells kept under normoxic conditions, a silencing of 

miR-214 increased eNOS expression and El Azzouzi et al. confirmed a direct 

interaction of this miR with eNOS mRNA (41). They also shown that miR-214 is up-

regulated in myocardium during hypoxia. The last identified miR able to target 

eNOS mRNA is miR-765. Interestingly, this miR does not affect eNOS transcript in 

normoxia due to a stabilization of 3’UTR of eNOS mRNA by heterogeneous nuclear 

ribonucleoprotein (hnRNP). Under hypoxic conditions, a detachment of hnRNP 

induces a sensitization to miR-765 (42). Eventually, miRs also indirectly modulate 

NO levels through a regulation of the upstream or downstream pathways of 

eNOS, this is precisely the subject of this thesis. 

Mechanisms and post-translational regulations of eNOS 

Many studies have emphasized the importance of L-arginine and the co-

factor BH4 in NO production (see Figure 3). As such, substrate (L-arginine) or 

cofactor deficiency (BH4) would convert eNOS from a NO-producing enzyme to an 

enzyme that produce deleterious superoxide anions. This condition called eNOS 
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uncoupling has been largely associated with cardiovascular diseases. Among many 

others, Landmesser et al. have highlighted that endothelium of hypertensive mice 

present a higher oxidation of BH4 into BH2 (as a result of NADPH-derived ROS 

production), that led to uncoupling of eNOS and an impairment of endothelial 

function (43). In the context of smoking as a major cardiovascular risk factor, 

depletion of BH4 was pointed out in aortic endothelial cells exposed to cigarette 

smoke extracts as leading to uncoupling of eNOS and decreased levels of NO. 

Moreover, de novo synthesis of BH4 is limited in these cells as cigarette smoke 

extracts exposure leads to decreased expression of guanosine triphosphate 

cyclohydrolase (44). Functional eNOS uncoupling is a prominent feature of aging 

and CV diseases (45), structural uncoupling might not be as prevailing as technical 

pitfalls may have tainted earlier observations (46). 

 

Figure 3: Representation of eNOS dimeric protein. Production of NO requires L-arginine (L-

Arg) but also the presence of several co-factors as tetrahydrobiopterin (BH4), Flavin adenine 

dinucleotide (FAD), Flavin mononucleotide (FMN), calmodulin (CaM) and heme. eNOS is 

produced as monomer but must form a homodimer to produce NO. During NO synthesis, 

NADPH-derived electrons are transferred to flavins in the reductase domain and then to the 

heme. At this point, electrons are used to reduce and activate O2. From Vanhoutte et al. (13) 
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NO pathway: postranscriptional regulation  

In endothelial cells, palmytoylation and myristoylations promote eNOS 

trafficking from the Golgi to the plasma membrane and its localization in 

caveolae. In caveolae, eNOS is compartmentalized in close proximity to other 

actors of its activating cascade and held inactive (but ready to be activated) via a 

direct binding with Caveolin-1 (Cav-1). Any stimulus associated with a cytosolic 

increase in calcium and formation of the Ca++/Calmodulin complex (following 

neurohormonal stimulation or increase in shear stress) would reverse the tonic 

inhibition by cav-1 and promote NO production. This has been largely 

documented in our lab; Cav-1 genetically deficient mice have allowed the 

characterization of this functional interaction in vitro, ex vivo and in vivo (47;48). 

Hyperlipidemia and cholesterol drives Cav-1 expression and promotes eNOS 

repression in rodent models (49-51).  

 If NO production is triggered by Ca++/CAM binding, it is also further 

regulated by phosphorylation. eNOS protein sequence contains many potential 

sites for posttranslational modification (see Figure 4) among which Ser114, Thr495, 

Ser615, Ser633 and Ser1177 have been described to be phosphorylated. Functional 

consequences are diverse and the best-known example (and more pertinent) is 

the fact that Ser1177 phosphorylation increases NO production while Thr495 

phosphorylation hinders eNOS activation. Ser1177 phosphorylation of eNOS 

evokes conformation changes and increases electron flux transfer, promoting 

eNOS heme reduction (the limiting step in NO production) (52). Additionally, Chen 

et al. have recently highlighted that Ser1177 phosphorylation also enhances the 

enzyme affinity for its substrate and other co-factors (53). Classically, 

phosphorylation of eNOS on Ser1177 site has been attributed to Protein kinase B 
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(Akt) activity (54;55). The relation between phosphatidylinositol-3-kinase 

(PI3K)/Akt pathway and eNOS is indeed well documented in many 

physio/pathological models. Intravenous administration of insulin increases 

phosphorylation of Akt and eNOS as well as NO production in myocardial tissue of 

male rats. The effect on both Akt and eNOS is totally abrogated by pre-treatment 

with wortmannin, a PI3K inhibitor (56). Similar results were observed by Wang et 

al. demonstrating the exercise improved insulin sensitivity in aorta of rats and 

increases PI3K/Akt activity and phosphorylation of eNOS on Ser1177 (57). On the 

contrary, high-fat diet or apolipoprotein E (ApoE) genetic deficiency repress NOS 

activity through diminished phosphorylation on Ser1177, leading to a reduced NO 

production (58-60). Other modulators, such as vascular endothelial growth factor 

(VEGF), could also regulate the activity of the PI3K/Akt pathway and lead to 

modifications of NO production (61), Interestingly, knockout studies have 

demonstrated that the basal level of active eNOS is decreased in endothelial cells 

with suppressed expression of Akt1 (the main Akt isoform in endothelial cells) 

while suppression of Akt2 and Akt3 do not affect NO production (62). 

In addition, in human endothelial cells, cyclic adenosine monophosphate 

(cAMP) effector Protein Kinase A (PKA) could also trigger Ser1177 eNOS 

phosphorylation (directly and indirectly via the PI3K pathway) explaining the 

cAMP dependent endothelial relaxation (63). For instance, proliferation of human 

coronary artery endothelial cells stimulated by Exendin 4 appears to be a PKA and 

PI3K/Akt/eNOS process (64). Yet, PKA and Akt also act independently to activate 

eNOS in the endothelium of rats during early ischemia preconditioning (65). 

Another kinase able to phosphorylate eNOS on Ser1177 site is AMP-activated 

protein kinase (AMPK) as observed by Morrow and coll. with 5-Aminoimidazole-4-

carboxamide ribonucleotide (AICAR) in human aortic endothelial cells (66). In the 

same line, fenofibrate, a peroxisome proliferator-activated receptor (PPAR) α 
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agonist, increase eNOS activity via AMPK in HUVECs improving endothelial 

function (67). However, a recent study from Zippel et al. revealed that 

endothelial-specific deletion of AMPKα1 slightly improved acetylcholine-induced 

relaxation contradicting earlier assumption. They, in fact, demonstrated that 

AMPKα1 is more prone to phosphorylate eNOS Thr495 residue thereby reducing 

NO generation (68). Nevertheless, protein kinase C (PKC) and Rho kinase are 

considered as the main kinases responsible for eNOS phosphorylation on the 

Thr495 site. A variety of agonists activate eNOS through the 

Ser1177 phosphorylation concomitantly with Thr495 dephosphorylation, resulting 

in increased NO production with a basal level of calcium. Thr495 is indeed 

localized in the Ca++/CAM binding domain, hence phosphorylation impedes 

Ca++/CAM binding and eNOS activation. This site appears to be phosphorylated at 

basal state in endothelial cell meaning that an increase of NO production requires 

a fast dephosphorylation of this residue. If there is evidence of a correlation 

between dephosphorylation of Thr495 and phosphorylation on Ser1177, Schmitt 

et al. found that dephosphorylation of Thr495 site of eNOS without concomitant 

increase of Ser1177 phosphorylation is sufficient to enhance eNOS activity in 

human endothelial cells (69). The Ca++/calmodulin-activated 

serine/threonine protein phosphatase calcineurin is recognized as the main 

protein in charge of thr495 (and Ser116) dephosphorylation.  

Earlier work in our lab has illustrated that Hsp90 acts as an adaptor for both 

Akt and calcineurin leading to an increase of NO production through 

phosphorylation of Ser1177 (70) and dephosphorylation of Thr495 residues. In 

vivo Hsp90 over-expression indeed promoted NO production and reduced infarct 

size in pigs (70). More recently, Desjardin et al. highlighted that modulation of 

Hsp90 activity by activator of Hsp90 ATPase 1 promoted Hsp90/eNOS association 

as well as eNOS phosphorylation and NO production (71).  
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Figure 4: Post-translational modulations of eNOS. eNOS intracellular localization and 

activity can be modulated by thio-palmitoylation (Pa), N-myristoylation (My), S-nitrosylation 

(SNO), S-glutathionylation (SSG), N-acetylglucosamine (NAG) or phosphorylation (P). 

Modifications that enhance or reduce enzymatic activity are in green or red respectively. 

Cyst: cysteine, Ser: serine, Thr: threonine and Tyr: tyrosine. From Vanhoutte et al. (13) 

Oxidative stress 

In cardiovascular diseases, endothelial function and NO bioavailability are 

also determined by the oxidative environment. Indeed, vascular oxidative stress 

can modulate NO levels by interfering with both production and post-production 

fate of NO. Oxidative stress is generally defined as a discrepancy between the 

synthesis of ROS and the capacity of the cell to detoxify reactive intermediates or 

repair the consequential damages. Guzik et al. found that veins and arteries from 

diabetic patients present higher NADPH activity and expression and a 

dysfunctional eNOS protein compared to healthy patients, leading to an increased 

O2
-. generation (72). In the same line, db/db mice present increased oxidative 

stress. Moreover, the authors demonstrated that incubation of aorta of C57Bl/6J 
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mice in a high glucose medium increases ROS production and decreases 

endothelium-dependent relaxation (73). Oelze and colleagues highlighted that 

AngII treatment caused endothelial dysfunction and increased O2
-. production in 

Wistar rat. Oxidative stress is due to increased expression and activity of NADPH 

oxidase as well as enhanced eNOS uncoupling (74). Similar effects of AngII were 

observed in our lab by Lobysheva in endothelial cells. They demonstrated that 

inhibition of Cav-1 inhibited AngII-mediated NADPH activity and reversed eNOS 

uncoupling (10). HUVECs treatment with glucagon-like peptide (GLP)-1 diminishes 

oxidative stress-induced endothelial dysfunction and autophagy by decreasing 

ROS production (75). Pharmacological treatment of ApoE-/- mice with canagliflozin 

improved their aortic endothelial function through a decrease of NADPH oxidase 

subunits such as Nox2 and p22phox (76). This is consistent with a previous study 

showing that ApoE-/- mice present an impaired endothelial function with 

decreased NO level and increased oxidative stress. The use of an inhibitor of 

Thromboxane (TxA2) biosynthesis and biological activities, improves endothelial 

function through an increased phosphorylation of both Akt and eNOS and 

reduced oxidative stress (60). All these studies lay the emphasis on the 

detrimental role of ROS on NO bioavailability and endothelial function and 

fortunately point to the efficiency of various therapeutic strategies to prevent 

these deleterious effects. On a more mechanistic point of view, a high NADPH 

oxidases activity leads to oxidative degradation of BH4 which promotes eNOS 

uncoupling leading to a production of O2
-. by the enzyme as detailed earlier. O2

-. 

can rapidly interact with NO and produced ONOO-. This highly toxic component 

promotes DNA fragmentation and lipid peroxidation in addition to eNOS 

uncoupling (through oxidation of BH4 to BH2) (77) or worse structural dissociation 

of eNOS dimer (i.e. through oxidation of the Zn cluster). Interestingly, Zou et al. 

found that ONOO- increases eNOS phosphorylation on Ser1177 but nevertheless 
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blunts NO production; ONOO- could increases AMPK-mediated phosphorylation of 

eNOS at the expense of Akt-mediated phosphorylation, leading to uncoupling of 

the enzyme (78).  

The superoxide anion, when produced without excess, could be processed 

by anti-oxidant enzymes as superoxide dismutase (SOD) to form H2O2 which is 

more stable and can cross the plasmatic membranes. H2O2 can be further 

transformed into water by catalase or peroxiredoxin (PRDX) to detoxify cell 

environment. Hu et al. demonstrated that mice expressing an endothelium-

specific PPARγ dominant negative are more sensitive to AngII treatment than WT 

mice as they present higher Nox2 expression and lower SOD and catalase 

expressions (79). In the same line, L-Nω-Nitro arginine methyl ester (L-NAME)-

induced hypertension is characterized by reduced levels of glutathione (GSH), SOD 

and catalase (80). 

Other modulators 

More than the phosphorylation status, other post-translational 

modifications can act on eNOS activity. NO-dependent nitrosylation of cysteines 

94 and 99 (active part of the Zn cluster), leads to eNOS inhibition as part of an 

auto-inhibitory loop. Another way to modify eNOS activity is by modulating its 

acetylation state. Indeed, Mattagajasingh et al. found that Sirtuin 1 (SIRT1) 

promotes endothelium-dependent vasodilation while inhibition of arterial SIRT1 

blunts vasorelaxation and NO production. They demonstrated that SIRT1 and 

eNOS colocalize in HUVEC where SIRT1 deacetylates eNOS on lysines 496 and 506 

increasing eNOS activity (81). The lysines deacetylated by Sirt1 lie in the 

calmodulin-binding domain of eNOS protein and their deacetylation leads to a 

more efficient binding of the Ca++/CaM complex. Inhibition of SIRT1 in HUVECs 

also induces a decreased eNOS expression (82). This is however not the only role 
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of SIRT-1 on the regulation of the NOS/NO pathway as, SIRT1-mediates eNOS 

transcriptional expression (in response to resveratrol) via Forkhead box protein O 

(FOXO)1 and FOXO3a (83). Moreover, SIRT1 overexpression in heart of diabetic 

rats improved cardiac function through increased eNOS phosphorylation and 

reduced eNOS acetylation. The authors also found that superoxide anion 

production is decreased correlated with an increase of SOD expression (84). 

 In pathologic states such as acute coronary events, hypercholesterolemia 

or atherosclerosis, an increased expression of asymmetrical dimethylarginine 

(ADMA) is measurable (85;86). This molecule is a natural occurring competitive 

inhibitor of eNOS for the L-arginine binding site, its association with eNOS would 

prevent NO production. Protein arginine N-methyltransferase (PRMT) and 

Dimethylarginine Dimethylaminohydrolase (DDAH), the enzymes responsible for 

ADMA generation or degradation are dysregulated in pathological conditions 

(87;88). Plasma levels of ADMA correlates with vascular dysfunction severity and 

impaired vasodilation (89-91). Recently, Trittman and colleagues found that, 

similarly to ADMA treatment, down-regulation of DDAH1 in human fetal 

pulmonary microvascular endothelial cells induces a reduction of tube formation 

and NO production without modification of eNOS protein (92).  

Shear stress and NO 

Physiologically, the most important trigger of eNOS activity and NO 

generation in the endothelium is fluid shear stress in response to blood flow (93).  

Shear stress could be defined as the tangential forces exerted by blood 

flow on the vascular wall (expressed in dyn/cm2); in linear arteries, the flow is 

considered as laminar, ordered in parallel layers and pulsatile (93) (see Figure 5). 

Shear stress regulates acute changes in vascular diameter and when sustained 

induce slow, adaptive, structural-wall remodeling, it is considered a critical 
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process to limit the development of atherosclerosis (94). In this line, Dumont and 

colleagues demonstrated that high flow (corresponding to laminar shear) induces 

outward hypertrophic remodeling in mesenteric arteries of rats correlated with an 

overexpression of eNOS with subsequent activation of matrix metalloproteinase 

(MMP) 9. Inversely, low flow is characterized by reduction of arteries diameter 

and decreased eNOS expression (95). The conversion of mechanical stresses to 

biochemical responses, known as mechanotransduction is initiated on the cell 

surface and transmitted to the cytoskeleton, in the direction of intercellular 

junction sites and cell-matrix adhesion sites, as well as toward the nucleus for 

transcription regulation. It promotes the (transient or sustained) up-regulation of 

specific genes among which 15% are under the control of KLF2 (96;97) and the 

downregulation of ET-1 and vascular cell adhesion molecule (VCAM) 1 for instance 

(98). A synergy between KLF2 and nuclear factor erythroid 2-related factor (Nrf) 2 

allows the development of a quiescent endothelial phenotype and decreases 

inflammation. At branches, bifurcations and curved segments of the arterial tree, 

flow disturbance and transient vortices occur resulting in oscillating shear forces 

of lower amplitude (99;100) (see Figure 5). These arterial segments are 

considered as more atheroprone (101); a reduced activation of the NOS/NO 

pathway, inflammation, endothelial cell apoptosis and activation of vascular 

repair would be observed (102-104). In the next chapter, we will focus our 

interest on how mechanical forces could translate in activation of the NOS/NO 

pathway. 
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Figure 5: Laminar and disturbed flow both present in the vasculature. Straight and uniform 

zones of vasculature present a laminar flow whereas disturbed flow occurs at bifurcations or 

highly curved segments. In response to laminar shear stress, cells aligned in the direction of 

the flow and expressed higher KLF2. Disturbed flow response, considered as “atheroprone”, 

comprises NFkB activation, EC proliferation and ROS production. EC: endothelial cells, KLF2: 

Kruppel like Factor 2, ROS: reactive oxygen species. From Givens et al. (105) 

Flow meditated vasodilation in human arteries is indeed at least partly 

NO-dependent and its pharmacological inhibition blunts the effects of shear stress 

on angiogenesis. The early endothelial response to laminar shear stress includes 

ion channels and enzymes activity (mitogen-activated protein kinase (MAPK), 

eNOS and Akt among others) leading to the production of NO and ROS. Ando et al. 

demonstrated that flow induces the opening of potassium channels (106) and Ca++ 

channels with a subsequent increase in cytosolic calcium and eNOS activation 

(107;108). Also, a calcium influx through the mechanosensitive Transient Receptor 

Potential Cation Channel Subfamily V Member 4 (TRPV4) promotes NO-

dependent relaxation (109;110). Another major trigger of NOS activity is the flow-

sensitive cationic channel, Piezo-type mechanosensitive ion channel component 
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(PIEZO) 1 which mediates activation of PKA and eNOS through phosphorylation of 

Ser632 (111). This mechanism acts synergistically with Gq/11-mediated activation 

of the cell-cell complex platelet endothelial cell adhesion molecule (PECAM)-1, VE-

cadherin and vascular endothelial growth factor receptor 2 (VEGFR2) which, 

through an activation of PI3K/Akt pathway, the phosphorylation of eNOS on 

Ser1177 increasing NO formation (112;112). Other kinase as AMP-activated 

protein Kinase (AMPK) phosphorylates the Ser1177 site of eNOS after induction of 

laminar shear stress (113). When discussing mechanosensing, we should not 

forget to mention the glycocalix which is the first cellular component in contact 

with blood flow. Although it is not fully understood how modulation of the 

glycocalix by flow transduces in NOS activation, there is ample proof that 

enzymatic degradation of the endothelial glycocalix by neuraminidase, 

heparinase, or hyaluronidase decreases flow-induced NO production (114). In this 

context, elements of the cytoskeleton, vimentin and dystrophin appears critical 

partners to promote Akt-dependent phosphorylation of eNOS (115). Also glypican 

appears to be a major regulator of flow-induced eNOS phosphorylation, its co-

localization with caveolin-1 in the membrane raft fraction takes probably part in 

the explanation. 

It should also be noted that activation of integrins also promotes 

activation of Ras homolog family member A (RhoA) GTPase. RhoA and Rac, these 

specific pathways participate in the typical alignment of endothelial cells with flow 

and the establishment of a cell polarity. This intermediate response to shear 

stress involves target genes of nuclear factor kappa-light-chain-enhancer of 

activated B cells (NFκB) such as intercellular Adhesion Molecule 1 (ICAM-1) (105) 

(see Figure 6).  
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Figure 6: Mechanotransduction of laminar shear stress in endothelial cell. Luminal 

mechanosensors comprise Ionic channels, G proteins, caveolae, tyrosine kinase receptor or 

plasma membrane lipid bilayer. Shear stress signal is also transmitted through integrins or 

mechansensory complex (PECAM-1, VE-cadherin, Flk1). Subsequently, activation of several 

pathways including PI3k/Akt, eNOS or MAPK ensures the transmission of shear signal. From 

Chatzizisis et al. (116) 

Laminar shear stress also upregulates eNOS mRNA both in vitro and in 

vivo. Several pathways have been described to explain the effect of laminar shear 

stress on eNOS transcription. Some have demonstrated that cSrc is responsible of 

an increased eNOS transcription and stabilization under laminar shear condition. 

As mentioned before, shear flow activates the MAPK pathway Ras/Raf/Mitogen-

activated protein kinase kinase (MEK) 1/2 and ERK1/2 inducing the transcription 

of eNOS. Also, NFκB subunits p50 and p65 can bind to the shear-responsive 

element of eNOS promoter and increases its transcription and NO production. 

Finally, the shear stress-induced transcription factors KLF2 and KLF4 that bind the 

KLF site of eNOS promotor and stimulates its expression. Also, under basal 

condition the 3’ poly(A) tail of eNOS mRNA is short (117). Shear stress promotes 

the transcription of eNOS mRNA with long 3’ poly(A) tail which increases the half-

life of the transcript and helps the rate of translation (118).  
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The specific role of miR in shear stress will be discussed below. 

Exercise-mediated shear stress improves endothelial function 

Changes in shear stress provide the principal physiological stimulus to 

adaptation in flow-mediated endothelial function (and vascular remodeling) in 

response to exercise. Clinical evidence highlights that patients performing physical 

exercise under CV rehabilitation present benefits regarding hospitalization rate 

and mortality due to CV disease (119). However, there is a large variability of 

vascular modulation in response to various kind of training. Indeed, Goto et al. 

found that aerobic exercise of moderate intensity stimulates NO synthesis and 

bioavailability leading to improved endothelial-dependent vasorelaxation, while 

high-intensity exercise induces an increase of ROS production (120;121). Also, 

repetitive exposure to exercise enhanced NO bioavailability and angiogenesis in 

animals (122;123) and humans (124). Patients presenting stable coronary disease 

and performing daily training 4 weeks before surgery developed an increased flow 

mediated vasodilation. Moreover, eNOS and Akt expression and activation are 

higher in cells isolated from these patients compared to untrained people. Yet, 

during exercise, functional adaptation precedes structural one (125;126). Tinken 

et al. demonstrated that a physical exercise of 2-6 weeks enhances NO 

bioavailability due to increased shear stress but after 6 weeks, there is a 

normalization of shear associated with vascular remodeling and NO level returns 

to baseline (127;128). 

Cardiac tissue 

Cardiac hypertrophy 

 Even more than the vasculature, the heart itself adapts to its 

environment to provide the required O2 and nutrients supplies to organs. In 
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chronic hypertension, the heart facing pressure overload will adapt with left 

ventricular hypertrophy, increase in contractility and diminish physical stress on 

the ventricular wall to maintain cardiac efficiency. Similarly, in case of increased 

needs in the course of exercise or pregnancy, the heart would adapt to answer 

the demand. Depending on the type, strength and duration of upstream stimuli, 

cardiac hypertrophy will differ. The cardiac remodeling that happen in response to 

hypertensive is qualified of pathologic, it irremediably evolves to a maladaptive 

process and reduced cardiac function, while the cardiac alterations in response to 

exercise can be called physiologic, being adaptive, reversible and devoid of 

deleterious consequences on (or even improve) cardiac function (129;130). 

Experimentally, models based on AngII (131) or catecholamine receptor (either α 

or β) stimulation (132) of isolated cardiomyocytes could recapitulate most feature 

of pressure-overload-induced hypertrophy while physiological hypertrophy can be 

mimicked by thyroid hormones (133) or NO (induced by exercise for example) 

(134). 

Cardiac adaptions comprise both structural and functional modifications 

of the left ventricle; It is accepted that adult cardiomyocytes have a very limited 

potential to proliferate, nevertheless , cardiac tissue displays significant plasticity, 

cardiomyocytes can grow, shrink or die in response to physiological of 

pathological stress (130).  

 Structurally, the development of pathological and physiological 

hypertrophies clearly differs (see Figure 7). Pathological hypertrophy is 

characterized by a reduction of left ventricular dimension and an increase of 

ventricular wall thickness. This deformation, called concentric hypertrophy and 

might evolve into eccentric hypertrophy with a strong dilatation of ventricular 

cavity due to a preferential lengthening of cardiomyocytes, this would 

progressively lead to heart failure (135). On the opposite, in the course of 
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physiological remodeling, cardiomyocytes grow both in length and width, that 

promotes the development of a milder increase of cardiac mass with a normal 

architecture as reviewed in athletes’ heart by Weeks and McMullen. Interestingly, 

capillarity density increases with cardiomyocytes growth in training heart which 

would allow an adequate supply in both nutrients and oxygen (136). Conversely, 

several works on rodents demonstrated a mismatch between vascular density and 

cardiomyocytes growth following pressure-overload leading to hypoxia in the 

cardiac tissue (137-139). This is explained by a disrupted angiogenesis due to 

inhibition of the VEGF pathway. 

As reviewed by Shimizu et al., cardiac dysfunction is characterized (and at 

least partly explained) by a spectrum of pathophysiological modifications 

including, sarcomere disorganization, metabolic changes, altered calcium 

handling, cell death, inflammation and fibrosis. Early work of Contard and 

colleagues and many others have highlighted that components of the extracellular 

matrix (ex. fibronectin and collagen) accumulate in cardiac tissue, in response to 

pressure overload inducing cardiac hypertrophy (140). These pathological fibrotic 

scars contain resident myofibroblasts which secrete high amounts of collagens 

(Col1a1, Col1a2, Col3a1) leading, in fine, to a loss a ventricular function (141;142). 

This particular feature is not encountered in the process of a physiological 

hypertrophy. 
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Figure 7: Comparison between pathological and physiological cardiac hypertrophy. 

Pathological hypertrophy is characterized by a reduction of ventricle dimension 

accompanied with an increase a wall thickness. This concentric hypertrophy presents a 

preserved contractile function but can evolve into eccentric hypertrophy with a strong 

dilation of ventricle cavity and a slimming of ventricular wall leading to a loss of cardiac 

function. Physiological hypertrophy presents a slight increase of ventricle cavity and a 

preserved or improved cardiac function. From Nakamura (129) 

As already stated, the short-term phase of pathological hypertrophy is 

considered as adaptive and allows the maintenance of a correct contractile 

function. Among the initial adaptations, in response to the increased load of the 

ventricle and myocardial stretch, cardiac cells respond by promoting the synthesis 

and secretion of diuretic, natriuretic, anti-hypertrophic, anti-fibrotic and 

vasodilating peptides (atrial natriuretic peptide (ANP) and brain natriuretic 
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peptide (BNP)), these molecules are often not modulated in a more physiological 

hypertrophy although this is still under discussion. Also, alterations in the 

composition of contractile proteins can be observed very early in the remodeling 

process, with among others, a switch in myosin heavy chain (MHC) isoform 

contain. αMHC is the major isoform expressed in healthy adult human heart 

(143;144). In hypertrophic and failing heart, a shift towards the βMHC isoform 

occurs, it results from a reduced expression of αMHC and an increased in βMHC, 

allowing an increase in cross-bridge force with reduced energy expenditure. 

Measurement of βMHC transcription is actually considered as an early and 

sensitive marker of pathological cardiac hypertrophy. This takes part in a larger 

reprogramming of fetal gene which is not observed during physiological 

hypertrophy (see Figure 8).  

 

Figure 8: Fetal genes reprogramming. Fetal heart uses glycolysis (glucose and lactate) as 

main source of energy while adult heart uses preferentially fatty acids oxidation. Stress 

conditions inducing a pathological hypertrophy leads to a switch from fatty acid oxidation to 

glycolysis and the re-expression of fetal genes to maintain a correct cardiac function. MHC: 

Myosin heavy chain, ANP: atrial natriuretic peptide, BNP: brain natriuretic peptide, SERCA: 

sarcoendoplasmic reticulum calcium transport ATPase. 
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Acting synergistically with the alterations of the contractile apparatus, 

increased Ca++ influx and mobilization also occur during the initial stages of 

pressure overload-induced hypertrophy (145;146). However, as the heart 

develops in mass, protein implicated in calcium handling, as sarco/endoplasmic 

reticulum Ca++-ATPase (SERCA) 2a, are decreased, translating the adverse effect of 

later stages of hypertrophy on cardiac function (147;148).   

Gene reprograming in the remodeling heart is also referred as fetal gene 

reprograming as many alterations promote a fetal-like phenotype. This is 

particularly the case when considering the energy supply/consumption. In the 

fetal heart, glycolysis is the major pathway to produce energy. After birth, lactate 

and glucose oxidation is replaced by a predominance of fatty acid oxidation 

correlated with an increase of mitochondrial oxidative capacity.  Lehman and 

colleagues demonstrated that passage from a relatively hypoxic environment to 

an oxygen-rich is characterized by an upregulation of several transcriptional 

regulatory circuits. This is the case for PPARα and its coactivator peroxisome 

proliferator-activated receptor gamma coactivator (PGC1α) which are upregulated 

after birth. They control fatty acid uptake and oxidation and boosts mitochondrial 

biogenesis (149). When submitted to a stress as hypertrophy, the heart returns to 

a more glycolytic state at cost of fatty acid oxidation. This metabolic 

reprogramming is accompanied with a downregulation of gene involved in 

mitochondrial biogenesis. Activation of cell-survival pathways (i.e. PI3K/Akt and 

mTOR), also participates in the metabolic switch as Akt activation increases 

glycogen synthesis in myocardial cells (150). Moreover, Akt is also known to 

phosphorylate GLUT4 to increase the glucose supply in adipocytes reinforcing its 

implication in metabolism (151). Interestingly in this context, there is some 

overlap between pathological and physiological activated pathways of 

hypertrophy as short-term Akt activation also plays a key role in the development 
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of physiological hypertrophy (152) probably through phosphorylation of glycogen 

synthase kinase (GSK)-3 (153) and tuberous sclerosis complex (TSC) 2 (154) 

leading to a regulation of heart size. The kinetic of the events is probably the key 

determinant of whether it would drive to a pathologic versus physiologic 

phenotype. Indeed, overexpression studies have highlighted that short-term 

overexpression of Akt leads to development of physiological hypertrophy while 

long-term overexpression tends to promote a pathological one (152). Moreover, 

DeBosch et al. found that training mice lacking Akt1 isoform do not develop 

cardiac hypertrophy while pressure-overload induces a hypertrophy suggesting 

that Akt1 isoform is critical for exercise-induced heart growth (155). In neonatal 

rat cardiomyocytes exposed to phenylephrine (a common model of cardiac 

hypertrophy in vitro) a reduced PPARα gene expression and altered activity are 

observed, this leads to a blunted capacity for lipid and energy homeostasis (156). 

Interestingly in physiologic cardiac hypertrophy promoted by exercise, PPAR 

genes are overexpressed (157). Also In the specific context of exercise, Narkar et 

al. showed increased AMP levels in the cell, promoting AMPK activation and 

increase of PGC1α to control mitochondrial biogenesis and energy metabolism. 

Activation of AMPK by gavage of mice with AICAR, enhanced training adaptation 

(157). Actually, in physiological hypertrophy both fatty acids oxidation and 

glycolysis might be up-regulated (158).  

MicroRNAs: generalities 

MicroRNAs production 

Description and Synthesis 

MicroRNAs (miR) are small (21-25 nucleotides) endogenous non-coding 

RNAs that are highly conserved in mammalians and form a novel class of 
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regulators. They are involved in post-transcriptional gene silencing meaning that 

they negatively regulate gene expression by targeting the 3’ untranslated (UTR) 

region of messenger RNAs (mRNA). Inhibition of translation or a degradation of 

targeted mRNA will follow depending on the complementarity between miR and 

mRNA sequences.  

Briefly, the synthesis of miR is initiated in the nucleus where RNA-

polymerase II or III induces formation of a long transcript from genomic DNA, the 

primary microRNA transcript or pri-miR, which is 5’-capped and 3’-polyadenylated 

and forms an imperfect hairpin structure. Pri-miRs are either monocistronic or 

polycistronic leading respectively to the formation of a sole miR duplex or 

clustered miRs. The pri-miR is processed within the nucleus, by RNAse III 

endonuclease Drosha and double strand RNA binding protein DiGeorge syndrome 

Critical Region 8 (DGCR8), leading to a cleavage and the production of a shorter 

sequence of around ~70 nucleotides (nt) organized in a stem-loop structure called 

microRNA precursor or pre-miR. This pre-miR is then exported into the cytoplasm 

by GTP-binding nuclear protein Ran (RanGTP)/Exportin 5 complex and where it 

could be further processed by another RNAse III enzyme, Dicer, which excises the 

precursor loop to generate a mature miRNA duplex (~20nt). The selection of 

sense/antisense strand occurs when miR duplex is loaded onto Argonaute protein 

(Ago), an effector of the RNA-induced silencing complex (RISC) (159). The 

antisense miR binds the 3’ untranslated region (UTR) of target mRNA promoting 

mRNA destabilization, degradation or translational inhibition, depending on the 

complementarity between miR and target sequences (159;160) (see Figure 9). 

More than 60% of genes coding for protein are regulated by microRNAs (161;162). 

This positions microRNAs as essential regulators in cellular biology. 
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Figure 9: miR biogenesis. A. Primary miR is transcribed from DNA by RNA polymerase II or III. 

B. The endonuclease Drosha and DGCR8 cleave pri-miR to form a shorter sequence, the miR 

precursor or pre-miR. C. Pre-miR is exported from the nucleus to the cytoplasm thanks to 

Exportin5 protein. D. In the cytoplasm, pre-miR is cleaved by Dicer to form a miR duplex 

containing a major strand (miR) and a passenger strand (miR*). Usually, the major strand is 

incorporated into the RISC complex to form the mature miR and F. passenger strand is 

degraded. G. The RISC complex allows the alignment between mature miR and targeted 

mRNA. H. Depending on the complementarity, mRNA is degraded or translation is inhibited. 

I. Exportin returns to the nucleus after the release of pre-miR. 

Nomenclature 

The miRBase published in 2011, contained more than 20 000 mature miR 

products listed in 168 species and this number continues to increase. Among 

these miRs more than 2000 are described in humans (163). MicroRNAs 

denomination follows a strict nomenclature. Conventionally, they are identified as 

illustrated in Figure 10. The first three letters refer to the species of origin, with 

hsa- for human or mmu- for mouse. The abbreviation “miR” indicates a mature 
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microRNA in opposition to mir which refers to the precursor. A lettered suffix 

indicates very similar sequences; for instance, miR-199a and miR-199b display 

very close sequences (1-2 nt out of 21-25 nt) but originate from distinct 

precursors (encoded from DNM3 and DNM2 for miR-199a and from DNM1 for 

miR-199b). Thanks to cloning studies, it was also highlighted that two ~20nt miR 

can originate from a same predicted precursor. Depending of the arm of origin in 

the hairpin they are named -3p and -5p originating from the 3’ and 5’ arm 

respectively. An older convention mentioned miRs as miR and miR* depending on 

the abundance of sequences in the cell, highly present for miR (antisense) and 

poorly or not present for miR* (passenger strand, sense) (164-166). 

 

 

Figure 10: Conventional nomenclature for microRNA. First three letters described the 

species. Suffix letter indicate a certain precursor sequence and 3p or 5p gives information 

about the arm of origin in the hairpin.  

miR* and miR: both useful for the cell 

Although both strands of a duplex are produced in equal quantity, their 

accumulation is asymmetric at steady state probably due to a greater degradation 

of miR passenger strand (167). It has been accepted for a long time that one 

strand of the miR duplex (passenger strand or miR*) is degraded while the major 

strand (biologically active miR, antisense) is incorporated into the RISC complex to 

induce gene silencing (168). Once associated to Ago, selected miRNA is highly 

stable with a half-life estimated to ~ 14 hours (169). More recent work has 
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revealed that both strands of the miR duplex could be fully functional in a specific 

cell type, be highly expressed and associated with Ago. The miR/miR* ratio can 

vary during the development or according pathological states (167;170;171). For 

instance, miR-152 is described as a tumor suppressor regulating migration and 

invasion in gastric epithelial cells. However, all these effects are attributed to the 

miR-152-3p. The passenger strand miR-152-5p has been just ignored as it was 

considered to be degraded. Yet, You et al. demonstrated that gastric cancer 

tissues and cells present an abnormal proportion of miR-152-3p/miR-152-5p ratio. 

Indeed, mir-152-5p appears strongly down-regulated in gastric cancer compared 

to normal cells while miR-152-3p is nearly not impacted. Interestingly, in normal 

cells miR-152-5p regulates the same target than its major strand miR-152-3p 

(172). In the same line, the oncomiR miR-21 is known to be up-regulated in 

different types of cancer and is a marker of low survival. Pink et al. have 

highlighted that miR-21-3p, the miR* of miR-21 duplex is able to target tumor 

suppressor genes and enhances resistance of ovarian cell lines to cisplatin while 

miR-21-5p has exactly the opposite effect (173). In addition to demonstrating 

functionality of miR passenger strands, these studies pointed out that miR and 

miR* can have antagonistic or synergetic effects. 

A large role of regulation 

As one miR can target several mRNAs and one mRNA can be targeted by 

several miRs, this produces a very dense and complex regulation network. Indeed, 

due to their short length and a high efficiency despite a partial complementarity 

with mRNA sequence, one miR can have dozens of targets. Prediction algorithms 

have been developed to help researchers in their quest for potential targets, 

among them TargetScan, Pictar and microRNA.org. The broad potential impact of 

miRs adds to the fact that a sole mRNA presents multiple potential binding sites 
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for (different) miRs and explains why translation regulation by one miR may vary 

in different cell types. However, tissue-specific patterns of miR also provide 

insights into more specific functions. Indeed, many miRNAs display marked organ 

specific expression patterns. In some cases, miR expression can even be restricted 

to a single tissue layer within an organ as illustrated in embryonic hearts by Zhao 

et al. (174). 

To illustrate the importance of redundancy in cardiovascular 

development, mice presenting a deletion for individual miRs might show an 

altered cardiac phenotype, but this does not lead to 100% lethality. In opposition, 

experiments aimed to delete protein implicated in miR biogenesis (Dicer, Drosha 

or Argonaute) in the heart, resulted in lethality during the early gestation period 

(175). This also points to miRs as subtle protein regulators or fine-tuners instead 

of on/off switches.  

Circulating microRNAs 

 In 2007, it was highlighted that miR are able to circulate from one cell 

type to another with the corollary that miR can be easily measured in body fluids 

as plasma, urine, saliva. The existence of extracellular miR suggested also that 

they could play a role as signaling molecules. These circulating miR or c-miR are 

highly stable and can resist to freezing, RNase or different pH environments 

(176;177). Their stability results at least partly from their association with 

different carriers going from vesicles to simple chaperone. Several types of c-miR-

carrier vesicles have been described: microvesicles (100nM-1µm), exosomes (40-

100nm) and apoptotic bodies (1-4µm) (178;179). In all these vesicles, miRs are 

associated with Ago2 (180). Moreover, miRs can also be found simply complexed 

with Ago proteins (181) or associated with high-density lipoproteins (HDL) (182) 

(see Figure 11). Repartition of miR with different carriers is variable, some are 
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predominant in vesicles and others are mostly found “free” in complex with Ago 

(183). In 2014, Kopper-Lalic et al. revealed that miRs can undergo post-

transcriptional modifications. These non-templated nucleotide additions can 

define intra- or extracellular localization of miRs. For example, miRs presenting 3’-

terminal adenosine are retained in the cell while miRs with 3’-terminal uridine are 

included in exosomes (184).  
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Figure 11: Schematic representation of miR secretion pathways. MiR can be excreted in 

extracellular medium in microvesicles, exosomes and apoptotic bodies or coupled to Ago2 or 

HDL. Ago2: Argonaute 2, HDL: High-density lipoprotein. 

Different studies have shown that miRs contained in exosomes are able to 

transfer biological information in vivo. At the vascular level, it was highlighted that 

exosomes excreted by cultured endothelial cells and containing high level of miR-
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143/miR-145 induce a decrease of atherosclerotic lesions in ApoE-/- mice (185). 

Interestingly, alteration of miR carriers was observed in human diabetes or 

diabetic nephropathy. MiR-21 and miR-126 are increased in extracellular vesicles 

while miR-660 is increased simply complexed with Ago2 and miR-132 decreased in 

HDL fraction (186). This demonstrated that c-miRs can be considered as a new 

type of signaling molecules and act as cellular modulators. 

miR can also convey from cell to cell through gap junctions as previously 

demonstrated for short interfering RNA. Peng and colleagues demonstrated that 

gap junctions composed of Connexin (Cx) 43 allow the trafficking of miR between 

cancerous cells. However, all gap junctions do not possess the ability to transfer 

miR as reported by the same authors for gap junctions containing Cx32 or Cx37 

(187). This type of transfer also exists between different types of cells and this is 

particularly important for endothelial cells as it allows the transfer of miR from 

the endothelium to surrounding tissues.  For instance, Thuringer and colleagues 

revealed that a functional inhibition of gap junction abrogates the transfer of miR-

145-5p from human microvascular endothelial cells (HMEC) to U87 human 

glioblastoma cells or between HMEC and colon cancer cells (188;189). In a co-

culture of Bone-marrow derived mesenchymal stem cells (BMSC) and HUVEC, 

formation of gap junctions composed of Cx43 between the two cell types allows 

transfer of miR-200b from BMSC to HUVEC to decreases angiogenesis (190) 

showing the importance of this kind of transfer on cell physiologic functions.  

MicroRNAs and therapeutics 

As miRs are detectable in plasma of patients, they can act as non-invasive 

biomarkers for several diseases. The most striking example is in cancerous 

pathologies where circulating miR levels of patients are often dysregulated. The 

use of miRs as biomarkers in cancers is a very attractive diagnosis option but one 
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problematic is that a same miR can be modulated in different types of tumor. Yet, 

Lin et al. have demonstrated that the study of a panel of 7 miRs (miR-29a, miR29c, 

miR-143, miR-145, miR-133a, miR-192 and miR-507) containing tissue-specific 

miRs presents a superior diagnosis sensitivity to detect hepatocellular carcinoma 

than the clinical biomarker α-fetoprotein (191). Other diseases as nonalcoholic 

fatty liver disease (192), hepatitis C or even cardiovascular diseases present 

specific signature of miRs dysregulated in plasma of patients. For instance, Wang 

et al. highlighted 3 circulating miRs (miR-3135b, miR-3908 and miR-5571-5p) as 

signature in patients with dilated cardiomyopathy (193). In the same line, miR-124 

and miR-150 have been identified as markers of vascular inflammation in obese 

patients, they are modulated by exercise and the associated improvement of 

endothelial-dependent response (194).  

Early marsh 2020, a search for the simple term “miR” on the website 

“ClinicalTrials.gov” retrieve 342 studies, mostly related to the search for a miR 

profile associated with a pathology, aggravation, efficiency or resistance to 

treatment. Indeed, at this time miRs are not (yet) used as therapeutic targets in 

humans. The relative specificity is a limiting factor. Yet, phase I and II studies were 

already performed using miR-122 as a target to treat hepatitis C. MiR-122 acts 

positively on Hepatitis C virus (HCV) enhancing its viral replication, viral 

translation and genome stabilization. As miR-122 is considered as liver-specific, a 

therapy based on miR-122 inhibition was launched. First experiments on animals 

demonstrated that Miravirsen, a specific miR-122 inhibitor, reduced RNA levels of 

HCV. The same effect was observed in human patients during the phase 2a of the 

clinical trial, proving that miR-based therapies are also possible in humans (195).  

Miravirsen development is based on a technology largely used in 

fundamental and preclinical research to repress targeted miRs, the use of short 



Introduction 

64 
 

modified oligonucleotide sequences designed to associate with the miR of interest 

in a Watson-Crick recognition pattern and repress its expression/activity. 

Sequences similar to a specific miR (or premiR) are also tools that are frequently 

used to enhance or replace miR expression (see Figure 12). Modulation of miR 

expression in cell/tissue remains challenging, in addition to the problematic 

potential off-targets, two major issues should be overcome: stability and delivery. 

Hence, many strategies have been developed to stabilize these molecules. The 

more effective involve the use of a phosphorothioate backbone that protects the 

oligo sequence from a rapid degradation by plasma and intracellular nucleases 

(often only part of the bonds is “phosphorothioated”). 2’-O-methoxyethyl 

modification or the presence of a bridge between 2’- oxygen and 4’-carbon (LNA 

or locked-nucleic acid) in ribonucleotides are also frequently proposed to enhance 

stability. Addition of a cholesterol motif at the 3′ end through a hydroxyprolinol 

modified linkage should enhance distribution and cell permeation of antagomiRs. 

A non-perfect complementarity between the miR and the inhibitory sequence 

such as introduction of a mispairing at the cleavage site of Ago2 (or other base 

modification) inhibits Ago2 cleavage. Although antimiRs (antagomiRs, LNA) or 

mimics have been shown to be effective in many studies following a simple 

intravenous injection in animal; the use of viral or liposome delivery system are 

also possible. Injection of the coding sequence would promote a long-standing 

effect, while the use of miR sponges with multiple binding sites would enhance 

miR repression efficiency. For these, viral or liposome delivery is mandatory (196).  
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Figure 12: miR therapeutic approach. Target identification is done based on patient blood 

samples and studying the biology and relevance of miR candidate through in vitro and in vivo 

models. miR therapeutic requires the use of chemical molecules. Their stability can be 

increased by chemical modification as for LNA or by encapsulation methods as lipid 

nanoparticle or dendrimer complex. DOPC: 1,2-dioleoyl-sn-glycero-3-phosphotydylcholine; 

PEI: polyethylenimine; pHLIP: pH low insertion peptide. From Rupaimoole et al. (196) 
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Among many other studies aiming to modulate miR expression in 

preclinical experiments, Thum et al. efficiently induced silencing of miR-21 in the 

heart of mice through simple intravenous injection of antagomiR. They 

demonstrated that in pressure-overload model of mice, the inhibition of miR-21 

reduced ERK/MAPK activity as well as fibrosis and cardiac dysfunction (197). In the 

same line, intravenous injection of LNA antimiR-208 in a model of hypertensive 

rats improved cardiac function and survival and prevents pathological switch of 

myosin and cardiac remodeling (198). In obese mice, miR-103/107 is increased. 

Trajkovski and colleagues found that silencing miR-103/107 improves glucose 

homeostasis and insulin sensitivity. They used liver-targeting lipid nanoparticles to 

deliver the anti-miR to the liver (199). Ai and colleagues found that injection of 

cholesterol-conjugated miR-411 mimic in rat model of deep venous thrombosis 

induces an inhibition of vein wall fibrosis through a decrease of Hif1α and MMP-2 

(200). PremiR are also used to mimic miR physiology. For instance, the 

transfection of synthetic precursor, premiR-455, in cultured cardiac myocytes 

down-regulates calreticulin levels. This study suggests that activating transcription 

factor 6 decreases miR-455 and thus up-regulates calreticulin leading to a 

cardioprotective effect (201). 

MicroRNAs in cardiovascular system 

MicroRNAs in endothelial homeostasis and diseases 

Importance of miRs in vascular development has been first highlighted 

through the silencing of Dicer, the major regulator of miR biogenesis. At 

embryonic level, mice presenting a hypomorphic Dicer allele developed vascular 

abnormalities. In adult, specific deletion of Dicer in endothelial cells does not lead 

to overt adverse phenotype. However, Dicer KO impairs angiogenesis as well as 
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proliferation and migration (202;203). In the same line, Suarez et al. assured that 

in vitro deletion of Dicer in HUVECs leads to an increase of endothelial cells-

specific genes expression as eNOS, Tie-2 and KDR (202).  

Hundreds of miRs have already been associated with all aspects of 

endothelial function. Some of them such miR-155, miR-222, miR-320 and miR-126 

were shown to impact junction assembly or cell morphology, both factors related 

to vascular permeability while other inhibit or promote angiogenesis (204). As 

another example, the metalloproteinase ADAM15 which promotes 

hyperpermeability is a direct target of miR-147b. LPS-induced endothelial barrier 

dysfunction, evidenced by a reduction in transendothelial electric resistance and 

increase in albumin flux across endothelial monolayers, could be attenuated in 

cells treated with miR-147b mimics (205). In another context, miR-25-3p has been 

shown to regulate indirectly VEGFR2, Zonula occludens-1, occludin and Claudin5 

in endothelial cells by targeting KLF2 and KLF4, consequently favoring 

vascular permeability and angiogenesis and promoting colon cancer metastasis 

(206). Further, miR-125b is transiently stimulated by VEGF or ischemia and can 

directly target VE-cadherin. Injection of miR-125b into the tumor represses VE-

cadherin expression in endothelial cells and leads to formation of non-functional 

blood vessels (207). On the opposite, down-regulation of miR-125b is observed in 

human retina microvascular endothelial cells treated with high glucose. This is 

correlated to an increased expression of VE-cadherin and increased proliferation 

and tube formation (208).   

Interestingly, vascular diameter can also be modulated by miRs, through 

the control of ion channel or receptor expression as with miR-155 or miR210 

(209;210). The endothelial NOS/COX-dependent pathways are also strategic 

targets. Dicer deletion in endothelial cells has been shown to upregulate eNOS 
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expression, a process counteracted by miR-222 upregulation. However, miR-222 

does not target the 3’UTR region of eNOS suggesting an indirect modulation of 

eNOS expression by these miRs via regulation of gene expression or translational 

efficiency (202).  

In aortic endothelial cells, TNF-induced dysfunction down-regulates miR-

145 expression while the use of Baicalin, an anti-inflammatory product, induces 

an increase of miR. Moreover, the specific down-regulation of miR-145 in human 

aortic endothelial cells (HAECs) counteracts the beneficial effect of Baicalin 

through the JNK and p38 pathway (211). 

AngiomiRs 

 AngiomiRs is a generic term used to qualify miRNAs able to regulate 

angiogenesis. They are produced by the endothelial cell itself or by other cells to 

impact the endothelial function, proliferation and migration. 

The bad guys 

miR-17/92 cluster was first described in cancerous cells where it is able to 

modulate tumor angiogenesis by inhibiting the angiogenic repressor connective 

tissue growth factor (212). On the contrary, Bonauer et al. showed that miR-92a is 

an endogenous repressor of angiogenesis in endothelial cells and decreases 

integrin subunit alpha 5 and eNOS protein expression. Moreover, this study 

revealed that in vivo inhibition of miR-92a enhances recovery of ischemic tissue 

(213).  

In human microvascular endothelial cells, miR-21 is up-regulated after 

angiotensin II (AngII) treatment. Accordingly, a specific inhibition of miR-21 blocks 

the effect of AngII treatment in these cells. This observation relates to the fact 

that, in vitro, AngII induces an increase of signal transducers and activators of 
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transcription (STAT) 3 followed by an up-regulation of miR-21 and a down-

regulation of Phosphatase and tensin homolog (PTEN) expression. In vivo, the 

STAT3/miR-21 pathway is implicated in the development of AngII-induced 

angiogenesis (214). In the same line, retinal tissues from a rat model of diabetic 

retinopathy presented an up-regulation of miR-21 as well as PI3K/Akt/VEGF 

pathway while PTEN expression is decreased. The use of a specific miR-21 

inhibitor inhibits apoptosis and angiogenesis and promotes viability (215) 

confirming miR-21 as a potential target in angiogenic diseases.   

Fiedler et al. proposed miR-24 as a negative regulator of angiogenesis. 

Moreover, miR-24 expression also induced endothelial cells apoptosis and inhibits 

cell sprouting. MiR-24 targets GATA2 and PAK4 leading to modulation of Sirt1 

signaling pathways. Endothelial inhibition of miR-24 increases vascularization and 

limits infarct size by decreasing endothelial apoptosis (216;217). 

The good guys 

miR-126 is one of the most expressed miRs in endothelial cells that plays a 

role in vascular integrity and inflammation. Indeed, deletion of miR126 in vivo 

leads to leaky vessels, hemorrhaging as well as defect in angiogenesis and 

endothelial cells proliferation (218). Moreover, this miR targets VCAM-1 and 

regulates leucocytes adhesion to the endothelium (219). Also, miR-126 has been 

implicated in neovascularization of the heart after myocardial infarction (218). 

Interestingly, miR-126 is highly expressed in endothelial cells-derived apoptotic 

bodies. Injection of these bodies intravenously leads to mobilization of progenitor 

cells and to their incorporation into atherosclerotic plaques to, finally, limits the 

progression of the disease (220).  
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In HUVECs, hypoxia induced miR-210 expression which up-regulates 

endothelial cells survival and angiogenesis. Fasanaro et al. found that in normoxia, 

an overexpression of miR-210 increases angiogenesis and migration while a down-

regulation of miR-210, during hypoxia, decreases angiogenesis. Moreover, miR-

210 inhibition induces apoptosis in both normoxic and hypoxic cells (221;222). In 

the same vein, blunted expression of miR-210 in human microvascular endothelial 

cells decreases tube formation through enhancing Ephrin-A3 expression 

(221;223). 

A more recent study also identifies miR-193-5p as a new angiomiR 

produced in endothelial cells. Actually, miR-193-5p is overexpressed in diabetic 

myocardial microvascular endothelial cells (MMEC) compared to physiological 

condition. A forced down-regulation of this miR in diabetic MMEC induces an 

increase of proliferation and angiogenesis due to an up-regulation of IGF2, a 

direct target of miR-193-5p (224). 

 The list of so called angiomiR is clearly not exhaustive, in addition non-

endothelial cells also produce angiomiRs, table1 summarizes the most studied 

angiomiRs from endothelial and non-endothelial cells (212;225-228). 
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Table1: AngiomiRs produced by non-endothelial or endothelial cells.  

If angiomiRs refer to miR presenting angiogenic capacity, they should not 

be confused with hypoxamiR described as hypoxia-induced miRs. Indeed, hypoxia 

can modulate miR biogenesis through several positive or negative regulations. For 

instance, Dicer expression can be impaired under hypoxic conditions leading to a 

decrease of miR production (229). The RISC component Ago2 presents an 

increased hydroxylation due to hypoxia and accumulates in the cell leading to an 

increase of miR levels (230). Additionally, the hypoxia-inducible factor Hif1α 

regulates the expression of several miRs as miR-155 or miR-210 which in turn 

directly target Hif-1α to form a positive or negative feedback loop (222;231).  

Interestingly, several angiomiRs are also hypoxamiR as demonstrated in 

endothelial cells for miR-210, miR-21 and miR-24 (232).  

In the context of specialized miR we can also mentioned the fibromiRs. 

The concept of fibromiRs largely extends beyond the cardiovascular system , with 

miRs involved in renal, lung or hepatic fibrotic diseases (233). Some like miR-21 

are pro-fibrotic by promoting ERK activation and ECM deposition while others 

modulate the TGFβ pathway. MyomiRs is another miR family that has a particular 
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interest in the cardiovascular system (but not only).  They are enriched in smooth, 

skeletal or cardiac muscle. In the heart, the best known myomiRs are miR-1, miR-

133, miR-208 and miR-499, they are involved in cardiac development, cell 

differentiation, proliferation or apoptosis. They also are implicated in cardiac 

hypertrophy, MI, arrhythmia and heart failure (234). Again the nomenclature 

should remain permeable as some myomiRs, as miR-133, are also implicated in 

fibrosis development. Several myomiR will be described below (see miR in cardiac 

tissue). 

Shear stress: an key modulator of endothelial microRNA 

expression 

miRs activated in response to shear forces are referred as “mechanomiRs” 

or with the more restricted appellation “flow-responsive” miR. Laminar and 

disturbed flows are indeed clearly associated with different panels of miRs. 

Laminar shear stimulates the production of miR-10a while disturbed flow 

down-regulates it. MiR-10a regulates the NFκB pathway playing a role in 

increasing inflammation at site of bifurcation. Moreover, anti-inflammatory 

effects that were associated to vesicles from endothelial origin have been also 

attributed to miR-10a (235). In the same line, laminar shear stress-induced KLF2 

leads to an increase of miR-30-5p known to diminish cell-cell adhesion molecules 

like VCAM1 and decrease inflammation. Shear stress also promotes cell cycle 

arrest (236). This phenomenon could be related to miRs 23b and 19a, induced by 

laminar shear and known to modulate cell cycle by directly targeting cyclin H and 

cyclin D1, respectively (237;238). Schober et al. demonstrated that “passenger” 

strand of the miR duplex, miR-126-5p is downregulated by disturbed flow (239). In 

the same line, laminar flow increases pre-miR-126 and miR-126-5p expression but 

not miR126-3p. Laminar flow also induces release of miR-126 coupled to Ago2 in 



 Introduction 

73 
 

microvesicles which modulates vascular smooth muscle cells turnover. 

Furthermore, a decrease expression of miR-126-5p was highlighted at the 

predilection sites of plaques development in ApoE-/- mice aorta. MiR-143/145 is 

induced by KLF2 or AMPKα2 under laminar shear stress and is transfer to smooth 

muscle cells by secretion in microvesicles. 

Oscillatory or disturbed flow also modulates the expression profile of 

specific miRs in endothelial cells. For instance, oscillatory shear increases miR-21 

expression. The role of miR-21 in this condition is dual. It directly targets PPARα 

and stimulates, in fine, inflammation by increasing VCAM1 expression. But, 

interestingly, miR-21 also directly inhibits PTEN which antagonize the PI3K/Akt 

pathway, leading to an increased NO production (240). In vitro and in vivo studies 

have highlighted that miR-92a is regulated by shear stress. Actually, this miR is 

overexpressed in atheroprone areas and represses flow-responsive transcription 

factors, KLF2 and KLF4 expression. Wu et al. also showed that flow-dependent 

regulation of KLF2 is mediated by miR-92a (241). Furthermore, a downregulation 

of miR-92a prevents atherosclerosis as well as endothelial dysfunction in mice 

(242). In vitro, turbulent flow combined to oxidized low density lipoprotein 

(oxLDLs) increases miR-92a expression in HUVEC in a STAT3-dependent manner. 

The pro-atherogenic miR-712 is overexpressed in athero-susceptible sites and 

promotes endothelial permeability (243). Some miRs can also be preventive as 

miR-663 which is up-regulated by oscillatory shear stress, but targets genes 

implicated in inflammation and adhesion (244). Endothelial cells senescence due 

to p53/p21 activation appears under disturbed flow. Interestingly, both p53 and 

oscillatory shear induce an overexpression of miR-34. This miR increases ICAM 

and VCAM expression and indirectly diminishes Sirt1 expression and activation of 

NFκB (245;246).  



Introduction 

74 
 

As for miR-21, the role of miR-155 is dual. In HUVECs, laminar shear stress 

promotes miR-155 expression. This miR decreases myeloid inflammatory cell 

recruitment at plaque site during atherosclerosis. But studies also revealed a pro-

atherogenic effect of miR-155. Indeed, a direct target of this miR is eNOS leading 

to an impairment of vasodilation (40). It is also shown that deficiency of miR-155 

diminishes inflammatory aspect of atherosclerosis by reducing the immune 

response of macrophages. 

These differences in miRs expression between laminar and disturbed 

shear stress suggest different pathways of regulation following laminar or 

turbulent flow, intensity of flow might also be an important variable. 

MicroRNAs in cardiac tissue 

 The importance of miRs in cardiac development and homeostasis has 

been highlighted by a specific cardiac deletion of Dicer. This deletion increases the 

occurrence of pericardial edema and dysfunctional ventricular myocardium during 

the early heart development. On the contrary, deletion of one specific miR does 

not lead to impaired cardiac phenotype highlighting a redundancy in miR 

functions. 

miR-17-92 cluster, already described as an angiomiR, also plays key roles 

in cardiac development. Indeed, it was highlighted that a down-regulation of this 

cluster induces ventricular walls thickness and ventricular septal defects. Wang et 

al. also showed an implication in myocardial differentiation of cardiac progenitors. 

Also, the bicistronic miR-1/133 is implicated during heart development. Indeed, 

miR-1 is able to promote differentiation and negatively regulates cardiac growth. 

On the contrary, miR-133 inhibits differentiation of cardiomyocytes. In adult 

heart, a specific deletion of miR-133a induced cardiomyopathy and heart failure 
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while its forced overexpression inhibits cardiac proliferation (247;248). 

Overexpression of miR-133 in cardiomyocytes under 1 adrenergic receptor (AR) 

stimulation leads to reduced cAMP accumulation and downstream pathways. 

Mice overexpressing miR-133 and presenting a transaortic constriction maintain 

their cardiac function and present an attenuated apoptosis and fibrosis (249). 

Recently, Di Mauro and colleagues found that miR-133 also has a role in other 

cellular compartments than the cytoplasm. Indeed, under Wnt inhibition, miR-133 

translocates into the nucleus and forms a complex with Ago2 to repress Dnmt3b 

expression (250). The miRs-208a, 208b and 499 are encoded by αMHC, βMHC and 

Myh7b genes, respectively. As their host genes their expression is variable over 

time. MiR-208b is expressed in embryonic heart, miR-208a in postnatal heart and 

miR-499 in both. Interestingly, they participate in the regulation of their host 

genes. Particularly the miR-208a is important in response to cardiac stress. 

Indeed, suppression of this miR induces a resistance to aortic constriction while its 

overexpression leads to cardiac hypertrophy (247;248). 

In adult heart, alteration of the miR expression profile has been often link 

to cardiac pathology (see Figure 13). van Rooij and colleagues have highlighted 

that after myocardial infarction (MI), cardiac tissue adjacent to infarcted area is 

depleted in miR-29. Their work showed that miR-29 family members regulate 

collagen, fibrillin and elastin genes leading to a regulation of fibrosis in the heart. 

Down-regulation of miR-29 induces expression of collagens, as well as 

development of fibrosis, and over-expression reduces it (251). In line with this 

study, berberine induces increase of miR-29b in cardiac tissue after MI. This up-

regulation improves heart function and reduces infarct size but also promotes 

proliferation and migration of endothelial cells and thus angiogenesis (252). 

Overexpression of miR-210 increases cardiomyocytes proliferation, rescues heart 

function, improves angiogenesis and reduces cell death after MI. This miR targets 
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APC and induces cardiomyocytes cell cycle re-entry (253). Another angiomiR, miR-

21 appears to contribute to cardiac remodeling. It circulates at a higher level in 

patients with hypertensive heart disease; its suppression prevents hypertrophic 

cardiac remodeling by the TGF-β1 signaling pathway (254). Cardiac remodeling 

and fibrosis are also under the control of miR-217, through a regulation of its 

direct target PTEN (255). 

Exercise as well modulates miR in cardiac tissue (see Figure 13). Indeed, it 

was highlighted that miR-29c is upregulated in female rats undergoing intensive 

swimming training and is correlated with a decrease of collagen gene expression 

(256). Moreover, intermitted aerobic exercise induces an upregulation of miR-29a 

and miR-101a which finally lead to a reduced fibrosis and scar formation after 

myocardial infarction (257). MiR-222 is also proposed as a key factor for exercise-

induced cardiomyocytes growth and acts as protector against pathological cardiac 

remodeling (258). Also, voluntary exercise increases Akt and ERK1/2 expression 

after 8 weeks and is linked to an enhancement of miR-126 and miR-210 leading to 

an improvement of heart angiogenesis (259).  
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Figure 13: Modulation of miRs following pathological or physiological hypertrophy. A panel 

of miRs is deregulated during pathological hypertrophy and participates in the development 

of fibrosis or impairment of cardiac function. In contrast, miRs regulated during physiological 

hypertrophy generally improved cardiac function. The miR profile can be measured in 

plasma and used as biomarkers of cardiac function.  

As the list of miRs playing key roles in endothelial and cardiac functions 

keep growing, the Long non-coding and circular RNA should also be mentioned, by 

their capacity to binds multiple miRs, they add again another layer of regulation. 

MiRs profiling in cardiovascular diseases  

 As mentioned earlier, many cardiovascular diseases have been associated 

with a specific signature in circulating miRs. Patient with dilated cardiomyopathy 

show a signature a three circulating miRs (193) while obese patients present an 

upregulation of two specific miRs (194). In the same line, Faccini and colleagues 

identified three miRs (miR-145, miR-155 and miR-let-7c) as powerful markers of 

coronary artery disease (260). Additionally, patients with aortic stenosis present a 

specific miR profile with 6 miRs overexpressed (miR-193a-3p, miR-29b-1-5p, miR-

505-5p, miR-194-5p, miR-99b-3p, and miR-200b-3p) and 14 miRs down-regulated 

(miR-3663-3p, miR-513a-5p, miR-146b-5p, miR-1972, miR-718, miR-3138, miR-21-
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5p, miR-630, miR-575, miR-301a-3p, miR-636, miR-34a-3p, miR-21-3p, and miR-

516a-5p) compared to healthy patients (261). More recently, Gigante and 

colleagues identified a miR signature predicting the risk of major adverse coronary 

events revealing a complex functional network with a central role of miR-320b 

(262). 

miR199a family members 

Production and regulation 

In human, miR-199a family members comprise two mature strands 

derived from the same precursor, miR-199a-5p from the 5’ arm of the hairpin and 

miR-199a-3p from the 3’, and. This miR sequence is highly conserved between all 

mammals, with 99% of homology between human and mouse miR-199a-2 

sequences. In the human genome, two loci have been identified as encoding the 

precursor of miR-199a family members: on Chromosome 1 and on Chromosome 

19. Actually, Chromosome 19 contains miR-199a-1 which is inserted in the anti-

sense strand of intron 15 of Dynamin 2 and Chromosome 1 contains miR-199a-2 

which is inserted in the anti-sense strand of intron 14 of Dynamin 3. miR-199a-2 is 

produced in cluster with miR-214. These two miRs have been repeatedly 

described as produced together as in skin morphogenesis (263), primary central 

nervous system lymphoma (264) or in response to cardiac stress or hypertrophy 

(265). 

A number of works have focused on the regulation of miR-199a 

expression. In this line, hypermethylation of miR-199a promoter has been 

described in ovarian cancers where it is correlated with a decreased miR-199a 

expression. Same was observed in testicular, lung, colorectal or breast cancers. On 

the opposite, a high expression of miR-199a is observed in glioblastoma due to a 

hypomethylation of the promotor. These observations support the existence of an 
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inversed correlation between methylation status of the promotor and miR-199a 

production. In addition to this, Lee et al. proposed the nuclear transcription factor 

Twist1 as a regulator of the miR-199a/214 cluster. They found that an 

overexpression of Twist1 leads to an increased expression of Dynamin 3 gene 

(DNM3) which encoded for miR-199a/214 cluster (266). This kind of regulation 

was also highlighted in the context of cardiac pathologies. Indeed, Twist-1 

controls the miR-199a/214 production in human end-stage dilated 

cardiomyopathy leading to a down-regulation of the ubiquitin proteasome activity 

(267). Interestingly while Twist1 and EGR1 promote the production of mir-199a-2 

on chromosome 1, methylation status can impact both mir-199a-1 and mir-199a-

2. 

Generalities 

The particularity of miR-199a members is that in many contexts they do 

not modulate the same targets leading to a high regulation potential (see Figure 

14).  

MiR 199a-3p has been first associated with cancer prognosis, progression 

or resistance to treatment. As early as 2008, Migliore and colleagues showed that 

inhibition of miR-199a-3p in lung and colon carcinoma increases the invasion 

potential of the tumor by modulating expression of its oncogene target Met (268). 

Actually miR-199a-3p is downregulated in many cancers as, for instance, papillary 

thyroid carcinoma (269), ovarian cancer (270), hepatocellular carcinoma (271;272) 

or glioma (273) where it is associated with invasion and metastasis. The specific 

roles of miR-199a-3p have been largely documented thanks to the use of mimics 

and anti-miR approaches in vitro (274;275). In hepatocellular carcinoma, miR-

199a-3p overexpression represses VEGFA, VEGFR1, VEGFR2, hepatocyte growth 

factor (HGF) and MMP2 but also mechanistic target of Rapamycin (mTOR) and 
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PAK4 and, consequently inhibits tumor growth, migration, invasion and 

angiogenesis (271;272). Overexpression of miR-199a-3p was also showed to 

inhibit ovarian cancer progression via downregulation of c-MET, phospho-ERK and 

phospho-Akt (270). In glioma, decreased expression of miR-199a-3p modulates 

mTOR expression as well as Akt, p70S6 kinase (p70S6K) and 4eIF4E-binding 

protein (4EBP1) phosphorylation (273). Interestingly, Shatseva et al. have 

described miR-199a-3p as able to increase proliferation and survival of endothelial 

cells and breast cancer cells by targeting Cav2 (276). miR-199a-3p implication 

extends way beyond the field of cancer. Indeed, mice with alcoholic or non-

alcoholic fatty livers presented difference in miR-199a-3p expression (277). Also 

related to the liver, in vitro studies about hepatitis C virus highlighted that miR-

199a-3p possess antiviral capacity in link with the control of ERK, oxidative stress 

or PI3K/Akt pathways (278). MiR-199a-3p is also dysregulated in type 2 Diabetes 

Mellitus (279) and is increased in mature adipocytes compared to pre-adipocytes. 

In mature adipocytes, miR expression appears to be stimulated by free fatty acids, 

TNFα, interleukin (IL)-6 and leptin and is higher in visceral adipose tissue of obese 

patients (280). In line, suppression of miR-199a-3p increases differentiation and 

thermogenesis in human brown adipose tissue by relieving its suppressive effect 

on the mTOR signaling pathway (281). In osteoarthritis chondrocytes 

cyclooxygenase (COX)-2 is described as a direct target of miR-199a-3p (282).  

miR-199a-5p, plays also key roles in cancerous diseases. For instance, miR-

199a-5p is downregulated in serous ovarian cancer and is correlated with tumor 

progression (283). This down-regulation is similarly observed in cutaneous 

squamous cell carcinoma or glioma (284;285). More surprisingly, miR-199a-5p is 

up-regulated in gastric cancer, melanoma or esophageal adenocarcinoma (286). 

Moreover, modulation of miR-199a-5p expression points also to very pertinent 

targets. For instance, Dai et al. demonstrated that, in endometrial stromal cells 
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undergoing hypoxia, forced overexpression of miR-199a-5p attenuates 

angiogenesis by targeting Hypoxia inducible factor (Hif) 1α/VEGF pathway 

(287;288). Proliferation of non-small cell lung cancer cells under hypoxia is 

abrogated by overexpression of miR-199a-5p through a direct repression of 

Hif1α/VEGF pathway and blockage of downstream Pyruvate Dehydrogenase 

Kinase 1 (289;290). Liu et al. speculated that miR-199a-5p prevents proliferation 

and invasion of human ovarian cancer cells by targeting NFκB (291). In glioma, 

miR-199a-5p acts as a tumor suppressor and directly target k-RAS suppressing the 

subsequent activation of Akt and ERK as well as Hif-1α expression (285). In 

cutaneous squamous cell carcinoma, miR-199a-5p targets the SIRT1/CD44 

pathway and impacts migration and tumorigenicity (284).  

Similarly to its opposite strand, miR-199a-5p extends outside the field of 

cancer. For instance, in hippocampus of rat undergoing intrauterine growth 

restriction, miR-199a-5p directly targets SIRT1 and PI3K (292). This miR promotes 

osteoblasts differentiation targeting Ten-Eleven Translocation 2 (293). 

Furthermore, miR-199a-5p boosts hepatocytes proliferation and liver 

regeneration through targeting TNFα/caspase pathway (294). Also, during 

differentiation onto brown or beige adipose tissue or in response to cold, 

miR199a/214 cluster is diminished. On the contrary this cluster is augmented in 

white adipose tissue in obese subjects. This study also proved that the cluster 

suppresses PRDM16 and PGC1α (295). miR-199a-5p (and to a lesser extend the -

3p) is part of the fibromiRs; it has been associated with liver fibrosis progression 

for instance (296) where it down-regulates Cav-1, repressing the internalization of 

TGFβ receptors; Cav-1 inhibition also promotes Smad phosphorylation (297). 

More recently, it has been shown to affect the same cascade in the lung and the 

kidney (298). The role of miR-199a in fibrosis does not appear univocal.  Indeed 

anti-fibrotic effect has also been reported by cellular or exosomal miR-199a-5p 



Introduction 

82 
 

targeting connective tissue growth factor (CCN2) in hepatic stellate cells. The list 

of physiological and pathological effects of miR-199a family members described 

above although already large is clearly not exhaustive. Tables of miR-199a-3p and 

-5p targets of interest in human and mouse are presented in Annexes.  
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Figure 14: Representation of miR-199a family targets. Both miR-199a-3p and -5p are able to 

target cancerous and cardiovascular pathways. Hypoxic and angiogenic pathways are well-

described targets of miR-199a family members Modified from Gu et al. (286)  
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miR199a: a circulating microRNA 

 Several studies have highlighted that miR-199a is excreted by cells and 

circulates in blood or cell medium. In 2014, Jansen et al proposed that miR-199a is 

modulated during coronary artery disease and detectable in plasma of patients. 

They described miR-199a as circulating in microvesicles mainly produced by 

platelets (299). However, more recent work has highlighted that miR-199a could 

also circulates in blood in exosomes. Indeed, fibroblasts from Duchenne muscular 

dystrophy (DMD) produced exosomes enriched in miR-199a-5p compared to 

exosomes from control fibroblasts. Moreover, DMD-derived exosomes promoted 

a myofibroblastic phenotype when administrated to normal fibroblasts. This 

includes an increase of collagen and fibronectin expression, cell proliferation and 

Akt and ERK activation. In vivo, injection of these DMD-derived exosomes in 

muscle produced more fibrosis after cardiotoxin-induced necrosis than control 

exosomes due to the direct targeting of Cav-1 by miR199a-5p (300). Wang et al. 

demonstrated that exosomes allow the transfer of miR-199a-5p from bone 

marrow-derived mesenchymal stem cells to renal tubular epithelial cells and 

decreases ischemia/reperfusion-induced ER stress via the targeting binding 

immunoglobulin protein (301). In the vascular field, it is known that HUVECs that 

undergo Hypoxia/reoxygenation (H/R) present an increase of intracellular and 

exosomal miR-199a-5p expression. H/R-treated neural cells incubated in presence 

of HUVEC-derived exosomes exhibit an increase of intracellular miR-199a-5p, a 

decrease of cell apoptosis and inflammation, and a decrease of ER stress. All these 

effects are abrogated using a specific miR-199a-5p inhibitor, showing the 

importance of miR transfer between different cell types (302). All these studies 

point toward exosome as a preferential carrier for miR-199a-5p. Nevertheless, 

both processes (microvesicle versus exosomes) are not mutually exclusive as the 

cell origin and the physio/pathological processes involved might account for the 
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differences, we should also mention the difficulty to correctly characterize the 

vesicle type. 

miR199a in cardiovascular system 

miR-199a family members are also described in the development of 

cardiovascular system and diseases. For instance, Rane et al. highlighted that miR-

199a-5p is sensible to decreasing level of O2, bringing to a downregulation of miR 

expression. This leads to the release of Hif1and Sirt1 and plays a role during 

hypoxia and hypoxia preconditioning. Moreover, they suggested that this 

regulation occurs due to post-transcriptional mechanisms as no modulation of 

miR precursors was observed. This study also showed that specific 

downregulation of miR-199a-5p during hypoxia induces apoptosis of 

cardiomyocytes while a downregulation of miR expression before hypoxia mimics 

preconditioning and protects cardiac tissue against hypoxic damages (303). It is 

also known that STAT3 transcription factor is able to regulate mir-199a-2 

expression in cardiomyocytes. Indeed, a downregulation of STAT3 expression 

induces an increase of miR-199a-5p expression and a decrease of the targets 

ubiquitin conjugating enzyme E2G1 and ubiquitin conjugating enzyme E2I leading 

to an impairment in sarcomere structure and function (304). Moreover, STAT3 

also regulates cardiac miR-199a-5p production during chronic hypoxia. This could 

be an important pathway in the protective adaption of myocardium during 

hypoxia (305). Recent studies highlighted a role of miR-199a-3p in cardiac tissue. 

Tao et al. described miR-199a-3p as an enhancer of cardiac proliferation through 

targeting CD151/p38 pathway (306). The inhibition of miR-199a-3p induces 

cardiac differentiation by increasing cardiac-specific markers (GATA4, cardiac 

troponin T, MHCα) in embryonic stem cells (307). 
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In addition to a role in cardiomyocyte survival in hypoxic states by 

targeting Hif-1α and Sirt1, many studies showed that miR-199a is also upregulated 

in the specific context of pathological cardiac hypertrophy. One of the earliest 

works to expose the impact of miR199a- in cardiac remodeling was the work of 

van Rooij and colleagues who described an up-regulation of miR-199a in mice 

hypertrophic heart and human failing heart. Their work also supported the 

hypothesis that cardiac-specific overexpression of miR-195 is sufficient to drive 

cardiomyopathy (265). In the same line, Song and colleague showed a 10 fold 

increase in miR -199a in the heart of rats that underwent abdominal aortic 

constriction. In this work, they also highlighted that an increase of miR-199a-5p 

expression results in an increase of cell size which let them to suggest that this 

miR is essential for maintenance of cardiomyocytes cell size. In agreement with 

their early data, they also showed that a downregulation of miR-199a alleviates 

phenylephrine-induced cardiac hypertrophy (308). Thanks to the hearts of β1 and 

β2 adrenergic receptor (AR) transgenic mice and culture neonatal cardiomyocytes 

stimulated with isoproterenol, Rane et al. further described the potential 

regulation of miR-199a-5p expression in cardiomyocytes by suggesting a 

functional antagonism between adrenergic and Akt pathways. Similarly, aberrant 

expression of miR-199a-5p observed in a mice model of pathological cardiac 

hypertrophy was normalized with enhanced PI3Kα (309). Hou and colleagues 

confirmed miR-199a-5p has one of the 18 miRs upregulated by β-adrenoceptor 

stimulation in the rat heart, together with miR-214, its cluster sibling (310). In the 

same line, mice with trans-aortic constriction present an increase of miR-199a 

together with miR-214 expressions (311) and indeed repressing the cluster 

214/199a in a model of pressure-overloaded induces less fibrosis and improves 

cardiac function (41). Control of autophagy in cardiac cells is among the critical 

role of miR-199a-5p in cardiomyocytes. This comes from observations that miR-
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199a-5p could suppress starvation-induced autophagy by inhibiting heat shock 

protein family A member 5 and that overexpression of autophagy related gene 5 

attenuated the hypertrophic effects of miR-199a overexpression on 

cardiomyocytes (312).  

miR-199a-3p is not as widely described in the context of cardiac 

hypertrophy. Yet, Reddy and colleagues found that mice with right ventricle 

hypertrophy and failure induced by pulmonary artery constriction present an 

increased miR-199a-3p expression modulating cardiac survival and growth during 

hypertrophy (313). 

 Interestingly, Li et al. have developed a miR-sponge targeting miR-199 

family members. With this technology, they induced a cardiac specific down-

regulation of miR-199 and they observed the development of a physiological 

hypertrophy, this hypertrophic effect was correlated with a mild increase of 

PGC1α expression leading to an improvement of cardiac functions (314).  

On the vascular side, in human dermal microvascular endothelial cells, 

suppression of miR-199a supports angiogenesis and on the contrary, its 

overexpression blunted angiogenesis (315). Also, hypoxic stress leads to an 

increase of Hif1 and adrenomedullin which is correlated with a decrease of miR-

199a expression. Under this hypoxic condition, Hif1 knockdown leads to an 

increase of TNFand IL-8 as well as a decrease of proliferation and migration and 

increased permeability while miR-199a-5p inhibition has the opposite effect (316). 

Tian et al. demonstrated that miR-199a-5p expression is up-regulated in blood of 

hypertensive patients and is correlated with the progression of hypertension. 

They also showed that overexpression of miR-199a-5p in HUVECs induces 

apoptosis, impairs proliferation and decreases numbers of autophagosomes 

leading to an aggravation of vascular endothelial injury (317). Interestingly, in 
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arteries, the regulator of miR-199a/miR-214 cluster, Twist1, is more expressed at 

atherosusceptible sites, where EC proliferation and inflammation occur (266;318). 

Heuslein et al. highlighted that miR-199a is decreased under shear stress 

condition and it improves arteriogenesis. Forced overexpression of miR-199a in 

endothelial cells undergoing shear stress modifies inhibitor of nuclear factor 

kappa-B kinase subunit beta (IKKβ) and Cav1 expressions. Furthermore, this study 

revealed that miR-199a is able to regulate monocyte recruitment and adhesion to 

endothelial cells. Diminished miR-199a-5p expression stimulates arteriogenesis, 

perfusion recovery and macrophages recruitment (319). 

From the cell to the clinic 

 Several studies suggest that miR-199a family members can be used as 

biomarkers in clinic. Specifically, in the cardiovascular field, a recent study 

highlighted that miR-199a-1 is up-regulated in blood of patient during acute 

myocardial infarction. They showed that miR-199a-1 together with others has a 

high diagnostic efficiency for the prediction of acute MI (320). Pre-clinical study on 

mice demonstrated that intra-cardiac injection of miR-199a-3p improves cardiac 

function after myocardial injection (321). However, the targeting of miR-199a as a 

therapeutic approach is still not described in clinical studies. 
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Part1: Identification of endothelial targets of miR-199a family 

members 

Previous studies about the roles of miR-199a family members in the 

cardiovascular system described altered miR levels in pathologies as cardiac 

hypertrophy or non-alcoholic fatty liver disease (NAFLD). Interestingly, these 

pathologies are linked to an endothelial dysfunction. Given the impact of miR-

199a on cav-1 expression in microvascular endothelial cells, as well as previous 

studies pointing out Hif1 or Sirt1 as targets of these miR in heart, we speculated 

that these miRs could also take part to the complex mechanistic regulation of 

endothelial function and more particularly NO production in endothelial cells or in 

murine aortic vessels. Our investigations were supported by studies highlighting 

that an overexpression of miR-199a in HUVECs leads to endothelial injuries. Our 

main research objectives were: 

1. To evaluate the implication of miR-199a family members in the control of 

endothelial function and NO production by down-regulating their 

expression both in vitro and ex vivo 

2. To identify key endothelial targets of miR-199a family members through 

in silico, in vitro and ex vivo studies 

Results are described in a manuscript published in Atherosclerosis, 

Thrombosis and Vascular Biology. An editorial related to our paper has been 

published in Arteriosclerosis, Thrombosis, and Vascular Biology. 2018;38:2278–

2280. 
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Part2: Implication of miR-199a family members in a context of 

improved endothelial function, physical training 

We and others have described an up-regulation of miR-199a in hypertrophic 

heart from animal models of pathological hypertrophy. Specifically, in our hands, 

miR-199a-3p and -5p were upregulated in the heart of mice submitted to AngII 

infusion for 14 days or following thoracic aorta banding. At the beginning of this 

work, nothing was virtually known on the regulation of the miR-199a family 

members in a context of physiological hypertrophy. We therefore generate a 

mouse model of physiological hypertrophy by subjecting mice to voluntary 

exercise. Considering our first discoveries on the implication of miR-199a on 

endothelial function, we extended our study to the vascular phenotype associated 

with exercise and shear stress. The specific aims of this part of the study were: 

1. To evaluate miR-199a family members expression in cardiovascular 

tissues of voluntary running mice 

2. To analyze the expression of well-described targets of our miRs of interest 

in heart and vessels in order to evaluate their potential impact on cardiac 

and vascular function 

3. To study how miR-199a are regulated in tissues of running mice through 

the study of transcription factor and premiR. 

Results are described in a manuscript submitted in American Journal of 

Physiology-Heart and Circulatory Physiology.  
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Part3: AMPKα1 participates in the regulation of miR199a during 

cardiac hypertrophy 

 

The third part of this thesis comprises preliminary data analyzing the 

regulation of miR-199a in a context of pathologic cardiac hypertrophy. An up-

regulation of miR-199a-5p is recognized for a long time in the context of 

pathologic cardiac hypertrophy. We have used different murine models to 

evaluate together the fate of the -5p and -3p of miR-199a in cardiovascular 

samples.  In the course of our experiments, we have uncovered a potential role of 

the kinase AMPK. We have verified how the kinase affects miR-199a3p/5p 

production and stability in ex vivo and in vitro models. The specific objectives of 

this part are: 

1. To evaluate miR-199a family members expression in cardiovascular 

tissues of hypertrophic mice (pressure overload) 

2. To evaluate the role of AMPK in miR production or stabilization through 

the use of genetic approach 

These results are preliminary and require further investigation. 
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Abstract 

Objective—Members of the microRNA (miR)-199a family, namely miR-199a-5p and miR-

199a-3p, have been recently identified as potential regulators of cardiac homeostasis. 

Also, upregulation of miR-199a expression in cardiomyocytes was reported to influence 

endothelial cells. Whether miR-199a is expressed by endothelial cells and, if so, whether it 

directly regulates endothelial function remains unknown. We investigate the implication 

of miR-199a products on endothelial function by focusing on the NOS (nitric oxide 

synthase)/NO pathway. 

Approach and Results—Bovine aortic endothelial cells were transfected with specific 

miRNA inhibitors (locked-nucleic acids), and potential molecular targets identified with 

prediction algorithms were evaluated by Western blot or immunofluorescence. Ex vivo 

experiments were performed with mice treated with antagomiRs targeting miR-199a-3p 

or -5p. Isolated vessels and blood were used for electron paramagnetic resonance or 

myograph experiments. eNOS (endothelial NO synthase) activity (through 

phosphorylations Ser1177/Thr495) is increased by miR-199a-3p/-5p inhibition through an 

upregulation of the PI3K (phosphoinositide 3-kinase)/Akt (protein kinase B) and 

calcineurin pathways. SOD1 (superoxide dismutase 1) and PRDX1 (peroxiredoxin 1) 

upregulation was also observed in locked-nucleic acid–treated cells. Moreover, miR-199a-

5p controls angiogenesis and VEGFA (vascular endothelial growth factor A) production and 

upregulation of NO-dependent relaxation were observed in vessels from antagomiR-

treated mice. This was correlated with increased circulated hemoglobin-NO levels and 

decreased superoxide production. Angiotensin infusion for 2 weeks also revealed an 

upregulation of miR-199a-3p/-5p in vascular tissues. 

Conclusions—Our study reveals that miR-199a-3p and miR-199a-5p participate in a 

redundant network of regulation of the NOS/NO pathway in the endothelium. We 

highlighted that inhibition of miR-199a-3p and -5p independently increases NO 

bioavailability by promoting eNOS activity and reducing its degradation, thereby 

supporting VEGF-induced endothelial tubulogenesis and modulating vessel contractile 

tone.  
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Introduction 

Endothelial dysfunction characterized by reduced NO (nitric oxide) 

bioavailability is commonly recognized as a cause and consequence of most 

cardiovascular diseases (322). In the endothelium, NO production mostly arises 

from the conversion of L-arginine to equimolar amounts of citrulline and NO, 

catalyzed by eNOS (endothelial NO synthase). In response to agonists or fluid 

shear stress, eNOS activation requires a cascade of events that start with changes 

in cytosolic Ca2+, translocation of the enzyme from caveolar microdomains to the 

oxygen-rich cytosol, followed by substrate and cofactors interactions 

(48;55;323;324). An additional layer of regulation results from post-translational 

modifications of eNOS, including activating/inactivating phosphorylation, 

glycosylation, glutathionylation, nitrosylation, and acetylation (48;325). 

Decreased availability of the substrate L-arginine contributes to NO deficiency and 

endothelial dysfunction. This is observed when the breakdown of L-arginine by 

arginase is accelerated as reported in the context of aging, diabetes mellitus, and 

hypertension. In these conditions, elevated serum levels of asymmetric dimethyl 

arginine (ADMA), the endogenous negative competitor of arginine, also 

participate in the reduction of NO production (89). Oxidative stress is another 

common denominator to many cardiovascular diseases characterized by 

endothelial dysfunction. In diabetes mellitus, atherosclerosis, or hypertension, 

generation of superoxide anions (also produced by uncoupled NOS) leads to the 

formation of (deleterious) peroxynitrite thereby reducing the abundance of 

bioactive NO (326;327). Although eNOS expression is only subject to modest 

degrees of regulation in physiological conditions, transcriptional and post-

transcriptional modes of eNOS regulation are frequently described in 

pathological states (328), including heart failure (329), atherosclerosis (328;330), 

diabetes mellitus, and hypercholesterolemia (331;332). Among post-transcriptional 
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regulations, epigenetic mechanisms are less well studied. MicroRNAs 

(miRNAs/miRs) are highly conserved, small noncoding RNAs which negatively 

regulate gene expression. The miRNA-199a gene, comprising miR-199a-3p and -

199a-5p, was originally described in cancer cells because of its capacity to regulate 

proliferation (333) and angiogenesis (334). In the past years, interest arose in the 

cardiovascular field when van Rooij et al reported that miR-199a takes part in a 

miRNA signature associated with cardiac hypertrophy and heart failure 

(265;335;336). Other investigators showed that cardiomyocyte-specific 

overexpression of miR-199a was sufficient to impair cardiomyocyte autophagy and 

thereby induce cardiac hypertrophy through mTOR (mammalian target of 

rapamycin) activation (312). Paradoxically, another study using myocyte-specific miR-

199a-sponge documented that a 20% to 30% decrease in endogenous miR-199a-5p 

levels leads to physiological cardiac hypertrophy through the upregulation of 

metabolism-related gene expression (314). Interestingly, tissue profiling analysis 

has revealed that miR-199a is highly expressed in rat lung and cardiac tissues 

(308). In the heart, miR-199a was predominantly, but not exclusively, 

expressed in cardiomyocytes. Also, changes in miR-199a expression in 

cardiomyocytes were reported to influence neighboring cells. In particular, an 

increase in ADMA levels in the culture supernatant of pre-miR-199a-exposed 

cardiomyocytes actually lowered NO bioavailability in rat cardiac endothelial 

cells (304). Although the above studies suggested that miR-199a may play critical 

roles in various tissues, including blood vessels, whether they are expressed by 

endothelial cells and if so, whether they regulate endothelial function are largely 

unexplored. Here, we have used bioinformatic algorithms to predict potential 

targets of miR-199a in endothelial cells and validated several of them through 

the dissection of the in vitro and in vivo effects of miRNAs 199a-targeting locked-

nucleic acid (LNA) and antagomiR, respectively, on eNOS activity.  
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Materials and Methods 

Cell Culture and LNA Transfection 

Bovine aortic endothelial cells (BAEC) were cultured on 0.2% gelatin-coated 12-well plates 

using DMEM (Gibco) supplemented with 10% FBS and 100U penicillin/100 µg 

streptomycin. Endothelial cells were plated into 12-well culture plates and transfected 

with 40nM LNA targeting miR 199a-3p (Exiqon 4100888-001), -5p (Exiqon 4101096-001), 

mimics (Qiagen YM00472279 and YM00471589), or scramble sequence (Exiqon 199006-

001) overnight using DNA Transfection Reagent (Biotool) in Opti-Mem diluted in DMEM 

supplemented with 10% FBS without antibiotics. Transfection was stopped by replacing 

transfection medium with complete culture medium (DMEM+FBS 10%+antibiotics). For 

the immunoblotting, cells were collected 48 or 72 hours after transfection in lysis buffer 

(Tris HCl 50 mmol/L, NaCl 150 mmol/L, EDTA 1 mmol/L, 0.1% SDS, 0.5% sodium 

deoxycholate, Triton-100× 10%) containing a protease inhibitor cocktail (Sigma) and a 

phosphatase inhibitor (Roche). Transfection efficiency was characterized by studying the 

modulation of direct targets of miR-199a-3p, -5p in endothelial cells after inhibition of 

these miRNAs. 

Pharmacological Treatments 

For the PI3K (phosphoinositide 3-kinase)/Akt (protein kinase B) inhibition experiments, 

LY294002 treatment (LY, 20 µM; Millipore) was initiated 1 day before LNA transfection 

and maintained up to the harvesting of the cells. For inhibition of VEGFA (vascular 

endothelial growth factor A), Bevacizumab (2 µM; Roche) was used during LNA 

transfection and maintained up to harvesting. Forty-eight hours after transfection, cells 

were collected in RIPA lysis buffer to perform immunoblotting. 

LNA and Akt1 siRNA Cotransfection 

To study the implication of Akt1 in the pathway modulated by miRNA inhibition, we have 

proceeded in 2 steps. Endothelial cells were plated into 12-well culture plates and 

transfected during 5 hours with 50 nM of siRNA (small-interfering RNA) directed against 

Akt1 (Riboxx) using Lipofectamine RNAimax (Invitrogen) in Opti-Mem diluted in DMEM 
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supplemented with 10% FBS. Transfection was stopped by adding complete culture 

medium (DMEM+FBS 10%+antibiotics). After overnight recovery, cells were transfected 

with 40 nM of each LNA or control sequence using Lipofectamine RNAimax in Opti-Mem 

diluted in DMEM supplemented with 10% FBS. Once again, transfection was stopped by 

adding complete culture medium (DMEM+FBS 10%+antibiotics). Cells were collected 48 

hours after the second transfection in RIPA lysis buffer. 

miRNA Extraction 

Endothelial cells were suspended in homogenisation buffer provided by Promega in the 

Maxwell RSC miRNA Tissue Kit (ref AS1460) and added with thioglycerol (20 µl/1 mL). 

Heart and vessel tissues were crushed in homogenisation buffer added with thioglycerol, 

and plasmas were just added with thioglycerol. Samples were processed following the 

manufacturer’s instructions. In brief, lysis buffer and proteinase K were added to the 

samples and mixed by vortexing. Samples were incubated at room temperature (RT) 

during 10 minutes and loaded in cartridges provided in the kit. Cartridge was previously 

prepared by adding 10 µl of DNAse 1, excepted for samples where miR inhibition by LNA 

was measured. Samples were processed using Maxwell RSC Instrument (Promega) for 

miRNA extraction and eluted in nuclease-free water. 

miRNA Reverse Transcription and Quantitative PCR 

Reverse transcription and quantitative polymerase chain reaction (PCR) for miR were 

performed following the protocol A for individual assays provided with miRCURY LNA 

Universal RT microRNA PCR kits (Exiqon 203301–203351). First-strand cDNA synthesis was 

performed with 2 µl of RNA sample adjusted to a concentration of 5 ng/µL. RT mix 

containing reaction buffer and enzyme mix was added to the samples and incubated at 

42°C during 1 hour followed by a step of heat-inactivation at 95°C for 5 minutes. 

Regarding the quantitative PCR, samples were diluted following manufacturer’s 

recommendations, and 4 µl were loaded in 96-well PCR plates. PCR master mix and PCR 

primers set were added, and PCR was performed in iQ5 cycler Biorad machine following 

the kit protocol. Primers used were the following miR-199a-3p (Exiqon 204536), miR-199a-
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5p (Exiqon 204494), U6 (Exiqon 203907), and miR-let-7i-5p (Exiqon 204394), the latter was 

used for plasma and vessels following the recommendations of the manufacturer. 

Western Blot 

Endothelial cells and tissues were suspended in RIPA lysis buffer. A Bicinchoninic Acid 

Protein Assay Kit (Pierce) was used to determine the protein concentration of each sample 

according to the manufacturer’s protocol. Ten µg of proteins were loaded per Western 

blot well, and the migration was performed in migration buffer (Tris-EDTA, SDS, glycine) 

under a voltage of 120 V. After migration, proteins were transferred on a nitrocellulose 

membrane with constant amperage of 350 mA for 1 hour 30 minutes (transfer buffer: Tris-

base, glycine, SDS, methanol). The membranes were then incubated in a blockage solution 

consisting in TBS (Tris buffer saline)-Tween 0.1% BSA 5% for 1 hour at RT. For the immuno-

detection of the targeted proteins, primary antibodies were incubated overnight at 4°C in 

TBS-Tween/BSA 5%. Primary antibodies are the following: anti-phosphoSer1177eNOS (1 

µl/mL; Cell Signaling, 9571), anti-phosphoThr308Akt (1 µl/ mL; Cell Signaling, 2965), anti-

Akt (1µl/mL; Cell Signaling, 9272) anti-Akt1 (1 µl/mL; Cell Signaling, 2938), anti-

phosphoTh495eNOS (0.5 µg/mL; BD transduction, 612706), anti-calcineurin (1 µg/mL; 

Millipore, 07–1491), anti-SOD1 (superoxide dismutase 1; 1 µg/mL; Abcam, ab13498), anti-

Cav1 (caveolin-1; 0.05 µg/mL; BD transduction, 610407), anti-Hsp90 (heat shock protein 

90; 0.25 µg/mL; BD transduction, 610419), anti-DDAH1 (dimethylarginine 

dimethylaminohydrolase; 0.5 µg/mL; Abcam, ab2231), anti-PRMT1 (protein arginine N-

methyltransferase; 2.5 µg/mL; Abcam, ab12189), anti-PDK1 (pyruvate dehydrogenase 

kinase; 2 µg/mL; Gentaur, KAP-PK112), anti-βactin (0.02 µl/mL; Sigma, A5441), and anti-

VEGFA (1 µg/mL; Abcam, ab46154); this last antibody recognizes all the splicing forms of 

VEGFA. Membranes were washed in TBS-Tween and incubated with the peroxidase-

conjugated secondary antibody for 1 hour at RT and developed by enhanced 

chemiluminescence (ECL, Amersham) on CL-Xposure film (Thermo Scientific). Films were 

scanned, and protein bands were quantified by densitometry using ImageJ software 

(National Institutes of Health). Levels of all proteins of interest were normalized to β-actin 

level. The levels of phosphorylated proteins were normalized to the level of total proteins. 
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NO Measurement on Cells 

Electron paramagnetic resonance (EPR) spectroscopy was used to detect NO production in 

BAECs after formation of the paramagnetic adduct Fe(II)NO (diethyldithiocarbamate)2 in 

reaction of NO with the spin trap [Fe(II)(diethyldithiocarbamate)2 ] as previously described 

(337). In brief, cells transfected with LNA were treated with or without L-nitroarginine 

methyl ester (2.5 mmol/L) for 1 hour and incubated for 30 minutes at 37°C with KREBS 

buffer (NaCl 99 mmol/L, KCl 4.69 mmol/L, KH2PO4 1.03 mmol/L, MgSO4 1.2 mmol/L, 

NaHCO3 25 mmol/L, glucose 5 mmol/L, HEPES 20 mmol/L, and CaCl2 2 mmol/L) containing 

0.2% BSA. Cells were then treated for 45 minutes at 37°C with 0.5 mmol/L of 

[diethyldithiocarbamate]2-Fe(II) colloid complex, scrubbed, and frozen in calibrated tubes. 

The EPR signals were recorded with following EPR parameters: microwave power, 20 mW; 

modulation amplitude 5G; time constant, 80 ms; 7 scans; 77 K, and normalized per µg of 

proteins. 

Immunofluorescence 

BAEC cells were fixed in paraformaldehyde 4% for 10 minutes at RT, washed in PBS, and 

blocked for 1 hour at RT in PBS containing 0.1% saponin and 5% BSA. PRDX1 

(peroxiredoxin 1) was detected by incubating the fixed cells with anti-PRDX1 rabbit 

primary polyclonal antibody (5 µg/mL; Abcam, ab15571) in PBS/saponin 0.1%/BSA 1% at 

4°C overnight, followed by incubation with Alexa Fluor 488-conjugated goat anti-rabbit (6 

µg/mL; Life’s technologies) for 1 hour at 37°C. Cells were incubated with Dapi nuclear 

stainer (1:10 000 in PBS) for 5 minutes at RT and mounted with Dako fluorescent Medium 

(Dako). Negative controls were performed by incubation with the secondary antibody 

only. 

Dihydroethidium Staining 

Dihydroethidium is able to permeate cells. In the presence of superoxide anion, it is 

oxidized to 2-hydroxyethidium and ethidium, which are trapped by intercalation with DNA 

resulting in bright red fluorescence. In brief, cells were cultured in 12-well vessels on 

gelatin-coated cover glasses and transfected with LNA, as described above. After 48 hours, 
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cells were washed with PBS and incubated in the presence of dihydro-ethidium (10 µM) 

for 1 hour at 37°C. Cells were incubated with Hoechst nuclear stainer (1:10 000 in PBS) for 

5 minutes at RT and mounted with Dako fluorescent Medium (Dako). Nuclear staining of 

dihydroethidium is directly analyzed using Axioskop 40 microscopy system. 

ADMA Measurement 

To assess ADMA level in culture media, ADMA high sensitive ELISA kit from DLD 

diagnostika GMBH (EA209/96) was used following the manufacturer recommendations. In 

brief, ADMA in the samples is acylated and competes with ADMA bound in the microtiter 

plate for a fixed number of rabbit anti-ADMA antiserum binding sites. The absorbance is 

read at 450 nM with spectrophotometer and is inversely proportional to the ADMA 

concentration of the sample. 

Angiogenesis Test 

BAEC were transfected overnight with LNA or scramble sequence on 0.2% gelatin-coated 

plates. After transfection, cells were trypsinized, counted, and mixed in equal volume with 

growth factor–reduced Matrigel (≈10 mg/mL proteins). Each mixture was put in culture in 

12-well plate. After polymerization of the Matrigel for 1 hour at 37°C, each well containing 

mixture with cells was covered with 500 µl of complete medium. Each condition was 

performed in duplicate. After 48 and 72 hours, cells underwent migration and alignment 

to form tubes. 

Luciferase Assay 

A 3’ UTR (untranslated region) fragment of the VEGFA, calcineurin, and SOD1 mRNAs were 

subcloned by using In-Fusion HD Cloning Kits (Clonotech) according to manufacturer’s 

instruction, into the pmiRGlo Dual-Luciferase vector (Promega) immediately downstream 

of 3´ of the firefly luciferase gene (luc2). The miR-199a/a* mature sequence was cloned 

into the pcDNA6.2-GW/EmGFP-miR vector according to the manufacturer’s protocol 

(Thermo Fisher Scientific). HEK (human embryonic kidney)-293T cells were transfected 

with pmiRGlo-3’UTR and pcDNA6.2-GW/ EmGFP-miR-199a/a* (miR-199a-5p/-3p) 

plasmids. Forty-eight hours post-transfection, cells were lysed, and luciferase activity was 
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measured using the Nano-Glo Dual-Luciferase Reporter (NanoDLR) Assay System as 

described by the manufacturer (Promega). To confirm specific targeting of the 3’UTR of 

target genes by miR-199a/a*, site-specific mutagenesis at the predicted sites were 

obtained by using the QuikChange Site-Directed Mutagenesis Kit according to the 

manufacturer’s instructions (Agilent technologies). Mutated constructs were then tested 

in luciferase assays, and the rescue of chemiluminescent signal in the presence of miR-

199a/a* identified real targeting sites. Moreover, alignments between human and bovine 

sequences were performed using clustalW and assessed that within the calcineurin gene, 

the putative binding sites for both miR-199a family members are conserved between 

Homo Sapiens and Bos Taurus. VEGFA gene has only the region containing the putative 

binding site for miR-199a-5p, which is conserved between the 2 species. Concerning SOD1 

gene, conservation of miR-199a-3p and -5p sites is almost identical except for few 

nucleotides between Homo Sapiens and Bos Taurus. 

Animals and Treatments 

All experimental procedures and protocols were approved by the local Ethics Committee 

(Comité d’Ethique pour l’Expérimentation animale), Secteur des Sciences de la Santé, 

Université Catholique de Louvain, according to National Care Regulation and Directive 

2010/63/EU of European Parliament and of the Council. Only male mice were used in this 

study to avoid confounding effects. Indeed, estrogens are well-characterized modulators 

of endothelial function through regulation of the NOS/NO pathway. 

Seven-week-old C57Bl6 male mice (30 animals) were injected in caudal vein 3 days in a 

row with a specific antagomiR (Fidelity systems, 75 mg/kg per day) directed against miR-

199a-3p and -5p specifically, a scramble sequence or saline solution (197;338;339). These 

injections were performed each day by the same experimented technician. Mice were 

then housed 1 per cage in a 12/12-hour night and day cycle for 30 days, and their behavior 

was checked every day. At the day of the euthanization, blood and vessels were collected; 

the arteries were mounted on a wire myograph to evaluate the endothelium-dependent 

response, some vessels samples were frozen for further analysis (Western blotting as 
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described above). Blood samples were used for assessment of NO and superoxide anion 

rates by EPR or plasma isolated for miR profiling. 

Twelve-week-old C57Bl6/J male mice (12 animals) were treated with continuous infusion 

of angiotensin II (2 mg/kg per day) or saline solution during 14 days using osmotic 

minipumps (Alzet 2002) subcutaneously implanted between the scapulae in anesthetized 

mice with Isoflurane, as described in the literature (340). Mice were housed 1 per cage 

after the implantation of the minipumps, and their wellbeing was checked every day. After 

14 days, terminal anesthesia was performed by intraperitoneal injection of ketamine (100 

mg/ mL) and xylazine (20 mg/mL), mice were weighed, blood, heart, and vessels were 

collected and frozen in liquid nitrogen for further miR profiling. 

Bias and Randomization 
All mice were cared for equally in an unbiased fashion by animal technicians and 

investigators. Mice were randomly allocated into 4 groups (Figure 28) or 2 groups (Figure 

29). Although the mouse groups were not blinded, the people involved in functional 

studies on vessel relaxation, in hemoglobin-NO (HbNO) dosage, osmotic pump surgical 

implantation, and quantitative PCR were different, and data were never shared between 

them up to article writing. In addition, HbNO dosage and osmotic pump-related surgery 

were performed by platform logisticians and quantitative PCR by Masters students who 

were not aware of the nature of the study. Finally, we took care of adding a saline solution 

condition besides the antagomiR scramble control to exclude any bias related to the 

mouse injection, including the stress associated with mouse handling. For the same 

reasons, minipumps loaded with saline solution were implanted to be used as the most 

appropriate control of angiotensin-loaded pumps. 

NO Measurement in Venous Blood 

NO bioavailability was assayed as the concentration of circulating hemoglobin nitrosylated 

at heme-FeII (HbNO) in vivo. Whole venous blood of male C57Bl6 mice treated or not with 

antagomiRs against miR-199a-3p, -5p or scrambled antagomiR was collected and frozen 

immediately in calibrated tubes as previously described (47). The EPR spectra were 
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recorded by a Bruker spectrometer (AMXmicro, X-band; microwave frequency 9.35 GHz, 

modulation frequency 100 kHz) with following setting: microwave power, 20 mW; 

modulation amplitude, 0.7 mT; 5 scans, at 77 K using a finger dewar. The level of HbNO 

was quantified from hyperfine structure (gz=2.011; Az=16.8G) of the EPR signal after 

digital subtraction of a signal of protein-centered free radicals (g=2.005; linewidth≈19G) 

using Bruker software, Xenon. Samples were normalized by volume. 

Anion Superoxide Measurement in Aortic Rings 

Superoxide anion production was assayed quantitatively by EPR in isolated aortic rings 

using reactive oxygen species (ROS)–sensitive spin probe at 1 mmol/L (1-hydroxy-3-

methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine, CM-H; Alexis Biochemichal, Inc) in situ, 

as previously described (341). In brief, aortic rings were preincubated in KREBS-DTPA 

(diethylenetriaminepentaacetic acid)-Hepes buffer (0.1 mmol/L DTPA, 20 mmol/L HEPES, 

pH 7.5) in presence or not of SOD (100U/mL). Then the aortic rings were inserted in 

capillaries and the kinetics of the CM-H EPR signal formation was recorded on-line in 

capillary interposed into the cavity of the EPR spectrometer during 10 to 15 minutes at 

37°C (10 scans) using the X-band EPR spectrometer MS400, Magnettech (microwave 

frequency, 100 kHz; microwave power, 20 mW; modulation amplitude, 0.1 mT). The rate 

of the CM. radical formation was calculated as a slope of linearized kinetic curve. Results 

were normalized by the length of aortic ring. SOD-sensitive signal was accepted as 

superoxide anion formation. 

Myograph Experiments 

Thoracic aortic arteries were mounted in a wire myo-graph. NO-mediated relaxation was 

measured as previously described (342;343). In brief, 2 40 µm wires were threaded into 

the lumen of the vessel segments and incubated in a bath continuously perfused with 

physiological solution, gassed, and maintained at 37°C. Aorta from antagomiR-treated or 

control mice was contracted with a high-KCl solution (to prevent implication of 

endothelium-derived hyperpolarization) in the presence of indomethacin (10 µmol/L), a 

Cox2 (cyclooxygenase-2) inhibitor, and exposed to an increased concentration of 

acetylcholine. 
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Statistical Analyses 

All experiments were reproduced at least 3×. All data are expressed as the mean±SEM. 

Shapiro-Wilk normality test and Bartlett or Levene equal variance tests were performed, 

and statistically significant differences were determined using a 2-way ANOVA or 1-way 

ANOVA followed by Tukey-Kramer post hoc ANOVA test or by using a Kruskal-Wallis test 

for nonparametric data. P<0.05 was considered statistically significant. 
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Results 

miR-199a-3p and miR-199a-5p Are Expressed in Endothelial Cells 

As a preamble to this study, we first evaluated the expression of the mature miR-

199a arising from both arms of the precursor miR-199a, respectively miR-199a-3p 

(3’arm) and miR- 199a-5p (5’ arm) in human and BAEC. Of note, sequences of 

human and bovine miR-199a are strictly identical. Both mature miRNAs were 

detected in significant and similar amounts in endothelial cells (PCR threshold 

cycle values for miR-199a-5p and -3p in BAEC: Ct 27.4 and 27.5 and in human 

aortic endothelial cells: Ct 26.3 and Ct 26.4, respectively). We used bioinformatic 

algorithms (target scan, Pictar, miRNA.org) to predict potential targets of miR-

199a-3p and -5p in endothelial cells, in particular in the eNOS/NO pathway (Table 

2). Although eNOS gene per se was not identified as a theoretical target for either 

miR-199a, matching sequences were identified in a series of genes coding for 

proteins related to the NO pathway (see below).  
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Table 2. miRSVR, TargetScan, and Pictar Scores for Indicated Target mRNA. These scores are 

representative of an alignment of the seed sequence of the miRNA of interest with mRNA in 

humans; last column is miRSVR score in mouse. Akt indicates protein kinase B; CAV, caveolin; 

DDAH, dimethylarginine dimethylaminohydrolase; eNOS, endothelial NO synthase; HSP, heat 

shock protein; miR/ miRNA, microRNA; miRSVR, miR scoring by vector regression; n.i., 

nonidentified matching sequences; NO, nitric oxide; PDK, pyruvate dehydrogenase kinase; 

PRDX, peroxiredoxin 1; PRMT, protein arginine N-methyltransferase; SOD, superoxide 

dismutase; and VEGFA, vascular endothelial growth factor A. 

 

Matching between miR- 199a-3p or miR-199a-5p and some of the predicted 

targets were verified using luciferase-based reporter assays. As highlighted in 

Figure 15, both miR-199a-3p and miR-199a-5p target the 3’UTR region of VEGFA, 

Calcineurin, and SOD1 mRNA. 
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Figure 15: Luciferase-based reporter assays highlight matching sequence between miR-

199a-3p or miR-199a-5p and predicted mRNAs targets including VEGFA, Calcineurin and 

SOD1. HeK-293T cells were transfected with pmiRGlo-3'UTR and pcDNA6.2-GW/EmGFP-

miR-199a/a* plasmids. 48h post transfection, cells were lysed and luciferase activity was 
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NO Production Is Increased After Repression of miR-199a-3p or miR-199a-

5p in Endothelial Cells  

Transfection of LNA directed against either arm of miR-199a was effective in 

reducing the expression of the targeted miR as measured 48 or 72 hours after 

transfection ( Figure 16A and 16B).  

 

Figure 16: Locked-Nucleic Acid and antagomiRs induced a decrease of targeted microRNAs. 

BAEC cells were transfected ON with LNA directed against miR199a-3p or 199a-5p 

specifically (A and B). Mice were treated on three consecutive days with antagomiRs 

(75mg/kg/day) against miR 199a-3p/-5p and sacrificed 30 days after treatment (C and D). 

Results are expressed as mean ± SEM of 5 individual experiments for cells and 4 mice for in 

vivo study. *, P.<0.05; **, P.<0.01 and ***, P<0.001 vs. control. 
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LNA-based repression of miR-199a-3p or miR-199a-5p practically doubled basal 

NO production in BAECs (Figure 17).  

 

Figure 17. MicroRNA (miR) 199a-3p or -5p inhibition induces changes in nitric oxide (NO) 

production in endothelial cells. Bovine aortic endothelial cells were transfected with locked-

nucleic acid (LNA) directed against miR-199a-3p or -199a-5p, and NO production was measured 

by electron paramagnetic resonance spin trapping after exposure to the spin trap colloid 

complex [(diethyldithiocarbamate)2Fe(II)] for 45 min. Results are expressed as mean±SEM. 

Numbers of individual experiments are the following: Scramble,n=6; LNA a-3p, n=6; LNA a-5p, 

n=4; Scramble+ L-nitroarginine methyl ester (L-NAME), n=3; LNA a-3p+L-NAME, n=3 and LNA a-

5p+L-NAME, n=3. *P<0.05 and **P<0.01 vs control (ctrl); $P<0.05 and $$P<0.01 vs L-NAME 

treatment. 

Treatment of BAECs with the nonselective NOS inhibitor L-nitroarginine methyl 

ester reduced NO levels to baseline amounts, indicating that miR-199a-3p or -5p 

blockade somehow led to an increase in NOS synthase(s) activity or in bioavailable 

NO. The expression of eNOS (the predominant NOS isoform expressed in 

endothelial cells) was not significantly altered by repression of miR-199a-3p or -5p 

(see total eNOS in Figure 20A). Similarly, expression of Cav1 and Hsp90, 2 critical 
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eNOS regulators in endothelial cells, remained unaltered after LNA treatments ( 

Figure 18).  

 

Figure 18: MicroRNA 199a-3p or -5p inhibition did not induce any modification of Caveolin-1 

(Cav1) and Hsp90 expression in BAEC cells. BAEC cells were transfected ON with LNA 

directed against miR199a-3p or 199a-5p specifically. Expression of Cav1 (A) and Hsp90 (B) 

were detected by Western Blotting and quantified. 

Also, neither the presence (in culture media) of ADMA, the endogenous 

competitive substrate for eNOS, nor the expression of its production/degradation 

enzymes in endothelial cells, namely DDAH1 and PRMT1 (the latter being a 

theoretical potential miR-199a target [Table 2]), were affected by either LNA 

treatments (Figure 19A–19C). 
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Figure 19: MicroRNA 199a-3p or -5p inhibition did not induce any modification of ADMA 

pathway in BAEC cells or in mice. BAEC cells were transfected ON with LNA directed against 

miR199a-3p or 199a-5p specifically. ADMA level was measured by ELISA quantification kit (C) 

and expression of PRMT1 and DDAH1 were detected by Western Blotting and quantified (A 

and B). Mice were treated with antagomiRs against miR 199a-3p/5p specifically, three days 

in a raw and sacrificed 30 days after treatment. ADMA level was measured in plasma using 

ELISA quantification kit (D). 
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eNOS Phosphorylation on Ser1177 is Modulated by miR-199a-3p and miR-

199a-5p Repression Through the PI3K/Akt Pathway 

Post-translational modifications of eNOS include changes in its phosphorylation 

state. We found that miR-199a-3p and -5p repression independently induced a 

prolonged increase in eNOS phosphorylation on Ser1177 (Figure 20A) after 

transfection of BAECs with either LNAs. These results correlated with a significant 

increase in Thr308 Akt phosphorylation 48 and 72 hours after the initiation of 

miRNA repression (Figure 20B). Similar results were observed in human aortic 

endothelial cells (data not shown). To prove a role of Akt in the LNA- supported 

increase in Ser1177 eNOS phosphorylation, we repeated the above experiments 

after silencing of Akt1 (62;344), the sole Akt isoform associated with eNOS (344) 

phosphorylation, and after treatment with the PI3K inhibitor LY294002. Akt1 

siRNA treatment blunted the LNA-induced eNOS activation (Figure 20C), whereas 

LY294002 prevented both the phosphorylation of Akt on Thr308 and the increase 

in Ser1177 eNOS phosphorylation resulting from miR-199a-3p or -5p blockade 

(Figure 20D).  



Results PART I 

118 
 

 

Figure 20. MicroRNA (miR) 199a-3p or -5p inhibition induces changes in Ser1177 eNOS 

(endothelial nitric oxide synthase) phosphorylation through modulation of the PI3K 

(phosphoinositide 3-kinase)/Akt (protein kinase B) pathway in endothelial cells. Bovine aortic 

endothelial cells (BAECs) were transfected with locked-nucleic acid (LNA) directed against 
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miR-199a-3p or -199a-5p. Levels of Ser1177 phosphorylated eNOS and Thr308 

phosphorylated Akt were detected by Western blotting and quantified (A and B, 

respectively). In some experiments, LNA-treated BAECs were also treated with Akt1 siRNA 

(small interfering RNA; C) or LY294002 (D), and level of Ser1177 phosphorylated eNOS was 

detected by Western blotting and quantified. Results are expressed as mean±SEM. Numbers 

of individual experiments are the following: n=10 for each condition for graphs A and B and 

n=4 (without Akt inhibitor) or 3 (with Akt inhibitor) for graphs C and D. *P<0.05, **P<0.01 

and ***P<0.001 vs scramble control (ctrl scr); $P<0.05 and $$P<0.01 vs Akt inhibition 

treatment. 

Of note, we did not identify any effects of either LNA on the expression of PDK1 

(Figure 21), the master kinase responsible for the activation of Akt (downstream 

of PI3K) identified as a potential miR-199a target (Table 2).  

 

Figure 21: PDK1 is not modulated by microRNAs 199a-3p/5p modulation. BAEC cells were 

transfected ON with LNA directed against miR199a-3p or 199a-5p specifically. Expression of 

PDK1 was detected by Western Blotting and quantified.  
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In agreement with these results, transfection of miR-199a-3p or miR-199a-5p 

mimics evoked a decrease of eNOS activation through its phosphorylation on 

Ser1177 (Figure 22A). 

 

Figure 22: MicroRNA 199a-3p or -5p mimicking induces changes in serine 1177 eNOS 

phosphorylation and calcineurin expression. BAEC cells were transfected ON with mimics of 

miR199a-3p or 199a-5p specifically. eNOS phosphorylation and Calcineurin expression were 

detected by Western Blotting and quantified. Results are expressed as mean ± SEM of 3 

individual experiments. *, P.<0.05 and **, P.<0.01 vs. control. 

eNOS Phosphorylation on Thr495 is Modulated by miR-199a-3p and miR-

199a-5p Repression Through the Calcineurin Pathway 

Another well-known regulatory phosphorylation site within the eNOS sequence is 

the inactivating site, Thr495. We observed that LNA-based repression of miR-

199a-3p and miR-199a-5p independently induced a decrease in the extent of 

Thr495 eNOS phosphorylation (Figure 23A). Importantly, we found that 

expression of calcineurin, the well-described phosphatase for Thr495 

phosphorylated eNOS, was increased by >50% when miR-199a-3p or -5p were 

repressed (Figure 23B) in agreement with the identification of the calcineurin 

mRNA as a potential molecular target of miR-199a (Table 2). Accordingly, miR-
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199a-3p or -5p mimics transfection significantly reduced the phosphatase 

expression (Figure 22B). 

 

Figure 23. MicroRNA (miR) 199a-3p or -5p inhibition induces changes in Thr495 eNOS 

(endothelial nitric oxide synthase) phosphorylation through calcineurin phosphatase 

modulation in endothelial cells. Bovine aortic endothelial cells were transfected with locked-

nucleic acid (LNA) directed against miR-199a-3p or -199a-5p. Levels of Thr495 

phosphorylated eNOS and calcineurin were detected by Western blotting and quantified (A 

and B, respectively). Results are expressed as mean±SEM. Numbers of individual 

experiments are the following: Scramble, n=5; LNA a-3p, n= 4; LNA a-5p, n=4. Lower, 

Representative phosphoblot of endothelial extracts at 48 h *P<0.05 vs scramble control (ctrl 

scr). 

Repression of miR-199a-3p and miR-199a-5p Modulates the NO 

Bioavailability by Modulating SOD1 Expression 

The above experiments indicated that miR-199a repression was associated with 

an increase in eNOS activity. We next evaluated whether the increase in NO 

abundance (Figure 17) could also arise from a decreased NO degradation because 

of a lesser reaction with superoxide anion (O2
-.). We first documented that 
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repression of both miR-199a-3p and miR-199a-5p induced a marked reduction of 

O2
-. levels in endothelial cells, as measured by dihydroethidium staining (Figure 

24A).  

 

Figure 24. MicroRNA (miR) 199a-3p or -5p inhibition induces a reduction in superoxide anion 

production in endothelial cells through an increase in SOD1 (superoxide dismutase 1) 

expression. Bovine aortic endothelial cells were transfected with locked-nucleic acid (LNA) 

directed against miR-199a-3p or -199a- 5p, and superoxide anion levels were assessed by 

dihydroethidium (DHE) staining (A, red) and quantified (see bar graph); nucleus was 

counterstained using Hoechst dye (A, blue). Expression of SOD1 was detected by Western 

blotting and quantified (B). Results are expressed as mean±SEM. Numbers of individual 



 Results PART I 

123 
 

experiments are the following: n=3 for each condition for DHE staining and n=4 for each 

condition for SOD1 quantification. *P<0.05 and **P<0.01 vs control (ctrl). Scr indicates 

scramble. 

We also examined the expression of 2 ROS-regulating enzymes that we identified 

among the theoretical targets of miR-199a (Table 2), namely SOD1 and PRDX1, 

which catalyze the dismutation of O2
-. Into hydrogen peroxide (H2O2) and 

transform H2O2 in oxygen and water, respectively. We found that both miR-199a-

targeting LNAs led to a net increase in SOD1 (Figure 24B), whereas PRDX1 

expression was only increased on transfection with miR-199a-5p-targeting LNA 

(Supplemental Figure 25). 

 

Figure 25: MicroRNA 199a-5p inhibition induced an increase of PRDX1 expression in BAEC 

cells. BAEC cells were cultured on glass coverslip and transfected ON with LNA directed 

against miR199a-3p or 199a-5p specifically. Cells were fixed with PFA 4% and incubated ON 

with anti-PRDX1 antibody (in green, Abcam). Nucleus were labeled using Dapi dye (blue). 

The signal was quantified with Image J software. Results are expressed as mean ± SEM of at 

least 3 individual experiments. **, P.<0.01 compared with control, Scale bar equals 10µm. 
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Inhibition of miR-199a-5p Induces an Increase in VEGFA Protein Expression 

and Tube Formation 

We next aimed to evaluate the effects of dedicated LNA on endothelial tube 

formation, a process known to be NO-mediated. This experiment was further 

guided by previous reports and our luciferase-based reporter assay identifying 

VEGFA (comprising all splicing variants) as a putative direct target of miR-199a-5p 

(288) (Table 2). Note that the absence of pairing between bovine VEGFA and miR-

199a-3p is likely to account for the lack of regulation by LNA3p in BAECs. We 

confirmed an increase in VEGFA expression in cells transfected with miR-199a-5p 

inhibitor (but not miR-199a-3p; Figure 26A). Bevacizumab treatment of 

endothelial cells partially inhibited eNOS phosphorylation on Ser1177 observed 

following LNA5p transfection (Figure 27). In addition, the extent of precapillary 

tube formation, as assessed by plating endothelial cells on Matrigel and quantified 

with Image J software, was increased in response to miR-199a-targeting LNA, in 

particular when miR-199a-5p was repressed (Figure 26B and 26C). 
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Figure 26. MicroRNA (miR) 199a-3p or -5p inhibition induces an increase of VEGFA 

(vascular endothelial growth factor A) expression and endothelial tube formation. Bovine 

aortic endothelial cells (BAECs) were transfected with locked-nucleic acid (LNA) directed 

against miR-199a-3p or -199a-5p, and expression of VEGFA was detected by Western 

blotting and quantified (A). In some experiments, LNA-treated BAECs were collected and 

mixed with equal volume of Matrigel to assess tube formation (B). Results are expressed as 

mean±SEM. Numbers of dual experiments are the following: n=4 for each condition for 

VEGF quantification and Matrigel assay. *P<0.05, **P<0.01, and ***P<0.001 vs scramble 

control (ctrl scr). 
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Figure 27: Bevacizumab treatment does not induce a significant reduction of eNOS 

phosphorylation on serine 1177 induced by LNAa-5p. BAEC cells were transfected ON with 

LNA directed against miR199a-5p specifically and treated or not with bevacizumab. 

Phosphorylation of eNOS was detected by Western Blotting and quantified. Results are 

expressed as mean ± SEM of at least 3 individual experiments. **, P.<0.01 compared with 

scramble and $, P<0.05 compared with scramble + beva 

Mice Treated With AntagomiRs Directed Against miR-199a-3p and miR-

199a-5p Present an Improvement of Their Endothelial Function 

To prove that miR-199a repression influences the amounts of bioactive NO in 

vivo, C57Bl6 male mice were treated with antagomiRs directed against miR-

199a-3p or miR- 199a-5p. At the time of euthanization (30 days after the 

initiation of in vivo antagomiR administration), plasma was collected to verify the 

expression of circulating miRs. A specific decrease of the targeted miR was 

observed without significant alterations in the expression of the opposite 
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strand (Figure 16C and 16D). Isolated aorta presented a significantly larger NO-

dependent relaxation as measured in KCl precontracted vessels (versus vessels 

from mice treated with saline or scramble sequence; Figure 28A). These results 

were further validated by the detection of increased levels of circulating 

hemoglobin-NO (HbNO) in the venous blood of antagomiR-treated mice (Figure 

28B). Also, EPR measurements of O −· production in aortic rings obtained from 

mice treated with antagomiRs against miR-199a-3p or -5p revealed a net 

reduction in O −· levels (versus control conditions; Figure 28C). In agreement 

with the data obtained in cultured endothelial cells, an increase of eNOS 

phosphorylation on Ser1177 (Figure 28D) was observed in the aorta of 

antagomiR-treated mice (versus control mice). Moreover, an increase of 

calcineurin and SOD1 expression (Figure 28E and 28F) was also identified in 

isolated vessels further supporting our in vitro data. Finally, as observed in 

cultured endothelial cells, antagomiR-treated and control mice presented the 

same levels of ADMA in their plasma (Figure 19D). 
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Figure 28. Vessels isolated from mice treated with microRNA (miR)-199a-3p or -199a-5p 

inhibitors exhibit an increased endothelium-dependent nitric oxide (NO)-dependent 

relaxation. Mice were treated on 3 consecutive days with antagomiRs (75 mg/kg per day) 
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against miR 199a-3p/-5p and euthanized 30 d after treatment. Dose-dependent effects 

of acetylcholine on mouse aorta relaxation determined on a wire myograph (A). Venous 

blood from these mice (B) and aortic rings (C) were also collected to assess hemoglobin-

NO (HbNO) and superoxide anion levels, respectively, by electron paramagnetic 

resonance. Level of Ser1177 phosphorylated eNOS (endothelial NO synthase), 

calcineurin, and SOD1 (superoxide dismutase 1) was detected by Western blotting and 

quantified (D–F). Results are expressed as mean±SEM of at least 5 animals for 

physiological experiments and 6 (D–E) or 4 (F) animals for Western blot experiments 

*P<0.05, **P<0.01 and ***P<0.001 vs indicated controls (saline or scramble).  

miR-199a-3p and miR-199a-5p are Increased in Mice Model of 

Hypertension 

To verify the implication of miR-199a in pathological conditions, mice were 

implanted with angiotensin infusing minipump (2 mg/kg per day) for 14 days, a 

well-described model of hypertension and cardiac hypertrophy (47). Heart and 

aorta isolated from these mice exhibited a larger expression of both mature miR-

199a. Interestingly, a dysregulation of miR expression was only observed for miR-

199a-5p in the plasma of hypertensive mice (Figure 29). 
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Figure 29: Hearts, vessels and plasmas isolated from mice treated with angiotensin exhibit 

an increased microRNAs 199a expression. Mice were treated with angiotensin or saline 

solution during 14 days. MiR-199a-3p and miR-199a-5p were measured in hearts (A-B), aorta 

(C-D) and plasmas (E-F). Results are expressed as mean ± SEM of 5 animals. *, P.<0.05 and 

**, P.<0.01 vs. saline. 
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Discussion 

miRNAs derived from the precursor miR-199a are known to play critical roles in 

the maintenance of cardiac homeostasis (142;336). Our study reveals that both 

mature miRNAs (namely miR-199a-3p and miR-199a-5p) also participate in a 

redundant network of eNOS regulation in the endothelium (see Graphic Abstract). 

In particular, we highlighted how inhibition of miR-199a-3p and miR-199a-5p 

independently increases NO bioavailability by promoting eNOS enzymatic activity 

and reducing NO degradation, thereby, supporting VEGFA-induced endothelial 

tubulogenesis and modulating vessel contractile tone. 

miR-199a is well conserved in different species (286) and in the human genome, it 

is encoded by 2 loci within introns of the DNM (dynamin 2 and 3), miR-199a-1 in 

chromosome 19 and mir-199a-2 in chromosome 1. Classically, 1 of the 2 strands 

derived from the precursor is considered as mature (miR) and the other one 

(miR*) is degraded, the ratio miR/miR* varying according to the rate of 

degradation of the immature strand. There is, however, growing evidence that 

both strands might exhibit regulatory activities (170). Accordingly, both strands (-

5p and -3p) from pre-miR-199a can form mature miRNAs that may behave 

differently depending on the pathological contexts (286). In this study, we found 

that both miRNAs, miR- 199a-3p and miR-199a-5p were significantly expressed in 

endothelial cells and independently regulated NO production. Based on various 

in vitro and ex vivo assays, we found that NO availability was increased through 

an increased eNOS enzymatic activity, an effect further reinforced by reduced 

superoxide production. 

Strikingly, we identified that the eNOS phosphorylation status was altered not 

only on the stimulatory Ser1177 site but also on the inactivating Thr495 site. We 

identified the stimulatory effects of miR-199a-3p and -5p-targeting LNAs on the 
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PI3K/Akt pathway and on the calcineurin phosphatase as the respective triggers of 

this mode of eNOS activation. The upregulation of calcineurin on miR-199a 

blockade was in agreement with the in silico identification of calcineurin-encoding 

gene as a theoretical target of this miRNA (see Table) and further validated by a 

dedicated luciferase- based reporter assay. By contrast, although pharmacological 

inhibition of PI3K and Akt genetic silencing proved the role of this pathway on 

Ser1177 phosphorylation, we did not observe changes in the abundance of Akt (or 

PDK1) on LNA treatment (despite favorable matching scores between miRNAs 

sequences and Akt mRNA [Table]). Further studies are warranted to identify 

possible targets involved in the regulation of the PI3K/AKT pathway. Interestingly, 

the miR- 199a-mediated regulation of Akt was recently highlighted in mouse heart 

as supportive of physiological cardiac hypertrophy (314), myoblast differentiation 

(345) and cardiomyocyte proliferation (346), and survival under ischemic stress 

(347). Interestingly, besides increased eNOS activity resulting from increased 

Ser1177 phosphorylation and Thr495 dephosphorylation, our study also provides 

evidence that miR-199 blockade can increase NO bioavailability by preventing its 

inactivation. We actually found that SOD was increased on repression of miR-

199a-3p or -5p, thereby, supporting a reduced oxidative stress and thus 

promoting an increase in NO availability. It is also worth noting that although 

similar effects (ie, changes in eNOS phosphorylation and SOD activity) were 

obtained with LNA targeting either miR-199a form, repression of miR-199a-5p 

exhibited a significantly stronger effect on the upregulation of PRDX1 (another 

ROS detoxifying enzyme) than on miR-199-3p blockade. A large effect of miR-

199a-5p-targeting LNA was observed on VEGFA expression and endothelial tube 

formation. However, we cannot exclude that in human endothelial cells, miR-

199a-3p could also regulate VEGFA to some extent. The respective contribution of 

VEGFA overexpression to eNOS activation in our experimental setup is actually 
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difficult to delineate because Akt phosphorylation itself (a main driver of eNOS 

phosphorylation) is independently increased in response to LNA treatment. 

Nevertheless, altogether, these data reinforce the redundant aspect of miR-199a 

regulation on the endothelial NOS/NO pathway. 

Importantly, in our study, the effects of chronic mouse exposure to anti-miR-

199a antagomiRs further provided several sets of evidence supporting a relevant 

role of miR-199a in in vivo settings. We have indeed observed a dramatic increase 

in the relaxation of vessels isolated from antagomiR-treated mice together with 

a reduced superoxide production and an increased circulating HbNO reflecting a 

global increase in NO availability. Modifications of eNOS phosphorylation, 

calcineurin, and SOD expression also argue in favor of a role of miR-199a-3p and 

5p in vivo. It should be noted that previous publications have reported effects of 

either miR-199a-5p or -3p on eNOS activity through changes in Cav expression 

(348). In our hands, such regulation could not be observed, possibly suggesting 

differential miRNA regulation processes in different cell types or physio-

pathological contexts. Also, we failed to document a link between the expression 

of miR-199a and the abundance of the endogenous eNOS inhibitor ADMA (and of 

the related producing/metabolizing enzymes), as previously reported in 

cardiomyocytes (304). However, the latter observation could result from 

differential targeting according to the cellular context (ie, cardiac myocytes 

versus endothelial cells) or nonspecific effects resulting from the overexpression 

of pre-miR-199a. 

Taken together, our results indicate that miRNAs matured from miR-199a, 

working potentially in cluster, take part in a redundant network of regulation of 

the NOS/NO pathway in the endothelium and modulate key endothelial functions, 

including angiogenesis and vascular tone. miR-199a has, therefore, to be added 

to the short list of miRNAs reported to modulate eNOS expression or activity, such 
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as miR-155 and miR-21 (349). Our observations are in agreement with studies 

documenting that miRNAs often fine-tune cellular homeostasis through 

intercrossed regulatory networks controlled by multiple miRNAs (350). More 

specifically, the dysregulation of both mature arms of miR-199a initially reported in 

heart may now be extended to the vascular tissues, thereby opening new 

perspectives of treatment. Our study actually provides evidence that new 

therapeutic opportunities may stem from altering these subtle modes of 

regulation in blood vessels, for instance through the use of endothelial-directed 

aptamer inhibitors or miRNA-sponges. 
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Abstract 

Aims: Among potential molecular mechanisms supporting exercise-driven 

regulation of cardiovascular homeostasis, miRNAs (miRs) represent interesting 

candidates. Recently, miR-199a family members were highlighted as key players 

regulating endothelial and cardiac functions. Our working hypothesis is that 

alterations in ECs and/or cardiac myocyte phenotypes driven by changes in miR-

199a abundance account for cardiac and vascular adaptation to exercise. 

Methods and Results: five weeks old C57Bl6/J mice were given access to 

voluntary wheel running. After 22 weeks, contractile profile and endothelial 

function were evaluated ex vivo. Heart, vessels and plasma were processed for 

miR profiling and/or protein expression analyses. Impact of chronic exercise on 

endothelium was mimicked by applying increased shear stress on bovine 

endothelial cells plated in Ibidi chambers. Chronic exercise induced a significant 

cardiac remodeling correlated with an improvement of basal endothelial function 

attested by a NO-dependent repression of contractile tone in mesenteric arteries 

of active mice. A downregulation of miR-199a-3p and miR-199a-5p expression was 

observed in heart of running mice, correlated with increased expression of direct 

targets, namely Sirt1, PGC1α and mTOR. Mir-199a-5p was also down-regulated in 

vessels of active mice and this correlated with an up-regulation of endothelial 

function measured through eNOS and Akt activation. This concurs with miR-199a 

profile and NOS activation in endothelial cells exposed to laminar shear stress. 

Conclusion: Our results demonstrate that chronic mild exercise positively 

regulates cardiac and endothelial functions potentially through a modulation of 

miR-199a expression. miR-199a family should be added to the list of miR 

modulated by exercise in the cardiovascular system. 
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Introduction 

Sedentary lifestyle and Western diet undoubtedly account for the spreading 

epidemic of obesity, diabetes and cardiovascular diseases (CVD) (351). 

Intervention trials demonstrated that lifestyle changes that include exercise 

prevent the incidence of premature cardiovascular (CV) events (352). In this 

context, during the last decades, physical training has become a cornerstone of 

(primary and) secondary prevention strategies.   

A systematic review and meta-analysis of 33 cohort studies has reported that 

physical activity is associated with 35% risk reduction in CVD mortality and 33% 

risk reduction in all-cause mortality (353). Although an inverse relationship has 

not been clearly described, it appears from numerous studies that a certain level 

of physical exercise is already beneficial (354). Alterations in the myocardium, 

skeletal muscles and vasculature coordinate in order to respond to the increased 

physical demands generated by exercise and hence contribute to the beneficial 

effects on the CV system (355). Accordingly, long-term exercise training elicits 

integrated physiological and morphological adaptations, in particular an adaptive 

cardiac remodeling, associated with unchanged or improved ventricular function 

in stark contrast with pathological cardiac hypertrophy. Similarly, functional 

and/or structural adaptations in conduit, resistance, and micro-vessels account for 

a rise in vascular conductance (24). 

Animal model use has largely contributed to decipher molecular mechanisms 

implicated in the beneficial impact of exercise on the CV system. One of the most 

important biological consequences of chronic moderate exercise training is the 

rise in nitric oxide (NO) bioavailability. NO not only modulates platelet 

aggregation and leucocytes adhesion (thereby preventing thrombogenesis and 

atherosclerosis), but also supports vasodilation which results in the lowering of 

peripheral resistance and improvements in perfusion. Flow-mediated shear stress 
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associated with physical exercise increases NO bioavailability through 

transcriptional, post-transcriptional and post-translational regulation of 

endothelial nitric oxide synthase (eNOS) (48). In addition, exercise-dependent 

increase in shear stress also limits oxidative stress, preventing eNOS uncoupling 

and NO degradation (48). In line with an improved endothelial function, exercise 

training increases arteriogenesis in the myocardium through the recruitment of 

progenitor cells and the production of growth factors such as Vascular Endothelial 

Growth Factor (VEGF) (356). In addition and besides modulation of the 

neurohormonal system, aerobic exercise also impacts the catabolic/anabolic 

systems and alters calcium handling (355). Profound cardiac transcriptomic 

changes elicited by exercise training illustrate the significant gene reprogramming 

driven by the increased workload demand. Among the most important changes 

are genes related to the maintenance of fatty acid oxidation, ATP production and 

mitochondrial biogenesis (129). Accordingly, many studies have identified the 

peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1-α) 

as a key regulator of cardiac exercise training adaptation. In line with that, PGC1 

knock-out mice exhibit reduced rates of post-exercise muscle glycogen repletion, 

which translates into poor exercise performance (357).  

Among the possible molecular mechanisms associated with the exercise-driven 

regulation of CV homeostasis is the modulation of microRNA (miRNA, miR) 

expression profile. These small non-coding RNAs regulated virtually all biological 

processes involved in homeostasis via a post-transcriptional control of gene 

expression (265;358). The corollary is that a dysregulation of specific miRNAs 

profile has been associated with many pathological states. For instance, 

circulatory miRs-26b, -29b and -30d were shown to be differentially regulated in 

CVD (obesity, type 2 diabetes and hypertension respectively) and following 

exercise training, suggesting that miRs may not only serve as biomarkers of CVD 
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but also directly participate in the protective counter-balancing effects offered by 

exercise (359;360). Several pieces of evidence suggest that alterations in miR-

199a expression could also tip the balance toward either CVD or exercise-

mediated vasculo-protective effects. We and others have indeed identified miR-

199a mature products as negative regulators of CV function (308;319;361;362). 

Although originally identified as an actor of carcinogenesis, miR-199a has been 

involved as a master regulator of cardiac preconditioning and associated 

protection against ischemia-perfusion, in part through its action on Hypoxia 

inducible factor (HIF)-1α (286;303;309). A dysregulation of miR-199a has also 

been proposed in several CV pathologies, both in humans and animal models 

(361). For instance, miR-199a up-regulation has been associated with 

hypertension and/or pathological myocardial hypertrophy evoked by trans-aortic 

abdominal constriction (308) or angiotensin infusion (362). We have documented 

how conversely, a reduction in miR-199a is associated with an increase in eNOS 

activity/NO availability, thereby pointing to miR-199a as a key regulator of 

endothelial function (362). This finding was further supported by the work of 

Heuslein et al. reporting up-regulated miR-199a in the blood of peripheral arterial 

disease patients with intermittent claudication (319). Furthermore, the use of 

miR-199-sponge transgenic murine model to generate a cardiomyocyte-specific 

disruption of miR-199a, was shown to promote the development of physiological 

cardiac hypertrophy (314). 

In this study, we developed a murine model of mild chronic exercise to test the 

hypothesis that alterations in endothelial cells (ECs) and/or cardiac myocyte 

phenotypes driven by changes in miR-199a abundance, account for cardiac and 

vascular adaptation to exercise.  
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Materials and methods 

Animal housing and exercise protocol 

Four-weeks-old C57BL6/J male mice (25 animals) were purchased from Janvier 

Labs (France) and housed 1 per cage in our local animal facility with a 12/12-hour 

night and day cycle with free access to both food and water. Their behavior and 

wellbeing were checked every day. At five weeks of age, animals were randomly 

assigned to a cage (Tecniplast, France) equipped or not with an activity wheel (Kit 

mini wheel and activity wheel with revolution counter, Intellibio, Nancy, France). 

Animals’ body weight was measured every two weeks, while run distance covered 

was recorded every two days. After 22 weeks, terminal anesthesia was performed 

by intraperitoneal injection of ketamine (100 mg/ml) and xylazine (20 mg/ml), 

blood heart and vessels were collected and frozen in liquid nitrogen for miR 

profiling and Western Blotting analyses.   

It is noteworthy that since miR-199a-3p appears to take part in the oestrogen 

regulatory network and male and female react differently to running exercise, this 

study was performed on male mice only (363;364).  

All experimental procedures and protocols were approved by the local Ethics 

Committee (Comité d’Ethique pour l’Expérimentation animale; 

2016/UCL/MD/017), Secteur des Sciences de la Santé, Université catholique de 

Louvain, according to National Care Regulation and Directive 2010/63/EU of 

European Parliament and of the Council. 

Echocardiography 

Cardiac adaptation to exercise was followed throughout the protocol by 

echocardiography. The baseline measurement (t=0) was performed prior to wheel 

installation; a second measurement was performed at week 14 and a third one 

prior to sacrifice, after 22 weeks of running. Two-dimensional (2D) B-mode and 
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M-mode transthoracic echocardiography was performed using a Vevo 2100 

Imaging System (FUJIFILM-VisualSonics, Toronto, ON, Canada), equipped with a 

40MHz transducer. Animals were anesthetized using isoflurane 2-3% for induction 

and 1-2% for maintenance. Left ventricular (LV) volumes were measured at end-

systole and end-diastole (B-mode parasternal long-axis view), from which ejection 

fraction (EF %) was deduced. LV mass was calculated from LV long-axis 

measurements. Fractional shortening (FS %) was calculated using internal LV 

dimension measurements at end-systole and end-diastole (M-mode). All 

parameters were normalized by body weight (BW) and all measurements and 

analysis were performed by an experienced user, blinded to the experimental 

groups.  

Tissue preparation 

After 22 weeks, whole heart and vessels were excised and blood was collected for 

plasma isolation. All samples were stored at 4°C for physiological measurement or 

at -80°C until further processing for proteomics or RNA measurements. Vessels 

were cleaned from all fat and surrounding tissue. Samples were either snap frozen 

or directly used according to the desired experiment.  

Histological staining 

Samples of LV were fixed in 4% neutral formaldehyde diluted in phosphate-

buffered saline and were paraffin embedded. LV samples were then cut into 5µm 

sections, deparaffined and processed for routine haematoxylin/eosin staining and 

Sirius red staining.  

Briefly, the slides were incubated with a 0.1% Sirius Red solution dissolved in 

aqueous saturated picric acid for 1 hour, washed in acidified water (0.5% 

hydrogen chloride), dehydrated and mounted with DPX Mounting. Collagen 

content was red-stained. 



Results PART II 

144 
 

Vascular function evaluation with wire and pressure myographs 

Mesenteric arteries rings were mounted on wire (DMT 610M / 620M, Aarhus, 

Denmark) or pressure myographs. Vessel tension was normalized using standard 

procedure: arterial segments were stretched progressively to an internal 

circumference equivalent to 90% of the circumference that vessels would have 

reached if exposed to 100 mmHg transmural pressure (365). 

For pressure myography, mice second branch mesenteric arteries were mounted 

onto two glass cannulae in the vessel chamber (5mL) of a Living Systems 

Instruments pressure myograph (Burlington, VT, USA) by knotting nylon strand. 

Bath was filled with Physiological Saline Solution (PSS) oxygenated with 95% O2 

and 5% CO2 maintained at 37°C. The chamber was placed on the stage of an 

inverted microscope, connected to a pressure column. Vessels were stretched 

until they appear straight at 125mmHg. Pressure was lowered to 30mmHg and 

arteries allowed to recover for 25 min. Vessel integrity was assessed with KCl 

50mM and rinsed with PSS. All measurements were realized in no flow condition. 

For wire myograph, arteries were allowed to equilibrate for 45 min at 37 °C, 

contracted with KCl 50mM to assess vessel integrity and rinsed with PSS. Total 

endothelial relaxation was determined by cumulative addition of carbachol (CCh, 

1.10-8M to 1.10-4M, 2min per concentration) on vessel pre-contracted with 

phenylephrine (Phe) (10-6M). NO + prostacyclin (PGI2) relaxation, NO-mediated 

relaxation or PGI2-mediated relaxation were measured following cumulative 

addition of CCh on vessel pre-contracted with KCl 50mM alone and/or Nω-nitro-L-

arginine methyl ester (L-NAME, 10-4M). The Phe dose-response curve was 

obtained by cumulative addition of Phe (1.10-8M to 1.10-4M, 2min per dose). After 

each concentration-response session, vessels were washed with PSS until the 

tension returned to basal value. 
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MiRNA Extraction 

 MiRNA extraction from tissues was performed as previously described 

(362). Briefly, hearts and aortas of mice were suspended in homogenisation 

buffer, supplemented with thioglycerol as recommended by the manufacturer. 

Thioglycerol was also added to plasma samples. Lysis buffer and proteinase K 

were added to the samples and, after incubation for 10min at room temperature, 

loaded in the cartridges provided with the kit (AS1460 Promega). Cartridges were 

previously prepared by adding 10µl of DNase 1. Samples were eluted in nuclease-

free water after a processing using the Maxwell RSC Instrument (Promega) for 

miRNA extraction. 

MiRNA reverse transcription and quantitative PCR 

 Reverse transcription and quantitative polymerase chain reaction (PCR) 

for miRNAs were performed following the miRCURY® LNA® miRNA PCR Handbook 

for individual PCR Assay provided by Qiagen. To synthesize first-strand cDNA, RT 

mix (containing reaction buffer and enzyme mix) was added to 2 μl of RNA sample 

adjusted to a concentration of 20ng/μL and incubated at 42°C during 1 hour 

followed by a heat-inactivation of the enzyme at 95°C for 5 min and a cooling at 

4°C. Regarding the quantitative PCR, samples were diluted following the 

manufacturer’s recommendations, and 3μl of cDNA were loaded in duplicate into 

96-well PCR plates. PCR master mix and PCR primers were added, and 

temperature cycling was performed in a iQ5 cycler Bio-Rad system following the 

kit protocol (Qiagen) consisting of a cycle at 95°C during 2min, followed by 40 

cycles at 95°C during 10s and 56°C during 1min. Primers used were the following: 

miR-199a-3p (Qiagen YP00204536), miR-199a-5p (Qiagen YP00204494), U6 

(Qiagen YP00203907), and miR-let-7i-5p (Qiagen YP00204394). The latter was 

used as housekeeping gene for plasma and vessels, following the manufacturer’s 
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recommendations. Neither the U6 nor the miR-let-7i is modulated due to 

exercise. 

MiRNA precursor reverse transcription and quantitative PCR 

Reverse transcription and quantitative polymerase chain reaction (PCR) for pre-

miRNAs were performed following the miRScript PCR System Handbook for 

precursor detection provided by Qiagen. To synthesize first-strand cDNA, 1µg of 

RNA sample was added with RT mix (containing Hiflex reaction buffer and enzyme 

mix) and incubated at 37°C during 1 hour followed by a heat-inactivation of the 

enzyme at 95°C for 5 min and a cooling at 4°C. The quantitative PCR, samples 

were diluted following the manufacturer’s recommendations, and 1μl of cDNA 

were loaded in duplicate into 96-well PCR plates. PCR master mix and PCR primers 

were added, and temperature cycling was performed in a iQ5 cycler Bio-Rad 

system following the kit protocol (Qiagen) consisting of a cycle at 95°C during 

15min, followed by 45 cycles at 94°C during 15s, 55°C during 30s and 70° during 

30sec. Primers used for pre-miR were the following: mir-199a-1 (Qiagen 

MP00001365), mir-199a-2 (Qiagen MP00001372), and miR-let-7i-5p (Qiagen 

YP00204394). The latter was used as housekeeping gene for vessels, following the 

manufacturer’s recommendations and was not modified in each condition. 

RNA reverse transcription and quantitative PCR 

 Isolation of total RNAs was performed as described for microRNAs using 

the same method with Maxwell technology. One microgram of extracted RNA was 

engaged for first-strand cDNA synthesis. Briefly, a reverse transcription mix 

containing oligodT, DNTP mix (2,5mM), RNAsin, M-MLV buffer 5X and M-MLV 

enzyme, was added to the samples. Reaction was performed by heating samples 

at 42°C during 3 hours, followed by a heat inactivation step at 95°C during 5 min 

and a cooling step at 4°C. Quantitative PCR was performed on 2µl of cDNA 
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samples loaded in duplicate into a 96-well PCR plate. A PCR mix containing SYBR 

Green and primers was added to samples. PCR cycling was performed in an iQ5 

cycler Bio-Rad system and consisted of one step at 95°C during 3min, followed by 

40 cycles at 95°C during 15sec and 60°C during 30 sec.  

Western Blot 

 Tissues were suspended in RIPA lysis buffer. Protein concentration of each 

sample was determined by using a Bicinchoninic Acid Protein Assay Kit (Pierce) 

according to the manufacturer’s protocol. Western blot was realized as previously 

described (362). Briefly, 10µg of protein were loaded per well and underwent 

migration in migration buffer (Tris-EDTA, SDS, glycine), under a voltage of 120V. 

Proteins were then transferred on a nitrocellulose membrane with a constant 

amperage of 350mA during 1h30 in transfer buffer (Tris-base, glycine, SDS, 

methanol). Membranes were then blocked in TBS (Tris-buffered saline)-Tween 

0,1%-BSA 5% for 1 hour at room temperature and incubated overnight at 4°C with 

primary antibodies diluted in TBS-Tween/BSA 5%. The primary antibodies that 

were used were the following: anti-phosphoSer1177eNOS (1µl/ml; Millipore, 07-

428), anti-phosphoThr308Akt (1µl/ml; Cell Signaling, 2965), anti-eNOS (0,25µg/ml, 

BD transduction, 610297), anti-Akt (1µl/ml; Cell Signaling, 9272), anti-Twist1 

(2µl/ml, Abcam, ab50581), anti-Sirtuin1 (1µl/ml, Cell Signaling, 9475), anti-PGC1α 

(1µ/ml, Abcam, ab54481), anti-mTOR (1µl/ml, Cell Signaling, 2983) anti-

phosphoSer473 Akt (1µl/ml, Cell Signaling, 4060) anti-GAPDH (0,1µl/ml; Cell 

Signaling, 2118) and anti-βactin (0.02µl/ml, Sigma-Aldrich, A5441). After washing 

in TBS-Tween, peroxidase-conjugated secondary antibody was incubated during 1 

hour at room temperature and developed by enhanced chemiluminescence (ECL, 

Amersham) on CL-Xposure film (Thermo Fisher Scientific). Films were scanned and 

protein bands were quantified by densitometry using the ImageJ software 

(National Institutes of Health [NIH]). Levels of all proteins of interest were 
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normalized to the housekeeping proteins β-actin for vessels or GAPDH for heart 

tissue. The levels of phosphorylated proteins were normalized to the level of total 

proteins. 

Cell culture 

Bovine aortic endothelial cells (BAEC) were purchased by Cell Applications Inc and 

cultured on 0.2% gelatin-coated dishes with Dulbecco’s Modified Medium Eagle 

Medium (DMEM) (Thermo Fisher Scientific) containing glucose, sodium pyruvate 

and GutaMAX supplemented with 10% FBS and 1% penicillin/streptomycin. Cells 

were used between passage 4 and 8 for the experiments, in order to avoid 

dedifferentiation. 

Laminar shear stress  

BAEC were seeded at 3.0 x105 on µ-Slides I0.4 luer (Ibidi GmbH) and allowed to 

adhere for 2 hours. Cells were exposed either to no shear stress (static condition), 

or to a high laminar shear stress (HSS) started at 5 dynes/cm² and increased every 

30 min by 5 dyne/cm² until reaching 20 dynes/cm². Media flow rate was 

maintained by a peristaltic pump for 48h in a humidified atmosphere at 37°C 

containing 5% CO2. Luer µ-slides were connected in series with a maximum of 3 at 

the same time. Immunofluorescence or microRNA extractions were performed on 

the slides. 

Immunofluorescence 

Following shear stress, BAECs were washed with PBS and fixed with PFA 4% for 10 

min at room temperature (RT). Primary antibodies for eNOS (5µg/ml, BD 

Biosciences, 610297) and phosphoS1177 eNOS (10µl/ml, Abcam, 184154) were 

incubated overnight at 4°C. Cells were then incubated for 1 hour at RT with 

secondary antibodies including an Alexa Fluor 488-conjugated goat anti-mouse 

(8µg/ml, InVitrogen, A11029), an Alexa Fluor 568-conjugated goat anti-rabbit 
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(8µg/ml, InVitrogen, A11036) and phalloidin (3,3µl/ml, Far-Red Phalloidin, Thermo 

Fisher Scientific, A22287). Nuclear staining was performed with DAPI (1/1000) for 

5 min at RT. Ibidi mounting media (50001, Ibidi) was dropped into channels for 

confocal microscopy. Pictures were captured with a confocal fluorescent 

microscope LSM510-Meta Multiphoton Zeiss using a 25x zoom lens.  

MiRNA reverse transcription and quantitative PCR on cells  

MiRNA extraction for shear stress studies was performed following the 

manufacturer’s guidelines. Briefly, cells were washed twice with PBS, and 100µl of 

homogenization buffer (added with thioglycerol) from Maxwell RSC miRNA tissue 

kit (AS1460 Promega) were dropped into the channels. Cells were detached from 

the channels by repeatedly moving the plunger up and down in a 1ml syringe. End 

of miR extraction, reverse transcription and quantitative polymerase chain 

reaction (PCR) for miR were performed as described above. 

Statistics 

All experiments were reproduced at least three times. All data are expressed as 

the Mean±SEM. Shapiro-Wilk normality test was performed, and statistically 

significant differences were determined using a 2-way ANOVA with subsequent 

Bonferroni’s post-hoc analysis test. For two groups’ comparison, t-test student 

was used for parametric data or Mann-Whitney test for nonparametric data. 

P<0.05 was considered statistically significant.  
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Results 

Voluntary wheel running engages mice to perform chronic exercise and 

modulates body weight gain 

Five-week-old male C57BL6/J mice were placed in cages with free access to a 

running wheel for a period of 22 weeks. Daily average running distance increased 

during the first weeks reaching a peak at week 4 (7.17 ± 0.66 km) followed by a 

gradual decline until week 10 as previously described for male mice (366). From 

this time point, the mean covered distance did not show any significant variations 

until the end of the protocol, amounting 3.30 ± 0.21 km per 24 hours (Figure 30A).  

 From week 10 and at all time points until the end of the protocol (week 

22), running mice gained significantly less body weight than their sedentary 

counterparts (Sed: 33.44 ± 0.40 g [n=10] vs. Run: 29.19 ± 0.64 g [n=8], P<0.001) 

(Figure 30B). 
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Figure 30: Mice were allowed to voluntary exercise in running wheels during 22 weeks 

Mechanical counters were attached to the wheels to measure distance covered (A). 

Evolution of body weight of animals during the exercise period (B). Results are expressed as 

mean ± SEM of 13 animals per group. Heart isolated from running mice develops less 

fibrosis. Fibrosis was evaluated by Sirius red staining on histological slides and quantified (C). 

Results are expressed as mean ± SEM of at least 5 animals. *, P.<0.05 , **P.<0,01 and ***, 

P.<0,001 vs. sedentary mice 
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Chronic exercise by voluntary wheel running promotes physiological 

cardiac hypertrophy and reduces cardiac fibrosis 

Adaptation of the cardiac muscle to chronic exercise was evaluated by 

echocardiography throughout the training period. As BW differed substantially 

between active and sedentary mice (p<0.001), cardiac morphometric parameters 

were normalized to BW of corresponding animals (Table 3). The normalized 

myocardial thickness of the intraventricular septum (IVS) in systole (p<0.01 and 

p<0.001) and diastole (p<0.001 and p<0.01), as well as myocardial thickness of LV 

posterior wall (LVPW) in systole (p<0.05 and p<0.01) were significantly increased 

in running mice both at 14 and 22 weeks, compared to controls, while the 

normalized LVPW in diastole was found to be increased only at 14 weeks (p<0.01) 

in the running group. This result is consistent with a robustly increased LV 

mass/BW ratio at 14 weeks (p<0.05), however there is only a trend for increased 

ratio at 22 weeks. No differences were detected relating to the BW-normalized 

end diastolic (LVvol d) and end systolic volumes (LVvol s) between the sedentary 

and running groups, although at 14 weeks there was a strong trend for the BW-

normalized diastolic LVvol in the Run group. In line with this, the BW-normalized 

LV internal dimension in diastole (LVID d) was moderately increased in the 

running mice at week 14 and week 22 (p<0.05), compared to sedentary mice. On 

the other hand, the normalized ejection fraction (EF/BW) and the normalized 

fractional shortening (FS/BW) were significantly different between the sedentary 

and running mice only at 14 weeks (p<0.01), but they were restored at 22 weeks, 

suggesting a reversibility of the beneficial effects of exercise between the 14 and 

22 week time-points (Table 3). 
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Cardiac adaptation to increased workload may also implicate gene 

reprogramming. Voluntary wheel running for 22 weeks led to substantially 

increased messenger RNA (mRNA) levels of natriuretic peptides, ANP and BNP 

(Figure 31A and 31B, respectively). Neither the mRNA the ratio between adult 

(myh6) vs. fetal (myh7) myosin heavy chain mRNA levels, nor the mRNA 

expression for the calcium handling protein sarco/endoplasmic reticulum Ca2+-

ATPase (SERCA2), were modulated by our protocol of chronic mild exercise (Figure 

31C-D).  

 

Figure 31: Cardiac tissues isolated from running mice present no fetal genes 

reprogramming. ANP (A), BNP (B), Myh6, Myh7 (C) and Serca2a (D). mRNAs levels 

were measured by using RT-qPCR and normalized by HPRT expression. Results are 

expressed as mean ± SEM of 3 animals. *, P.<0.05 vs. sedentary mice 
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Sirius red staining of collagen fibres in LV sections revealed a slight but significant 

fibrosis development in control mice, probably associated with aging in a context 

of sedentarity as it was prevented in running mice (Figure 30C).  

Chronic exercise by voluntary wheel running improves endothelial function 

At the time of sacrifice, mesenteric arteries were collected from animals, cleaned 

and mounted on pressure and wire myographs for vascular function evaluation. 

External vessel diameter, wall thickness, media/lumen ratio, cross sectional area 

and vessel distensibility (Figure 32A-E respectively) were comparable in vessels 

from trained and sedentary animals, attesting the absence of significant vascular 

remodeling in the course of our training protocol.  
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Figure 32: Running mice do not present vascular remodeling compared to sedentary mice. 

Measures were realized at constant internal pressure of 30mmHg, with no flow. (A) External 

diameter of arteries in µm. (B) Wall thickness of arteries measured in µm. (C) Wall lumen 

ratio expressed as %. (D) Vessel cross-sectional area given in µm². (E) Distensibility of arteries 

measured as %. Sed N=13, Run N=11.  

Second order mesenteric arteries where challenged with high KCl 50mM solution. 

At the contraction plateau, relaxation to CCh was measured. Note that the 

smooth muscle cell depolarization evoked by this mode of contraction prevented 

any manifestation of endothelium-dependent hyperpolarization. Surprisingly, the 

total relaxation (NO- and PGI2-dependent) did not differ between vessels from 

sedentary and active mice (Figure 33A).  
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Figure 33: Exercise improves endothelial function. NO and PGI2 mediated relaxation 

evoked by carbachol was measured on mesenteric arteries using wire myograph (A). 

PGI2 mediated relaxation evoked by carbachol was measured on mesenteric arteries 

in presence of 0.1mmol/L L-NAME (B). Contraction of mesenteric vessels in response 

to depolarization with KCl 50mM (C) or in response to 3µmol/L phenylephrine (D) 

was measured in presence or absence of L-NAME (0.1mmol/L) using a pressure 

myograph. Results are expressed as mean ± SEM *, P.<0.05, **, P. <0.01. 
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Interestingly, the contraction to KCl (Figure 33C) (but also to Phe as illustrated in 

Figure 33D) was significantly reduced in mesenteric arteries from running animals. 

Pre-treatment of vessels with L-NAME increased the contractile response and 

completely abrogated the difference between vessels from running and sedentary 

animals (Figure 33C-D). This finding demonstrates that chronic exercise is 

associated with improved basal endothelial function and NO production, 

promoted by increased shear stress. Also, when the challenge with CCh was 

repeated in the presence of L-NAME, a statistically increased PGI2-dependent 

relaxation was also revealed (Figure 33B). Exercise has been previously shown to 

enhance myogenic constriction in rat soleus muscle arterioles (367). Contrary to 

the blunted contraction observed with Phe (3µmol/L) or KCl (50mM) in exercised 

animals, no difference emerged out of our murine model for myogenic response 

at physiologically relevant internal pressures (Figure 34).  

 

Figure 34: Myogenic response of vessels from running mice do not present any difference 

compared to sedentary condition at physiologically relevant internal pressure. Measures 

were realized using a pressure myograph at constant internal pressure of 30mmHg, with no 

flow. Myogenic tone was induced by increasing intraluminal pressure for the development of 

myogenic response. Sed N=13, Run N=11 
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Chronic exercise by voluntary wheel running decreases microRNAs 199a-3p 

and 199a-5p expression in cardiovascular tissue 

We and others have described that pathological LV hypertrophy is associated with 

an up-regulation of miR-199a expression, i.e. in response to abdominal aortic 

constriction (308) or angiotensin infusion, in the heart and isolated aorta (362). 

We thought therefore to evaluate the regulation of both mature strands of miR-

199a in the context of a more physiological cardiac hypertrophy. The expression 

of the mature forms of miR-199a, miR-199a-3p and miR-199a-5p was measured in 

LV samples from active and sedentary mice. Interestingly, a significant down-

regulation of both miRs was observed in cardiac tissue of running mice, compared 

to extracts from sedentary animals (Figure 35A-B), suggesting a differential 

regulation in physiological vs. pathological cardiac hypertrophy.  
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Figure 35: Hearts isolated from running mice exhibit decreased microRNAs 199a 

expression. MiR-199a-3p and miR-199a-5p levels were measured in hearts using RT-

qPCR (A-B). Protein expression levels of PGC1a, Sirt1 and mTOR (C-E) and 

phosphorylation of Akt (F) were detected by Western Blotting and quantified. 

Results are expressed as mean ± SEM of 3-6 animals. *, P.<0.05,**; P.<0.01 and ***, 

P.< 0,001 vs. sedentary mice. 
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Similarly, a significant decline of miR-199a-3p and -5p expression was observed 

when mesenteric (Figure 36A-B) and aortic samples were processed (Figure 37A-

B).  

 

Figure 36: Mesenteric arteries isolated from running mice exhibit decreased 

microRNAs 199a expression and miR deregulation is induced by Twist1. MiR-199a-

3p, miR-199a-5p, (A-B), premiR-199a (C-D) and Twist1 expression (E) were measured 

in vessels using RT-qPCR. Results are expressed as mean ± SEM of 4-5 animals. *, 

P.<0.05 vs. sedentary mice. 
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Figure 37: Aorta isolated from running mice exhibit decreased microRNAs 199a expression 

and an increased endothelial function. MiR-199a-3p, miR-199a-5p were measured in vessels 

using RT-qPCR (A-B and F). Phosphorylation of eNOS and Akt (C-D) and expression of Twist1 

(E) were detected by Western Blotting and quantified. Results are expressed as mean ± SEM 

of 3-6 animals. *, P.<0.05 and **, P.<0.01 vs. sedentary mice. 
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In mesenteric arteries, a reduced expression of pre-miR 199a-2 but not 199a-1 

(Figure 36C-D) was also pointed out. These results are in line with a context of 

improved endothelial function. Interestingly, miR-199a-5p was the sole form to 

appear dysregulated by exercise in plasma samples (Figure 38B).   

 

Figure 38: Plasma isolated from running mice exhibits decreased microRNAs 199a-5p 

expression compared to sedentary mice. Mice were allowed or not to voluntary wheel 

running during 22 weeks. MiR-199a-3p and miR-199a-5p were measured in plasma using RT-

qPCR (A-B). Results are expressed as mean ± SEM of 5 animals. *, P.<0.05 vs. sedentary mice. 

Chronic exercise by voluntary wheel running increases the expression of 

known miR-199a targets in cardiac and vascular tissues 

From the list of signaling proteins described as actors of cardiac adaptation to 

exercise, we know from in silico analysis and other studies (292;303;345;368) that 

PGC1α, Sirt-1, and mammalian Target of Rapamycin (mTOR) are direct targets of 

miR-199a. Figures 35C-E show that accordingly our model of chronic exercise is 

associated with a significant up-regulation of PGC1α and mTOR expression and a 

non-significant trend for Sirt-1 expression. Interestingly in cardiac tissues, Akt 

expression is not modulated by exercise but its mTOR-dependent phosphorylation 

on serine473 is enhanced in running mice, compared to their sedentary 

counterparts, as observed in Figure 35F. 
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We next evaluated direct and indirect targets of miR-199a in vascular samples 

among them Ser1177 phosphorylated eNOS and Akt. As shown in Figure 37C, 

eNOS phosphorylation was robustly enhanced in aortas of running mice, 

compared to sedentary mice aortas. This is correlated with an increased activity of 

the PI3K/Akt pathway measured through the phosphorylation of Akt on its Thr308 

site (Figure 37D). 

 

Chronic exercise by voluntary wheel running represses the transcription 

factor TWIST-1 in vascular tissues 

The transcription factor Twist-1 has been acknowledged as a driver for the 

expression of a 7.9-kb noncoding RNA transcript (from the Dynamin-3 gene 

intron) that encodes miR-199a and miR-214 cluster (266). Our results showed that 

Twist-1 mRNA (as measured in mesenteric extracts, see Figure 36E) and Twist-1 

protein expression (as measured in aorta see Figure 37E) was reduced when 

samples originated from running mice in comparison to sedentary controls. 

Accordingly, miR-214 showed a decreased expression in mesenteric and aortas 

extracts (Figure 39A-B).  
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Figure 39: Vessels isolated from running mice exhibit a decrease of miR-214. Mice were 

allowed or not to voluntary wheel running during 22 weeks. MiR-214-3p was measured in 

mesenteric arteries (A) and aortas (B) using RT-qPCR. Results are expressed as mean ± SEM 

of 3 animals.  

Shear stress down-regulates miR-199a expression in cultured endothelial 

cells 

Exercise is known to exert major effects on the vasculature through the impact of 

repetitive exposure to hemodynamic stimuli, such as transmural pressure and 

shear stress. In order to evaluate whether shear forces modulation is the drive for 

miR-199a regulation in the endothelium, we mimicked exercise associated shear 

stress in vitro by exposing endothelial cells cultured on µ-Slides I0.4 luer (IBIDI 

GmbH to increased shear stress in vitro). When exposed to laminar shear stress, 

cultured bovine ECs aligned with the flow, as illustrated in Figure 40A. As 

expected, expression of proteins reflecting improved endothelial function, as 

eNOS and S1177eNOS, was up-regulated. Interestingly, as observed in vivo, 

expression of miR-199a-3p and -5p and Twist1 was significantly reduced in BAECs 

exposed to 20 dynes compared to static condition (Figure 40B-D). 
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Figure 40: Endothelial cells undergoing shear stress exhibit a decreased miR-199a-3p 

and miR-199a-5p expression compared to static condition. Bovine aortic endothelial 

cells (BAEC) were grown on Ibidy® cell plates and submitted or not to shear stress 

(20 dynes/cm
2
). MiR-199a-3p, miR-199a-5p and Twist1 expressions were measured 

in BAEC using RT-qPCR (B-D). Results are expressed as mean ± SEM of 5 individual 

experiments. *, P.<0,05; **, P.<0.01 and ***, P.<0,001 vs. static condition. Scales are 

25µm for IF and 100 µm for bright field (BF) 
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Discussion 

The Ancient Greek physician Hippocrates (460-377 BC) already recognized 

exercise as a factor of balance "between the force that one spends and that which 

one absorbs". Since a few decades, molecular justifications to this seminal 

observation accumulate. In this study, we developed a murine model of chronic 

mild exercise and evaluated whether changes in miR-199a abundance could 

account for cardiac and vascular adaptation to exercise. Our previous work has 

revealed miR-199a as a key regulator of endothelial function (362), and with this 

study we position miR-199a at the crossroad between CV health and diseases. 

Our study shows that voluntary wheel running for up to 22 weeks evoked positive 

adaptations of both cardiac and vascular tissues which correlated with a 

modulation of miR-199a family members’ expression. The first observation that 

this protocol of mild exercise was associated with a beneficial modulation of the 

CV system reinforces the message physicians hammer to their patients that in 

terms of physical activity, less is already better than none. Numerous studies have 

shown that the aging heart undergoes fibrotic remodeling with accumulation of 

collagen, leading to progressive increase in ventricular stiffness and impaired 

diastolic function. Similarly, intense exercise was shown to promote cardiac 

deterioration and myocardial fibrosis. Our program of voluntary physical activity 

induces a slight cardiac hypertrophy compared to sedentary mice and prevents 

fibrosis development in the heart of running mice, both characteristics commonly 

observed in the context of the so called “physiological cardiac hypertrophy” (369).  

Although the picture is clear in humans (370), the literature is quite inconsistent 

as regards to exercise-induced hypertrophic growth effects in rodents. While 

some groups demonstrated significant adaptations of the cardiac architecture 

(371), others reported that exercise training promoted very moderate or even no 

structural changes (372), correlated with an absence of adaptation of cardiac 
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function as assessed by echography (372). Types, duration and intensity of 

exercise training (373), species and genetic background (374) could pertain for 

these discordant observations. 

In agreement with Kemi et al. we demonstrate that the systolic parameters of 

LVPW and IVS are significantly augmented following long-term exercise (371). This 

finding also agrees with the study of Bellafiore et al. where IVS and LVPW are 

shown to be substantially augmented following 15, 30 and 45 days of endurance 

exercise (high intensity), although the study failed to demonstrate an associated 

myocyte hypertrophy (change on number or size) to explain such differences 

(375). Interestingly, while we observed a clear beneficial effect on the normalized 

EF, FS and LV internal dimension in diastole at 14 weeks in the Run group, this 

effect is reduced in the end of the protocol at 22 weeks concurring more with 

previous findings about exercise training (short-term and more long-term as in 

our protocol) (372;376;377). We should however keep in mind that relief of 

physiological stimuli, like reduced exercise, promotes a reversibility of CV 

beneficial effects (129) and points to the substantial drop in physical effort 

demonstrated by our running mice after the first 3 weeks of intense activity. The 

change of running pattern with time was already described in C57bl6 mice 

(364;366), it probably accounts for the attenuated benefits on cardiac function. 

The absence of a shift from α- (the adult form) to β-MHC isoform (the fetal form) 

and the absence of modulation of SERCA2a expression, confirmed that the 

contractile properties of the hearts are not negatively altered as classically 

observed in the heart of animal models and humans showing pathological cardiac 

hypertrophy (378). More ambiguously, the natriuretic peptides ANP and BNP have 

been often reported as unchanged or up-regulated in the heart of running mice 

(129). However, a transient up-regulation of ANP and BNP directly following 

exercise has already been described (379;380), which is consistent with the short 
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delay between nocturnal mice activity periods and the time of sacrifice in our 

setting.  

To our knowledge, this is the first time that a down-regulation of miR-199a-3p and 

-5p is highlighted in cardiac (and vascular) tissue of mice submitted to a protocol 

of chronic exercise and exhibiting physiological hypertrophy. This observation is in 

dramatic contrast with what is observed in pathological cardiac hypertrophy. 

Indeed, miR-199a has been repeatedly shown to be up-regulated in pressure-

overloaded hypertrophic hearts (309) following aortic banding (308) or 

angiotensin infusion (362). Molecular targets and signaling consequences of 

increased miR-199a expression in the heart are manifold. The miR-199a/214 

cluster represses cardiac PPARδ expression, facilitating a metabolic shift from 

predominant reliance on fatty acid utilization in the healthy myocardium toward 

increased reliance on glucose metabolism at the onset of heart failure (41). 

Cardiomyocyte-specific miR-199a overexpression was likewise proposed to induce 

cardiac hypertrophy and heart failure by inhibiting autophagy, through an 

activation of mTOR complex signaling. In line with these results, our model of 

chronic mild exercise exhibits a down-regulation of miR-199a and a promotion of 

mTOR expression and Akt activation, both well-known targets of miR-199a. 

Together with the observed modulation of PGC-1α, our results agree with the 

previous work of Li et al. that used a cardiomyocyte-specific miR-sponge to 

repress miR-199a and showed that a 20-30% down-regulation of miR-199a in 

cardiomyocytes promotes a physiological cardiac hypertrophy linked with 

increased Akt and PGC-1α expression (314). The up-regulation of PGC1α is critical 

as it is recognized as a major regulator of cardiomyocyte metabolism, with a 

particularly dramatic impact on mitochondrial biogenesis (381). Consistently with 

a differential regulation of miR-199a in pathological versus physiological 
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hypertrophy, exercise activates PGC1α in the heart, whereas its activity is 

downregulated in pathological conditions (156). 

Our previous work has identified miR-199a-3p and 5p at the center of a redundant 

network of regulation in the endothelium repressing eNOS activity and NO 

availability (362). Our current results are in total agreement with what we 

observed previously when blocking miR-199a-3p/5p in cultured endothelial cells, 

or by in vivo modulation of each mature strands of the miR-199a family by an 

antagomiR strategy. miR-199a-3p/5p repression promotes NO bioavailability, NO-

dependent relaxation and increased NO circulation in the blood of treated mice 

(362). Here, we show that a physiological down-regulation of miR-199a-3p/-5p by 

chronic wheel running also promotes endothelial function in form of NO-

dependent buffering of the contractile response. In agreement with our work 

(362), previously identified molecular targets of miR-199a-3p and/or -5p were 

upregulated following exercise, improving eNOS activity. Our results also agree 

with numerous studies showing that vessels contraction of exercising mice is 

blunted in a NO-dependent manner (382). Interestingly, the miR-199a down-

regulation in vascular tissues correlates with a larger prostacyclin dependent 

relaxation. Although this could not be quantified in our study due to a lack of 

samples, this agrees with Cyclooxygenase 2 (COX2) being a direct target of miR-

199a-5p and points towards a multiplicity of mechanisms that cooperate to 

enhance the ability of the circulation to deliver the required supply of oxygen to 

heart and muscles during exercise. Our previous work has also identified VEGF-A 

as a direct and indirect target of miR-199a-5p in the endothelium (362). VEGF-A is 

critical in the adaptive processes to balance capillary density with oxygen needs, a 

mechanism also deficient in pathological cardiac hypertrophy. In this study, we 

could however not demonstrate a significant increase in capillary density (not 

shown). 
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Vessels from running mice exhibited a repressed expression of the transcription 

factor Twist1, a well-known regulator of miR-199a expression (286). Mahmoud et 

al. have highlighted that Twist1 expression is increased at low shear stress region 

and can promote atherosclerosis (318), pointing out shear forces as a potential 

driver of miR-199a expression regulation. In agreement, exposure of BAECs to 

laminar shear stress is sufficient to reduce expression of both mature forms of 

miR-199a to less than a third of their expression in no-flow conditions. Our data 

reinforce an earlier demonstration from Heuslein et al. showing that miR-199a-5p 

was down-regulated by biomimetic flow waveform. We found that both strands 

of the miR were co-regulated following shear stress in ECs and chronic mild 

exercise in mouse vessels. Together with the observation that miR-214 

expression, produced in cluster with miR-199a (286) and their precursor mir-199a-

2 were also repressed in the vascular wall, this confirms a transcriptional 

regulation versus a modulation of miR-199a-3p/5p stability in response to shear 

forces. Both mature forms of miRs-199a were also significantly expressed and 

regulated in mouse heart extracts following our protocol of exercise training. Our 

unpublished work and work from others have clearly identified a significant 

expression of miR-199a in isolated cardiomyocytes (304;308). However, at this 

point, it is still not clear if the exercise-driven regulation of miR-199a production is 

restricted to endothelial cells or whether cardiomyocyte-specific miR production 

is also altered during physical training. This would warrant further investigation. 

At this stage, the mode of regulation of miR-199a in cardiomyocytes remains 

speculative following physical training. In the context of pathological hypertrophy, 

up-regulation of the miR cluster 199a/214 has been attributed to HIF-1α (41). This 

hypothesis is irreconcilable with our results. An up-regulation of HiF-1α has been 

constantly associated with intense exercise, while a down-regulation of miR-199a 

was constantly observed in our model of exercise. Incidentally, HIF-1α is one of 
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the first targets of miR-199a identified in cardiac tissues (303). Also, in skeletal 

muscle, exercise training upregulates PGC1α and stimulates VEGF expression, 

independently of the HIF1α pathway (383).  

Taken together, our results indicate that chronic mild exercise positive regulation 

of cardiac and endothelial functions is associated with a modulation of miR-199a 

expression. MiR-199a family members have to be added to the list of miRs 

modulated by exercise in the CV system along with miR-126 or mR-29 (359;360). 

Interestingly, circulating miR-199a-5p expression mirrored the cardiac and 

vascular profile as previously observed in a context of pathological cardiac 

hypertrophy. Defining the miR expression signature associated with a protective 

CV response and identifying their molecular targets would provide potential 

therapeutic preventive or curative strategies. 
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AMPKα1 participates in the regulation of miR199a 

during cardiac hypertrophy 
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Introduction 

 Prolonged untreated hypertension is a major cause of pathological cardiac 

hypertrophy. This thickening of the heart muscle, initiated to overcome the 

cardiac overload naturally evolve in absence of treatment, toward a decrease in 

the size of the chambers of the heart, and a reduced capacity of the heart to 

pump blood to the tissues and organs. In the remodeling process, neurohormonal 

mechanisms are activated in order to maintain cardiac output, the most 

important being the sympathetic nervous system overdrive characterized by 

elevated circulating catecholamines and Renin–Angiotensin–Aldosterone System 

hyperactivity (384;385). Catecholamines signal via their interaction with α- 

and/or β-adrenergic receptors (ARs), a family of G protein-coupled receptors 

(GPCRs). Cardiomyocytes express three subtypes of β-AR (β 1-3) and three subtypes 

of the α1-AR (386;387) although β1 largely predominates in most species (4 to 1 in 

the human heart). Both β1-AR and β2-AR physiological activation leads to 

increased inotropy, lusitropy, and chronotropy, through a coupling to 

the stimulatory G protein (Gαs) (388). This coupling leads to the activation of 

adenylyl cyclase, production of cAMP, and protein kinase A (PKA) activation which 

will phosphorylate numerous targets associated with Ca++ signaling and contractile 

protein regulation (310). Prolonged stimulation is associated with reduced cardiac 

β-ARs responsiveness, cardiomyocyte apoptosis and decreased cardiac function, 

all in agreement with the efficiency β1-AR -antagonist treatments (389).   

α1-adrenergic receptors (α1-ARs) as angiotensin receptors, share a similar 

coupling to Gq to activate phospholipase Cβ1 (PLCβ1), which cleaves 

phosphatidylinositol 4,5-bisphosphate (PIP2) to produce inositol 1,4,5-

trisphosphate (IP3) and diacylglycerol. Although probably differentially 
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compartmentalized (at least) in adult cardiac myocytes, ligand binding has been 

consistently associated with CaMKII/HDAC dependent transcriptional responses 

and cardiomyocytes hypertrophy (390;391).  

AMP-activated protein kinase (AMPK), is a well characterized Ser/Thr 

kinase, that is ubiquitously expressed, and mainly acts as an energy sensor in the 

cell. In cardiomyocytes, two catalytic isoforms can be found, while AMPKα2 is 

predominant, lower but significant amounts of AMPKα1 can be observed. In the 

last 15 years, AMPK has evolved from a homeostatic protein to a major actor (and 

potential therapeutic target) in the context of cardiac hypertrophy (392). This is 

based on the ability of AMPK to hinder cardiac hypertrophy (393;394). There are 

indeed ample demonstrations that by inhibiting protein synthesis, 

prohypertrophic gene expression or O-GlcNAcylation of protein, AMPK prevents 

the hypertrophic response of cardiomyocytes to stress (340;392).  

We and other have reported that pathologic cardiac hypertrophy that 

develops in response to increased pressure overload, catecholamine or 

angiotensin II infusion is associated with an upregulation of miR-199a-5p in 

cardiac tissue (308). Potential roles in the maintenance of cardiomyocyte size, 

apoptosis or metabolism have been proposed for the miR (308;309)(Song, Rane). 

Despite the description of AMPKα1 as a direct target of miR-199a-3p by miR 

databases, nothing is known about potential interactions between AMPK and 

miR-199a signaling.  

 Here, the expression of miR-199a family members has been assessed in in 

vitro or in vivo models of cardiac hypertrophy.  
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Results 

Pathological cardiac hypertrophy induces an increase of miR-199a family 

members in vivo and in vitro 

 In vivo, transaortic constriction (TAC) was performed to induce 

pathological cardiac hypertrophy. A significant increase of left ventricle (LV) size is 

observed after 8 weeks of TAC correlated with a modulation of fetal genes (Figure 

41), confirming the pathological aspect of the hypertrophy. 

 

Figure 41: TAC induces a pathological cardiac hypertrophy with a fetal genes reprogramming. 

TAC were performed on C57bl6J male mice at 4 weeks of age. After 8 weeks, mice were sacrificed, 

blood and organs removed. LV were weighted and normalized on tibial length. Expression of fetal 

genes was assessed by RT-qPCR and normalized by HPRT. Results are expressed as mean ± SEM of 

3 animals. *, P.<0.05 vs. Sham. 
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As already described, an augmented miR-199a-5p expression was 

observed in both heart and plasma in the hypertrophic mice (Figure 42B and D). 

Interestingly, an up-regulation of miR-199a-3p is also detected after aortic 

banding but in the heart only. A similar expression profile has been observed 

previously in angiotensin II hypertrophy model (362) (Figure 42A).  

 

Figure 42: Hearts isolated from TAC mice exhibited an up-regulation of miR-199a-3p and 

miR-199a-5p. miR-199a-3p and miR-199a-5p levels were measured in hearts (A-B) and 

plasmas (C-D) of sham and TAC mice using RT-qPCR. Results are expressed as mean ± SEM of 

5 animals. *, P.<0.05; **, P.<0.01; ***,P.<0.001 vs. Sham. 

In order to mimic cardiac hypertrophy in vitro, primary neonatal rat 

cardiomyocytes were treated with phenylephrine (50µM). Figure 43A illustrates 

the increase in cardiomyocyte size compared to the control (Figure 43A). In 

agreement with our in vivo data, cardiomyocyte hypertrophy in response to PE 

was correlated with an up-regulation of both miR-199a-5p and miR-199a-3p 

(Figure 43B and C).  
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Figure 43: Cells treated with hypertrophic treatments present an increase of miR-199a 

family members. Cardiomyocytes were isolated from neonatal rats aged from 1 to 3 days. 

Phenylephrin (Phe, 50µM) and isoproterenol (Iso, 1µM) treatments were added for 24h. 

Morphologic changes in cardiomyocytes were assessed by immunofluorescence (A). MiR-

199a-3p and miR-199a-5p levels were measured in cardiomyocytes (B-C) and culture 

medium (D-E) using RT-qPCR. Results are expressed as mean ± SEM of 5 individual 

experiments realised in duplicate. **, P.<0.01 and ***, P.<0.001 vs. Control. 
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Similar results were obtained when cardiomyocytes were stimulated with 

isoproterenol (1µM). Quantification of miR in the culture medium revealed an 

increase of miR-199a-5p after phenylephrine treatment but no modulation of 

miR-199a-3p expression. 

AMPK1 repression prevents the upregulation of miR199a-5p evoked by 

hypertrophic treatment in vivo and in vitro 

As described above, TAC promotes the development of a LV cardiac 

hypertrophy of similar amplitude in both wild-type (WT) and AMPK1 knockout 

(KO) mice (Figure 44A). In parallel TAC induces an upregulation of miR199a-5p 

expression in the heart and plasma of WT mice, which is blunted in AMPK1 KO 

mice (Figure 44B). Interestingly, deficiency for AMPK1 did not impact miR199a-

3p upregulation as illustrated in Figure 44C. Plasmas of hypertrophic mice present 

an up-regulation of miR-199a-5p which is abrogated by AMPK1 KO (Figure 44D). 

Plasmatic expression of miR-199a-3p was similar in all conditions (Figure 44E). 
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Figure 44: Hearts isolated of AMPKα1 KO mice undergoing TAC presented a reduced miR-

199a-5p expression compared to WT TAC mice. TAC were performed on C57bl6J wild type 

(WT) male mice or genetically deficient for the 1  subunit of AMPK (KO) at 4 weeks of age. 

After 8 weeks, mice were sacrificed, blood and organs removed LV were weighted and 

normalized on tibial length (A). MiR-199a-3p and miR-199a-5p levels were measured in 

hearts (B-C) and plasmas (D-E) using RT-qPCR. Results are expressed as mean ± SEM of at 

least 4 animals. *, P.<0.05 vs. Sham and $, P.<0.05 and $$, P.<0.01 vs. WT. 
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Repression of AMPKα1 (figure 45C) was performed in neonatal rat 

cardiomyocytes. Pro-hypertrophic treatment induced an up-regulation of miR-

199a-5p scramble treated cardiomyocytes and cultured medium, the upregulation 

was prevented in both cells and medium when expression of AMPKα1 was 

inhibited (Figures 45A and 45B). 

 

 

Figure 45: Phenylephrine-treated cardiomyocytes transfected with AMPKa1 siRNA 

presented a reduced miR-199a-5p expression compared to cells transfected with scramble. 

AMPKα1 siRNA or a scramble sequence was transfected at the beginning of the culture and 

after 5 days cells were exposed or not with phenyleprhine (Phe, 50µM) during 24h. MiR-

199a-5p levels were measured in cardiomyocytes (A) and culture medium (B) using RT-qPCR. 

AMPKα1 expression was measured by Western Blot analysis (C). Results are expressed as 

mean ± SEM of at 3 individual experiments realised in duplicate. *, P.<0.05 vs. scramble. 
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AMPK activation induces an increase of miR199a family members in vitro 

 To study the implication of AMPK on miR-199a family members 

expression, primary culture of neonatal rat cardiomyocytes were treated with the 

well-known AMPK activator, metformin. Activation of AMPK in vitro induced the 

up-regulation of miR-199a-3p and miR-199a-5p expression (Figures 46A and 46B). 

As for hypertrophic treatment, no modulation of miR-199a-3p expression was 

highlighted in medium of these cells while extracellular miR-199a-5p was 

upregulated (Figure 46C and 46D). Cardiomyocytes treated with AICAR, another 

AMPK activator, presented the same expression profile (data not shown).  

 

Figure 46: AMPK activation in cardiomyocytes induced an increase of miR-199a expression. 

After 5 days of culture, cardiomyoctyes were treated with metformin (1mM) during 24h. 

MiR-199a-3p and miR-199a-5p levels were measured in cardiomyocytes (A-B) and culture 

medium (C-D) using RT-qPCR. Results are expressed as mean ± SEM of 5 individual 

experiments realised in duplicate. *, P.<0.05 and ***, P.<0.001 vs. Control. 
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AMPK1 KO do not impact pre-miR expression in vivo 

In order to decipher between a transcription of post transcription 

regulation, pre-miR, 199a-1 and 199a-2 expression were assessed in the heart of 

WT and AMPKα1 KO mice. An up-regulation of the miR precursor was measured 

despite the AMPKα1 deficiency in mice hearts, suggesting that AMPKα1 regulates 

the stabilization of miR-199a-5p more than its production (Figure 47). 

 

Figure 47: Hearts isolated from WT or AMPKα1 KO mice present an increase of pre-miR 

199a expression after TAC. After 8 weeks of TAC, mir-199a-1 (A) and mir-199a-2 (B) levels 

were measured in hearts from wild type (WT) or AMPK 1 KO (KO) mice, using RT-qPCR. 

Results are expressed as mean ± SEM of at least 3 animals. *, P.<0.05 vs. Sham. 

Hypertrophic treatments and AMPK activation induce an increase of PKA 

activity in vitro 

 To understand the pathway implicated in miR production during 

pharmacological treatments, we investigated the implication of PKA, a protein 

already described as a modulator of miR-199a expression. Stimulation of the 

adrenergic pathways or pharmacological activation of AMPK led to an 

upregulation of PKA activity measured by the phosphorylation state of its 

substrates. Moreover, direct activation of PKA by dBcAMP induces an increase of 

miR199a-5p expression (Figure 48A and 48B).  
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Figure 48: PKA modulate miR-199a expression in isolated cardiomyocytes. After 5 days of 

culture, cardiomyocytes from neonates were treated with dBcAMP (250µM), phenylephrin 

(Phe, 50µM), metformine (Met (1mM), PKI (2,5µM) and/or KT5720 (2µM). MiR-199a-3p and 

miR-199a-5p levels were measured in cardiomyocytes after dBcAMP treatment (A-B) or 

hypertrophic treatments coupled or not with PKA inhibitors (C-E) using RT-qPCR. Results are 

expressed as mean ± SEM of at least 2 individual experiments realised in duplicate. *, 

P.<0.05 and ***, P.<0.001 vs. Control. 
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Finally, the use of pharmacological PKA inhibitors (PKI or KT5720) counteracted 

the upregulation of miR199a-5p expression during hypertrophic treatment or 

metformin treatment (Figure 48C-E).  
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The endothelium is obviously a (the) critical player to guarantee 

cardiovascular homeostasis due to its ability to regulate a wide range of functions 

as vascular tone, inflammation, thrombosis, vascular permeability or angiogenesis 

(13;395). Regulation of the NOS/NO pathway is multimodal and virtually all levels 

of regulation and mechanisms involved have been associated with cardiovascular 

risk factors or cardiovascular pathologies. With this study, we propose another 

mode of regulation for the NOS pathway. Despite the already rich therapeutic 

armamentarium known to promote a healthier endothelial function, the 

remaining burden of cardiovascular diseases urge the scientific world to seek for 

other pathways to explore. In this context, more and more attention is being paid 

to miR as their capacity to silence gene and regulate protein expression makes 

them potential modulators of the cardiovascular function (265). Hence, miR-199a 

family members, well conserved in different species, are already described as 

interesting players in the maintenance of cardiac homeostasis (265;308). Our 

findings have broadened the activity spectrum of miR-199a family members by 

showing that: (i) the two arms derived from miR-199a are significantly expressed 

in endothelial cells, (ii) they are two functional players and (iii) they participate to 

the switch between cardiovascular health and disease.  

 At the beginning of this work, it was been established that miR-199a is 

expressed in cardiomyocytes and is able to impact indirectly endothelial function 

(304), also, miR-199a-5p was proposed to regulated proliferation in pulmonary 

microvascular endothelial cell.  Our work extends these findings by showing a 

functional expression of both miR-199a-3p and -5p in the endothelium. The 

significant expression that we reported in this work in different endothelial cell 

types (from bovine aortic endothelial cells, human aortic endothelial cells and 

human umbilical vein endothelial cells) and vessels (mice mesenteric and aorta) 
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argues in favor of a ubiquitous expression in the endothelium all along the 

vascular tree.  

 Both members of the miR-199a family have been described as mature 

miRs repressing specific targets in the context of cancer (269;274;289;290) which 

is not surprising considering that often both arms of premiRs could be functional, 

although their ratio varies according to the pathophysiological state (170;173). 

Here, we show that both strands are expressed and functional at the same time in 

a unique cell type, sharing some (but not all) targets within a common signaling 

cascade (the NOS/NO pathway). It is quite accepted that the range of action of 

microRNAs is limited to around 20% of expression of their targets, which should 

de facto limit their « clinical » impact (396). We can infer that the redundancy that 

we observed with two miR modulating the same cascade, with both targeting 

several players (activation of NOS by modulation of Calcineurin and Akt activation, 

and NO bioavailability through the control of SOD and PRDX1 for instance) would 

more profoundly affect endothelial function. This is indeed what we observed 

with the prominent improvement of NO-dependent relaxation that occurs upon 

repression of the miRs. 

We should note that several proteins repressed by miR-199a that we 

highlighted in this work are also described as major targets in endothelial or other 

cell types. PI3K was already described as a direct target of miR-199a-5p in the 

hippocampus of rat (292) and regulation of Akt activity by both miR-199a family 

members was described in glioma (273;285) as well as in cardiovascular system 

(314;345;347). More interestingly, Wang et al. highlighted that the overexpression 

of miR-199a-3p in HUVECs promoted autophagy, migration as well as cell 

proliferation through activation of PI3K/Akt/NFκB pathway (397). This apparently 

contradictory information is not completely irreconcilable with our findings as 
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differences in vascular bed or quiescence could account for the discrepancies. 

miR-199a family members are also widely known in the field of cancers for their 

ability to modulate angiogenesis through the direct targeting of VEGF 

(272;287;288). Zhang and colleagues already demonstrated that repression of 

SIRT1/eNOS pathway by miR-199a-5p promotes tube formation in endothelial 

cells infected by cytomegalovirus (398). In agreement, we established that 

repression of miR-199a-5p induces a strong formation of tube in bovine aortic 

endothelial cells cultured in 2D-matrigel support in a more physiological context. 

MiR-199a-3p repression does not impact angiogenesis as much in our hands. This 

correlates with luciferase assays showing that miR-199a-5p is able to directly 

target bovine VEGF while miR-199a-3p is not. Interestingly, in human 

hepatocellular carcinoma, miR-199a-3p is described as directly repressing VEGF 

(272). In silico studies and other works proposed Cav1, the allosteric repressor of 

eNOS, as a direct target of miR-199a-5p (319;348). In our in vitro model, we failed 

to show a modulation of Cav1 expression after repression of each miR-199a family 

members. As well, our unpublished data showed no differences in Sirt1 

expression in endothelial cells after miR-199a-5p repression even though in silico 

investigations and several works described it as a direct target (284;292;368). 

Incidentally, we demonstrated that Sirt1 expression, which is linked to improved 

cardiac function, is modulated in heart of running mice which presented a 

deregulation of miR-199a expression. This observation confirms the notion that a 

miR might target different pathways depending on the cell type or the biological 

context. This hypothesis is reinforced by the modified miR/miR* ratio in some 

pathological states compared to normal conditions (172;173). Indeed, the change 

in the balance between both miR-199a-3p and miR-199a-5p could re-dispatch the 

targets priority of each miR. 
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Oxidative stress has a profound impact on endothelial function, thus, 

studying the relation between miR-199a family members and ROS metabolism 

seems relevant. Some works have highlighted a direct link between ROS 

production and miR-199a expression. For instance, He et al. described ROS as able 

to increase miR-199a-5p expression in human lung epithelial cells following 

arsenic treatment (399). On the opposite, in ovarian cancers, ROS were 

highlighted as negative regulators of miR-199a expression via an up-regulation of 

miR promoter methylation (400). However, except a study performed in β-

pancreatic cells and high glycose treatment (368), little is known on the ability of 

miR-199a family members to regulate ROS production or metabolism. Our study 

demonstrated that both miR-199a-3p and miR-199a-5p modify NO bioavailability 

through modulation of its degradation as repression of both miRs induces an 

increase in SOD1 expression in vitro, as well as in vivo. To our knowledge it is the 

first time that miR-199a family members are described as regulator of anti-

oxidant enzymes. This ability to regulate ROS production and metabolism is 

important not only in vascular injuries but also in cardiac events as hypertrophy. 

NO-independent modulators of endothelial function: direct 

targets of miR-199a? 

Although prominent, NO is not the sole guardian of endothelial function. 

Interestingly, COX2 which regulates PGI2 production is described as a direct target 

of miR-199a family members in human bronchial epithelial cells (399). We did not 

investigate the expression of COX2 in our transfected endothelial cells. However, 

the blunted expression of miR-199a family members observed in running mice is 

correlated with an enhanced PGI2-dependent relaxation measured in mesenteric 

arteries. This observation is in agreement with COX2 as a direct target of miR. 

Hence, studying the impact of miR-199a family members’ repression on this 
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protein could be interesting particularly in resistance arteries where the PGI2-

mediated relaxation is more important than in conductance arteries. 

miR-199a, a player in cardiac function and disease? 

Our observation that miR-199a is regulated in models presenting modified 

endothelial function reinforce the significance of our work as it places the miR-

199a family at the crossroad between physiology and pathology. It is well 

described that exercise is accompanied with positive cardiovascular modulation 

(126) with increased NO bioavailability and improved endothelial function. Now, 

we show that both miR-199a-3p and miR-199a-5p are down-regulated in vessels 

of running mice compared to sedentary and this independently of the vascular 

bed type. This argues in favor of a participation of miR-199a in this beneficial 

process. On the opposite, mice developing a pathological cardiac hypertrophy due 

to pressure-overload presented an impaired endothelial function (139;401;402) 

and we correlated this with an up-regulation of miR-199a family members. 

Obviously, regulation of miR-199a expression is one of the many factors altered 

by exercise or cardiac hypertrophy and we could not attribute all the positive or 

negative effects of exercise or pathology to their sole modulation. The term 

« redundancy » is again in application, bringing efficiency to the system. 

More than ten years ago, van Rooij et al. highlighted a dysregulated level 

of miR-199a in plasma from patients presenting a cardiac hypertrophy. Hence, this 

miR was added to the list of already identified biomarkers of adverse cardiac 

remodeling (265;336).  

 We have observed that miR-199a-3p and miR-199a-5p were up-regulated 

in the hearts in different models of pathological hypertrophic mice and isolated 

cardiomyocytes stimulated with catecholamines or angiotensin II. This finding is in 

accordance with previous works describing an up-regulation of miR-199a-5p after 
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aortic banding or stimulation of adrenergic pathway (308;309). In their study, 

Song et al. proposed that miR-199a helps to maintain cardiomyocyte size during 

hypertrophy (308) while Li et al. demonstrated that miR-199a-5p induces cardiac 

hypertrophy by impairing autophagy (312). Yet, in our work, we did not decipher 

whether the miR is responsible of cardiac hypertrophy or if it is the hypertrophy 

which promotes miR expression. However our finding that despite a normal 

hypertrophic response, the heart of mice genetically deficient for AMPKα1 did not 

display any alteration of miR-199a-5p expression suggest that the miR is not 

absolutely required for the hypertrophic process itself. The cardiac down-

regulation of miR-199a3p/5p in a context of chronic exercise and associated 

cardiac hypertrophy is also an argument against an obligatory role in the 

modulation of cardiomyocyte size. We should however keep in mind that the 

amplitude of hypertrophy was very different and the entire process might relate 

on a completely different signaling cascade. el Azzouzi et al. described the ability 

of miR-199a/214 cluster to regulate PPARδ and facilitate the metabolic shift from 

fatty acid oxidation in healthy myocardium towards increased reliance of glucose 

metabolism at the onset of heart failure (41). We did not specifically address this 

aspect but the upregulation of PGC1 alpha and Sirt-1 in our model of physiologic 

hypertrophy points to mIR-199a as a potential regulator of the metabolic shift. 

Confirmation requires further investigation. This might take part in the general 

fetal gene reprogramming process as miRNA-199e expression profile in adult 

remodeling heart tends to return to the original fetal levels (403).  A limit of our 

study is that while we have ample proof of a regulation of miR-199a in endothelial 

cells and cardiomyocytes in a context of pathological hypertrophy, at this point 

we have no evidence for a dysregulation of miR-199a in cardiomyocytes in a 

physiologic hypertrophy (304).  
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In our model of chronic exercise, we emphasized a down-regulation of 

both miR-199a-3p and miR-199a-5p. Little is known about the impact of exercise 

on miR-199a expression but the ability of exercise to modulate global miR 

expression is well documented (194;259;359;404). Interestingly, reports often 

demonstrated a beneficial impact of exercise on miR described as dysregulated in 

pathological hypertrophy as for example miR-29 or miR-210 (338). Consequently, 

the study of miR-199a in context of physiological hypertrophy seems suitable. This 

is reinforced by a recent publication of Li et al. supporting that specific cardiac 

deletion of miR-199 induces the development of a physiological hypertrophy. In 

this work, the use of miR-199 sponge significantly down-regulates miR expression 

leading to an improved cardiac function through increased PGC-1α and Akt 

expression (314). Similar alterations in miR-199a profile observed in remodeling 

fetal heart (evaluating towards the lower level of expression observed in adult 

heart) has been interpreted as an endogenous protective strategy against cardiac 

dysfunction (403). This correlates with our results demonstrating an up-regulation 

of PGC1α as well as Sirt1 and mTOR in cardiac tissues of our running mice 

translating an improvement of cardiac metabolism in these mice. However, 

further work is necessary to prove the direct link between miR-199a regulation 

and modulation of proteins implicated in cardiac metabolism. 

In our work and as observed in others, miR-199a acts as a deleterious 

regulator of cardiovascular functions. However, Lesizza and colleagues revealed 

that intra-cardiac injection of miR-199a-3p rescue cardiac function after MI (321). 

The same group highlighted the pro-proliferative effect of miR-199a-3p through 

activation of Yes-associating protein (YAP) by inhibition of YAP degradation. They 

demonstrated that miR-199a-3p also inhibits filamentous actin depolymerisation 

through targeting Cofilin 2 (405). Their last work on infarcted hearts of pigs 

showed that injection of miR-199a stimulates cardiac repair, improved 
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contractility, increases muscle mass and reduces scar size. Interestingly, this work 

also highlighted that the subsequent uncontrolled and persistent expression of 

miR-199a in heart leads to an arrhythmic death emphasizing the importance to 

use highly controlled dose (406). This last observation could suggest a positive 

impact of miR-199a at short-term which evolves in deleterious effect at long term.  

 

Figure 49: Implication of miR-199a-3p and miR-199a-5p in pathological and physiological 

mechanism of hypertrophy and vascular function.  Indicated proteins are direct and indirect 

targets of miRs 199a-3p or -5p. In endothelial cells, eNOS activity and NO bioavailability are 

indirectly modulated by miR-199a products. Physical activity downregulates miR-199a 

expression in heart and vessels leading to a global improvement of cardiac and endothelial 

functions while pathological conditions have opposed effect. Straight lines indicate that we 

have verify the causal link between miR and protein expression; dotted lines that we have 

observed a correlation. 
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As mentioned earlier, our work places miR-199a family members as a 

switch between physiology and pathology. In this line, it could be implicated in 

other diseases associated with cardiovascular events or vascular alterations. For 

instance, miR-199a expression is enhanced in hepatic tissues of nonalcoholic fatty 

liver disease (NAFLD) and positively correlated with the fibrosis grade (407) as it 

regulates the TGFβ pathway. Moreover, plasmatic levels of miR-199a are 

increased in patients with NAFLD in parallel with cholesterol levels (408). It is 

interesting to remember that NASH patients die more from CV diseases that from 

an altered hepatic function and that when considering populations with equal CV 

risk factors, NASH patients are at an increased risk of CV events/death. We could 

hypothesize that through its blood circulation, miR-199a could impact other 

systems and particularly the cardiovascular tissues. In this line, preliminary results 

obtained in the lab demonstrated that hearts extracts from of ApoE-/- mice 

nourished with n-3-PUFA deficient diet that mimics most characteristics of the 

liver disease (59) present an increase of both miR-199a-3p and miR-199a-5p 

without cardiac hypertrophy, this was prevented by adding prebiotics in diet for 

2weeks. Interestingly, an amelioration of hepatic steatosis by modulation of gut 

microbiota is already correlated with a decrease of miR-199a-3p expression (409). 

As a second example, thyroid samples from Basedow patients are characterized 

by increased angiogenesis and oxidative stress. Our preliminary data showed also 

a dysregulation of miR-199a-5p in these samples. More interestingly, the down-

regulation is also patent in the blood and periorbital fat from Basedow patients 

exhibiting orbitopathy. In silico analyses have revealed several potential targets 

for both miR-199-3p and -5p in link with thyroid function. Additionally, we have 

observed that inhibition of miR-199a-3p in endothelial cells induced an up-

regulation of deiodinase 2 (Dio2) expression for instance, DiO2 is the enzyme 

responsible for the conversion of triiodothyronine into thyroxine. Thyroid 
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hormones increase Akt and eNOS activation in endothelial cells, an inhibition of 

miR-199a-3p still upregulates this effect. Our preliminary data therefore suggest a 

potential implication of miR-199a in the response of endothelial cells to thyroid 

hormones. 

miR-199a-5p capable of information transfer through its 

secretion? 

 The secretion and transfer of information via miR from one cell to another 

is highly studied. A remaining debate consists to clarify if a specific regulation 

exists for miRs secretion or if they are produced as a by-product during cell death 

or secretion (410). Indeed, some studies have highlighted that miR concentration 

in culture medium or blood correlate with cell death or organ damage 

(177;411;412). Concerning miR-199a, excretion of the miR in exosomes is well 

documented and correlates with our data describing the detection of miR-199a in 

both plasma and culture medium. However, the low concentration of miR 

detected in exosomes (molecule for 100 exosomes) suggest the existence of a 

sorting mechanism allowing the selection of miR-enriched exosomes (413). Post-

transcriptional modifications of miR favor cell retention or exosomes inclusion 

(184). Furthermore, some proteins as heterogeneous nuclear ribonucleoprotein 

A2B1 (hnRNPA2B1B) are able to recognize specific miR sequences and promote 

their exosomal secretion (414). As mentioned earlier, more and more 

investigations suggest that circulating miRs are able to transfer information from 

one cell to another placing them as crucial players. Our data join this conclusion as 

endothelial cells treated with cardiomyocytes culture medium containing miR, 

react by an impairment of their function (not shown). 
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Regulation of miR-199a family members in CV system 

The biogenesis of miRs is particularly complex as multiple transcription 

factors as well as post-transcriptional mechanisms can influence it (415). Our 

findings demonstrated that BAECs exposed to laminar shear stress and vessels 

from running mice, in vivo, present a decreased expression of miR-199a family 

members and a reduced expression of the transcriptional factor TWIST-1. This is 

interesting as it points to a link between shear laminar forces and miR-199a.  

TWIST1 is a well-known positive regulator of miR-199a family members in 

different cell types and physio-pathological context as for instance in embryologic 

development or dilated cardiomyopathy (266;267). Our finding is also supported 

by other works describing the up-regulation of TWIST1 in site of turbulent flow 

and demonstrating a positive correlation between TWIST1 levels and appearance 

of atherosclerotic plaques (318). In vivo, the associated down-regulation of pre-

miR-199a-2, is another argument pointing to transcriptional process evoked by 

shear stress to modulate miR production via a TWIST1/pre-miR/miR regulation.  

 Our data (although more preliminary) proposed AMPKα1 as a new 

modulator of miR-199a levels in the heart. This correlated with previous work 

demonstrating an implication of AMPK in miR synthesis. Actually, in pancreatic 

islets, AMPK deletion is already known to deregulate the expression of about 

twenty miRs (416). Moreover, in endothelial cells, the phosphorylation of p53 by 

AMPK induces miR143/145 cluster production (417). Yet, in our work, the absence 

of miR-199a-3p modulation by AMPKα1 KO suggests that miR regulation by AMPK 

occurs at post-transcriptional levels and impacts the stability of miR-199a-5p 

more than its production. In silico studies demonstrated that both Ago2 and 

exportin-5 could be potential targets of AMPK kinase activity, thereby modulating 

their function in miR biogenesis. Indeed, Sun et al. already described that 
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exportin-5 phosphorylation by ERK regulate the exportation of pre-miR from the 

nucleus to the cytoplasm (159;418). In this work, we also demonstrated that 

metformin, a pharmaceutical AMPK activator, up-regulates expression of miR-

199a family members. Our observation that AMPKα1 stabilizes miR-199a-5p or 

that AMPK activation promotes the production of miR-199a-3p/5p is counter-

intuitive if we have in mind the well-known cardio-protective effects of AMPK 

(419;420) and the fact that miR-199a is described as harmful for the heart. Before 

interpreting our data, we should however take into accounts several limits to our 

work. First, our experiments were performed on neonatal cardiomyocytes instead 

of adults and AMPKα1 is not the predominant catalytic isoform in the adult 

cardiomyocytes. Although a higher expression of the α1 subunit might be in link 

with the relatively higher expression of miR-199-5p in fetal heart in comparison to 

adult heart (403), additional investigations on miR-199a expression with AMPKα2 

or AMPKα1/2 deletion in cardiomyocytes from neonates as well as adult animals 

must be performed. Second, we have used metformin to activate AMPK in 

neonatal cardiomyocytes, this anti-diabetic drug is known to reduce left 

ventricular dimension during heart failure with an improvement of fractional 

shortening and ejection fraction (421). Yin and colleagues also demonstrated that 

rats treated with metformin during MI present a smaller infarct size compared to 

vehicule-treated rats (422). Some beneficial aspects of metformin are also 

suspected to be related to due AMPK-dependent eNOS activation. This seems 

particularly at odds with our results. Metformin indiscriminately activates 

AMPKα1 and α2, the impact of the latter on miR-199a expression is still unknown. 

Also, we should consider that the effect of AMPK activation in endothelial cells 

might be sufficient to counteract any AMPK/miR-199a deleterious effect.  
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Therapeutic approach 

In clinic, the use of miR as therapeutic is not yet a reality but the proof of 

concept is already available with the Miravirsen trials. The implication of miR-

199a family members in cardiovascular events through the regulation of 

endothelial and cardiac function makes them a potential target for therapeutics 

approaches (265;303). Yet its inference in cancer metabolism makes its targeting 

unrealistic as the beneficial effect on cardiovascular function could be 

counterbalanced by adverse effect on pre-cancerous cells. Even if modulation of 

either miR-199a-3p or miR-199a-5p by intravenous injection of antagomiR did not 

lead to cancer development in mice, the long-term aspect of human therapy must 

be considered as a limiting factor. Tissue specific targeting of miR as already 

described in heart via the use of miR-sponge or specific aptamers (314) might be 

an option. miR-sponges relate to endogenous circular-RNA or long non-coding 

RNA which contain miR specific target sites and repress miR expression (423;424).  

However, a miR sponge can also consist of an exogenous transcript presenting 4 

to 10 binding sites for mature miR. These sponges are usually not specific to a 

mature miR but block a whole family of miR, their tissue delivery can be obtained 

through viral vector as performed by Carè and colleagues. These authors 

successfully inhibited miR-133 expression using a decoy delivered by adenoviral 

way; in this setting, inhibition of miR-133 family induced cardiac hypertrophy 

(425). Instead of using a viral delivery, antisense or mimic materials may be 

delivered packaged in nanoparticles. This technique allows a protection against 

degradation or diffusion. Ideal nanocarriers should be biocompatible and 

biodegradable, they should have appropriate encapsulation efficiency, be stable 

in storage but allow a timely release in the bloodstream. Recently, Di Mauro and 

colleagues had brought the proof of concept that negatively charged calcium 

phosphate nanocarriers are safe and efficient to deliver miR sequences in 
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polarized cells such cardiomyocytes (426). Interestingly, inhalation of calcium-

phosphate nanoparticules had shown an efficient translocation of the particles 

from the pulmonary tree to the bloodstream and to the myocardium, where the 

carriage content was delivered (427). Such a non-invasive approach would be a lot 

more attractive for patient then injection, especially when we consider the need 

of repetitive treatments.   

The use of targeting devices to cell-specifically deliver either nude oligo 

sequences, liposomes or nanocarriers might also be required to reach 

therapeutical efficiency. In this context, aptamer might be helpful. Indeed, the 

oligonucleotidic molecule attached to the therapeutic sequence or its carrier, 

presents a designed conformation to recognize, in a non-Watson Crick pattern, a 

specific target at the cell surface. This was already used to target cancer cells 

through the oncogenic tyrosine kinase receptor, Axl, which is expressed by various 

types of solid tumors (428) or in gastric cancer cells through biding of nucleolin 

protein (429).  

miRs are commonly used as biomarkers for many diseases. If the use of 

one miR as biomarker is not relevant due to their lack of tissue/organ specificity, 

(this is again the case for miR-199a), the use of a miRs panel (containing a few 

tissue-specific miRs) is recognized as powerful as validated clinical biomarkers 

(191). A dysregulated miR-199a plasma level is part of a specific signature pattern 

of cardiac hypertrophy (265;308;309). In cardiac diseases, central aspect is the 

prevention, meaning that the identification of a panel of miRs which can be used 

as biomarkers and allow an early diagnosis of cardiovascular events is more 

important than identification of new miR biomarkers for diseases easily 

diagnosable with another well-established biomarker (430). Cancer patients too 

often die from CV events, it should be evaluated whether the up-regulation of 
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circulating miR-199a that is observed in some gastric or ovarian cancers should 

not be considered also as a signal of an increased CV risk. In this line, miR-199a-3p 

has already been shown to be part of a signature associated with chemotherapy-

related cardiac dysfunction in breast cancer patient treated with anthracyclines 

(431). Further studies are clearly needed in this context. 

In summary, our work has identified the miR-199a family as key players of 

cardiac and endothelial functions at the crossroad of health and disease. At this 

stage, it quite unrealistic to imagine miR-199a’s as therapeutic targets, as the 

tissue specific delivery still requires adjustments; the observation that circulating 

levels of the -5p arm reflect cardiac and endothelial levels (and therefore cardiac 

and vascular health) gives them however a high prognostic value. 
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Table A1: Alignment between miR-199a family members and mRNA of interest 

in human 
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 Table A2: Alignment between miR-199a family members and mRNA of interest 

in mouse   
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