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Cardiovascular disease is the leading cause of morbidity and mortality in the western and developing world, and

the incidence of cardiovascular disease is increasing with the longer lifespan afforded by our modern lifestyle. 

Vascular diseases including coronary heart disease, high blood pressure, and stroke comprise the majority of

cardiovascular disease and therefore represent a significant medical and socioeconomic burden on our society.  It

is not be surprising that these conditions overlap and potentiate each other when we consider the many cellular

and molecular similarities between them. At the molecular level, the vascular smooth muscle cell (VSMC) is the

target, integrator, and effector cell of both atherogenic and the major effector protein of the hypertensive signal,

Angiotensin II (Ang II).   Together, these signals can potentiate each other and prime the artery and exacerbate

hypertension and atherosclerosis. Therefore, VSMC are the fulcrum in progression of these diseases and

therefore, understanding the effects of atherogenic stimuli and Ang II on VSMC is   key to understanding and

treating   atherosclerosis and hypertension.   In this review, we will examine studies in which hypertension and

atherosclerosis intersect on the VSMC, and illustrate common pathways between these two diseases and vascular

aging.
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1. Definition

Vascular diseases including coronary heart disease, high blood pressure, and stroke comprise the majority of

cardiovascular diseases, and therefore represent a significant medical and socioeconomic burden on our society. It

may not be surprising that these conditions overlap and potentiate each other when we consider the many cellular

and molecular similarities between them. These intersecting points are manifested in clinical studies in which lipid

lowering therapies reduce blood pressure, and anti-hypertensive medications reduce atherosclerotic plaque. At the

molecular level, the vascular smooth muscle cell (VSMC) is the target, integrator, and effector cell of both

atherogenic and the major effector protein of the hypertensive signal Angiotensin II (Ang II). Together, these signals

can potentiate each other and prime the artery and exacerbate hypertension and atherosclerosis. Therefore,

VSMCs are the fulcrum in progression of these diseases and, therefore, understanding the effects of atherogenic

stimuli and Ang II on the VSMC is key to understanding and treating atherosclerosis and hypertension.

2. Introduction



Angiotensin II | Encyclopedia.pub

https://encyclopedia.pub/entry/1233 2/9

2.1. Hypertension and Angiotensin II

The renin-angiotensin system (RAS) functions in an endocrine fashion to influence numerous organs throughout

the body. The RAS plays an essential role in the regulation of blood pressure through the regulation of peripheral

vascular resistance and by influencing the electrolyte and fluid balance in the organism. The major effector peptide

of this system, angiotensin II (Ang II), is produced from the conversion of angiotensinogen to angiotensin I by renin,

which is then cleaved by angiotensin-converting enzyme (ACE). Ang II is recognized by two different G-protein-

coupled receptors, Angiotensin type 1 (AT1R) and Angiotensin type 2 (AT2R). Angiotensin type 1 receptors are

expressed in most tissue and mediate most of Ang II’s effects, particularly those that are vasoactive. Vascular type-

1 and type-2 receptors have opposing effects. While AT1R mediates hypertensive effects, AT2R activation

produces hypotension, and has anti-hypertensive effects. AT1R signaling and mediated gene expression will be the

major focus of this review. While AT1R is widely expressed in many tissues, we will limit our discussion to that

which is reported in VSMC. AT1R is a G-protein coupled receptor (GPCR), and upon ligand binding activates the

classical G-protein related pathway. Canonical GPCR signaling regulates VSMC contractility in a

calcium/calmodulin-mediated pathway, which activates MLCK activation and actin/myosin interactions to

mechanize cellular contraction . This receptor-mediated pathway also activates receptor tyrosine kinases such as

epidermal growth factor receptor (EGFR) and platelet derived growth factor receptor (PDGF), among others.

Importantly for this review, AT1R activates p38, a MAPK and central integrator of inflammatory signaling . Ang II

stimulated MAPK activation is significantly higher in VSMC isolated and cultured from spontaneously hypertensive

rats (SHR) compared to normal VSMC, suggesting an intimate relationship between the AT1R and MAPK

pathways . One distal event of p38 and receptor tyrosine kinase activation is the activation of transcription

factors, most-notably NF-κB, a master regulator of pro-inflammatory gene expression. In cultured VSMC and aorta

of animals, Ang II directly activates NF-κB through AT1R . It has long been recognized that in VSMC, Ang II is a

powerful activator of oxidant stress, and a second major pathway through which Ang II activates NF-κB is through

oxidative stress. Ang II generation of reactant oxygen species (ROS) in a NAD(P)H-dependent mechanism leads to

a number of maladaptive cellular responses . Although vascular NAD(P)H are essential in the normal

physiology of VSMC, they also catalyze excessive ROS (for excellent review, see ). ROS in turn, by virtue of

being a potent second messenger, activates a number of transcription factors in VSMC, again most notably NF-κB.

Pertinent in any discussion of atherosclerosis, this results in maladaptive expression of inflammatory cytokines

such as TNFα, chemokines like MCP-1, adhesion molecules such as ICAM1, and matrix and matrix modifying

proteinases . Together, these molecular events act in concert and result in cellular responses such as VSMC

hypertrophy, proliferation, oxidation, and altered matrix metabolism, all which lead to classic pathophysiological

indices of vascular stiffness, loss of compliance, and remodeling indicative of hypertension. These molecular

events are summarized in Figure 1. Importantly, this also leaves the vessel wall primed for inflammatory insult by

hypercholesterolemia. Clinically, atherosclerosis and hypertension are considered to be separate diseases with

different diagnoses and treatments. This being said, from a molecular, cellular and vascular perspective, there are

many similarities, and perhaps too many opportunities for cross-talk between hypertensive and atherogenic stimuli

and outcomes. These will be discussed in the next sections.
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Figure 1. Cellular and Molecular effects of Angiotensin II on VSMC. Angiotensin II (Ang II) is produced from the

conversion of angiotensinogen to angiotensin I by renin, and then cleaved by angiotensin-converting enzyme

(ACE) into Ang II. Ang II is recognized by a G-protein-coupled receptor, Angiotensin type 1 (AT1R). Canonical

GPCR signaling activates receptor tyrosine kinases such as epidermal growth factor receptor (EGFR) as well as

activating the NAD(P)H complex, resulting in generation of reactant oxygen species (ROS), a potent second

messenger. In addition to regulation of VSMC contractility in a calcium/calmodulin-mediated pathway, AT1R

stimulation results in activation of MAPK, and ultimately, NF-κB transactivation. Together, this leads to VSMC

pathophysiological responses such as matrix production, hypertrophy, hypercontractility, vascular remodeling and

hypertension.

3. Data, Model, Applications and Influences

3.1. Angiotensin II, Atherosclerosis, and Vascular Aging

Aging can be considered a vascular disease wherein decades of subclinical inflammatory and oxidative stress

often results in arterial wall thickening, stiffening, and vulnerability to hypertension and atherosclerotic plaque

development. Interestingly, the pro-inflammatory aging phenotype occurs with little to no mononuclear cell infiltrate,

yet the vasculature is predisposed to inflammatory insult. Similarly, the incidence of clinically relevant hypertension

increases exponentially with aging. Numerous cytokines such as platelet-derived growth factor (PDGF), matrix-

inducing factors such as transforming growth factor-β, matrix proteins, matrix metalloproteinases, and
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vasoregulatory molecules such as endothelin (ET1) are increased in aged arteries, resulting in characteristic

structural changes such as a thickened intima and a disorganized medial compartment . Decades of insult from

reactive oxygen species (ROS) lead to profound changes in the endothelium, including EC senescence and

apoptosis . In the media, histologically, VSMC tend to be less organized, and elastic laminae less regular and

fractured. Matrix proteins, particularly the collagens, are produced by and deposited around senescing VSMCs,

and together with elastic fiber fragmentation reduce vascular compliance . Arterial stiffening is associated with

hypertension, atherosclerosis, and cerebrovascular incidents. In one study, right carotid artery stiffness was

quantitated in old versus young individuals . Young’s elastic modulus (YEM), a quantitative measurement of

material stiffness, was increased in the common carotid with advancing age, quantitatively determining that arterial

stiffening accelerates with advanced age. Clearly, aging has deleterious effects on the vasculature similar to

hypertension and atherosclerosis, but it is an unavoidable risk factor.

3.1.1. Aging and Angiotensin II

Expression of the aforementioned genes and ensuing structural and cellular changes are mediated and

accelerated by the pro-inflammatory effects of Ang II. Ang II induces signal transduction events which mimic the

aged arterial phenotype with respect to arterial remodeling events. In one example, the aortas of young rats

infused with Ang II displayed a gene expression profile akin to older arteries with increased expression of TGFβ

and TGFβ-responsive genes such as matrix and matrix degrading enzymes . These aortas also displayed

histological changes such as intimal and medial thickening similar to much older rats. Small arteries were isolated

from human subjects and examined histologically and functionally by myography . Structurally, arteries from

hypertensive individuals, regardless of age, resembled those of older individuals in terms of vascular remodeling,

collagen deposition, and other fibrotic indices, all of which were compounded in aged hypertensive patients.

Endothelium-dependent vasodilation was impaired in the hypertensive group and also correlated with the aged

group. The authors also observed reduced nitric oxide availability in arteries from aged and hypertensive

individuals, and concluded that oxidative stress in aged and hypertensive individuals was perhaps the driving force

behind the increased vascular remodeling and reduced vascular reactivity. Furthermore, also in human subjects,

the blockade of Ang II signaling not only reduced pro-inflammatory gene expression, but also delayed the

development of age-associated aortic remodeling . In one randomized clinical trial, elderly human subjects

treated with the angiotensin receptor blocker Valsartan demonstrated improved age-related vascular compliance

. In one longitudinal study, carotid artery stiffness was correlated with advancing age , but addition of anti-

hypertensive therapy was significantly correlated with improved artery distensibility, linking age, artery stiffness,

and hypertension.

At the cellular and molecular level, many of the age-associated changes in the vasculature associated with Ang II

can be attributed to the many deleterious effects of an increase in ROS. It is well accepted that oxidative stress can

modify or otherwise irrevocably damage AND and other cellular machinery, indicative of many degenerative

diseases, including hypertension, atherosclerosis, and especially ageing . It has been shown in mice that

disruption of AT1R prolongs longevity, which the investigators attributed to reduced ROS in the vascular wall .

These mice also developed reduced atherosclerosis as they aged. In other studies, Ang II-induced ROS induced
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an aging phenotype in VSMC, as assayed by increased replicative senescence, increased DNA damage, and a

reduction in p53-mediated telomere length . Together, these studies strongly suggest that the increased ROS

induced by Ang II leads to enhanced VSMC biological aging. Consistent with the beneficial effects of AT2R

engagement in terms of hypotension and attenuation of inflammatory signals, it was observed that over expression

of the AT2R interacting protein ATIP, which regulates AT2R activity, reduced Ang II-induced VSMC senescence.

Transgenic mice, which over express ATIP in aortic VSMC, demonstrated reduced senescence in thoracic aorta

compared with control mice .

Similar to that observed in VSMC, one study demonstrated that Ang II induced senescent changes in EC indicative

of the aging phenotype, including decreased proliferation, increased apoptosis, and abnormal cell morphology .

Considering that EC dysfunction is one of the earliest cellular harbingers of atherogenesis, this cellular event links

Angiotensin II, aging, and atherosclerosis. Together, aging appears to predispose vascular cells, particularly

VSMC, to an inflammatory phenotype and plaque development, and subsequently sets the stage for the more

aggressive pro-inflammatory events initiated by atherogenic events such as sub-endothelial deposition of oxidized

LDL.

3.1.2. Aging and Atherosclerosis

An unavoidable and unmodifiable risk factor for atherogenesis is advancing age. Expression of inflammatory

cytokines, cell cycle proteins, and mitochondrial dysfunction have all been implicated as causative atherogenic

events, and all are dysregulated in aged arteries. Experiments have been undertaken to determine if

atherosclerosis can develop independently of chronic hyperlipidemia. At the systemic level, oxidative stress is

increased with advancing age, as tissues from aged animals demonstrate increased ROS, which not only leads to

increased oxidation of LDL, but age-related vascular remodeling similar to those described for Ang II-treated

animals . In one interesting study, it was found that increasing IL-6 levels correlated with mitochondrial

dysfunction and mitophagy in aged versus young mice . This study also showed that atherogenesis increased in

aged wild-type mice, and hyperlipidemia further increased not only atherogenesis, but IL-6 expression and

mitophagy. This study was confirmed by another group who observed that IL-6 and adhesion molecules were

significantly increased in aorta from aged versus young mice . Together, these studies indicate that aged VSMC

are predisposed to a pro-inflammatory phenotype, and thus vulnerable to atherogenic stimuli. This also implicates

inflammation and the pro-inflammatory cytokine IL-6 as a mediator of these effects. Another study in human

atherosclerotic plaque determined that CAP VSMC expressed senescent marker gene expression that was absent

in control arteries . These markers correlated with shortened telomeres, the length of which was inversely

proportional to the severity of atherosclerosis. The authors suggested that increased oxidative stress in proximity to

the plaque drove the local VSMC into premature senescence.

4. Conclusions

The synthesis of the studies outlined in this review present an intimate relationship between hypertension,

atherosclerosis, and aging. Chronic hypercholesterolemia induces the expression of many components of the RAS,
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and at multiple systemic and cellular targets, Ang II induces the expression of inflammatory and atherogenic

proteins, which together leave the artery primed for hypertension and atherosclerosis. Inhibitors of Ang II synthesis

and AT1R antagonists reduce vascular inflammation and plaque progression, and lipid-lowering therapy reduces

blood pressure. In many murine studies, the genetic deletion of multiple components of the atherosclerotic pathway

reduces hypertension, and deletion of members of the RAS attenuates atherogenesis. These studies are

supported by clinical observations in humans using pharmacological inhibitors. Both of these diseases are more

prevent in aged arteries, and their severity is exacerbated by age. Morphologically, advanced hypertensive and

atherosclerotic arteries resemble those from aged individuals. Atherogenic and hypertensive stimuli intersect on the

VSMC suggesting that hypertension, atherosclerosis, and vascular smooth muscle cells make a perfect trio for

vascular pathophysiology. The identification of the molecular mediators of these diseases is key to our better

understanding of them and, when supported by rigorous genetic studies in mice, represents an opportunity for the

development of therapeutics to combat these vascular diseases which are approaching epic proportions.
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