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Large arteries (especially the aorta) lose elasticity and 
thicken with aging and as a consequence of other con-

ditions, thus leading to central arterial stiffening and asso-
ciated adverse effects on blood flow and pressure. Arterial 
stiffness can be defined and measured in different ways, at 
a local level or systemically. Increases in either the intrinsic 
(material) stiffness or net structural (combined geometric 
and material) arterial stiffness, or both, can increase the ve-
locity at which the pressure pulse travels along the arterial 
tree and central pulse pressure, which can negatively impact 
downstream resistance vessels and organs (ie, heart, brain, 
and kidney). Clarifying temporal and causal relationships 
between arterial stiffening and hypertension was identified 
by NHLBI as an important gap of knowledge, with a po-
tential for clinical translation. NIH (National Institutes of 
Health)-funded studies, more than half of them supported 
by the NHLBI (Online Figure), have investigated various 
aspects of arterial stiffening in humans and in experimen-
tal models. To enable a more focused research effort on this 
topic, NHLBI launched a Request for Applications (RFA) 
HL-10-027, entitled Cellular and Molecular Mechanisms 
of Arterial Stiffening and Its Relationship to Development 
of Hypertension (R01). This initiative supported 11 R01 
awards during 2010 to 2015 (Online Table II; cumulative 
≈$20 million dollars in total costs), which represented a sig-
nificant component of the overall NHLBI investment in this 
field. Here, we report a summary of important scientific 
findings that resulted from this NHLBI-initiated research 
effort, constituting the basis of >200 original research and 
review articles (Online Table II), some highlighted here, 
many conference presentations, and several patents.

In humans, increased arterial stiffness, or loss of elastic 
compliance of large arteries, has been linked to an increased 
risk of myocardial infarction, heart failure, stroke, and kidney 
disease, among other conditions. Pulse wave velocity (PWV), 
the in vivo gold standard clinical measure of arterial stiff-
ness, is an independent predictor of total cardiovascular (CV) 
events, CV mortality, and all-cause mortality.1,2 The associa-
tion between PWV and various CV outcomes remains after 
adjusting for age, sex, blood pressure, body mass index, and 
other known predictors of CV disease such as the Framingham 
risk score. Longitudinal clinical studies have shown that arte-
rial stiffness also predicts an increase in systolic blood pres-
sure and incident hypertension.3,4 Thus, it is important to 
understand the cellular and molecular mechanisms of arterial 
stiffening to reduce the risk of developing CV events and po-
tentially hypertension.

Increased Arterial Stiffness and Hypertension
One of the main accomplishments of the NHLBI initia-
tive was to demonstrate that increased arterial stiffness can 
precede systemic hypertension in several different animal 
models.

Weisbrod et al5 demonstrated that increased arterial stiff-
ness precedes the onset of hypertension by 5 months in a 
murine model of diet-induced obesity. Mice fed a high-fat/
high-sucrose diet, a model that mimics human metabolic 
syndrome, showed significantly increased PWV after 1 
month compared with normal diet–fed mice. PWV remained 
significantly elevated throughout the course of the study, that 
is, up to 8 months of high-fat/high-sucrose diet feeding. In 
contrast, systolic blood pressure did not increase significant-
ly until after 6 months on high-fat/high-sucrose diet. These 
findings support the hypothesis that arterial stiffness is caus-
ally linked to the development of hypertension. Interestingly, 
the group also found that the increased PWV in high-fat/
high-sucrose diet–fed obese mice for 5 months could be 
brought back to normal levels after reverting obese mice to a 
normal diet for 2 months.

Le et al6 used an experimental model with diminished 
levels of elastin. The investigators studied elastin knock-
out mice (Eln−/−), which die within a few days after birth. 
Before birth, left ventricular systolic blood pressure is 
similar between wild-type and Eln−/− mice, for example, at 
embryonic day 18; however, even at this early stage, Eln−/− 
mice have a significantly higher arterial stiffness than wild-
type mice. By postnatal day 1, blood pressure in Eln−/− mice 
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is significantly increased to about twice that of wild-type, 
and their aortic stiffness is further increased. In elastin het-
erozygous mice (Eln+/−), which have 50% to 60% of nor-
mal elastin levels and a normal life span, arterial stiffness is 
significantly increased by postnatal day 7, whereas systolic 
blood pressure is not significantly increased until postnatal 
day 14.6

Herrera et al7 used stroke-prone Dahl salt-sensitive hyper-
tensive rats, which had increased arterial stiffness compared 
with nonstroke-prone Dahl salt-sensitive rats starting at 6 
weeks of age. At this age, both stroke-prone and nonstroke-
prone rats had similar blood pressure. However, at 16 weeks 
of age, stroke-prone Dahl salt-sensitive rats started to show 
significantly higher blood pressure than nonstroke-prone Dahl 
salt-sensitive rats, again consistent with the conclusion that 
arterial stiffness precedes hypertension.

Raaz et al8 studied a murine model of type 2 diabetes 
mellitus (db/db mice) and found that progressive structural 
aortic stiffening preceded the onset of arterial hypertension. 
The authors performed serial pressure myography measure-
ments on isolated thoracic aorta starting at 4 weeks of age 
(ie, when db/db mice are mildly hyperglycemic) and found 
progressive aortic stiffening at 10 and 20 weeks of age. 
Statistically significant elevations of blood pressures were 
observed only at the later stage, 20 weeks of age, not at 10 
weeks of age.

Chen et al9 studied the temporal relationship in an ani-
mal model with altered klotho gene expression. Klotho is a 
recently discovered antiaging gene. They found that in klotho 
heterozygous mice (klotho+/−) PWV started to increase at 14 
weeks of age, whereas systolic blood pressure did not increase 
until 16 weeks of age, again suggesting that arterial stiffness 
precedes measurable increases in blood pressure.

In summary, studies from 5 different animal models of 
hypertension or vascular disorders showed that increased arte-
rial stiffness preceded blood pressure elevation. This temporal 
sequence is consistent with clinical findings of the NHLBI-
supported Framingham Heart Study.3

Cellular and Molecular Mechanisms of Arterial 
Stiffness
Structural and functional changes in all components of the 
vascular wall can contribute both directly or indirectly to al-
tering mechanical properties of blood vessels. RFA investi-
gators used a targeted candidate approach to uncover novel 
and potential targetable pathways that contribute to vascular 
stiffness. These include alterations in extracellular matrix 
proteins, such as enhanced collagen and its crosslinking, loss 
of elastin, as well as immunologic mechanisms that enhance 
adventitial inflammation and ultimately fibrotic change. A 
few examples are described below, and more research accom-
plishments can be found in Online Table II.

Shyy and coworkers investigated relationships among flu-
id-induced wall shear stress, SirT1 (Sirtuin 1) expression, and 
arterial stiffness. They found that the AMP-activated protein 
kinase/SirT1 signaling pathway is involved in endothelial ni-
tric oxide synthase–derived nitric oxide (NO) bioavailability, 
an important determinant of vascular stiffness. Seta and col-
leagues manipulated the expression level of SirT1 globally or 

specifically in vascular smooth muscle cells in mice to dem-
onstrate a crucial role of SirT1 in aortic stiffness and structural 
integrity. Tsao and coworkers identified a novel mechanism of 
arterial stiffening involving the osteogenic transcription fac-
tor, Runx2 (Runt-related transcription factor 2), as an inducer 
of arterial fibrosis and stiffness.

Harrison and collaborators demonstrated an important role 
of immune cells in vascular stiffening and hypertension. They 
found that mice lacking lymphocytes (Rag1−/−) were protected 
against adventitial collagen deposition and stiffening in angio-
tensin II–induced hypertension model. Adoptive transfer of T 
cells, but not B cells, completely restored the collagen deposi-
tion and stiffening with hypertension. Larson and colleagues 
studied roles of immune inhibitory cells (Tregs) and found a 
protective role of Tregs in vascular stiffening.

Berkowitz, Santhanam, and colleagues demonstrated an 
important role of tissue transglutaminase 2, an enzyme cata-
lyzing protein cross-links, in increasing vascular stiffness in 
aging rats and mice. They found that inhibiting transgluta-
minase 2 activity delayed vascular stiffening in middle-aged 
rats and discovered that the activity and secretion of transglu-
taminase 2 were regulated by NO.

Arterial Wall Mechanics and Hemodynamics
Ferruzzi et al10 presented findings in a fibulin-5–deficient mouse 
model, suggesting that aortic stiffening can occur primarily via 
an increase in wall thickness, whereas intrinsic material stiff-
ness remains largely unchanged. They showed that one of the 
greatest changes associated with thickening (ie, structural stiff-
ening) is a lost capability by the wall to store elastic energy. 
They further developed a set of novel computational tools (ie, 
3-dimensional fluid–solid interaction models) that can be used 
to better interpret in vivo vascular alterations in mouse models 
and to study spatiotemporal changes in arterial stiffening and 
their effects on global hemodynamics. This open-source soft-
ware is available at http://www.crimson.software/.

Conclusion, Challenges, and Future Directions
Studies using 5 different animal models of hypertension 
or vascular disorders, supported by the RFA HL-10-027, 
showed that large artery stiffening preceded high blood pres-
sure, consistent with the temporal sequence observed in sev-
eral clinical studies. This concordance supports the notion 
that measurement of arterial stiffness may present opportuni-
ties for early detection of hypertension and better CV risk 
stratification. However, none of the studies published to date 
have clearly determined a process whether or how increased 
arterial stiffness alone can lead to hypertension, which re-
quires further investigation. Studies supported through this 
RFA and other studies also suggested that arterial stiffness 
could be prevented or reversed in certain vascular conditions 
and therefore is amenable to drug therapy. As discussed in 
this report, some of the specific pathways and molecules (eg, 
collagen deposition, elastin loss, SirT1, Runx2, klotho, trans-
glutaminase 2) may suggest specific future intervention tar-
gets. In the future, it will be important to identify the origin of 
signals that target these pathways and molecules.

A major challenge to study arterial stiffness is that stiff-
ening can have effects at multiple length scales and levels 
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(ie, molecular, cellular, tissue, and systemic levels), and these 
scales and levels can interact and feedback to each other. 
Thus, identifying one mechanism may be difficult to estab-
lish. In this regard, a more systems-based interpretation of 
data (including genetics, risk factors, hemodynamics, and 
computational models) may be required. In addition, causal-
ity between stiffness and hypertension is difficult to demon-
strate because it would require large-vessel–specific tools 
(eg, knockout, overexpression, pharmacological tools which 
target aorta and large vessels) without affecting small resis-
tance vessels (which regulate blood pressure). Currently, no 
such tools are available.

We should keep in mind that the relationship between ar-
terial stiffness and blood pressure is very complex. The fact 
that several pathways connected stiffness and hypertension in 
different experimental models suggests that multiple and pos-
sibly redundant mechanisms contribute to arterial stiffness. 
Whether increased arterial stiffness leads to microvascular 
damage and hypertension remains to be determined. In addi-
tion, positive feedback loops exist between the local mecha-
nobiology and global pathophysiology such that increased 
vascular stiffness elevates blood pressure, while elevated 
blood pressure further stimulates aortic wall remodeling and 
stiffening (Figure). Therefore, we must not underestimate the 
clinical challenges of controlling blood pressure.

Emerging information on clinical associations between ge-
netic polymorphisms and arterial stiffening suggests possible 

new pathways connecting arterial stiffening and CV out-
comes.11 Moreover, recent genetic intercross linkage studies 
in Dahl rats revealed sex-specific quantitative trait loci affect-
ing arterial stiffness,12 implying the existence of differential 
genetic mechanisms underlying vascular stiffening in males 
and females. This research area requires further investigation.
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Figure. A simplified model relating arterial stiffness and 
hypertension. Aging and various human disorders can lead 
to endothelial dysfunction and smooth muscle cell (SMC) 
phenotype changes (eg, from contractile to synthetic) and then 
lead to increased arterial stiffness. As discussed in the text, 
various cellular and molecular mechanisms involving multiple 
genes and signaling pathways are likely involved during the 
process of arterial stiffening. Depending on the condition 
(or stage), some modifiers such as exercise, weight loss, 
and diet may be able to reverse arterial stiffness and lower 
blood pressure. The importance of blood pressure control is 
emphasized by the insidious positive feedback loop between 
increased arterial stiffness and high blood pressure. Because of 
incomplete understanding of causality between arterial stiffness 
and high blood pressure in different conditions, a question mark 
is placed alongside the arrows. ECM indicates extracellular 
matrix; SirT1, Sirtuin 1; and TG2, transglutaminase 2.
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