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Abstract  18 

Arterial media calcification and arterial stiffness are independent predictors of 19 

cardiovascular mortality. Both processes reinforce one another, creating a vicious 20 

cycle in which transdifferentiation of endothelial cells and vascular smooth muscle 21 

cells play a central role. Physiological functioning of vascular smooth muscle cells in 22 

the arterial medial layer greatly depends on normal endothelial cell behavior. 23 

Endothelial or intimal layer cells are the primary sensors of pathological triggers 24 

circulating in the blood during for example ageing or inflammation, and often can be 25 

seen as initiators of this vicious cycle. As such, the search for treatment of arterial 26 

media calcification, which until now mainly concentrated at the level of the vascular 27 

smooth cell may need to be expanded to intimal layer targets. 28 
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From Physiology to Pathology, Arterial Stiffness in a Nutshell 29 

A large and rapidly growing number of studies are now investigating the non-invasive 30 

measurement of arterial stiffness in vivo and how these measurements are related to 31 

cardiovascular risk and disease prognosis. Aortic stiffness, measured through 32 

carotid-femoral pulse wave velocity (PWV, see Glossary) assessment, has 33 

emerged as an important independent predictor of cardiovascular events and overall 34 

mortality [1, 2].  35 

A proximal to distal stiffness gradient is present in the arterial tree (box 1) and 36 

increase in arterial stiffness is associated with an increase in carotid femoral PWV. 37 

Earlier arrival of pulse wave reflections, during systole, augments systolic pressure 38 

and reduces diastolic pressure. Principal consequences are superimposed left-39 

ventricular overload and negatively affected coronary perfusion pressure which 40 

naturally occurs during diastolic filling. The mismatch between oxygen demand and 41 

reduced oxygen delivery may result in myocardial ischemia. In addition, arterial 42 

stiffening usually involves the large proximal aorta. This results in a decline or even a 43 

reverse of the normally present stiffness gradient. Consequently, the propagating 44 

wave is able to penetrate more distally into the arterial system, this time not partly 45 

withheld by reflection from the resistance vessels [3, 4]. Ultimately, these events lead 46 

to an increased transmission of pulsatile energy towards strongly perfused, low 47 

resistance organs, such as the kidneys and brain, with potentially damaging 48 

consequences [5, 6]. 49 

Traditionally, mechanisms of central arterial stiffening include passive stimuli, linked 50 

to elementary material properties, i.e. an increased mechanical stress due to 51 

distending pressure that leads to structural disorganization and fragmentation of 52 

elastic fibers, either by matrix metalloproteinases (MMPs) or material fatigue [7].  53 
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The search, however, for cell-mediated (active) mechanisms underlying progressive 54 

arterial stiffening and for interventions to halt or reverse this process has gained 55 

much attention. Cellular mechanisms inducing arterial stiffness i.e. endothelial 56 

dysfunction and vascular smooth muscle cell (VSMC) transdifferentiation will be 57 

focused on in this review, in particular their role in arterial media calcification 58 

(AMC) will be discussed. Furthermore, mechano-sensing of endothelial cells (ECs) 59 

and VSMCs, as well as mesenchymal stem-like cell transition of ECs, might provide 60 

novel insights in the molecular mechanisms underpinning AMC and central arterial 61 

stiffening. These processes might be the driving force in the vicious circle of arterial 62 

stiffness inducing AMC and vice versa. Figure 1A summarizes the focus of this 63 

review. 64 

Endothelial Cells Influence Vessel Tone  65 

The internal surface of the vasculature consists of a single cell layer of 66 

heterogeneous ECs (intimal layer). The strategic positioning of the endothelium 67 

allows it to sense hemodynamic changes and to adequately respond to these 68 

changes. As such, the endothelium is playing a crucial role in maintaining vascular 69 

homeostasis, maintaining a balance between endothelium-derived relaxing and 70 

contracting factors [8]. Adequate cooperation between functional ECs and VSMCs of 71 

the medial layer is required to fulfil this task. Disturbances in this balance predispose 72 

the vessel to increased vessel tone, pro-inflammatory state, oxidative stress and 73 

impaired coagulation [9]. Regulation of vessel tone by ECs and its relation to arterial 74 

stiffness will be discussed first in this review and is summarized in Figure 2. 75 

Physiological vessel tone regulation is facilitated by mechanical stimuli and 76 

vasoactive molecules (box 2). 77 
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Impaired Vasorelaxation: Culprit of Arterial Stiffness  78 

Local net bioactive nitric oxide (NO) increases large artery distensibility in vivo as 79 

was concluded from a significant (6%) higher PWV in the absence of NO [10]. Also, 80 

muscular artery distensibility is modulated by local NO action [11]. In healthy male 81 

volunteers, hemodynamic measurements during infusion of vasopressor drugs for 30 82 

minutes, resulted in inhibition of the basal NO production and a significant increase in 83 

central artery stiffness (higher carotid-femoral PWV) in comparison to saline infused 84 

healthy volunteers. This effect however, could largely be explained by a concomitant 85 

increase in blood pressure (which is also regulated by muscular arteries) rather than 86 

being fully NO-mediated [12]. Controversial findings like this could partly be explained 87 

by the heterogeneity in the arterial tree: elastic arteries are more subject to arterial 88 

stiffness (with increasing age) compared to muscular arteries [13].  89 

Endothelial-derived endothelin-1 (ET-1) promotes vasoconstriction through binding to 90 

ETA-receptors on VSMCs, thereby directly regulating central artery distensibility, 91 

resulting in an elevation of the aortic PWV [14]. Chronic administration of an ETA 92 

receptor antagonist to rats reverses hypertension and recovers endothelial function 93 

and flow dynamics in smaller peripheral vessels [15]. Angiotensin II receptor 94 

antagonists, on the other hand, induce a decrease in blood pressure independent of 95 

aortic stiffness and wave reflections, as was observed in humans [16].  96 

These findings highlight the hemodynamic coupling between central aortic stiffening 97 

and peripheral arterial vessel flow dynamics. Regulation of arterial compliance clearly 98 

relies on the vessel type and must be a summation of the complex interaction 99 

between large elastic and smaller muscular arteries of the periphery. 100 
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In normal physiological conditions, constant distending pressure on proximal arteries 101 

causes cyclic stretch to be larger in elastic arteries compared to smaller muscular 102 

arteries. Since basal NO production is highly dependent on the stimulation of cyclic 103 

stretch, elastic arteries display higher basal production and release of NO compared 104 

to muscular arteries [17, 18]. Relaxation of VSMCs in muscular arteries is mainly 105 

featured by the process of endothelium-dependent hyperpolarization (EDH), as 106 

described below. 107 

In pathophysiological conditions, when cyclic stress is elevated, altered wall 108 

mechanics promote large artery stiffening and organ related damage [19]. 109 

 110 

Endothelium Induced Hyperpolarization of Vascular Smooth Muscle Cells 111 

Thus far, local vasoactive molecules, of which NO and ET-1 are the most important, 112 

influence proximal artery distensibility. The endothelium also mediates relaxation of 113 

VSMCs via EDH [20]. Endothelial derived hyperpolarizing factors (EDHFs) involved 114 

in this process are only partially understood. There is no such thing as a single 115 

universal EDHF. Over the years, many discoveries have led to a basic concept of 116 

EDH: calcium influx through transient receptor potential vanilloid 4 (TRPV4) or store 117 

operated calcium (SOC) channels facilitates an elevation of endothelial intracellular 118 

calcium, in response to acetylcholine (ACh) or shear stress [21-23]. Increased 119 

conductance of two Ca2+-dependent potassium (KCa) channels, KCa2.3 (SK) and 120 

KCa3.1 (IK) leads to a larger potassium-pool in the interstitial space. This, in turn 121 

activates inwardly rectifying potassium channels, large-conductance KCa channels 122 

and Na⁺/K⁺-ATPases in VSMCs, thereby facilitating relaxation through 123 

hyperpolarization [24]. Simultaneously, this hyperpolarizing current can spread to 124 

subjacent VSMCs through myoendothelial gap junctions (MEGJs), and 125 
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subsequently spreads through adjacent VSMCs through homocellular gap junctions 126 

[25]. 127 

NO-dependency diminishes progressively along the vascular tree. In contrast, the 128 

role of EDH may be of particular importance in muscular conduit arteries and smaller 129 

resistance arteries, regulating peripheral resistance and blood pressure [26]. 130 

Likewise, the number of MEGJs and associated gap junctions is twice as high  131 

(significantly higher) in distal arteries compared to proximal arteries [27], highlighting 132 

the close relationship between EDH-dependent relaxation and gap junctions. 133 

Therefore, most research regarding EDH has been conducted on muscular arteries.  134 

EDH-mediated dilation is virtually absent in mice deficient for both SK and IK 135 

channels. Moreover, these mice showed significantly elevated arterial blood pressure 136 

levels and mild left ventricular hypertrophy [28]. Furthermore,  in mice, a 137 

polymorphism in endothelial connexin40, a gap junction protein facilitating the 138 

hyperpolarizing current, increases arterial stiffness [29]. Genetic animal studies thus 139 

confirmed the important contribution of EDH to arterial distensibility. 140 

Lastly, vasoactive molecules such as ACh trigger arachidonic acid metabolism in 141 

ECs by cytochrome P450 (CYP450), resulting in the generation of 142 

epoxyeicosatrienoic acids (EETs). These latter effector molecules have been shown 143 

to induce VSMC relaxation by contributing to the EDH response, stimulating channel 144 

conductance on both ECs and VSMCs [30, 31]. Another metabolite of arachidonic 145 

acid metabolism, 20-hydroxyeicosatraenoic acid (20-HETE) has opposite effects 146 

causing vasoconstriction through blocking large conductance KCa channels and 147 

stimulating calcium influx in VSMCs [31]. Recently, in a rat model of metabolic 148 

syndrome, production of 20-HETE increased ~7 fold compared to control rats in large 149 

conduit arteries (carotid artery and aorta), contributing to arterial stiffness [32].  150 
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Increased levels of EETs act as a partial compensatory mechanism to sustain 151 

endothelium-dependent vasodilation in muscular arteries of hypertensive patients, in 152 

particular when bioavailable NO is decreased because of oxidative stress [33]. More 153 

recently, synergic contribution of NO and EETs has been implicated in aortic wall 154 

viscosity, i.e. cardiac energy dissipation along the arterial tree [34]. These findings 155 

highlight that EETs support vessel tone regulation and are potentially protective 156 

against arterial stiffening.  157 

EDH-dependent relaxation, with a regulating role for CYP450, in muscular conduit 158 

arteries and smaller resistance arteries may modulate central arterial stiffness.  159 

Arterial Media Calcifications: More Than a Vascular Smooth Muscle Cell 160 

Regulated Process  161 

Vascular calcification is an active cell-regulated process depending on (i) the 162 

production of osteoblast-like cells facilitating the deposition of calcium-phosphate 163 

crystals into an organized extracellular matrix and (ii) an imbalance between 164 

circulating calcification stimulators and inhibitors. This process can occur at two 165 

anatomical sites being the vessel intimal layer during atherosclerosis or the vessel 166 

medial layer in ageing, chronic kidney disease (CKD) and diabetes each of them 167 

having their typical clinical complications [35]. In this review, we will focus on the 168 

mineralization of the medial layer, so-called AMC. Arterial stiffness and AMC are 169 

independent predictors of cardiovascular morbidity and mortality [3, 36] and many 170 

clinical studies have shown a strong correlation between both [37-39]. Furthermore, 171 

AMC and arterial stiffness both are hallmarks of ageing and notably, within the 172 

patient populations of CKD and diabetes, both AMC and arterial stiffness may 173 
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already be present at young age [38, 39]. As such, besides age, risk factors of 174 

arterial stiffness and AMC can directly be attributable to either diabetes or CKD: 175 

hyperglycemia, obesity, hypertension, hyperlipidemia, insulin resistance, 176 

inflammation, oxidative stress, uremic toxins, hyperphophatemia and low bone 177 

mineral density [40].  178 

Endothelial Contribution to  Arterial Media Calcification - Impaired NO Regulation 179 

Endothelial dysfunction, and in particular impaired NO regulation, might play a role in 180 

the pathophysiology of AMC. In klotho deficient mice, vitamin D3 overloaded mice 181 

and 5/6th nephrectomized  mice, which all are models for AMC, treatment with 182 

homoarginine increased calcification and osteochondrogenic transdifferentiation 183 

of VSMCs, probably by impaired NO formation [41]. In vitro, NO inhibits murine 184 

VSMCs calcification and osteochondrogenic transdifferentiation via inhibition of 185 

TGFβ-induced phosphorylation of SMAD2/3 [42] whilst metformin halts AMC via 186 

restoration of NO bioavailability (via the AMPK-eNOS-NO pathway) in rats [43, 44]. 187 

These findings suggest a role for NO in calcification of the medial layer of the arterial 188 

wall. Consequently, a reduction in bioavailable NO may be more impactful than solely 189 

affecting vessel tone by influencing active (cellular) stiffness components.  190 

Endothelial Contribution to Arterial Media Calcification - Endothelium as a Source of 191 

Multipotent Cells 192 

ECs possess the ability to undergo endothelial to mesenchymal transition 193 

(EndMT), a subtype of epithelial to mesenchymal transition (EMT) which involves 194 

ECs (Figure 3). EndMT has gained increasing attention in cancer research [45, 46]. 195 

EndMT results in the generation of mesenchymal stem-like cells that can differentiate 196 

further into multiple cell lineages: fibroblasts/myofibroblasts, osteoblasts/osteocytes, 197 
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chondrocytes and/or adipocytes [47]. The EC obtains an elongated phenotype losing 198 

its cell-cell connections, enabling migration through the basal lamina, which is 199 

degraded by MMPs such as MMP-2 and MMP-9 and replaced by new extracellular 200 

matrix molecules like type I collagen, type III collagen and fibronectin [47].  201 

During EndMT, the expression of endothelial markers such as vascular endothelial 202 

(VE)-cadherin, CD31, von Willebrand Factor (vWF), Tie1 and Tie2 is significantly 203 

reduced [48]. Furthermore, the transforming cells acquire mesenchymal stem cell 204 

(MSC) markers such as alpha smooth muscle actin (α-SMA), smooth muscle protein 205 

22 alpha (SM22α), fibroblast-specific protein 1 (FSP-1) and others [49]. EndMT can 206 

be promoted by a myriad of factors, of which the TGF-β/bone morphogenetic protein 207 

(BMP) family has been most widely described. Especially the TGF-β2 isoform is a 208 

strong promotor of EndMT [50]. Additionally, BMP2 and BMP4 have been shown to 209 

promote EndMT. Both ligands primarily signal through the activin-like kinase 2 210 

(ALK2) and ALK5 receptors, resulting in downstream activation of SMAD1/5/8 and 211 

SMAD2/3 complexes and nuclear shuttling of these complexes by SMAD4 [47]. 212 

Complexation with transcription factors such as Snail, Slug and Twist results in 213 

EndMT activation and subsequent degenerative remodeling of the arterial wall [51]. 214 

BMP7 and vascular endothelial growth factor (VEGF) inhibit EndMT by binding to 215 

ALK2 and VEGF-receptor 2, respectively [52, 53]. Fibroblast growth factor-2 (FGF-2) 216 

is another inhibitor of EndMT through down-regulation of TGF-β signaling [54]. 217 

Interestingly, in mineralizing VSMCs, FGF-2 is upregulated as a feedback 218 

mechanism to prevent more extensive mineralization [55]. 219 

Although TGF-β/BMP signaling is considered the main regulator of EndMT, 220 

alternative signaling pathways might cooperate. Notch signaling and wnt/β-catenin 221 

signaling are involved in cardiac cushion differentiation during embryonic 222 
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endocardial development, a process which is believed to involve EndMT [56, 57]. 223 

Various signaling pathways are able to induce EndMT. Ultimately, which pathways 224 

specifically determine the fate of the EC remains elusive. Yet, the complex regulatory 225 

system accompanying EndMT highly suggests that mesenchymal transition might 226 

play an important role in normal physiology and disease. Moreover, it is highly 227 

suggestive that originally embryonic pathways, such as EndMT, may become 228 

reactivated in pathological conditions when sufficient stimuli are present. 229 

Insights from the extremely rare, autosomal dominant disorder, fibrodysplasia 230 

ossificans progressiva (FOP) shed light on the contribution of EndMT to ectopic 231 

calcification (including AMC). Constitutively active ALK2, in the absence of its 232 

ligands, predisposes fully differentiated EC to transition and acquire mesenchymal-233 

like properties, enabling them to differentiate further into osteoblast-like cells in a step 234 

wise manner [58, 59]. Furthermore, in mice lacking matrix gla protein (MGP), an 235 

endogenous BMP inhibitor and potent inhibitor of ectopic calcification (including 236 

AMC), the endothelium may act as a source of mesenchymal stem-like cells 237 

contributing to the development of AMC [60]. Moreover, enhanced BMP signaling, for 238 

example in diabetes [61], promotes EndMT and therewith associated calcifications in 239 

a Sox2 (sex determining region Y-box 2) dependent manner [62].  240 

Initiation of EndMT has also been linked to failing vessel tone regulation of ECs. The 241 

above mentioned inhibitory actions of NO on ET-1 (and the lack thereof in disease) 242 

are relevant in this context. Indeed, ET-1 potentiates the pro-fibrotic effect of TGF-β1 243 

induced EndMT [63]. Moreover, chronic NO synthase (NOS) inhibition in the 244 

presence of an endogenous inhibitor triggers EndMT in vivo and in vitro [64]. Finally, 245 

calcium conductance through TRPV4, which is crucial in the initiation of EC-induced 246 

EDH, has been shown to play a role in TGF-β induced EMT of keratinocytes [65]. 247 
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Functional alterations in response to vasoactive substances thus might have 248 

implications on a more complex level, contributing to EndMT regulation.  249 

EndMT also contributes to the pathobiology of aortic valve stenosis. The constant 250 

movement of the valves exposes the leaflets to cyclic mechanical forces. Valvular 251 

ECs are directly exposed to these stresses just like EC lining the vasculature. These 252 

stimuli, possibly via an altered NO/ET-1 balance, are sufficient to induce a healthy 253 

valvular EC to undergo TGF-β induced EndMT in 3D in vitro models [66-68]. In 254 

addition to embryonic heart development, wnt/-catenin signaling plays a role in 255 

endMT of valvular ECs [68]. With central artery stiffening, cyclic stress concomitantly 256 

increases. Therefore, it is not unthinkable that the less desirable process of EndMT 257 

becomes more prevalent.  258 

Vascular Smooth Muscle Cells Contribution to Arterial Media Calcification  259 

VSMCs can undergo a phenotypic modulation from a contractile phenotype to 260 

modulate local blood pressure, into a synthetic phenotype to repair the arterial wall 261 

after injury. However, in the presence of certain pathophysiological triggers (i.e. 262 

mineral imbalance, uremic toxins, inflammation, oxidative stress) [69], VSMCs 263 

transdifferentiate into osteochondrogenic cells, which goes along with the secretion 264 

of calcifying exosomes (matrix vesicles) or apoptotic bodies, that stimulate the 265 

deposition of calcium-phosphate crystals in the arterial wall [70]. A recent study 266 

reports that oxidative stress and/or DNA damage induce poly(ADP-ribose) production 267 

in VSMCs and that poly(ADP-ribose), delivered to the extracellular matrix (ECM) via 268 

both apoptotic bodies and in calcifying exosomes, is essential to the physicochemical 269 

process of ECM calcification [71]. Furthermore, calcifying exosomes cause 270 

propagation of the mineralization process as these calcifying exosomes are 271 
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endocytosed by recipient VSMC. Endocytosis of calcifying exosomes in its turn leads 272 

to activation of MAPK and NAPDH oxidase signaling and release of calcium from the 273 

endoplasmic reticulum, ultimately contributing to an osteochondrogenic phenotypic 274 

switch of the recipient VSMCs [72]. Ultimately, structural wall rigidity through 275 

mineralization of the ECM leads to a reduction in artery compliance. On the other 276 

hand, arterial stiffness can also promote the development of AMC. 277 

The Vicious Cycle Between Arterial Media Calcification and Arterial Stiffness 278 

Mechanosensing by Vascular Smooth Muscle Cells 279 

When performing an in-depth synthesis of the mechanistic relationship between AMC 280 

and arterial stiffness, a vicious cycle can be observed as shown in Figure 4. VSMCs 281 

are key players in this vicious cycle. Crosslinking of adjacent collagen fibers, 282 

fragmentation of elastin fibers and overproduction of ECM products modulate the 283 

ECM of a stiffening artery. This arterial wall remodeling creates a pro-calcifying 284 

environment as elastic fragments and collagen type 1 fibers form an excellent nidus 285 

for hydroxyapatite crystal nucleation [73]. Also, the remodeling enzymes or MMPs 286 

have been implicated in AMC since their activation induces VSMC phenotypic 287 

switching [74, 75]. Additionally, alterations in the ECM composition induce a degree 288 

of matrix stiffness which could be sensed by the VSMC, a process called mechano-289 

sensing. Further investigation of mechano-signaling through changes in wall 290 

compliance may provide additional insights in the pathophysiology of arterial 291 

stiffness. 292 

A recent in vitro study has shown that matrix stiffness facilitates epigenetic regulation 293 

of the VSMC phenotype by down-regulation of DNA methyltransferase 1 (DNMT1) 294 
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expression. DNMT-1 regulates the expression of critical genes maintaining the 295 

contractile phenotype of VSMCs by catalyzing the methylation of DNA [76]. In vitro 296 

matrix stiffening was mimicked with polyacrylamide gels, inducing a decrease of 297 

DNMT1 expression which in turn resulted in a contractile to synthetic phenotypic 298 

transition of VSMC as well as upregulation of the osteoblast specific proteins BMP2 299 

and Runt-related transcription factor 2 (Runx2) [76]. Subsequently, selective 300 

overexpression of transcription factor Runx2 in mouse VSMCs resulted in collagen I 301 

accumulation in the medial layer of the aorta as well as increased matrix stiffness and 302 

arterial blood pressure [77]. Taken together, matrix stiffness-dependent upregulation 303 

of Runx2 might reinforce the development of arterial stiffness by further deterioration 304 

of the ECM as well as promote the development of AMC by inducing the 305 

transdifferentiation of VSMCs into a bone-like phenotype. 306 

Furthermore, the mechanical stimuli sensors Yes-associated protein (YAP) and its 307 

highly related transcriptional co-activator with PDZ-binding motif (TAZ) have recently 308 

been reported as important players in the phenotypic switching of VSMCs [78]. When 309 

the cell senses matrix stiffness and cell spreading via increased cytoskeletal tension 310 

and stress fibers, the β1-integrin-FAK-Src-PI3K-PDK1 pathway will be activated 311 

which inhibits the large tumor suppressor kinase 1/2 (LATS1/2) activity and prevents 312 

the phosphorylation of YAP/TAZ [79, 80]. This will facilitate the nuclear translocation 313 

and transcriptional activation of YAP/TAZ target genes by interaction with TEA 314 

domain containing family transcriptional factors. Additionally, a recent study has 315 

shown that stiffening of a substrate can be sensed by the cell nucleus through the 316 

formation of focal adhesion and stress fibers that interact with the Linker of the 317 

Nucleoskeleton and Cytoskeleton (LINC) complex [81]. This leads to flattening of the 318 

nucleus and thus stretches and curves nuclear pores leading to increased YAP 319 
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import [81]. Based on these findings, it is likely that molecules other than YAP pass 320 

through the nuclear pores during arterial stiffness and make the VSMCs more 321 

susceptible to calcification. This might be an interesting field to explore. Nuclear 322 

translocation of YAP influences transcriptional factors that are important for bone 323 

homeostasis including Runx2, PPARγ and β-catenin [82]. The link between YAP/TAZ 324 

and a pro-calcifying cell phenotype is further strengthened by a study in skeletal stem 325 

cells [83]. In this cell-type YAP/TAZ collaborates with Snail and Slug, important 326 

inducers of EndMT in ECs, to activate downstream transcription of Runx2 [83]. 327 

Therefore, it might be that arterial stiffness induces an increased translocation of 328 

YAP/TAZ into the nucleus of VSMCs, which in turn could promote the upregulation of 329 

osteochondrogenic marker genes. 330 

The Endothelium, a Helping Hand in Mechano-Sensing 331 

Valvular ECs are able to sense matrix stiffness since EndMT of valvular ECs 332 

preferentially takes place in ECs cultured on stiff silicone substrates compared to soft 333 

ones [84]. As previously mentioned, ECs communicate with VSMCs, which might 334 

help VSMCs to sense arterial stiffness. Indeed, Rho GTPases are known to be 335 

involved in actomyosin cytoskeletal dynamics and in mechanotransduction in ECs. 336 

Matrix stiffness-dependent upregulation of Rho kinases in ECs induces endothelial 337 

permeability and a decrease of NO production [85]. An in vitro study by Peng et al. 338 

showed that ECs grown to confluence in either compliant (similar to normal carotid 339 

artery) or stiff (85% lower distensibility) culture tubes, exhibited reduced endothelial 340 

Akt-dependent endothelial NOS (eNOS) phosphorylation, with increasing wall 341 

stiffness [86]. Akt dependent phosphorylation of eNOS is important for vessel tone 342 
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regulation [87, 88] and with regard to the study of Peng et al. decreased eNOS 343 

activity.  344 

Reduced NO bioavailibility stimulates the VSMCs to adapt to a hypercontractile 345 

phenotype with the upregulation of genes for RhoA and Rho-associated protein 346 

kinases (ROCK1 and ROCK2) [89]. In myofibroblasts and neural crest stem-like cells, 347 

activation of the Rho/ROCK pathway respectively stimulates STAT (signal transducer 348 

and activator of transcription)3 phosphorylation [90] and YAP1 expression [91], two 349 

effectors that potentially influence VSMC behavior by (i) YAP-induced upregulation of 350 

osteoblast marker genes [82] and (ii) activation and phosphorylation of STAT3 351 

increased Runx2 expression and calcium deposition in VSMC cell cultures [92]. 352 

Interestingly, recent studies have shown that poly(ADP-ribose) polymerase (PARP) 353 

enzyme inhibitors prevent ECM calcification by inhibiting STAT3 activation and 354 

minocycline, a PARP inhibitor, reduced AMC by more than 50% in rats [71, 92], 355 

thereby identifying PARP inhibitors as a novel therapeutic target to treat AMC.  356 

During oxidative stress, observed in both AMC and arterial stiffness, NO reacts with 357 

superoxide to form a potent reactive oxygen species peroxynitrite (ONOO-) [93]. In 358 

mice, peroxynitrite mediated activation of YAP resulted in ECM remodeling by 359 

inducing collagen and fibronectin formation as well as elastin fragmentation and 360 

therewith associated with arterial stiffness [94] and potentially with AMC. Metformin 361 

reduces peroxynitrite levels in obese Zucker rats, a mechanism that may contribute 362 

to its AMC reducing effect in animal models of AMC [43, 44]. Taken together, these 363 

results emphasize that inadequate NO production (either or not following mechano-364 

sensing of a stiffened ECM) is critical during the development of arterial stiffness and 365 

AMC as it stimulates EndMT, hypercontractility of VSMCs and production of 366 

peroxynitrite.  367 
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Until now, the exact mechanisms by which ECs and VSMCs sense the matrix 368 

stiffness are not fully known. Identification of specific therapeutic targets in the 369 

molecular signaling pathways underlying this ECM stiffness sensing is needed as it 370 

might prevent further progression of both arterial stiffness and AMC. 371 

Concluding Remarks  372 

Arterial stiffness and AMC are two life-threatening diseases, implicated in 373 

cardiovascular mortality (i.e. myocardial ischemia, left ventricular hypertrophy) and 374 

end-organ failure. A big challenge presents itself for future research in this field as no 375 

effective therapies for arterial stiffness and AMC are currently available (see 376 

clinician’s corner). Mineralization of the extracellular matrix induces artery wall rigidity 377 

and thus arterial stiffness, whilst the reverse is also true; i.e. arterial stiffness 378 

promoting the development of AMC, thus creating a vicious cycle. For this reason, 379 

novel therapies against arterial stiffness could also have a beneficial effect against 380 

AMC. Functional readouts such as endothelial dysfunction, PWV and VSMC tonus, 381 

act as correlates of arterial stiffness and will be indispensable to discover the relevant 382 

disease signature(s) for both arterial stiffness and AMC. On a same note, combining 383 

physical measurements of arterial stiffness with proteomics and large database 384 

searches utilizing bioinformatics will most definitely guide us in the right direction.  385 

As extensively described, cellular mechanisms involving ECs and VSMCs actively 386 

contribute to arterial stiffening and AMC (Figure 1B). Mechano-signaling, through 387 

changes in wall compliance, plays an important role as it influences the phenotypic 388 

transition of ECs and VSMCs. For decades, researchers working in the field of AMC 389 

focused mainly on the transdifferentiation of VSMCs into osteochondrogenic cells, 390 

and to a great extent neglected the phenotypic transition of ECs (EndMT), which 391 
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given recent insights, might be more important than previously thought (see 392 

Outstanding Questions). Furthermore, ECs are also a helping hand for VSMCs as 393 

they communicate through gap junctions and secretion of vasoactive substances (NO 394 

production). In the future, studying this communication may be of particular interest 395 

as ECs are the first in line to respond to systemic stimuli and thus transmit signals to 396 

VSMCs and activate important molecular pathways involved in both arterial stiffness 397 

and AMC. Clarifying the exact mechanisms by which ECs and VSMCs sense matrix 398 

stiffness  is imperative to discover specific therapeutic targets to halt the progression 399 

of arterial stiffness and AMC.  400 
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Glossary  606 

Cardiac cushion: a subset of cells that is found in embryonic heart tissue and plays 607 

a pivotal role in the development of the endocardium. 608 

Carotid-femoral pulse wave velocity: a measure of ‘central’ arterial stiffness which 609 

is determined by measuring the transit time of the pulse wave and distance between 610 

the carotid and femoral artery. It is currently the gold standard with the best 611 

predictability for cardiovascular outcome.  612 

Coupled state: refers to sufficient cofactors (e.g. tetrahydrobiopterin) and substrate 613 

(L-Arginine) being present to facilitate production of the vasoactive molecule nitric 614 

oxide (NO) by NO synthase (NOS).  615 

Cyclic stress: repetitive occurrence of forces acting on the arterial vessel wall as a 616 

result of the pulsatile cardiac output. 617 

Cyclic stretch: repetitive stretching of the arterial wall as a result of pulsatile cardiac 618 

output. 619 

Cytochrome P450 (CYP450): a family of enzymes which function as 620 

monooxygenases. In the context of this review they are important in the production of 621 

bioactive arachidonic acid metabolites.  622 

Endothelial to mesenchymal transition (EndMT): phenotypic switch of an 623 

endothelial cell to a mesenchymal stem-like cell. 624 

Fibrodysplasia ossificans progressiva (FOP): patients suffering from ectopic 625 

ossification, caused by an autosomal dominant heterozygous germ-line mutation in 626 

the activin receptor-like kinase-2 (ALK2). 627 
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Impedance: a measure of the resistance to flow in the arterial system. 628 

Impedance mismatch: a mismatch which occurs at regions in the arterial tree where 629 

wall properties and/or vessel diameter change.  630 

Klotho deficient mice: a mouse strain that develops an accelerated ageing 631 

phenotype with multiple ageing-related disorders, such as infertility, arterial media 632 

calcification, skin atrophy and osteoporosis, caused by the absence of Klotho.  633 

Matrix metalloproteinases (MMPs): a family of endopeptidases who degrade 634 

extracellular matrix proteins, especially collagen and elastin.  635 

Metformin: a prescription drug that lowers blood glucose levels and is mainly used 636 

by type 2 diabetes patients. 637 

Minocycline: a prescription drug, widely used as broad-spectrum antibiotic.  638 

Myoendothelial gap junctions (MEGJ): membrane channels which provide hetero-639 

cellular coupling between endothelial (ECs) and vascular smooth muscle cells 640 

(VSMCs), allowing passage of small molecules. 641 

5/6th nephrectomized mice: a mouse model that mimics the progressive nephron 642 

loss observed in chronic kidney disease patients. These mice undergo a subtotal 643 

(2/3th) removal of one kidney and total removal of the contralateral kidney. 644 

Administration of a high phosphorus diet to 5/6th nephrectomised mice induces the 645 

development of arterial media calcification.  646 

Obese Zucker rats: Zucker fatty rats have a mutated leptin receptor leading to a 647 

spontaneous development of obesity around 4 weeks of age. These rats suffer from 648 

hyperphagia, hyperinsulinemia and hyperlipidemia.   649 
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Osteochondrogenic transdifferentiation: phenotypic switch of the vascular smooth 650 

muscle cell to a cell with an osteoblastic or chondrocytic phenotype. 651 

Pulse pressure: the difference between systolic and diastolic blood pressure.  652 

Vessel tonus: the degree of basal constriction tone experienced by a blood vessel 653 

relative to its maximally dilated state. Vasoactive molecules modulate vessel tone.   654 
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Box 1: The Arterial Stiffness Gradient  655 

Due to arterial system heterogeneity a progressive stiffness gradient is generated. As 656 

a result, the pulse wave velocity (PWV) increases progressively along the arterial tree 657 

[13]. These structural and functional distinguishable differences in the arterial tree 658 

have two important functions: (i) elastic arteries are important in converting the 659 

pulsatile pressure resulting from the ejection of blood during each cardiac cycle. 660 

Stroke volume energy is stored in the wall of elastic arteries during systole. 661 

Subsequently, elastic recoil of the aorta, during diastole, propels the blood on the 662 

basis of a pressure gradient, ensuring a continuous blood flow to the peripheral 663 

tissue and organs, (ii) muscular arteries are crucial players in blood pressure 664 

regulation. They are able to modulate the velocity of the incoming pressure wave by 665 

altering vessel tonus, i.e. contraction and relaxation of vascular smooth muscle cells 666 

(VSMCs). The pressure wave that is created during each cardiac cycle interacts with 667 

regions of impedance mismatch which arise due to varying properties of the vessel 668 

wall and vessel diameter. This in turn, results in partial wave reflections aimed 669 

towards the heart. Most wave reflections originate at the transition of low resistance 670 

(elastic) to high resistance (muscular) arteries or at branching origins of arterioles. 671 

Under physiological circumstances, the backward pressure wave (summations of 672 

wave reflections) arrives at the ascending aorta during diastole. These partial 673 

reflections are important to protect the microcirculation by limiting the transmission of 674 

pulsatile pressure energy to the periphery. The phase relationship of the forward and 675 

reflected wave determines the final amplitude and shape of the propagating pulse 676 

pressure.  677 
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Box 2: Mechanical Stimuli and Vasoactive Molecules Facilitate Vessel Tone 678 

Classical mechanical forces (cyclic stress and shear stress) or vasoactive molecules 679 

such as acetylcholine (ACh) and circulating hormones mediate vasodilation. The 680 

predominant effect is an increase in activity of endothelial nitric oxide synthase 681 

(eNOS). Important cofactors for NOS are tetrahydrobiopterin (BH4), Ca2+/calmodulin 682 

and flavin coenzymes. In its coupled state (in the presence of sufficient cofactors 683 

and substrate), eNOS predominantly synthesizes nitric oxide (NO) from L-Arginine. 684 

NO and to a lesser extent, prostacyclin (PGI2), are the main endothelium-derived 685 

relaxing factors opposing the actions of endothelium-derived endothelin-1 (ET-1) and 686 

(systemic) angiotensin II. NO diffuses into the sub-endothelial space and in VSMCs, 687 

where it ultimately leads to cGMP-mediated relaxation of VSMCs [8]. Additionally, it 688 

keeps the VSMC in a non-proliferative state [95]. Cyclooxygenase generated PGI2 689 

mediates VSMC relaxation through the generation of cAMP. ET-1, released by ECs, 690 

primarily acts through its ETA-receptor on VSMCs facilitating vasoconstriction. 691 

Conversely, acting through ETB-receptors on ECs results in enhanced production of 692 

NO. The balance between NO (relaxation) and ET-1 (contraction) is reviewed 693 

elsewhere [96].  694 
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Box 3: Clinician’s Corner  695 

Arterial stiffness and arterial media calcification (AMC) are two important predictors of 696 

cardiovascular morbidity and mortality and initiate end-organ failure including severe 697 

brain and kidney damage. Until now, no effective treatments for both arterial stiffness 698 

and AMC are available.  699 

Regulation of arterial compliance clearly relies on the vessel type and must be seen 700 

as a summation of the complex interaction between large elastic and smaller 701 

muscular arteries of the periphery. Therefore, peripheral measurements related to 702 

arterial stiffness (such as classical blood pressure measurements) must be 703 

interpreted with caution. 704 

Arterial stiffness and AMC reinforce one another in which phenotypic alterations of 705 

ECs and VSMCs are essential. Anti-hypertensive drugs have beneficial effects by 706 

lowering arterial stiffness; however fail to preserve large artery distensibility. This 707 

implies that large intervention studies are needed in which not only systolic and 708 

diastolic blood pressure as well as PWV is measured but also noninvasive/invasive 709 

assessments of both endothelial function and VSMC tonus are determined. 710 

Unraveling the molecular signatures and signaling pathways responsible for an 711 

increase in stiffness and AMC in large arteries will ultimately translate to better 712 

treatment options being available to patients at risk (i.e. chronic kidney disease and 713 

diabetes patients).  714 

Potential upcoming strategies to prevent arterial stiffness and AMC include metformin 715 

(anti-diabetic drug) and minocycline (broad spectrum antibiotic). Both drugs are often 716 

used in the clinic and have proven to exert pleiotropic effects including the inhibition 717 
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of AMC and arterial stiffness through respectively interfering with NO production and 718 

phenotypic transition of VSMCs.   719 
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Figure legends 720 

Figure 1 - Key Figure  721 

Endothelial Cells And Vascular Smooth Muscle Cells Contribute to Arterial 722 

Stiffness and Arterial Media Calcification (AMC). (A) The vicious cycle of arterial 723 

stiffness and AMC with its stimulating events and clinical outcomes. (B) Matrix 724 

stiffness decreases the NO production leading to transdifferentiation of VSMCs into 725 

hypercontractile VSMCs (left) and ECs into mesenchymal stem cells (EndMT, right). 726 

In VSMCs, declined NO production activates the RhoA/ROCK pathway (orange) and 727 

TGF-β signaling (blue). Their downstream effectors including YAP/TAZ, 728 

phosphorylated STAT3 and SMAD2/3 respectively upregulate osteochondrogenic 729 

marker genes (Runx2, BMP2 and Sox9) and thus the release of calcifying exosomes 730 

and Runx2-dependent fibrosis of the extracellular matrix (ECM). Matrix degradation 731 

by matrix metalloproteinase-2 and 9 (MMP-2/9, brown pacman shapes) enables 732 

migration of ECs and promote ECM mineralization. In ECs, decreased NO production 733 

is also associated with the RhoA/ROCK pathway resulting in activation of YAP/TAZ 734 

which interacts with EndMT inducers Snail, Slug and Twist as well as it might induce 735 

Runx2-dependent fibrosis and mineralization of the ECM. TGF-β1/2 and BMP2/4 736 

interact with activin-like kinase 2 and 5 (ALK2/5) activating SMAD1/5/8 and SMAD2/3 737 

signaling to promote EndMT. Subsequently, the mesenchymal stem cell might 738 

transdifferentiate into osteochondrogenic cells (bottom center) and myofibroblasts 739 

(bottom right) favoring mineralization and fibrosis of the ECM, respectively. Three 740 

potential therapeutic targets (light green) are shown (i) metformin, altering NO and 741 

peroxynitrite (ONOO-) production, (ii) fibroblast growth factor-2 (FGF-2), inhibiting 742 

EndMT and VSMC mineralization and (iii) poly-ADP-ribose polymerase enzyme 743 
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(PARP1) inhibitors, blocking STAT3-dependent ECM calcification. Dashed lines 744 

represent relevant findings in other cell-types.  745 

Figure 2. Important Players in Vessel Tone Regulation and Their Contribution to 746 

Arterial Stiffening. The contribution of nitric oxide (NO), produced by endothelial NO 747 

synthase (eNOS) is larger in arteries proximal to the heart (left) while the endothelial 748 

dependent hyperpolarization (EDH) phenomenon regulates vasorelaxation 749 

predominantly in smaller, more distal arteries (right). Both mechanical stimuli (shear 750 

stress, cyclic stress) and vasoactive molecules such as acetylcholine (ACh) influence 751 

vessel tone. Vascular smooth muscle cell (VSMC) relaxation is mediated by 752 

hyperpolarization/reduction in intracellular calcium. Vasoconstriction and increased 753 

vessel tone by ET-1 action on VSMC ETA receptors is accompanied by increased 754 

intracellular calcium concentration. ET-1 binding on endothelial ETB receptors 755 

stimulates NO production by eNOS. EDH is initiated by an increase in endothelial 756 

intracellular calcium, crucial to facilitate potassium efflux from ECs (through calcium-757 

dependent potassium-channels - IK and SK). In turn, the latter induces potassium 758 

influx in VSMCs using three different channels/ATPase’s. Hyperpolarization can also 759 

spread towards adjacent VSMCs via myoendothelial gap junctions (yellow flashes 760 

represent dispersion of the hyperpolarizing current). Red squares indicate modes of 761 

action by which arterial stiffness affects vessel tone regulation. A disturbed CYP450 762 

metabolism (EETS/20-HETE) besides impaired NO bioavailability and EDH efficiency 763 

promotes a ‘pro stiffening’ phenotype. The inhibitory function of NO on ET-1 is 764 

diminished resulting in enhanced ETA receptor activity.  765 

Figure 3. Schematic Overview of Vascular Endothelial to Mesenchymal 766 

Transition (EndMT). Various stimuli are able to induce EndMT. Best described is 767 

transforming growth factor beta (TGF-β) and bone morphogenetic protein (BMP) 768 
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mediated EndMT through SMAD signaling and subsequent activation of transcription 769 

factors Snail, Slug and Twist. Wnt/β-catenin and notch signaling may also play a role 770 

in EndMT (dashed line). Endothelial cells (ECs) obtain an elongated phenotype 771 

losing their cell-cell connections. Matrix degradation by matrix metalloproteinase-2 772 

(MMP-2) and MMP-9 (brown pacman shapes) enables migration of ECs. The ‘pro-773 

stiffening/calcification’ EC phenotype , i.e. reduction of nitric oxide (NO) bioavailability 774 

and increased endothelin-1 (ET-1) production promotes mesenchymal transition by 775 

inducing TGF- β signaling. In a similar fashion, reduction of mineralization inhibitor 776 

matrix gla protein (MGP) results in enhanced BMP2 signaling. Inhibitors of EndMT 777 

include fibroblast growth factor-2 (FGF-2), vascular endothelial growth factor (VEGF) 778 

and BMP7. Mesenchymal stem-like cells can further differentiate into vascular 779 

smooth muscle cells (VSMCs), (myo)fibroblasts and osteoblasts.  780 

Figure 4 The Vicious Cycle Between Arterial Stiffness and Arterial Media 781 

Calcification. Under certain risk factors (i.e. high phosphate and calcium levels, 782 

inflammation, oxidative stress) vascular smooth muscle cells (VSMCs) 783 

transdifferentiate into osteochondrogenic cells with upregulation of Runx2, BMP2 and 784 

Sox9 mRNA expression (lower left). These VSMCs produce calcifying exosomes, 785 

initiating a cascade effect by stimulating neighboring VSMCs to release intracellular 786 

endoplasmic reticulum calcium stores through activation of the NAPDH oxidase and 787 

MAPK pathways, and calcifying exosomes. In the end the extracellular matrix (ECM) 788 

becomes mineralized and thus ECM stiffness occurs. Secondly, ECM stiffness 789 

influences in- and directly VSMC behavior. Matrix stiffness also stimulates the 790 

activation of the integrin-FAK-Src pathway leading to LATS1/2 inhibition and favoring 791 

the activation/translocation to the nucleus of YAP/TAZ proteins with potentially 792 

inducing Runx2 and β-catenin expression (right). The cell nucleus flattens and 793 
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stretches its pores as a response to ECM stiffness triggering more influx of YAP/TAZ 794 

and maybe other molecules which could alter VSMC phenotype. Indirectly, 795 

endothelial cells produce less NO during ECM stiffness, stirring the VSMC into a 796 

hypercontractile phenotype. This phenotypic state triggers the RhoA/ROCK pathway 797 

which might alter either YAP activation and phosphorylation of STAT3. This latter 798 

protein translocates into the nucleus to stimulate Runx2 expression. Finally, the 799 

transcription factor Runx2 induces fibrosis/stiffness and mineralization of the ECM. 800 

Matrix stiffness also directly triggers downregulation of DNA methyltransferase 1 801 

(DNMT1) in VSMCs resulting in epigenetic DNA alterations and expression of bone-802 

like marker genes Runx2 and BMP2 (lower right). 803 


