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ABSTRACT: Large elastic artery stiffness is an independent predictor of age-related cardiovascular 

events that is attributable to structural remodeling throughout the artery. The intima, media and 

adventitial layers of the artery uniquely remodel with advancing age and all contribute to arterial 

stiffening. The specific expression of the extracellular matrix proteins collagen and elastin, and post-

translational modifications of these proteins by advanced glycation end-products are key mechanisms 

in arterial stiffening with age and will be reviewed in the context of region-specific expression. In 

addition, interventions for attenuating age-related arterial stiffness and novel imaging advances for 

translating basic findings to older clinical populations will be discussed. 
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Aging is the major risk factor for cardiovascular diseases 

(CVD) that is largely due to dysfunctional arteries (1,2). 

Stiffening of the large elastic arteries, one expression of 

arterial dysfunction, is emerging as an independent 

predictor of CVD events (3,4,5,6). Much of the 

stiffening observed with aging is attributable to structural 

remodeling within the artery (7). The structural 

alterations within the intimal, medial and/or adventitial 

layers of the artery include increased collagen 

deposition, reductions in elastin and greater cross-linking 

by advance glycation end-products (AGEs) (1, 8-12). 

Both oxidative stress (11-17) and inflammatory (18-20) 

signaling cascades are associated with advancing age 

that may, in turn, contribute to arterial stiffening with 

aging. 

Novel interventions attenuating large elastic artery 

stiffness in older individuals hold promise for reducing 

mortality due to CVD. As such, aerobic exercise and 

nutraceutical interventions have been shown to reduce 

arterial stiffening and are associated with reductions in 

cardiovascular events (21-23). Only recently have 

studies begun to elucidate the cellular and molecular 

mechanisms for the beneficial effects of aerobic exercise 

and nutraceuticals improving arterial stiffness with older 

age. Here current evidence is reviewed for the 

extracellular matrix (ECM) remodeling within the 

intimal, medial, and adventitial layers of the artery as 

well as the role of increased oxidative and inflammatory 

signaling in age-related large elastic artery stiffening. 

Additionally, aerobic exercise and nutraceuticals used as 

interventions, and the associated down-stream cellular 

and molecular mechanisms will also be discussed in the 

context of translating basic findings to the aged human 

population.   

 

Extracellular Matrix Modifications with Aging  

 

Large elastic artery stiffness with aging is associated 

with arterial collagen deposition, reductions in elastin 

and AGEs accumulation (1,7); however, only recently 

have these ECM expressions been examined in a layer-

by-layer analysis in arteries to determine the region-
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specific source. The arterial wall is composed of an 

intima where endothelial cells reside, a medial layer 

composed of multiple layers of smooth muscle cells and 

the adventitia containing a sparse population of 

fibroblasts. The cells within each layer have unique 

functions and preferentially express, secrete and/or 

synthesize the extracellular matrix (ECM) molecules 

collagen and elastin based on cell type. As such, 

adventitial fibroblasts have greater collagen synthesis 

compared with smooth muscle cells (24); however, 

adventitial fibroblasts and endothelial cells typically 

have less elastin production compared with smooth 

muscle cells (25,26). Endothelial cells also express 

collagen (27), but the expression in relation to other 

vascular cells is unknown. In contrast to collagen and 

elastin, AGEs is a non-specific post-translational 

modification of proteins throughout the arterial wall 

expressed in endothelial cells, smooth muscle cells and 

adventitial fibroblasts (11,12,28).  

 
Collagen 

Increased collagen deposition with aging has been 

observed in all three layers of the artery: intima, media 

and adventitia (11,12,29-31). Type I collagen, the major 

arterial collagen sub-type conferring mechanical stiffness 

(7) has a greater expression in the aortic intima of older 

compared with younger adults and is associated with the 

increased expression of the smooth muscle marker, 

smooth muscle alpha actin (SMαA) (30). Because 

smooth muscle cells from arteries of older animals have 

greater migratory properties it has been proposed the 

intimal cells are smooth muscle cells migrating from the 

medial layer (32). Interestingly cultured senescent 

endothelial cells, a cell model of replicative aging, have 

greater collagen I and SMαA expressions, suggesting a 

novel hypothesis of endothelial cell contribution to 

intimal collagen deposition with aging (27). Despite the 

cellular origin, intimal cells contribute to collagen 

deposition with aging.  

Studies assessing collagen deposition in the medial 

layer with advancing age have divergent results showing 

either an increase or no change in these ECM proteins 

(11,12,29,30, 33-35). Animal studies have demonstrated 

increases in total collagen content in the medial layer 

(33, 35); however, most collagen sub-types have shown 

a decrease or no change in animal models 

(11,12,29,33,35).  This is markedly different when 

compared with the medial layer from aged humans 

demonstrating an increase in all collagen sub-types 

examined (30). Although both animals and humans have 

increased total medial collagen deposition with aging, 
the sub-type expression profile explaining the overall 

increase in this layer appear to be species specific. 

Fibroblasts in the adventitia, or outer-most layer of 

the artery, synthesize more collagen when compared 

with smooth muscle cells in vitro (24); suggesting 

adventitial fibroblasts, if activated, may significantly 

contribute to collagen deposition with advancing age. 

Recently it has been demonstrated that aging promotes 

adventitial collagen I expression in aortic histological 

segments (11,12,29) and in primary cultured aortic 

fibroblasts (11). Additionally, advancing age induces 

adventitial transforming growth factor beta 1 (TGF-β1) 

expression that, in turn, stimulates the pro-synthetic 

myofibroblast phenotype and collagen I expression in 

cultured fibroblasts from young animals (29). The age-

related increase in adventitial collagen deposition is 

consistent with observations implicating this arterial 

layer in vascular stiffening with advancing age (36). 

However, direct in vivo evidence for this adventitial 

signaling pathway to promote collagen deposition and 

arterial stiffness is lacking.    

 
Elastin 

Elastin provides elasticity to vessels and is expressed 

in all cells within the artery. However, compared with 

the other arterial cell types medial smooth muscle cells 

express greater amounts of elastin (11,12,26,29). Aging 

reduces elastin in arteries (26,31,33,35,37-39) that is 

largely attributable to reductions within the smooth 

muscle medial layer (29,33). Moreover, lysyl oxidase 

(LOX), a key enzyme responsible for elastin maturation 

(40, 41) has a reduced medial expression, and the elastin 

degrading enzyme matrix metalloproteinase-2 (MMP-2) 

is greater in whole arteries (34), and within the medial 

layer (29,39) of aged arteries. In contrast to the medial 

layer, aging does not affect elastin expression, or the 

regulating enzymes LOX and MMP-2 in the adventitial 

layer (29). Collectively the diminished medial elastin 

expression with aging is related to dysregulated enzyme 

expressions that either prevent maturation or promote 

degradation.  

 

AGEs  
Advancing age promotes the accumulation of AGEs, 

a non-enzymatic glycosylation of proteins that, in turn, 

promotes large elastic artery stiffness. AGEs non-

specifically cross-link proteins throughout the artery and 

have been shown to be expressed in all layers of the 

artery (12,28,42). Recent investigations have begun to 

elucidate a direct causal role for AGEs in the 

pathogenesis of large elastic artery stiffness with 

advancing age (10,12,43). Compounds that break AGEs 

cross-links, such as Alagebrium, have been shown to 
attenuate arterial stiffening in older adults (43) and 

rodents (10).  Moreover, treatment of biologically active 

AGEs ex vivo produce greater mechanical stiffness in 
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cultured aortic rings from young mice further supporting 

a role of AGEs in arterial stiffening (12). Although 

AGEs contribute to arterial stiffening, less in known 

about the mechanisms leading to the increased in 

glycosylation with aging and arterial stiffness.  

 

Oxidative Stress 
 

Oxidative stress, or greater reactive oxygen species in 

relation to antioxidant capacity, has been shown to be 

present in arteries of older rodents (11-14, 17,44-46), and 

plasma markers of oxidative stress are independent 

predictors of arterial stiffness in healthy humans (47). 

Increased whole artery aortic expression of the p67 

subunit of the pro-oxidant enzyme NADPH oxidase and 

reductions in the anti-oxidant enzyme manganese 

superoxide dismutase (MnSOD) are also a consequence 

of aging contributing to the increased oxidative burden 

(11,17). In addition, greater superoxide bioavailability is 

associated with markers of oxidative stress, enhanced 

collagen deposition, reductions in elastin and greater 

AGEs accumulation (11,12,29). Interestingly when the 

antioxidant TEMPOL, a mimetic of superoxide 

dismutase (SOD), was given in drinking water to old 

mice aortic superoxide bioavailability, arterial stiffness 

and adventitial collagen deposition were reduced to 

levels not different from young controls (11). Moreover, 

adventitial fibroblasts isolated and cultured from old 

rodents demonstrate greater collagen I expression that 

was attenuated with SOD treatment. In contrast, the 

addition of pyrogallol, a superoxide generator, to 

fibroblasts isolated from young rodents induced collagen 

I expression that was abolished with SOD pre-treatment 

(11). Although collagen within the medial layer was not 

increased, TEMPOL reduced this expression in both 

young and old mice. In addition to direct superoxide-

scavenging effects, TEMPOL may also reduce oxidative 

stress by attenuating pro-oxidant expressions (11). 

Collectively, these data demonstrate a distinct role for 

oxidative signaling, specifically superoxide, in age-

related arterial stiffening and adventitial collagen 

deposition.   

Despite reductions in age-associated arterial 

stiffening and collagen deposition, elastin expression is 

not improved with TEMPOL treatment in old mice. 

Moreover, young mice ingesting TEMPOL demonstrate 

lower elastin expressions in the media without having an 

effect on arterial stiffness or adventitial elastin 

expression (11), suggesting superoxide is an important 

signaling radical in the maintenance of elastin by smooth 

muscle cells.  This observation is in agreement with 
others showing TEMPOL attenuates elastin in the lungs 

of rats with pulmonary hypertension (48). TEMPOL also 

has no effect on AGEs accumulation in the medial and 

adventitial layers of older mice (11). This, in part, may 

be due to a short, 3-week treatment protocol, whereas a 

longer TEMPOL intervention would potentially result in 

reductions of AGEs. Additionally, it is unknown if 

oxidative signaling contributes to AGEs abundance in 

the intima by endothelial cells with advancing age, and 

further investigation is warranted.            

 

Inflammation 

 
Advancing age results in greater whole artery activation 

of the pro-inflammatory transcription factor NFκB that, 

in turn, promotes the expression of pro-inflammatory 

cytokines such as IL-1β, IL-6, IFN-γ and TNF-α 

(15,17,18,19,20). Additionally, macrophage infiltration 

is notably higher in the adventitia and surrounding 

adipose tissue that is also implicated in arterial 

inflammation (15). Although numerous studies have 

observed greater inflammation in arteries, no 

investigations have directly determined whether 

reductions in inflammation attenuate large elastic artery 

stiffening with age. Others have demonstrated that 

indirect anti-inflammatory treatments targeting NFκB 

improve some expressions of arterial dysfunction (49). 

However, direct causal studies linking inflammation with 

age-related arterial stiffening and ECM remodeling are 

lacking and further investigation is needed. 

 

Interventions 

 

Aerobic Exercise  

Aerobic exercise reduces the risk for CVD, and 

attenuates age-related arterial stiffening in older adults 

and aged rodents (10,31,50,51,52). The mechanisms for 

exercise-related improvements in arterial stiffness with 

aging have largely been unexplored. However, recent 

evidence has begun to elucidate the structural, cellular 

and molecular mechanisms underlying the large elastic 

artery de-stiffening effects of exercise with aging.  

Collagen has long been implicated in the 

pathogenesis of age-associated arterial stiffening, and as 

a result is a prime target for exercise in attenuating 

arterial stiffness. Indeed, older mice given access to 

running wheels results in reduced medial and adventitial 

collagen I and III sub-type expressions, and is associated 

with an attenuation of adventitial TGF-β1 expression 

(29). Moreover, the age-related increase of the pro-

oxidant p67 subunit of NADPH oxidase is attenuated, 

and anti-oxidant SOD activities are increased in whole 

arterial segments of older voluntary exercised mice (45). 

Interestingly, TGF-β1 induces collagen in adventitial 
fibroblasts via a superoxide dependent mechanism that 

has been shown to mediate functions through NADPH 

oxidase (29,53). Albeit not tested, the beneficial effects 
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of exercise for attenuating large artery stiffness and 

adventitial collagen expression may, in part, be mediated 

via reductions in a TGF-β1-NADPH oxidase-superoxide 

signaling cascade; however, further investigation is 

needed to test this hypothesis. Additionally, the effects 

of exercise on intimal collagen deposition with 

advancing age are unknown warranting further research. 

Collectively, these data suggest the collagen-lowering 

effect of exercise in the medial and adventitial layers is 

an important mechanism underlying the de-stiffening of 

large elastic arteries with aging.  

Decreases in elastin with aging contribute to greater 

arterial stiffening. However, older exercise trained 

rodents do not have increased elastin in whole aortic 

segments or the medial layer despite reductions in 

arterial stiffness (29,31). The elastin modulating proteins 

LOX and MMP-2 are also unaffected with exercise 

training (29). Moreover, adventitial elastin expression is 

unaltered with exercise training and no current data 

exists for the effects of exercise on intimal elastin with 

aging. Taken together, elastin contributes to age-related 

arterial stiffening, but not to the de-stiffening effects of 

aerobic exercise.  

Few studies have determined the effects of exercise 

on arterial AGEs accumulation. Recently, exercise and 

the AGEs cross-link breaker Alagebrium have been 

shown to independently attenuate arterial stiffness, and 

in combination reverse vascular stiffness with aging 

(10). These data suggest exercise decreases arterial 

stiffness either by preventing new AGEs formation as 

stated by the authors or via a mechanism independent of 

AGEs. Further investigations are required to determine if 

exercise-related reductions in arterial stiffening are due 

to breakdown of established AGEs, prevention of new 

AGEs formation or mediated via an independent 

mechanism.    

 

Novel Interventions 
Aerobic exercise training is recognized as an 

intervention having profound effects on slowing and/or 

reversing large elastic artery stiffness. However, exercise 

can be contra-indicted in some older populations and not 

all older individuals are willing to perform exercise on a 

regular basis. To treat these individuals other novel 

interventions need to be established. Interventions using 

active compounds derived from plant sources that may 

confer health benefits is one potential option. Two novel 

plant-derived compounds, nitrites and curcumin, have 

recently been shown to attenuate large elastic artery 

stiffness in mice and will be discussed herein with an 

insight to the potential mechanisms of action.  
 

Sodium Nitrite 

Nitrates are found naturally in fruits, vegetables and 

grains, and are considered to be beneficial for health as 

well as safe (54). Interestingly when consumed, dietary 

nitrates are converted to nitrite in the mouth and 

gastrointestinal tract (54). Thus, it has been suggested 

that the positive effects of vegetable-derived nitrates are, 

in part, mediated by nitrites. As such, administration of 

sodium nitrite has been shown to exert protective 

qualities in animals.  

Although studies have examined the effects of 

sodium nitrite in disease models (55-57), little data exists 

for the effects of sodium nitrite in older animals. Recent 

evidence, however, has demonstrated that a short-term, 

3-week sodium nitrite supplementation in older mice 

reduces arterial stiffness, which was associated with 

attenuated whole artery AGEs accumulation and 

oxidative signaling (12,17). The reduced oxidative 

burden with sodium nitrite was related to reduced p67 

subunit expression of NADPH oxidase and greater SOD 

activity in the whole aorta (17). Moreover, in an ex vivo 

model, sodium nitrite prevented the superoxide-mediated 

increase in AGEs, and AGEs-induced mechanical 

stiffening of aortic segments (12). In contrast, sodium 

nitrite did not attenuate the age-related alterations in 

adventitial collagen I, whole artery TGF-β1, or medial 

elastin expressions (12). Sodium nitrite did, however, 

decrease medial elastin expression in young mice 

without increasing arterial stiffness (12). Despite the 

reductions of elastin in young mice, sodium nitrite still 

remains a novel translational intervention for the 

treatment of age-related arterial stiffening that deserves 

further investigation.              

  

Curcumin  

Curcumin is the active ingredient in the Indian spice 

turmeric that is used widely in Indian cooking. Found 

naturally in the root of Curcuma longa, curcumin has 

been utilized in traditional Indian medicine to treat skin, 

liver and gastrointestinal tract ailments (58). More 

recently curcumin supplementation in animal models of 

disease have been shown to improve arterial function, 

including arterial stiffness in young rodents (59-61). 

Importantly, curcumin is generally recognized as safe by 

the FDA, and is non-toxic at doses as high as 8,000 

milligrams/day (62).  

Few studies have assessed the effectiveness of 

curcumin in treating arterial dysfunction, and none have 

determined the effects in older rodents until recently. In 

this study, curcumin supplemented chow given to older 

mice for 4 weeks attenuated arterial stiffness. The 

reductions in stiffness were associated with attenuations 
of adventitial collagen type I and whole artery AGEs 

expressions in old treated mice without affecting medial 

elastin expression (63). Additionally, old curcumin 
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treated mice had reduced aortic superoxide 

bioavailability and p67 subunit of NADPH oxidase 

expression, and greater whole artery MnSOD expression 

compared with old control mice (63). These findings 

provide initial evidence that curcumin supplementation 

may be a novel intervention for the treatment of arterial 

stiffness. However, clinical studies assessing the effects 

of curcumin supplementation in older populations are 

currently lacking.   

 

 

 

 
 
Figure 1. Summary of region-specific modifications with age and proposed mechanisms contributing to artery 

stiffness. Aging results in greater oxidative stress and inflammation that promotes region specific remodeling in the 

intimal, medial and adventitial layers that contributes to arterial stiffening. The intima has greater collagen, smooth 

muscle alpha actin (SMαA) and advanced glycation endproduct (AGEs) expressions. The increased SMαA may be a 

result of smooth muscle cell migration from the media or a novel endothelial phenotypic change. Within the medial 

layer collagen and AGEs accumulation are greater, whereas elastin is reduced. The elastin modulating enzymes 

Lysyl Oxidase (LOX) and matrix metalloproteinase-2 (MMP-2) are also modulated in the media to promote elastin 

degradation. Adventitial transforming growth factor beta 1 (TGF-β1), myofibroblasts, collagen and AGEs 

expressions are greater. TGF-β1 induces a myofibroblast phenotype and collagen in fibroblasts.  

 

 

 

Translation to Humans 

 
Translating novel pre-clinical mechanisms and 

interventions to human populations is of great 

biomedical importance. Of notable importance is the 

observation that the adventitia is related to arterial 

stiffening with age (36), and older animals have greater 

adventitial remodeling with increased collagen 

deposition and AGEs accumulation (11,12,29). The 

translation of arterial remodeling is difficult to assess 

non-invasively. However, recent advances in imaging 

techniques have shown that greater adventitial thickness, 

assessed with non-invasive imaging, is correlated with 

cardiovascular risk factors in humans (64). Translation 

of novel pre-clinical interventions improving arterial 

stiffness and adventitial remodeling have not currently 

been performed in older adults, but may provide 
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mechanistic insight to the de-stiffening effects of 

interventions with aging.  

   

Conclusions   
 

In conclusion, large elastic artery stiffness with aging is 

a complex process involving intimal, medial and 

adventitial remodeling that is summarized in the 

proposed working model (Figure 1). Recent evidence has 

elucidated the novel mechanism for adventitial 

remodeling in arterial stiffening with age. Combined 

with novel imaging modalities and plant-based 

interventions, pre-clinical findings assessing adventitial 

remodeling can readily be translated to older human 

populations.    
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