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The underlying mechanisms behind aging has long been a great scientific mystery 
that the biomedical research community has long studied. In developed nations, as 
the population grows older, increases in life expectancy is increasingly limited by our 
relatively poor control of chronic aging-associated diseases such as arterial aging. 
Among age-related conditions that negatively influence longevity. Growing evidence 
demonstrates that arterial aging is fundamentally caused by a proinflammatory 
process that begins at birth and results in detrimental effects that affects every organ 
system. Vascular aging is the leading risk factor for quintessential cardiovascular 
diseases such as hypertension and atherosclerosis. With aging, vascular walls develop 
a pro-inflammatory and stressed microenvironment characterized by both an 
upregulation of pro-inflammatory chemokines and cytokines as well as a down-
regulation anti-inflammatory counterparts. This chronic imbalance in inflammatory 
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regulatory networks is the key driver of changes at the cellular and molecular level 
that result in hypertensive and atherosclerotic arterial. Thus, an intervention of 
proinflammation may be a viable therapeutic intervention to reduce morbidity and 
mortality from cardiovascular diseases. In this eBook, we aim to supply an updated 
overview of the physiological and biochemical mechanisms that affect inflammation 
and vascular aging. We believe that this eBook will contribute to the understanding 
of the pathogenesis of many chronic or age-related diseases, as well as to their 
treatment with both current and new therapeutic approaches. 
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Editorial on the Research Topic

Arterial Aging and Age-Associated Arterial Diseases

INTRODUCTION

With advancing age, cellular functions such as the DNA repair, epigenetic modifications,
telomere activity, protein folding, mitochondrial respiration, stem cell regeneration, and
cellular communication are deviated from their physiological condition, leading to systemic
proinflammation. The inflammatory regulatory cascades are the key signaling that drives the
cellular changes involved in the adverse arterial wall remodeling thus facilitating the exponential
increase in mortality and morbidity related to hypertension and atherosclerosis. In this research
topic, titled “arterial aging and age-related arterial diseases,” the views of the physiological
and biochemical mechanisms that affect vascular proinflammation and inflammatory diseases
with aging have been updated. Additional original research articles on molecular and cellular
mechanisms, diagnosis, and treatment of arterial adverse remodeling associated with aging have
also been included.

Metabolism Disorders and Aging
With advancing age, the glucose metabolism in arterial wall disorders due to insulin resistance,
declined growth hormone, and cellular senescence (Strazhesko et al.). Aging increases the deposits
of the advanced glycation end-products (AGEs), the long-lived molecules of advanced glycation of
extracellularmatrix in the basementmembrane and interstitial space of cells (Senatus and Schmidt).
The basement is thus glycated and as result becomes stiffen and fractured (Senatus and Schmidt).
The disrupted and modified basement membrane promotes endothelial proinflammation and
dysfunction as well as the synthetic phenotypic shift of vascular smooth muscle cells (VSMCs)
(Senatus and Schmidt). The glycated interstitial AGEs interact with their receptor RAGE of vascular
cells initiating a cascade of events leading to proinflammation and stiffening of the vasculature
(Senatus and Schmidt). Importantly, aging increases the prevalence of the metabolic syndrome and
modifies blood coagulation factors increasing vascular inflammation and the risk of thrombosis
and atherosclerosis (Lagrange et al.). In addition, apolipoprotein E (APOE) gene exerts important
roles in the regulation of lipoprotein metabolism, and its mutation is closely associated with an
increased risk of coronary artery disease in individuals with metabolic disorder (Luo et al.).

Inflammation, Calcification, and Arterial Stiffening
Arterial stiffness is a determinant of arterial biological aging rather than arterial chronological
aging due in large to genetic and epigenetic factors leading to inflammation and calcification.
Aging increases Angiotensin II (Ang II) pro-inflammatory signaling in the arterial wall.

6

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/journals/genetics#editorial-board
https://www.frontiersin.org/journals/genetics#editorial-board
https://www.frontiersin.org/journals/genetics#editorial-board
https://www.frontiersin.org/journals/genetics#editorial-board
https://doi.org/10.3389/fgene.2018.00444
http://crossmark.crossref.org/dialog/?doi=10.3389/fgene.2018.00444&domain=pdf&date_stamp=2018-10-19
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles
https://creativecommons.org/licenses/by/4.0/
mailto:mingyiw@grc.nia.nih.gov
https://doi.org/10.3389/fgene.2018.00444
https://www.frontiersin.org/articles/10.3389/fgene.2018.00444/full
http://loop.frontiersin.org/people/50392/overview
http://loop.frontiersin.org/people/37142/overview
http://loop.frontiersin.org/people/397983/overview
http://loop.frontiersin.org/people/102093/overview
https://www.frontiersin.org/research-topics/2029/arterial-aging-and-age-associated-arterial-diseases
https://doi.org/10.3389/fgene.2017.00198
https://doi.org/10.3389/fgene.2017.00187
https://doi.org/10.3389/fgene.2017.00187
https://doi.org/10.3389/fgene.2017.00187
https://doi.org/10.3389/fgene.2017.00187
https://doi.org/10.3389/fphys.2017.00949
https://doi.org/10.3389/fphys.2017.01031


Wang et al. Age-Associated Arterial Remodeling

Ang II modifies the levels of several micro RNA (miR) including
miR 21, 22, and 29 (Duggirala et al.; Nanoudis et al.). miR-
21 increases arterial fibroblasts survival and extracellular matrix
(ECM) deposition (Cheng et al., 2016). miRs-22 promotes VSMC
phenotypic shifts from contractile to synthetic phenotype. miR-
29 affects the synthesis of elastin and different types of collagen.
Thus, Ang II signaling alters the arterial proinflammatory niche
modified bymiRs, leading to arterial ECM remodeling (Nanoudis
et al.).

Arterial calcification is a sequelae of calcium metabolism
disorder and inflammation of vascular wall (Nanoudis et al.).
Trans-differentiation of VSMCs to a chondrocyte or osteoblast-
like phenotype is the main cellular way by which arterial
calcification can lead to arterial stiffening (Nanoudis et al.).
The medial calcification precedes the atherosclerotic plaque
development (Nanoudis et al.). Notably, miRs affect arterial
calcification through miR-29-elicited matrix metalloproteinase
type II (MMP-2) activation (Nanoudis et al.) and calcium
deposition and osteoblast differentiation (Nanoudis et al.).

Arterial stiffening or the extracellular-associated stiffening
markedly affects the function of endothelial cells with aging
(Kohn et al.). Changes in endothelial cells or the surrounding
ECM directly impact endothelial health, such as nitric oxide
(NO) production and barrier integrity against leukocyte
transmigration (Kohn et al.). VSMCs are durotactic and
preferentially migrates toward increased stiffness substrates and
ECM chemical cues and proliferates on stiffer matrixes (collagen)
(Kohn et al.).

Arterial Stiffening and Hypertension
The age-associated increase in arterial stiffness is well correlated
with the incidence of hypertension. In this issue, Kohn et al.
comprehensively reviewed the methods of measurement of
arterial stiffness at both the macro-and microscale, including
the pulse wave velocity macroscale measurement in clinic
and microscale atomic force microscopic measurements in the
research laboratory (Kohn et al.). As a unique advantage for
large epidemiological studies, this issue analyzes the mechanical
defects due to arterial aging based on the measured aortic
pressure and an assumed triangular flow, paving the way to
consider the clinical application of the simplified method for
estimating the arterial stiffness (Chang et al.). Arterial intima
stiffening measurements have highlighted that hypertension is
preceded by arterial stiffening, and elevated arterial stiffening
preceded increases in blood pressure in subjects with rheumatoid
arthritis (Woodman et al.). This effect is abolished by
methotrexate treatment (Woodman et al.).

Aging Atherosclerosis
Atherosclerosis is driven by aging (Head et al.). The mummies
studies suggest that atherosclerosis is not a lifestyle dependent
disease, rather than, an aging driven disease (Head et al.).
Atherosclerosis is a chronic inflammatory, progressive disease
with manifestation starting at a young age in children under
the age of 10 years and even <1 year old (Head et al.). Aging
promotes the dynamic changes of monocytes/macrophages and

disorders of lipid. Elderly macrophages assist the living of
atheroma and promote the formation of plaques (Head et al.).

Aging Stroke
The incidence of stroke is an early pro-thrombotic phenotype of
atherothrombotic events with aging. Such an aspect is reinforced
by the pro-coagulant properties of de-differentiated and pro-
inflammatory VSMCs due to their increased fibrinogenesis
and impaired fibrinolysis and increased saturated fatty acids
(Lagrange et al.). Atherothrombotic events are also associated
with the metabolic syndrome (Lagrange et al.).

Aging Arterial Dissection/Aneurysms
The dissection and aneurysm are the deadly complications
of hypertension and atherosclerosis in the elderly population.
Non-coding RNAs, including micro-RNAs and long non-coding
RNAs, are recently emerging as important modifiers of gene
transcription and cell function (Duggirala et al.). Non-coding
RNAs such as miR-21, 29, and 34 are alerted in the arterial wall
and involved in the development of arterial aneurysm (Duggirala
et al.). Milk fat globule EGF-VIII fragment medin-amyloid, a
characterized age-associated arterial amyloid, plays a role in
the process of hypertension, atherosclerosis, and aneurysm and
dissection (Wang et al.).

Aging Peripheral Arterial Disease
Aging is the major risk factor for the incidence of peripheral
arterial disease accompanied by an increase in pulse pressure.
Mao et al. performed a prospective cohort observation and
investigated the association of pulse pressure with peripheral
arterial disease incidence in an elderly general population and
they found that the hazard ratio for people with pulse pressure
more than 60 mmHg was 2.20 compared with those whose pulse
pressure was <40 mmHg (Mao et al.).

Aging Hypertension
Chronic hypertension is one of the most common aging-related
disorders. The impairment of endothelial cells function along
with the alteration in VSMCs calcium homeostasis plays a
fundament role in the development of hypertension. In their
review, Eid et al. analyze and discuss the role of different type
of Inositol 1,4,5-Trisphosphate Receptors (IP3R) in the onset

and progression of hypertension via their effect on VSMCs
physiological functions, such as vascular tone regulation and
VSMCs phenotypic switch to proliferative phenotype in age-
associated vascular remodeling (Eid et al.).

Anti-aging Molecules
Hydrogen sulfide (H2S), like a nitric oxygen (NO), may be an
anti-inflammatory vascular gaseous mediator. Endogenous H2S
is produced during the cysteine metabolism, which is regulated
by the pyridoxal phosphate-dependent enzymes cystathionine
β-synthase (CBS) and cystathioine y-lyase (CSE). CSE KO
in mice reduces the production of H2S and predispose the
animals to the development of early atherosclerotic lesions,
however, supplement of H2S effectively alleviates the initiation
and progression of atherosclerosis (Lin et al.). A further study
show that H2S supplementation in to ApoE−/− mice promotes
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the expression of Ang II converting enzyme 2 (ACE2), resulting
in a decrease of Ang II in endothelial cells, and eventually
diminishing the prevalence and severity of atherosclerosis (Lin
et al.).

Apelin is synthesized as 77-amino acid preproapelin and
rapidly cleaved into active isoforms, including apelin-13, which
is predominantly enriched in the cardiovascular system (Zhou
et al.). Apelin-13 is a negative regulator of aging-mediated
and Ang II-mediated adverse cardiovascular remodeling and
dysfunction via an activation of the apelin receptor (Zhou et al.).
Apelin 13 receptor signaling mediates the endothelial-dependent
vasodilation (Zhou et al.).

Anti-aging Lifestyles
The regular aerobic exercise effectively alleviates the age-related
symptoms and signs. In this issue, Chen et al. report that the
habitual exercise improves the aortic endothelial mitochondria

function via the activation of an adenosine monophosphate-
activated protein kinase α2 (AMPK α2) (Chen et al.). In addition,
exercise also improves the trunk flexibility, known as an index of
the body stiffness. The flexibility is a predictor of arterial stiffness
(Gando et al.). The improvement of the body flexibility reduces
the progression of arterial stiffening with aging (Gando et al.).
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Background: Increased arterial stiffness (AS), intima-media thickness (IMT), and the

presence of atherosclerotic plaques (PP) have been considered as important aspects

of vascular aging. It is well documented that the cardiovascular system is an important

target organ for growth hormone (GH) and insulin-like growth factor (IGF)-1 in humans,

and GH /IGF-1 deficiency significantly increases the risk for cardiovascular diseases

(CVD). The telomere length of peripheral blood leukocytes (LTL) is a biomarker of cellular

senescence and that has been proposed as an independent predictor of (CVD). The aim

of this study is to determine the role of GH/IGF-1, LTL and their interaction cardiovascular

risk factors (CVRF) in the vascular aging.

Methods: The study group included 303 ambulatory participants free of known CVD

(104 males and 199 females) with a mean age of 51.8 ± 13.3 years. All subjects had

one or more CVRF [age, smoking, arterial hypertension, obesity, dyslipidemia, fasting
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hyperglycemia, insulin resistance—HOMA (homeostatic model assessment) >2.5, or

high glycated hemoglobin]. The study sample was divided into the two groups according

to age as “younger” (m≤ 45 years, f ≤ 55 years) and “older” (m> 45 years, f > 55 years).

IMT and PP were determined by ultrasonography, AS was determined by measuring the

carotid-femoral pulse wave velocity (c-f PWV) using the SphygmoCor system (AtCor

Medical). LTL was determined by PCR. Serum IGF-1 and GH concentrations we

measured by immunochemiluminescence analysis.

Results: Multiple linear regression analysis with adjustment for CVRF indicated that

HOMA, GH, IGF-1, and LTL had an independent relationship with all the arterial wall

parameters investigated in the younger group. In the model with c-f PWV as a dependent

variable, p < 0.001 for HOMA, p= 0.03 for GH, and p= 0.004 for LTL. In the model with

IMT as a dependent variable, p= 0.0001 for HOMA, p= 0.044 for GH, and p= 0.004 for

IGF-1. In the model with the number of plaques as a dependent variable, p = 0.0001 for

HOMA, and p= 0.045 for IGF-1. In the older group, there were no independent significant

associations between GH/IGF-1, LTL, HOMA, and arterial wall characteristics.

Conclusions: GH/IGF-1, IR, HOMA, and LTL were the important parameters of arterial

aging in younger healthy participants.

Keywords: arterial aging, growth hormone, insulin-like growth factor-1, insulin resistance, leukocytes telomeres

length

INTRODUCTION

Cardiovascular disease (CVD) remains a leading cause of death
worldwide (Fuster et al., 2011). Steady aging of the population is
leading to a significant increase in the number of heart attacks,
strokes, and heart failures. More evidence has been obtained on
the important prognostic implications of aging-related changes
in the structural and functional parameters of the artery wall
for the development of cardiovascular events. These changes
create a metabolically and enzymatically active environment that
promotes the onset and progression of disease.

Age-associated changes in the arteries include increased
stiffness of large elastic arteries, for which the “gold standard”
measurement method involves the carotid-femoral pulse wave
velocity (c-f PWV) (Vlachopoulos et al., 2010). Other changes
include an increase in the intima-media thickness (IMT)
(Tziomalos et al., 2010) and the presence of atherosclerotic
plaques (PP) (Green et al., 2011). Slowing these changes
should reduce the risk of clinical CVD. The scientific basis for
determining cardiovascular risk factors (CVRF) has increased
significantly in recent years, but there is little information about
the relationship between conventional risk factors and signs of
arterial wall aging in individuals without clinical CVD. There
is even less information on the association between signs of
arterial wall aging and factors that determine the aging processes
in general and in their interaction with CVRF. Factors that
influence the aging process include insulin resistance (IR),
growth hormone (GH) activity, insulin-like growth factor-1
(IGF-1), and leukocyte telomere length (LTL).

The levels of GH and IGF-1 decrease with age in both
laboratory animals and humans (Carter et al., 2002). These
hormones are important anabolics that stimulate cell growth,

proliferation, and tissue repair. The age-associated decreases of
GH and IGF-1 are believed to contribute to the development
of many signs of aging, including cardiovascular dysfunction.
Cardiomyocytes, smooth muscle cells, and endotheliocytes
abundantly express IGF-1 receptors, which makes them highly
sensitive to IGF-1 (Chisalita et al., 2009). People with GH
deficiency and low circulating IGF-1 levels been documented to
have an increased risk of developing CVD and cerebrovascular
diseases (Laughlin et al., 2004).

There is a relationship between IR and arterial stiffness in
both patients with diabetes and healthy young individuals (Giltay
et al., 1999). The role of advanced glycation end-products and the
effect of insulin could potentially be important in this context.
IR also contributes to the progression of atherothrombosis
through the development of dyslipidemia, hyperfibrinogenemia,
and increased activity of tissue plasminogen activator inhibitor-1
(Choi et al., 2007).

Several studies have suggested that LTLmay be an indicator of
the biological age of vessels (Nilsson et al., 2013). Telomeres are
the TTAGGG tandem repeats at the ends of chromosomes and
progressively shorten with each replication of cultured human
somatic cells. LTL reflects both an individual’s telomere length
at birth and the telomere attrition rates during the course of life,
demonstrating the replicative history and cumulative oxidative
burden (Aviv, 2004). Individuals with short telomeres in white
blood cells are more likely to show accelerated vascular aging
(Benetos et al., 2003), atherosclerosis (Samani et al., 2002),
coronary heart disease (Fyhrquist et al., 2013) and type 2 diabetes
mellitus (T2DM) (Murillo-Ortiz et al., 2012).

One of the least understood issues is the association between
risk factors and arterial aging in different age groups. The
predictive role of most CVRFs has been proven in studies
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involving mostly middle-aged people, and some of these factors
are less significant in elderly people (Howard et al., 1997).

The aim of this study is to determine the role of GH/IGF-1, IR,
and LTL in the vascular aging process and their interaction with
CVRFs in subjects who are free of CVD.

MATERIALS AND METHODS

The study included patients who had passed a preventive
outpatient examination at the National Research Center for
Preventive Medicine, Moscow, Russia, from 2012 to 2013. To
determine eligibility, subjects completed a health screening which
included their medical history, physical examination, and a blood
sampling for laboratory analyses. We excluded 147 subjects with
a previous history of drug medication for diabetes, hypertension,
or hyperlipidemia; a history of stroke, coronary heart disease,
peripheral arterial disease, arrhythmia, congestive heart failure,
or valvular heart disease; hepatic or kidney failure; and cancer.
Ultimately, 303 subjects were included in the study. All patients
signed a legal informed consent form to participate in the study.
The local ethics committee of the National Research Center for
Preventive Medicine approved the study protocol.

Patients visited the clinic to undergo the study protocol
examinations from 08:00 to 09:00 a.m. after a 12-h period of
fasting. Blood pressure (BP) was measured using a brachial cuff
(HEM-7200 M3, Omron Healthcare, Kyoto, Japan) on the right
hand in a sitting position. The measurements were taken three
times for 2-min intervals after a 10-min rest, and the average
was used for analysis. Hypertension was diagnosed when BP was
>140/90 mmHg.

During the cross-sectional study, anthropometric
measurements were carried out with the calculation of the
body mass index (BMI) in kg/m2. Obesity was diagnosed for
BMI > 30.0 kg/m2. Abdominal obesity was indicated by a waist
circumference (WC) >80 cm in women and >94 cm in men.
The levels of total cholesterol (TC) and triglycerides (TG) were
determined by a SAPPHIRE-400 biochemical analyzer (Niigata
Mechatronics, Japan) with enzyme kits. The concentration of
high-density lipoprotein cholesterol (HDL-C) was determined
by the same analyzer in the supernatant after precipitation of
serum ApoB-containing lipoproteins. The level of low-density
lipoprotein cholesterol (LDL-C) was calculated by the Friedewald
equation (when the TG level was no higher than 4.5 mmol/L).
Hypercholesterolemia was diagnosed with TC > 5.0 mmol/L.
HDL-C was considered to be decreased with a level of <1.2
mmol/L in women and<1.0 mmol/L in men. A level of TG> 1.7
mmol/l was considered to be elevated.

Serum fasting glucose (FG) was determined using routine
laboratory methods with the biochemical analyzer. Fasting
hyperglycemia was diagnosed when FG was ≥6.1 and <7.0
mmol/l. Serum insulin, GH and IGF-1 were quantified using the
chemiluminescent microparticles on an immunoassay analyzer
(Architect i 2000SR, Abbot, Canada). HOMA (homeostatic
model assessment) was calculated as fasting insulin (mU/ml) ×
FG (mmol/l)/22.5. The level of glycated hemoglobin (HbA1c)
was determined by the immunoturbodimetric method using the
SAPPHIRE-400 analyzer.

T2DM was diagnosed when fasting glucose was ≥7.0 mmol/l
and ≥11.1 mmol/l within 2 h after taking 75 g of glucose or
HbA1c ≥ 6.5%. Participants were considered smokers if they
had smoked more than 100 cigarettes during their entire life and
if they smoked at the time of the study, whether every day or
occasionally. Family history of CVD was considered if cases of
CVD had been documented in first-degree relatives under the
age of 65 years in women and 55 years in men. Age beyond 45
years for men and 55 years for women was considered a CVRF
(National Cholesterol Education Program (NCEP) Expert Panel
on Detection, 2002).

LTL was determined according to the method described by
Cawthon (2002). Genomic deoxyribonucleic acid (DNA) was
extracted directly from blood samples by standard procedures
(OD260nm/280nm 1.8–1.9). The assay involved comparing the
abundance of telomere DNA to the single-copy genomic DNA
number for each sample and by further comparison of the
normalized values between DNA from different sources. The
ratio of the telomere (T) and single-copy 36B4 gene matrices
reflects the length of telomeres (the T/S ratio is approximately
[2Ct (telomeres)/2Ct(36B4)]

−1
= 2−1C

t [T1]).
A 1.25× stock mix was also prepared [1×mixture: PCR buffer

1× (Fermentas 10× PCR Hotstartbuf + KCl), 2mM MgCl2,
0.2mM dNTP, 0.5µM of each primer, 0.05 units/µl of Taq
polymerase Maxima (Fermentas), and Sybr Green I 0.2×]. The
primer sequences were the following: Tel1, GGTTTTTGAGG
GTGAGGGTGAGGGTGAGGGTGAGGGT, Tel2, TCCCGACT
ATCCCTATCCCTATCCCTATCCCTATCCCTA, 36B4u, CAA
GTGGGAAGGTGTAATCC, 36B4d, CCCATTCTATCATCAA
CGGGTACAA. Sixteen microliters of master mix were added
to each sample well, along with 4 µl of the analyzed genomic
DNA with a concentration of 10 ng/µl. Samples were mixed,
centrifuged, and amplified in a CFX96 thermocycler.

For polymerase chain reaction (PCR) of the telomeres, we
heated the samples at 95◦C for 5min and applied 35 cycles of
95◦C for 20 s, and 54◦C for 2min, followed by melting. For the
control PCR, we heated the samples at 95◦C for 5min and then
applied 35 cycles of 95◦C for 20 s, and 58◦C for 1min, followed
bymelting. The amplification of the corresponding telomeric and
control mixtures occupied one cell unit. For each sample, we
performed three repeated telomeric reactions and three control
reactions. We calculated the difference between cycle thresholds
of amplification of the telomere and single copy of the gene (1Ct)
and determined the relative telomere lengths based on the results.

The genomicDNAof theHEK cell line and a control leukocyte
sample was used as a reference point. To take into account
the differences in PCR mixtures from time to time, we set the
leukocyte reference 1Ct(leu) value at 8. The relative exponential
length L was set as L = 1Ct-(1Ct(leu)-8). We did not obtain the
absolute value of the lengths of telomeres, so we used the standard
deviation as a measure of the spread of values. In our experiment,
the standard deviation in almost all cases was in the range of 0.1–
0.4 derived from the relative lengths of 8.30–11.39 (logarithmic
scale).

Arterial stiffness was assessed according to the c-f PWV
values. It was measured using SphygmoCor 8.0 hardware
(Atcor, Sydney) with the help of an applanation tonometer and
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electrocardiogram (ECG) gating to obtain pulse waves from both
proximal sites (carotid artery) and distal sites (femoral artery).
The c-f PWV was calculated from the transit time between the
two sites relative to the R-wave within the electrocardiogram
complex using the “foot-to-foot method” and the intersecting
tangent algorithm (Rajzer et al., 2008). In each subject, two
sequences of measurements were performed, and their mean was
considered for analysis. The repeatability coefficient value was
0.935. Systolic blood pressure (SBP) and diastolic blood pressure
(DBP) were measured with a manual sphygmomanometer. The
mean of three consequent readings was recorded. PWV values
>10 m/s were considered as elevated (Van Bortel et al., 2012).

Ultrasound examination of the carotid arteries was performed
in B-mode by a linear high-resolution 17-5 MHz sensor
(PHILIPS iU22, Netherlands). The studies were conducted
by one operator. The atherosclerotic plaque was defined as
thickening of focal vessel wall by more than 50% compared to
the surrounding vessel wall areas or as a focal thickening of the
intima-media complex by more than 1.3mm protruding into
the vessel lumen (Touboul et al., 2007). All measurements were
performed in diastole, which corresponded to the R-wave on the
electrocardiogram. PP was evaluated at six sites of the carotid
arterial system: both common carotid arteries, both bifurcations,
and both internal carotid arteries. The total number of all
plaques was also determined. The average IMT was measured in
automatic mode on both sides in the longitudinal section in the
distal third of the common carotid at a distance of 1 cm proximal
to the bifurcation. The posterior-wall IMT was measured as the
distance between the vessel lumen and adventitia. The larger of
the values on the right and left sides was taken into account.
IMT values>0.9mmwere considered to indicate thickened walls
(Perk et al., 2012).

Statistical Analysis
Statistical processing of the results was carried out using the
statistical software package SAS 9.1 (SAS Institute, Cary, NC,
USA). The mean value (M) and standard deviation (SD)
were used to describe the quantitative indicators in the case
of normal distributions, while the median and upper (UQ)
and lower quartiles (LQ) were used in the case of abnormal

distributions. To compare two groups with normal sample
distribution the paired Student’s t-test was used, for the
abnormal distribution of variables the Mann-Whitney criterion
was used. To compare the proportions Fisher’s exact test
was used. For the statistical description of the relationship
between different parameters, Spearman’s rank correlation
analysis and intergroup comparison were conducted. Linear
regression models were created to reveal the independence of the
association between the risk factors and the parameters of the
arterial wall. The vascular wall parameters were considered as
dependent variables. The independent variables were indicators
that demonstrated statistically significant associations with
the vascular wall parameters in the correlation analysis and
intergroup comparison. To assess the associations between
the risk factors and the vascular wall parameters the logistic
regression analysis was also used. Statistical significance level was
set to p < 0.05.

RESULTS

We assumed that the nature of the relationship between the
studied indicators and the artery wall parameters may differ
between younger and older ages, which is why separate analyses
were conducted for these groups. The younger group included
men of 45 years of age and under and women of 55 years of
age and under, while the older subjects formed the older group.
The clinical characteristics of patients are presented in Table 1. In
the older group, the SBP values were higher, the metabolic status
indicators (WC, BMI, TC, LDL-C, TG, FG, HOMA) were worse,
and levels of GH and IGFR-1 were lower, which are consistent
with existing representations.

A comparison of the arterial wall characteristics in both
groups is presented in Table 2. In the older group, the arterial
stiffness and IMT were higher, there were more atherosclerotic
plaques, and values of the studied parameters associated with
an increased risk of CVD were more common. The results
of Spearman’s correlation analysis of the association of arterial
wall parameters and conventional CVRF, GH, IGF-1, LTL, and
HOMA are presented in Table 3. In the general group, the
arterial wall characteristics are associated with almost all studied
parameters.

Taking into account the available data on the decrease
of the role of conventional CVRF with age (Howard et al.,
1997), we separately analyzed the relationship between the
studied parameters and the vascular wall characteristics in the
two age groups (see Table 4). Notably, almost all parameters
demonstrated an association with the arterial wall characteristics
in the younger group. However, some of them lost the connection
with arterial wall characteristics in the older group. This
also applies to GH, IGF-1, and HOMA. The strength of the
association, even if it is preserved, is weaker in the older group.

To identify the independent relationships of some of
the clinical and biological factors with c-f PWV, IMT,
atherosclerotic plaque number (APN), linear regression models
were compiled using the arterial wall indicators as a dependent
variable. Parameters that demonstrated a statistically significant
relationship with the vascular wall in the correlation analysis
were used as independent variables. Thus, to create a forecast

model for each dependent variable, a set of explanatory variables
was formed. Only statistically significant variables were presented
in the final regression equation. Considering the previously
identified differences between the younger and older groups in
listed factors associated with a particular arterial wall parameter,
the regression models were performed for not only the general
group, but separately for older and younger groups.

In the general group, only c-f PWV as a dependent variable
was associated with GH, IGF-1, and LTL (see Table 5). A
model that evaluated age, HbA1c, LTL, HOMA, GH, and IGF-1
explained 36% of the c-f PWV variability. IMT and the APN did
not demonstrate this relationship. In the younger group, HOMA,
GH, and IGF-1 demonstrated an independent relationship with
all the studied arterial wall parameters, but LTL only had a
relationship with c-f PWV. The highest coefficient of R2 = 0.45
was in the IMT variability model. The results of multiple linear
regression analysis (with adjustment for CVRF) in the younger
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TABLE 1 | Characteristics of the patients included in the study (n = 303).

Characteristic All patients (n = 303) Younger group (n = 144) Older group (n = 159) p

Age (years), M ± SD 51.5 ± 13.3 40.9 ± 8.7 61.1 ± 8.5 < 0.001

Men (%) 34% 26.4 41.5 < 0.001

Smoking (%) 19.1 20.8 17.6 0.478

Arterial hypertension (%) 25.4 17.4 32.0 0.003

Hypercholesteremia (%) 66.3 61.1 71.1 0.068

Fasting hyperglycaemia (%) 22.4 10.4 33.3 < 0.001

T2DM (%) 16.5 5.6 26.4 < 0.001

Obesity (%) 24.4 23.6 25.2 0.754

Family history of CVD (%) 21.0 24.3 18.0 0.182

SBP (mmHg), M ± SD 125.4 ± 16.4 120.6 ± 15.3 129.7 ± 16.2 < 0.001

DBP (mmHg), M ± SD 78.2 ± 10.2 77.5 ± 10.4 78.9 ± 10.1 0.250

WC (cm), M ± SD 89.6 ± 15.3 85.8 ± 15.3 93 ± 14.5 < 0.001

BMI (kg/m2), M ± SD 27.4 ± 5.1 26.7 ± 5.6 27.9 ± 4.6 0.041

TC (mmol/l), M ± SD 5.7 ± 1.2 5.4 ± 1.0 5.9 ± 1.2 < 0.001

LDL-C (mmol/l), M ± SD 3.9 ± 1.1 3.7 ± 0.9 4.0 ± 1.4 0.008

HDL-C (mmol/l), M ± SD 1.2 ± 1.3 1.2 ± 0.3 1.2 ± 0.3 0.208

TG (mmol/l), Med (LQ-UQ) 1.04 (0.76–1.51) 0.92 (0.63–1.37) 1.2 (0.86–1.67) < 0.001

Fasting glucose (mmol/l) 5.8 ± 1.4 5.3 ± 1.0 6.1 ± 1.6 < 0.001

HOMA, Med (LQ-UQ) 1.83 (1.31–2.93) 1.7 (1.19–2.52) 2.03 (1.41–3.22) 0.01

HbA1c (%), M ± SD 5.48 ± 0.96 5.17 ± 0.71 5.77 ± 1.06 < 0.001

Insulin (mIU/L), M ± SD 9.07 ± 4.71 8.32 ± 4.66 10.06 ± 5.69 0.134

CRP (mg/l), Med (LQ-UQ) 2.3 (1.6–3.9) 2.1 (1.5–3.1) 2.7 (1.7–4.2) 0.257

GH, ng/ml, Med (LQ-UQ) 0.49 (0.12–2.0) 0.67 (0.11–2.84) 0.39 (0.12–1.06) 0.006

IGF-1, ng/ml, M ± SD 150.8 ± 58.6 161.9 ± 63.2 141 ± 52.6 0.004

LTL, M ± SD 9.77 ± 0.50 9.93 ± 0.48 9.63 ± 0.46 < 0.001

BMI, body mass index; CRP, high sensitive C-reactive protein; CVD, cardiovascular diseases; DBP, diastolic blood pressure; FG, fasting glucose; GH, growth hormone; HbA1c, glycated

hemoglobin; HDL-C, cholesterol of high-density lipoproteins; HOMA, insulin resistance index; IGF-1, insulin-like growth factor 1; LDL-C, cholesterol of low-density lipoproteins; LTL,

leukocytes telomere length; SBP, systolic blood pressure; TC, total cholesterol; TG, triglycerides; T2DM, diabetes mellitus type 2; WC, waist circumference; p, p-value between younger

and older groups.

TABLE 2 | The characteristics of arterial wall in both age groups (n = 303).

All patients

(n = 303)

Younger group

(n = 144)

Older group

(n = 159)

p

c-f PWV (m/s), M ± SD 8.8 ± 2.1 7.9 ± 1.7 9.6 ± 2.1 <0.001

c-f PWV > 10 m/s (n, %) 88 (31.2) 20 (14.9) 68 (46) <0.001

IMT (mm), M ± SD 0.75 ± 0.19 0.64 ± 0.15 0.86 ± 0.17 <0.001

IMT > 0.9mm (n,%) 67 (23.5) 11 (8.1) 56 (37.3) <0.001

AP (n), M ± m 1.09 ± 0.09 0.35 ± 0.07 1.77 ± 0.13 <0.001

PP (n, %) 138 (48.3) 30 (22.1) 108 (72) <0.001

AP, atheroslerotic plaques; IMT, intima-media thickness; c-f PWV, carotid-femoral pulse

wave velocity; PP, plaques presence; p, p-value when comparing the younger and older

groups.

group are presented in Table 6. In contrast, there were no
independent significant associations of GH/IGF-1 and arterial
wall characteristics obtained through multiple linear regression
analysis in the older group.

A logistic regression method was used to evaluate the
associations between the studied parameters and vascular wall
characteristics. The selection of predictors was carried out
based on the linear regression models. The method of stepwise
exclusion of predictors was used. Only statistically significant

predictors (p < 0.05) were retained in the final model. The
relative contribution of individual predictors was determined by
the value of the Wald chi-squared statistics. Binary indicators
based on median hormone levels were used as characteristics
of the hormonal status: the median GH was 0.50 ng/ml and the
median IGF-1 was 140 ng/ml. The median of individual LTL
values was 9.75. Telomeres were considered to be short if their
length was less than this value and long if TL ≥ 9.75. Long
telomeres were observed in 156 people, while 141 people had
short telomeres. Telomeres were considered to be the shortest
if LTL was <9.25, which corresponded to the first quartile of
distribution (Q1) (n = 35). Telomeres were considered the
longest with LTL > 10.25 (IV quartile – QIV) (n= 42).

Logistic regression analysis in the general group showed
that the probability of having stiff arteries (c-f PWV > 10m/s)
increased with HOMA > 2.5 and the presence of short telomeres
(Table 7). In the younger group the results of logistic regression
analysis were statistically significant for only the PP. The
probability of having atherosclerotic plaques was increased in
Q1 TL. IGF-1 greater than the median was associated with
a five-fold lower probability of atherosclerotic plaques being
present (Table 8).

The results indicate that the level of hormones (GH, IGF-1)
and HOMA index were significantly related to the vascular wall
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parameters in the general and younger groups but not the older
group. These data once again confirm the idea of a decrease
in the role of certain factors in the older group in comparison
with the younger one. Differences between older and younger
people can be explained by the fact that people whose risk factors
led to subclinical changes at a younger age after reaching old
age had clinical manifestations of CVD and could not become
participants in our study.

TABLE 3 | Association between the arterial wall parameters and studied

indicators in the general group.

c-f PWV IMT AP

Age 0.45 (p < 0.001) 0.68 (p < 0.001) 0.58 (p < 0.001)

SBP 0.35 (p < 0.001) 0.39 (p < 0.001) 0.36 (p < 0.001)

DBP 0.22 (p < 0.001) 0.18 (p = 0.003) 0.16 (p = 0.008)

WC 0.31 (p < 0.001) 0.34 (p < 0.001) 0.20 (p < 0.001)

BMI 0.28 (p < 0.001) 0.29 (p < 0.001) 0.17 (p = 0.003)

TC 0.22 (p < 0.001) 0.25 (p < 0.001) 0.21 (p < 0.001)

LDL-C 0.17 (p = 0.004) 0.20 (p < 0.001) 0.18 (p = 0.003)

HDL-C −0.13 (p = 0.028) −0.16 (p = 0.007) −0.12 (p = 0.04)

TG 0.38 (p < 0.001) 0.44 (p < 0.001) 0.30 (p < 0.001)

FG 0.37 (p < 0.001) 0.35 (p < 0.001) 0.31 (p = 0.015)

HOMA 0.33 (p < 0.001) 0.29 (p < 0.001) 0.18 (p = 0.003)

GH −0.17 (p = 0.007) −0.13 (p = 0.034) 0.006 (p = 0.929)

IGF-1 −0.05 (p = 0.462) −0.023 (p < 0.001) −0.22 (p < 0.001)

LTL −0.33 (p < 0.001) −0.30 (p < 0.001) −0.29 (p < 0.001)

The results of the Spearman’s correlation analysis (n = 303). BMI, body mass index; DBP,

diastolic blood pressure; FG, fasting glucose; GH, growth hormone; HDL-C, cholesterol of

high-density lipoproteins; HOMA, insulin resistance index; IGF-1, insulin-like growth factor

1; LDL-C, cholesterol of low-density lipoproteins; LTL, leukocytes telomere length; SBP,

systolic blood pressure; TC, total cholesterol; TG, triglycerides; WC, waist circumference;

p, p-value between younger and older groups.

GH was associated with c-f PWV and IMT, while IGF-1
was associated with APN and IMT. The association of these
hormones with IMT was higher than with other parameters of
the vascular wall. It is important that the negative relationship
testifies to the protective role of GH and IGF-1 for pathological
changes in the arteries. The HOMA index was associated
with all arterial wall parameters. LTL is associated with both
increased arterial stiffness and subclinical atherosclerosis. It can
be traced both in the younger and general groups. The obtained
results determine potential therapeutic targets to prevent arterial
changes.

DISCUSSION

We consider that the first important result of this work is
the identification of the significant association of GH/IGF- 1
(independently of CVRF) with the main arterial wall parameters
in healthy people without hypopituitarism (HP). The role of
IGF-1 in cardiovascular pathology was firstly observed in studies
of the causes of death in patients with pituitary diseases.
Epidemiological studies have shown that in patients with a
long period of IGF-1 deficiency and somatotropic insufficiency,
cardiovascular mortality was two times higher than in the
general population (Higashi et al., 2012). GH/IGF-1 deficiency
leads to physiological age-related changes in the cardiovascular
system, such as a decrease in the cardiomyocyte number, fibrosis,
collagen accumulation, and decreases in the synthesis of proteins,
including contractile actin and myosin (LeRoith et al., 1995).

Rosén and Bengtsson (1990) were the first to demonstrate a
reduction in the quality of life in patients with HP. They analyzed
data from 333 patients with HP who visited endocrinology
clinics between 1956 and 1987. During the follow-up period,

TABLE 4 | Associations between the arterial wall characteristics and studied parameters in different age groups.

c-f PWV IMT AP

Younger group Older group Younger group Older group Younger group Older group

Age 0.48 (p < 0.001) 0.05 (p = 0.477) 0.52 (p < 0.001) 0.43 (p < 0.001) 0.43 (p < 0.001) 0.27 (p < 0.001)

SBP 0.25 (p = 0.003) 0.21 (p = 0.011) 0.38 (p < 0.001) 0.23 (p = 0.004) 0.25 (p = 0.003) 0.29 (p < 0.001)

DBP 0.31 (p < 0.001) 0.07 (p = 0.371) 0.35 (p < 0.001) 0.04 (p = 0.645) 0.20 (p = 0.020) 0.15 (p = 0.074)

WC 0.29 (p < 0.001) 0.12 (p = 0.131) 0.47 (p < 0.001) 0.02 (p = 0.767) 0.21 (p = 0.016) −0.02 (p = 0.8)

BMI 0.36 (p < 0.001) 0.12 (p = 0.157) 0.46 (p < 0.001) 0.05 (p = 0.562) 0.20 (p = 0.019) 0.02 (p = 0.8)

TC 0.30 (p < 0.001) 0.06 (p = 0.456) 0.36 (p < 0.001) 0.05 (p = 0.561) 0.20 (p = 0.018) 0.10 (p = 0.240)

LDL-C 0.25 (p = 0.004) 0.02 (p = 0.807) 0.33 (p < 0.001) −0.02 (p = 0.849) 0.18 (p = 0.033) 0.06 (p = 0.437)

HDL-C −0.12 (p = 0.157) −0.05 (p = 0.567) −0.27 (p = 0.001) −0.03 (p = 0.747) −0.18 (p = 0.033) −0.04 (p = 0.665)

TG 0.43 (p < 0.001) 0.22 (p = 0.006) 0.60 (p < 0.001) 0.22 (p = 0.009) 0.31 (p < 0.001) 0.12 (p = 0.158)

FG 0.33 (p < 0.001) 0.23 (p = 0.004) 0.21 (p = 0.015) 0.20 (p = 0.015) 0.18 (p = 0.038) 0.18 (p = 0.025)

HOMA 0.35 (p < 0.001) 0.24 (p = 0.005) 0.39 (p < 0.001) 0.14 (p = 0.102) 0.21 (p = 0.017) 0.11 (p = 0.19)

GH −0.23 (p = 0.014) −0.008 (p = 0.919) −0.27 (p = 0.003) 0.06 (p = 0.476) −0.001 (p = 0.989) 0.06 (p = 0.505)

IGF-1 −0.12 (p = 0.200) −0.15 (p = 0.081) −0.34 (p < 0.001) −0.05 (p = 0.556) −0.27 (p = 0.003) −0.10 (p = 0.209)

LTL −0.36 (p = 0.0001) −0.15 (p = 0.112) −0.08 (p = 0.543) −0.06 (p = 0.434) −0.13 (p = 0.137) −0.03 (p = 0.637)

The result of the Spearman’s correlation analysis.

BMI, body mass index; DBP, diastolic blood pressure; FG, fasting glucose; GH, growth hormone; HDL-C, cholesterol of high-density lipoproteins; HOMA, insulin resistance index; IGF-1,

insulin-like growth factor 1; LDL-C, cholesterol of low-density lipoproteins; LTL, leukocytes telomere length; SBP, systolic blood pressure; TC, total cholesterol; TG, triglycerides; WC,

waist circumference.
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TABLE 5 | Stepwise multiple linear regression analysis of c-f PWV as dependent

variable in general group (with adjustment for CVRF).

Predictor β ± SE Type II SS p R2

Intercept 12.569 ± 3.852 48.853 0.001

Age 0.076 ± 0.013 146.890 0.0001

HbA1c 0.408 ± 0.167 27.438 0.015

HOMA 0.182 ± 0.075 26.985 0.016

GH −0.153 ± 0.065 25.986 0.018

IGF-1 −0.005 ± 0.003 29.118 0.013

LTL 0.896 ± 0.356 17.424 0.053 0.3595

GH, growth hormone; HbA1c, glycated hemoglobin; HOMA, insulin resistance index; IGF-

1, insulin-like growth factor 1; LTL, leukocytes telomere length; S.E., Standard error; Type

II SS, type II sum of squares.

TABLE 6 | Stepwise multiple linear regression analysis (with adjustment for CVRF)

of c-f PWV, IMT, Number of Plaques as dependent variables in the younger group.

Predictor β ± SE Type II SS P Model R2

c-f PWV – DEPENDENT VARIABLE

Intercept 22.871 ± 4.678 70.130 0.0001

HOMA 0.371 ± 0.108 34.541 <0.001

GH −0.138 ± 0.062 14.185 0.03

LTL −1.370 ± 0.468 25.130 0.004 0.2868

IMT – DEPENDENT VARIABLE

Intercept 0.582 ± 0.052 1.430 0.0001

GH −0.009 ± 0.005 0.044 0.056

IGF-1 −0.001 ± 0.0001 0.102 0.004

HOMA 0.041 ± 0.007 0.399 0.0001 0.4528

NUMBER OF PLAQUES – DEPENDENT VARIABLE

Intercept 0.254 ± 0.198 0.641 0.203

IGF-1 −0.002 ± 0.001 1.615 0.045

HOMA 0.192 ± 0.034 12.130 0.0001 0.2920

GH, growth hormone; IMT, intima-media thickness; HbA1c, glycated hemoglobin; HOMA,

insulin resistance index; IGF-1, insulin-like growth factor 1; LTL, leukocytes telomere

length; c-f PWV, carotid-femoral pulse wave velocity; SE, Standard error; Type II SS, type

II sum of squares.

104 patients died, which corresponded to a significantly higher
mortality rate compared to the general population. The excess
mortality was related to deaths fromCVD, and themost common
causes were myocardial infarction (MI), coronary artery disease
(CAD), congestive heart failure, and cerebrovascular disease.
Subsequently, the relationship between the level of GH/IGF-1
and the prognosis of CVD was revealed in non-HP patients.

In a cross-sectional study, Spallarossa et al. showed that a low
level of IGF-1 was associated with angiographically confirmed
CAD (Spallarossa et al., 1996). A prospective case-control study
observed 600 participants for 15 years and showed that the level
of IGF-1 below the median increased the risk of CAD (Juul et al.,
2002). The level of IGF-1 predicted death from CAD in 1,185
people of both sexes in a study conducted by Laughlin et al.
(2004) A low level of IGF-1 was associated with a worse prognosis
in the early period of MI (Conti et al., 2001).

The explanation of these relationships may lie in the
connection of the hormone levels with the arterial wall, even

at subclinical changes. Thus, flow-dependent vasodilatation of
peripheral arteries was impaired in patients with GH deficiency
(Smith et al., 2002). Galderisi et al. revealed a positive relationship
between IGF-1 and coronary reserve (Galderisi et al., 2002).
A cross-sectional study on 400 elderly men conducted by van
Den Beld et al. revealed an inverse correlation between IGF-
1 and IMT (van den Beld et al., 2003). These results become
clear when considering that the cardiovascular system is the
target of GH and IGF-1. Smooth muscle cells (SMCs) and
endotheliocytes abundantly express IGF-1 receptors (Chisalita
and Arnqvist, 2004). IGF-1 is a powerful mitogenic, anti-
apoptotic, and promigrant factor for both endotheliocytes and
SMC (Arnqvist, 2008). That is, IGF-1 can be pro-atherogenic
by its ability to stimulate the migration and proliferation of
SMC and macrophage migration (Renier et al., 1996) to promote
the expression of adhesion molecules (Li et al., 2009). On the
other hand, a decrease in the level of IGF-1 can cause plaque
destabilization (Libby and Sasiela, 2006).

In our study, IGF-1 apparently played a protective role
in plaque formation, arterial wall thickening, and increasing
stiffness. These effects can be associated with pronounced anti-
inflammatory and antioxidant properties of IGF-1 and its ability
to enhance reparative mechanisms (Sukhanov et al., 2007),
primarily in the endothelium. Most clinical studies support the
concept that normal levels of GH and IGF-1 are necessary to
maintain endothelial health. IGF-1 is involved in the synthesis of
nitrogen monoxide (NO) in endothelial cells, causing additional
vasodilation of the arteries. This leads to a decrease in the
concentration of free fatty acids (FFA) and an increase in
sensitivity to native insulin. Our studies are consistent with others
indicating that patients with GH deficiency and low circulating
IGF-1 had an increased risk of CVD (Vasan et al., 2003; Conti
et al., 2004; Laughlin et al., 2004).

It is impossible not to recall contradictory results on the role
of GH/IGF-1 in life expectancy. In some, not all, studies on
rodents, it was shown that a decrease in the activity of GH/IGF-
1 leads to an increase in life expectancy (Brown-Borg et al.,
1996; Coschigano et al., 2000; Flurkey et al., 2001). The most
important question remains the following: “Does the deficiency
of these hormones in humans increase the life expectancy like
animals?” It should be noted that although there are isolated cases
when patients with dwarfism lived longer than their peers, the
overall life expectancy of people with dwarfism did not differ
from healthy ones, which was shown in patients with Laron’s
syndrome (a hereditary disease with an autosomal recessive type
of inheritance-variety dwarfism caused by a congenital defect in
the GHR receptor gene), leading to insensitivity of peripheral
tissues to the action of GH (Laron, 2005). A meta-analysis of
12 studies, including 14,906 people, showed that there is a U-
shaped curve of the relationship between the level of IGF-1
and overall mortality. Low levels of IGF-1 are associated with
higher mortality due to the increase in cardiovascular mortality,
high IGF-1 values are associated with higher cancer mortality
(Burgers et al., 2011). Thus, the data from clinical studies do not
support the concept of the role of GH/ IGF-1 in increasing the
life expectancy that was observed in invertebrates and rodents.
It can be assumed that the signaling pathway GH/ IGF-1 is
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TABLE 7 | Results of logistic regression analysis in general group where c-f PWV

> 10 m/s is dependent variable.

Predictor β ± SE χ2 Wald

statistic

p OR 95% CI

Model 1. Predictors: Old age, male sex, ↑SBP, ↑HOMA, Fasting

hyperglycemia, ↑TG, LTL< 9.75

Old age 1.521 ± 0.330 21.330 0.0001 4.58 2.40–8.73

↑HOMA 0.658 ± 0.319 4.261 0.039 1.93 1.03–3.61

LTL < 9.75 0.893 ± 0.313 8.141 0.004 2.44 1.32–4.51

HOMA, insulin resistance index; LTL, leukocytes telomere length.

TABLE 8 | Results of logistic regression analysis in younger group, where the

presence of AP is a dependent variable.

Predictor β ± SE χ2 Wald

statistic

p OR 95% CI

Model 3. Predictors: male sex, smoking, ↑SBP, ↑HbA1c, ↑HOMA, ↑BMI,

↑CRP, IGF-1>Med, Q1TL

↑CRP 2.737 ± 0.897 9.304 0.002 15.44 2.66–89.63

Q1LTL 2.832 ± 1.066 7.059 0.008 16.98 2.10–137.01

IGF-1>Med −1.75 ± 0.731 5.725 0.017 0.174 0.04–0.73

BMI, body mass index; CRP, high sensitive C-reactive protein; HbA1c, glycated

hemoglobin; HOMA, insulin resistance index; Med, median; SBP, systolic blood pressure;

Q1LTL, LTL was <9.25, which corresponded to the first quartile of distribution.

not an evolutionarily conservative mechanism for regulating
life expectancy. At the same time, this signaling pathway plays
an important role in the development and prevention of age-
associated diseases.

The second important result of this work is the detection
of a negative relationship between the HOMA index and
arterial wall parameters. This can be explained by the fact
that despite the PI3K-Akt signaling pathway blockade in IR,
the pathway of mitogen-activating protein kinases (MAPK),
which does not depend on the receptor sensitivity to insulin,
continues to function. This stimulates the SMC proliferation
and migration and causes a prothrombotic state. Compensatory
hyperinsulinemia accompanying IR shifts the balance of
signaling pathways toward mitogenic action, which promotes an
accelerated atherogenesis. The stimulation of insulin by the local
renin-angiotensin system of blood vessels causes an increase in
NADPH-oxidase activity, a decrease in the bioavailability of NO,
and an increase in the production of reactive oxygen species
(ROS) (Wang et al., 2007).

In IR angiotensin II, oxidative stress, endothelial dysfunction,
pro-inflammatory cytokines, and adhesion molecules activate
matrix metalloproteinases (MMPs), which cause fragmentation
of elastin molecules and increase collagen stiffness (Jacob, 2003).
As the number of collagen molecules increases, collagen binds to
glucose molecules with the formation of cross-links represented
by advanced glycation end products (AGEs), which significantly
increase collagen rigidity and disrupt normal processes of
its transformation. Activated MMPs promote basal membrane
degradation as well as enhance the migration of SMCs and
intimal proliferation (Wang and Lakatta, 2002).

IR is characterized by the development of dyslipidemia, which
is an increase in TG and LDL, as well as a decrease in the

level of HDL. LDL is mainly represented by the subfraction
of highly atherogenic dense particles. Their ability to bind to
LDL receptors is reduced, so they circulate for a long time in
the bloodstream, become oxidized, and are actively captured
by macrophages. Macrophages secreting growth factors and
cytokines cause a thickening of the vessel wall and contribute to
the plaque development and destabilization (Ford et al., 2002).
It was shown that hyperinsulinemia caused hyperfibrinogenemia
and an increase in the activity of plasminogen activator inhibitor-
1, which led to fibrinolysis failure. Violations in the fibrinolysis
system contribute to the progression of atherothrombosis (Choi
et al., 2007).

The third important result of this work is the detection of
the independent inverse relationship of LTL with both increased
arterial stiffness (arteriosclerosis) and atherosclerosis. It is well-
known, that the process of vascular aging is characterized, even
in apparently healthy subjects, by number of deleterious changes
within the vascular wall that are involved both in atherosclerosis
and arterial stiffening (Palombo and Kozakova, 2016). Aging is
associated with endothelial dysfunction, decreased bioavailability
of NO, increased bioavailability of ROS as well as with low-grade
inflammation. Age also induces degradation and fragmentation
of elastic fibers and a non-enzymatic cross-linkage between
collagen fibers. The functional capacity of stem and progenitor
cells play key role in these processes. These cells participate in
damage repair and tissue differentiation processes, and they play
an important role in maintaining tissue homeostasis, including
the vessel wall (Sharpless andDePinho, 2007). In clinical practice,
the length of telomeres is determined in leukocytes and it
reflects the length of telomeres in stem cells and progenitor cells.
There is increasing evidence that low telomerase activity and
telomere shortening are key components of the reduction in stem
cell reserves, age-associated tissue degeneration, and increased
vascular stiffness (Sharpless and DePinho, 2007). We have shown
that the presence of short telomeres with a length corresponding
to the first quartile of the distribution was associated with 17
times higher probability of the presence of AP in the younger
group. These data are consistent with the results of the latest
meta-analyses, which proved that short telomeres were associated
with atherosclerotic CVD (D’Mello et al., 2015). Moreover, it
is now widely acknowledged that LTL is not a passive marker
but an active determinant of atherosclerosis development, since
it determines the replicative and reparative abilities of tissue
(Calado and Young, 2009) in response to the influence of risk
factors.

Another interesting result is the differences revealed in the
relationship of risk factors and arterial wall condition in different
age groups. Our study has shown that the value of traditional risk
factors for the vascular wall changes was reduced in the older
group. Similar results indicating a decrease in the association of
conventional risk factors and subclinical changes in arteries in
older age were obtained in the Cardiovascular Health Study and
the Atherosclerosis Risk in Communities Study (Howard et al.,
1997).

The level of lipids and BMI in the elderly was significantly less
associated with CVD risk than in the young (Psaty et al., 1999).
Obesity and hyperlipidemia in the older group were recognized
as unimportant risk factors. In the Italian longitudinal study of
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aging the metabolic syndrome was not associated with a risk of
MI and stroke in the elderly (Motta et al., 2009) According to
other data, an increase in the BMI to 27.0 in the elderly did not
result in an increase in the number of cardiovascular events and
mortality from all causes (Heiat et al., 2001). It was suggested that
elderly people with risk factors but not having clinical CVD are
resistant to the influence of CVRF.

CONCLUSION

GH/IGF-1 along with IR and LTL play important roles in
the development of arterial aging. The negative relationship
between GH/IGF-1 and arterial wall characteristics attests to
the protective role of these hormones in arterial wall changes.
The arterial walls should be evaluated at a young age, even in
the absence of clinical manifestations of CVD and primarily in
people with CVRF. To predict changes in the vascular wall, it
is advisable to study not only conventional risk factors, but also
indicators such as GH/IGF-1, LTL, and HOMA.
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The process of advanced glycation leads to the generation and accumulation of an

heterogeneous class of molecules called advanced glycation endproducts, or AGEs.

AGEs are produced to accelerated degrees in disorders such as diabetes, renal failure,

inflammation, neurodegeneration, and in aging. Further, AGEs are present in foods and

in tobacco products. Hence, through both endogenous production and exogenous

consumption, AGEs perturb vascular homeostasis by a number of means; in the first

case, AGEs can cause cross-linking of long-lived molecules in the basement membranes

such as collagens, thereby leading to “vascular stiffening” and processes that lead to

hyperpermeability and loss of structural integrity. Second, AGEs interaction with their

major cell surface signal transduction receptor for AGE or RAGE sets off a cascade

of events leading to modulation of gene expression and loss of vascular and tissue

homeostasis, processes that contribute to cardiovascular disease. In addition, it has been

shown that an enzyme, which plays key roles in the detoxification of pre-AGE species,

glyoxalase 1 (GLO1), is reduced in aged and diabetic tissues. In the diabetic kidney

devoid of Ager (gene encoding RAGE), higher levels ofGlo1mRNA andGLO1 protein and

activity were observed, suggesting that in conditions of high AGE accumulation, natural

defenses may be mitigated, at least in part through RAGE. AGEs are a marker of arterial

aging and may be detected by both biochemical means, as well as measurement of “skin

autofluorescence.” In this review, we will detail the pathobiology of the AGE-RAGE axis

and the consequences of its activation in the vasculature and conclude with potential

avenues for therapeutic interruption of the AGE-RAGE ligand-RAGE pathways as means

to forestall the deleterious consequences of AGE accumulation and signaling via RAGE.

Keywords: RAGE, glycation, arterial diseases, inflammation, aging

INTRODUCTION

Our population is aging and living longer. Although the average life expectancy of the population
is increasing in the United States, there remain significant consequences of the aging process. An
average 1 death every 40 s is due to cardiovascular disease (Mozaffarian et al., 2016). The prevalence
of heart failure is highest among the adult population 65 years or older (Lakatta and Levy, 2003). As
one in four, or 25% of individuals, will be over 65 years of age in the United States by the year 2035,
these statistics underscore the fact that significant increases in heart failure are to be expected over
this time frame (Lakatta and Sollott, 2002). Clinical and experimental evidence suggests that natural
aging imbues inherent risk for the development of cardiovascular complications, such as arterial
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stiffness, atherosclerosis, and hypertension, which eventually
may lead to myocardial infarction, stroke, and heart failure (Safar
et al., 2003; Izzo, 2004; Sethi et al., 2014). Hence, understanding
the underlying mechanisms may aid in the discovery of new
therapeutic approaches to deter pathological vascular aging.

Changes in the components of large arteries due to advancing
age have been described in humans and animals (Spinetti et al.,
2004; Pepe and Lakatta, 2005). Age-associated blood vessel
remodeling includes such features as dilation of the lumina,
intimal and medial thickening, changes in the extracellular
matrix (ECM), and augmented stiffness (Gaballa et al., 1998).
In addition to these structural changes, other mechanisms
contribute to the overall consequences of aging to the arterial
wall, including such phenomena as inflammation, endothelial
dysfunction, and oxidative stress (Xu et al., 2003). Fibroblasts
and smooth muscle cells (SMC) contribute to aging in the
vasculature, in part by increasing ECM; macrophages contribute
by increasing inflammatory factors that have a wide range of
possible consequences, such as vascular hyperpermeability and
an increase in the procoagulant state (Sprague and Khalil, 2009;
Strait and Lakatta, 2012). These pathobiological events adversely
affect the vessel wall and all of its components (Najjar et al., 2005;
Greenwald, 2007), potentially contributing to arterial aging.

It has been shown that the aged human arterial wall exhibits a
more proinflammatory signature, with increased expression and
activity of matrix metalloproteinases (MMPs) and chemokines
(Wang et al., 2007). Atop these considerations is the effect of
co-morbid conditions in aging, which may augment production
of inflammatory mediators and exacerbate the impact of arterial
aging, examples of which include diabetes mellitus (types 1 or 2
or the rarer forms of diabetes); chronic renal disease; and chronic
immune/inflammatory disorders.

AGEs: PRODUCTION AND FUNCTIONS IN

ARTERIAL AGING

Advanced glycation endproducts (AGEs) are a diverse group
of macromolecules and at least 20 different specific AGEs have
been described to date. Among the major groups of AGEs
are carboxymethyl lysine (CML), carboxyethyl lysine (CEL),
pentosidine, glucosepane, methylglyoxal lysine dimer, glyoxal
lysine dimer, and glycolic acid lysine amide (Henning and
Glomb, 2016). AGEs form throughout life via the process of
non-enzymatic glycation of proteins and lipids, and this process
is accelerated during hyperglycemia, oxidative stress, aging,

Abbreviations: AGEs, advanced glycation endproducts; ALT7-11, Alagebrium;

AR, aldose reductase; ARI, aldose reductase inhibitors; CML, carboxymethyl

lysine; CEL, carboxyethyl lysine; ctRAGE, cytoplasmic domain of RAGE;

DIAPH1, diaphanous-1; ELISA, enzyme-linked immunosorbent assay; esRAGE,

endogenous secretory RAGE; ECM, extracellular matrix; FH1, formin homology

1; Glo1, Glyoxalase 1; HMGB1, high mobility group Box-1; HPLC, high

performance liquid chromatography; LC-MS, liquid chromatography tandem

mass spectrometry; MG, methylglyoxal; ROS, reactive oxygen species; VCAM-

1, vascular cell adhesion molecule−1; VEGF, vascular endothelial growth factor;

RAGE, receptor for advanced glycation end products; SAF, Skin autofluorescence;

SMC, smooth muscle cells; sRAGE, soluble RAGE; SRFs, serum response factors;

Tg, transgenic.

advanced renal disease, and inflammation (Daffu et al., 2013;
Singh et al., 2014; Baig et al., 2017). Humans and animals are
also exposed to exogenous sources of AGEs ingested through
food-derived AGEs and tobacco products (Luevano-Contreras
and Chapman-Novakofski, 2010; Uribarri et al., 2015). It has
been shown that restriction in dietary AGE intake may increase
the lifespan in animals (Cai et al., 2002; Luevano-Contreras and
Chapman-Novakofski, 2010).

AGEs accumulate in aging tissues and on vulnerable plasma
proteins. Higher levels of circulating AGEs have been linked
to chronic diseases in aging subjects (Semba et al., 2015).
The accumulation of AGEs is increased and accelerated in
hypertensive subjects (McNulty et al., 2007) and is also associated
with diabetes (Soulis et al., 1997; Yan et al., 2003). In fact,
aged subjects, even though healthy, may have higher AGE
accumulation compared to younger subjects with diabetes and
its complications, thus underscoring that AGE production and
accumulation accompanies the normal aging process (Hadi and
Suwaidi, 2007). Therefore, multiple factors such as the rate of
accumulation of AGE ligand, the absolute concentration of the
ligand, and individual susceptibility to AGE formation may be
important in determining an individual’s AGE burden.

AGEs modify collagen and elastin in the vascular wall
(Meerwaldt et al., 2004); because of reduced turnover of such
proteins, they become more susceptible to glycation during
the aging process (Schleicher et al., 1997; Sell and Monnier,
2012). Elevated levels of plasma CML-AGEs are associated
with diastolic dysfunction in aging (Campbell et al., 2012). In
experiments in diabetic rats, higher AGE crosslinking of collagen
was associated with increased stiffness of the aorta (Reddy, 2004).
This may change the beneficial functions of several important
molecules of the ECM, which can mediate vascular dysfunction.
Numerous studies have confirmed the correlation between AGE
accumulation and increased artery stiffness (Goldin et al., 2006;
Campbell et al., 2011). Arterial stiffness is associated with greater
risk for aging-associated cardio- and cerebrovascular diseases
and mortality (Laurent et al., 2001; Mattace-Raso et al., 2006;
Kaess et al., 2012). AGE accumulation causes upregulation of
inflammation and destruction of collagen and elastin, along with
other proteins of the ECM (Sims et al., 1996; Greenwald, 2007;
Peppa and Raptis, 2008; Baulmann et al., 2010).

MEASURING AGES

AGEs can affect virtually every tissue in the body, either through
mediation of cellular damage via protein cross-linking and/or
through their binding to cell surface receptors. Since various
diseases have been linked to AGEs, it is plausible that AGEs can
be utilized as biomarkers, such as for predilection to disease, state
of disease activity, and/or response to therapeutic interventions.

Measurment of skin autofluorescence (SAF) estimates the
skin tissue AGE content and may predict cardiovascular
complications, at least in certain subjects (Lutgers et al., 2009;
Noordzij et al., 2012; Tanaka et al., 2012). Some AGEs are
fluorescent and can be non-invasively measured in skin by
autofluorescence, as a representative marker of the total AGE
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modifications of other long-lived tissues in association with
vascular disease. In a recent study, SAF was measured using
an autofluorescent spectrometer followed by measurement of
endothelial function and arterial stiffness. The results indicated
that SAF was associated with increased arterial stiffness in
the older individuals and that arterial function was blunted
by the advancing age of the subject (Sturmer et al., 2015). It
is important to note, however, that there are limitations to
the use of SAF; first, it only measures fluorescence and not
all AGEs are fluorescent; second, skin fluorophores exist that
are not related to AGEs, and therefore, such measurement is
not reflective of the AGE pool; third, in subjects with darker
skin pigmentation, SAF measurements have been found to be
less reliable, thereby possibly reducing the applicability of this
technique across diverse groups of subjects; and fourth, certain
skin creams, such as agents used to “tan” or “brown” the skin
may cause direct interference with SAF measurements. Hence,
although the technique does not require biopsies or invasive
approaches, there are notable limitations that must be considered
in its use (Da Moura Semedo et al., 2017).

Traditionally, the precise detection of AGE measurement
includes HPLC (High-Performance liquid chromatography)
(Ashraf et al., 2015) with fluorescence-based detection. Using
HPLC methods, high levels of serum AGE, such as CML-AGE
and pentosidine were shown to increase with age and in patients
with diabetes (Aso et al., 2000). The use of ELISA (Enzyme-
linked immunosorbent assay), an immunological technique for
the determination of AGEs, proved to be an alternative for
detection of AGEs in samples such as serum and plasma (Munch
et al., 1997; Takeuchi et al., 1999). Tissue AGE concentrations
using immunohistochemical methods can also be measured
using antibodies to detect CML-AGE (Soulis et al., 1997). Using
these methods, AGE have been identified in arterial disease
and have been localized to early atherosclerotic plaques and
cellular constituents, including macrophages and SMCs (Stitt
et al., 1997). LC-MS (liquid chromatography- mass spectroscopy)
is another technique for the detection of AGEs and the early
glycation products. LC-MS allows for AGEs such as pyrraline to
be detected in human skin and plasma in very low concentrations
(picomolar range) (Pitt, 2009). The possibility of using AGE
measurements to gauge the state of AGE-related disease activity
and the effectiveness of therapeutic intervention underscores
the importance of using reliable methods for the detection
of AGEs.

AGES AND THEIR PATHOBIOLOGICAL

ACTIONS: INTERACTIONS WITH

CELLULAR RECEPTOR RAGE

RAGE (Receptor for Advanced glycation end products) was
identified in 1992 from bovine lung as a protein that bound AGEs
in a dose-dependent manner (Wautier et al., 1994). RAGE has
many ligands that increase in aging, even beyond AGEs, and
it is a cell surface macromolecule. RAGE contains extracellular
domains composed of one V (variable)-type domain and two C
(constant)-type immunoglobulin—like domains (C1 And C2);

these are followed by a single transmembrane spanning helix
(Koch et al., 2010), and the cytoplasmic domain, which is
essential for signal transduction (Xue et al., 2014). RAGE binds
a diverse group of ligands, including AGEs, at least certain
members of the S100/calgranulins, high mobility group Box-
1 (HMGB1), Mac-1, and amyloid- β peptide, particularly its
oligomeric forms (Herold et al., 2007).

Mechanisms by which AGEs could alter the vasculature and
increase arterial stiffness include generation of inflammation
(Chavakis et al., 2004) and oxidative stress (Tan et al., 2007).
Further, AGEs binding to endothelial cell surface RAGE can
lead to stimulation of NADPH oxidase, thereby increasing
the production of reactive oxygen species (ROS) (Wautier
et al., 2001). Additional mechanisms such as mitochondrial
stress may further increase the production of ROS (Rubattu
et al., 2013; Li et al., 2014; Montezano and Touyz, 2014).
Previous studies proposed that one of the mechanisms by
which AGE/RAGE contributes to endothelial dysfunction
is through regulation of the production and expression
of tumor necrosis factor (TNF)-α. The transcription factor
nuclear factor-κB (NF-κB), triggered by inflammation and
by ROS, plays a key role in cytokine and inflammatory
mediator expression, thereby exacerbating microvasculopathy
and mediating pathological changes in gene expression, at least
in part through RAGE ligand-RAGE interactions and activation
of cellular signal transduction (Gao et al., 2008; Kay et al.,
2016).

Evidence of RAGE-mediated perturbation in vivo has also
been demonstrated. Diabetic apolipoprotein E (ApoE) deficient
mice that are also devoid of Ager (gene encoding RAGE) display
reduced atherosclerosis and lower expression of vascular cell
adhesion molecule (VCAM)-1 and tissue factor (Kislinger et al.,
2001). AGEs also induce vascular endothelial growth factor
(VEGF) expression in microvascular endothelial cells (Yamagishi
et al., 1997), which may have implications for the diabetic retina,
as an example. In addition to the chronic conditions of AGE
formation discussed above, such as aging, diabetes, and chronic
inflammatory conditions, research has illustrated that AGEs may
form rapidly in settings of acute stress as well. For example,
endothelial cells subjected to in vitro-applied hypoxia release
AGEs within minutes of exposure to reduced levels of oxygen
(Chang et al., 2008). These considerations indicate that it was
important to identify means to block AGE-RAGE interactions in
the vasculature.

In animal studies, treatment with soluble RAGE
(sRAGE), the soluble extracellular domains of RAGE, which
sequester AGEs and RAGE ligands, thereby blocking their
interaction with RAGE demonstrated significant reductions
in atherosclerotic lesion area (Park et al., 1998), in a
manner independent of changes in lipid or glucose levels.
In other studies, sRAGE treatment in rodents significantly
mitigated diabetic vascular hyperpermeability (Schmidt et al.,
1999).

Hallam and colleagues demonstrated that aged 24 month-old
Fischer 344 rats displayed higher vascular RAGE expression in
the aorta, and higher expression of the polyol pathway enzyme,
aldose reductase (AR), which stimulates metabolic pathways
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that increase AGE formation. Aging-related vascular dysfunction
was evident in these rats on account of impaired endothelial
relaxation in response to acetylcholine (Hallam et al., 2010).
Treatment of aged Fischer 344 rats with sRAGE improved
endothelial dependent relaxation in response to acetylcholine
(Hallam et al., 2010). Taken together, these studies illustrate that
increased AGE burden and RAGE expression mediate vascular
dysfunction and that these perturbations may be suppressed
by administration of antagonists of ligand-RAGE interactions
in vivo.

GLYOXALASE 1 (GLO1) AND

AMPLIFICATION OF AGE ACCUMULATION

In addition to increased direct mediators of damage in aging,
defense mechanisms may also be attenuated in aging. (GLO1)
contributes to the regulation of the levels of the pre-AGE
methylglyoxal (MG) andMG-derived AGEs (Giacco et al., 2014).
MG, formed mainly inside cells, is a potent glycating agent
(Rabbani and Thornalley, 2014).

Published work has suggested a link between RAGE and
Glo1. Exposure of cultured endothelial cells to high glucose
increases expression of RAGE and various RAGE ligands, such as
S100B, AGEs, andHMGB1; this was prevented by overexpression
of Glo1 (Brouwers et al., 2011, 2014). Reiniger and colleagues
showed that renal accumulation of AGEs promotes kidney
dysfunction and that when Ager is deleted in OVE26 diabetic
mice, reduced pathological, and functional derangements in the
kidney ensued, in parallel with reduced MG levels and higher
levels of GLO1 in the kidney (Reiniger et al., 2010). These authors
showed that in Ager null diabetic OVE26 kidney, levels of MG
were lower than those of wild-type diabetic OVE26 controls,
despite equal levels of high glucose. Reiniger and colleagues
traced the mechanism to RAGE-dependent downregulation of
Glo1 mRNA and activity in diabetes (Reiniger et al., 2010).
Thus, RAGE activation may perpetuate AGE accumulation and
deletion of Ager may exert its protection, at least in part by
downregulation of Glo1.

It is possible that increasing GLO1 expression and/or activity
may slow down age-related damage, as acceleration in glycation
in aged rats was attenuated by transgenic (Tg) expression of
Glo1 in these animals (Jo-Watanabe et al., 2014). Interestingly,
exercise training in aged rats resulted in activation of GLO1,
with consequent reduction in the formation of MG and
CML, along with lower RAGE expression in the aorta (Gu
et al., 2014). Overall, agents that augment GLO1 to block
formation of AGEs may serve as therapeutic strategies for
averting complications in vascular disorders in which AGEs
accumulate.

RAGE/DIAPH1 SIGNAL TRANSDUCTION

AXIS: LINK TO VASCULAR DYSFUNCTION

RAGE requires its cytoplasmic domain for signal transduction.
Hudson and colleagues demonstrated the interaction of the
cytoplasmic domain of RAGE tail with mammalian diaphanous

1 or DIAPH1 (Hudson et al., 2008). The cytoplasmic domain or
tail of RAGE (ctRAGE) binds specifically to the formin homology
1 (FH1) domain of DIAPH1 (Hudson et al., 2008). Formins are
actin-binding molecules that contribute to Rho GTPase down-
stream signals (Hudson et al., 2008) in cells such as vascular
cells, monocytes/macrophages, and transformed cells. DIAPH1
has also been shown to be an effector of serum response factors
(SRFs), which are linked to gene regulation mechanisms, and
cellular signaling mechanisms such as AKT and GSK-3beta
(Toure et al., 2012).

In SMCs, DIAPH1 was required for RAGE ligand (S100B)-
induced c-Src translocation to the plasma membrane, RAC1
activation, generation of ROS and cellular migration. RAC1
modulates the actin cytoskeleton, the arrangement of which
governs cell motility and regulates signal transduction pathways
(Toure et al., 2012). To verify the RAGE-DIAPH1 interaction,
Shekhtman and colleagues used NMR spectroscopy to identify
the four key amino acids in the RAGE cytoplasmic domain
(Q3, R4, R5, and Q6 corresponding to Q364, R365, R366,
and Q367 of the full-length RAGE) that are essential for the
interaction of ctRAGE with the FH1 domain of DIAPH1.
When R5/Q6 were mutated to alanine residues and expressed
in murine SMCs, AKT signaling and cellular migration and
proliferation in response to RAGE ligand S100B, but not
to non-RAGE ligands, were significantly reduced (Rai et al.,
2012).

A role for DIAPH1 in RAGE signaling in macrophages has
also been demonstrated. In macrophages devoid of Diaph1,
hypoxia-mediated upregulation of the transcription factor Egr1,
which upregulates inflammatory and prothrombotic mediators,
was prevented (Xu et al., 2010). To test these points in vivo
and the role of DIAPH1 in mediating the effects of RAGE
ligands, studies are underway in animals of diabetes, aging, and
vascular perturbation to probe the potential impact of DIAPH1
in vascular dysfunction.

Taken together, extensive evidence is building to implicate
AGEs and RAGE in the pathogenesis of vascular perturbation,
which stimulate processes that lead to the development of
arterial stiffness, an established harbinger of cardiovascular
disease and aging. AGEs, via RAGE stimulate endothelial cells
to generate ROS and to activate cellular signaling pathways,
at least in part through the cytoplasmic domain of RAGE
binding to DIAPH1; processes which lead to activation of seminal
transcription factors such as NF-κB (Figure 1). In addition to
AGE-RAGE activation of endothelial cells and mediation of
endothelial dysfunction, AGEs, via RAGE, may also stimulate
macrophages and other immune cells, to induce migration
and recruitment of inflammatory cells into AGE-laden foci in
the tissues. Further, research has shown that a natural anti-
AGE mechanism, the enzyme GLO1, which detoxifies pre-AGE
species, is downregulated by the actions of RAGE, such as in the
diabetic kidney. Hence, AGE-RAGE activation stimulates a feed
forward loop, in which AGE-RAGE interaction causes vascular
perturbation and, in parallel, a mechanism to perpetuate AGE
production and accumulation.

In the section to follow, we consider therapeutic opportunities
in halting the detrimental actions of this AGE-RAGE pathway.
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FIGURE 1 | Formation of AGEs and mechanisms of their accumulation and pathobiological actions via the signal transduction receptor RAGE.

THERAPEUTIC STRATEGIES: TARGETING

AGE AND RAGE

Propelled by the epidemiological and experimental evidence
linking AGE and RAGE to the pathogenesis of arterial stiffness
and vascular perturbation, AGEs and RAGE have been identified
as targets for therapeutic intervention in these settings. In
the sections to follow, we detail examples of some of the
strategies to block AGEs and RAGEs for their possible benefits
in cardiovascular diseases (Figure 2).

Anti-AGE Strategies
Alagebrium, or ALT7-11, is an AGE cross-link breaker. In
animals and humans, this agent improved ventricular function
and arterial compliance (Kass et al., 2001; Vaitkevicius et al.,
2001); reduced expression of RAGE and collagen accumulation
in vascular tissues; and in patients with systolic hypertension, it
improved endothelial function (Zieman et al., 2007). Although
Alagebrium is no longer available, its use served as an important
test of the AGE hypothesis in vascular stiffness and function.

Other anti-AGE strategies, such as aminoguanidine, which
blocks AGE production, also had beneficial effects in increasing
vascular elasticity and in augmenting left ventricular arterial
coupling, as well as decreasing vascular permeability in diabetic

rats (Wu et al., 2008). Atherosclerosis was attenuated in
streptozotocin-induced diabetic Apoe-deficient mice treated with
aminoguanidine (Forbes et al., 2004). Aminoguanidine also
reduced AGE accumulation from food sources (He et al., 1999).
Finally, other strategies to reduce AGEs are being investigated,
such as aldose reductase inhibitors (ARI). ARI have been
shown to suppress AGE accumulation in the atherosclerotic
plaques and, in parallel, to reduce atherosclerotic plaque lesions
(Vikramadithyan et al., 2005).

In summary, it is noteworthy that despite testing of multiple
classes of anti-AGE agents, none have obtained, at least to date,
approval for anti-AGE indications. Although there are many
possible reasons for this, we propose that one reason is that
solely targeting AGEs fails to capture the pathobiological effects
of distinct RAGE ligands. Therefore, it is not surprising that
attempts are underway to directly target RAGE as a therapeutic
strategy.

Anti-RAGE Strategies
Approaches to limit RAGE ligand AGEs have been accompanied
by efforts to block RAGE itself and these have been tested in vitro
and in vivo; in addition, human clinical trial testing is also
underway. In vitro, pre-treatment of AGE-stimulated endothelial
cells with anti-RAGE antibodies or anti-oxidants blocked cellular
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FIGURE 2 | Targeting AGEs and RAGE: examples of putative therapeutic strategies.

perturbation (Yan et al., 1994). Another RAGE blocking agent
currently in Phase III clinical trials in Alzheimer’s disease is
the small molecule Azeliragon, which inhibits the receptor for
advanced glycation endproducts through its first extracellular
V-type domain, which prevents RAGE ligands from interacting
with RAGE. It is orally bioavailable (Sabbagh et al., 2011).

The AGER gene may be alternatively spliced to result in
the generation of several RAGE isoforms (Yonekura et al.,
2003; Kalea et al., 2009). The C- terminally truncated RAGE
(known as endogenous secretory RAGE (esRAGE) or RAGEv1,
does not contain the transmembrane domain, and is secreted.
Other forms of soluble RAGE also exist, as the cell surface
RAGE can be proteolytically cleaved by MMPs or ADAM10,
thereby resulting in the release of soluble RAGE (sRAGE)
(Hanford et al., 2004).

In mouse models, sRAGE treatment suppressed acceleration
and blocked the progression of established atherosclerosis in
diabetic Apoe null mice (Park et al., 1998; Bucciarelli et al., 2002).
Various studies in human subjects have sought to determine
whether the plasma sRAGE or esRAGE level is associated with
cardiometabolic diseases (Choi et al., 2009). Generally, plasma
sRAGE/esRAGE levels are lower in subjects with these disorders
vs. healthy controls. Thus, recombinant sRAGE might be of
benefit in arterial aging and metabolic diseases.

Beyond targeting RAGE and the extracellular domains,
distinct therapeutic opportunities have arisen regarding
RAGE signaling via blockade of RAGE-DIAPH1 interaction.
Manigrasso and colleagues developed a high throughput RAGE
tail-DIAPH1 binding assay and screened a library of >58,000
small molecule compounds to identify molecules that blocked
this interaction. A series of 13 compounds was identified that
exhibited high affinity binding to ctRAGE domain. In vitro
and in vivo studies illustrated that these compounds displayed
inhibitory effects on RAGE signal transduction in SMCs in vitro,
and in vivo, on RAGE ligand-stimulated inflammatory gene
expression in liver and kidney tissue (Manigrasso et al., 2016).
Therefore, the discovery that the cytoplasmic domain of RAGE
bound DIAPH1 may aid in the identification of a distinct class of
RAGE signaling intracellular antagonists.

CONCLUSIONS AND PERSPECTIVES

Evidence is accruing that exposure to AGEs contributes to
detrimental aging-related outcomes and to reduced health and
life span. In vitro and in vivo animal model studies have shown
that AGEs affect and disrupt cellular and tissue homeostasis.
AGEs can cause alteration of ECM architecture, thereby affecting
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TABLE 1 | Key anti-AGE and anti-RAGE therapeutic approaches.

Examples of anti-AGE and anti-RAGE

therapeutic strategies

Biochemical target/Mechanisms

of action

Alagebrium (ALT7-11) AGE cross-link breaker

Aldose reductase inhibitors (ARI) Blockade of Aldose Reductase on

glucose metabolism that

contributes to AGE formation

Aminoguanidine Blockade of AGE production

Azeliragon Small molecule inhibitor of RAGE

ligand binding to the RAGE

extracellular V-domain

Anti-RAGE antibodies Blockade of ligand binding to RAGE

Inhibitors of RAGE tail-DIAPH1 binding Blockade of RAGE signal

transduction

Upregulation/Activation of glyoxalase-1 Augmentation of detoxification of

AGE precursors

Soluble RAGE (sRAGE) or Endogenous

secretory RAGE (esRAGE)

RAGE ligand binding species that

sequester RAGE ligands and block

their biological effects

Vitamin C, Vitamin E Anti-oxidants, possible effects on

reduction of AGE formation and

AGE effects

cellular permeability and signaling; mediate ECM and circulating
protein cross-linking; and they can activate cellular signaling
and modulate transcription factor activities and subsequent gene
expression via receptors such as RAGE. AGE accumulation may
result in the increased expression of RAGE in a ligand-enriched
environment and exacerbate proinflammatory mechanisms,
thereby accelerating aging-associated arterial diseases.

RAGE is expressed on a number of important cell types
implicated in arterial aging and vascular pathology. Once AGEs
are formed, albeit by diverse intrinsic and environmentally-
triggered mechanisms, their interaction with RAGE on
endothelial cells, SMCs, and immune cells such as macrophages,
results in upregulation of inflammatory and oxidative stress-
provoking factors, thereby providing a mechanism to link
AGE-RAGE to arterial aging and its consequences, such as
stroke, hypertension, atherosclerosis, myocardial infarction,
and heart failure. Of note, as hyperglycemia accelerates AGE
formation, these AGE-RAGE processes are amplified in diabetes.
Epidemiological studies assuredly support the exacerbation of
cardiovascular disease in subjects with diabetes.

Certainly, more research is required to understand the
entire scope of RAGE signaling and the extent to which
blocking AGEs/RAGE/DIAPH1 interaction may intercept the
full pathobiology of RAGE activation. Key remaining questions
include whether interventions to reduce AGEs and/or to block
RAGE extracellular and/or intracellular domains, might provide
the greatest protection in attenuation of arterial aging and
vascular dysfunction (See Table 1 for a summary of some of the
key anti-AGE and anti-RAGE therapeutic approaches). Clinical
studies to address these concepts are required to optimize
strategies to protect the vasculature from the adverse effects of
AGEing.

MATERIALS AND METHODS

Search Strategies
Arterial Aging:
11,140 refs
https://www.ncbi.nlm.nih.gov/pubmed/?term=arterial+aging
Arterial aging and glycation:
116 refs:
https://www.ncbi.nlm.nih.gov/pubmed/?term=arterial+
aging+and+glycation
Arterial aging and advanced glycation end product:
95 refs:
https://www.ncbi.nlm.nih.gov/pubmed/?term=arterial+
aging+and+advanced+glycation+end+product
Arterial aging and receptor for advanced glycation end
products
22 refs:
https://www.ncbi.nlm.nih.gov/pubmed/?term=arterial+
aging+and+receptor+for+advanced+glycation+end+
products.
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Background: The metabolic syndrome (MetS) and aging are associated with

modifications in blood coagulation factors, vascular inflammation, and increased risk of

thrombosis.

Objectives: Our aim was to determine concomitant changes in thrombin generation

in the blood compartment and at the surface of vascular smooth muscle cells (VSMCs)

and its interplay with adipokines, free fatty acids (FFA), and metalloproteinases (MMPs)

in obese Zucker rats that share features of the human MetS.

Methods: Obese and age-matched lean Zucker rats were compared at 25 and

80 weeks of age. Thrombin generation was assessed by calibrated automated

thrombography (CAT).

Results: Endogenous thrombin potential (ETP) was increased in obese rats independent

of platelets and age. Clot half-lysis time was delayed with obesity and age. Interleukin

(IL)-1β and IL-13 were increased with obesity and age respectively. Addition of

exogenous fibrinogen, leptin, linoleic, or palmitic acid increased thrombin generation

in plasma whereas adiponectin had an opposite effect. ETP was increased at

the surface of VSMCs from obese rats and addition of exogenous palmitic acid

further enhanced ETP values. Gelatinase activity was increased in aorta at both

ages in obese rats and MMP-2 activity was increased in VSMCs from obese rats.
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Conclusions: Our study demonstrated in MetS an early prothrombotic phenotype

of the blood compartment reinforced by procoagulant properties of dedifferentiated

and inflammatory VSMCs. Mechanisms involved (1) increased fibrinogen and impaired

fibrinolysis and (2) increased saturated fatty acids responsible for additive procoagulant

effects. Whether specifically targeting this hypercoagulability using direct thrombin

inhibitors would improve outcome in MetS is worth investigating.

Keywords: vascular aging, blood coagulation test, obesity, fatty acids, thrombin generation

INTRODUCTION

Atherothrombotic events and venous thromboembolism are
associated with the metabolic syndrome (MetS), a cluster of risk
factors for cardiovascular disease including insulin resistance
(IR), abdominal adiposity, dyslipidemia, and hypertension
(Dandona et al., 2005). Likewise, obesity is causally related to
the high prevalence of MetS. Inflammation in MetS results
in endothelial dysfunction and increased arterial stiffness
(Weiss et al., 2013), probably through the action of matrix
metalloproteinases (MMPs; Halcox et al., 2009). Aging is also
associated with intimal thickening, breaks in the internal elastic
lamina and impaired endothelial function leading to increased
arterial stiffness (Wang et al., 1996).

A further cascade of obesity-induced chronic inflammation
leads to increased tissue factor (TF; Samad et al., 2001)
through the NF-κB pathway (Sonnenberg et al., 2004). Von
Willebrand factor (VWF) participates in the prothrombotic state
found in MetS (Lim et al., 2004). Total thrombin generation
and platelet reactivity are increased in type 2 diabetes and
older obese women (Beijers et al., 2010). Furthermore, as far
as fibrinolysis is concerned, chronic inflammation, abdominal
obesity, and IR all increase plasminogen activator inhibitor-1
(PAI-1) production, so reducing plasminogen conversion and
leading to a hypofibrinolytic state (Alessi and Juhan-Vague, 2008;
Suehiro et al., 2012).

Adipokine levels (adiponectin, leptin) as well as free fatty acid
(FFA) metabolism are changed significantly in MetS (Matsuzawa
et al., 2004; Wakil and Abu-Elheiga, 2009). Both are known
also to be directly or indirectly implicated in haemostasis and
increased thrombosis (Konstantinides et al., 2001; Restituto
et al., 2010). Since haemostasis is modified in the MetS
and during aging our hypothesis is that MetS, the related
adipokines, and FFAs have a major impact on haemostasis
changes, increased thrombotic risk and worsen the vascular
phenotype. A major challenge is to elucidate the mechanisms
leading to increased thrombosis during MetS and in the natural
course of aging, and how they are related to the interaction
between blood haemostasis and the vascular wall. Rodent models
that mimic human MetS are major tools for understanding this
pathophysiology (Sloboda et al., 2012).

Obese Zucker rats have a missense point mutation (fa/fa) in
the leptin receptor gene that leads to hyperphagia and marked
obesity (Phillips et al., 1996). These rats display also many other
aspects of the human condition, such as IR, hypertension, and
increased plasma lipid levels. We have shown previously that

obese Zucker rats exhibited an increased age-dependent arterial
stiffening which was greater in obese than lean, as well as
endothelial dysfunction with increased systemic oxidative stress
(Sloboda et al., 2012).

We have developed therefore a strategy combining “adult”
(25-week-old) and “old” (80-week-old) Zucker rats with MetS
characteristics and their lean controls and a vascular smooth
muscle cell (VSMC) approach to investigate the role of FFAs
and vascular inflammation in the prothrombotic properties of
MetS. We first explored thrombin generation and its functional
consequences on the fibrin network and on fibrinolysis in
the blood compartment. To get insights into the underlying
mechanisms we then examined thrombin generation at the
surface of Zucker rat VSMCs and their MMP activity. We
demonstrated that obesity from at least 25 weeks triggers
increased thrombin generation in the blood compartment and at
the surface of VSMCs via increased FFAs and associated vascular
inflammation.

MATERIALS AND METHODS

Animals
Male Zucker rats with the MetS (MSZR, fa/fa; n = 18) and their
age-matched male lean Zucker rat controls (LZR, FA/-; n = 18)
were obtained from the breeding colony (animal facility, Faculty
of Medicine, University of Lorraine, France). The animals were
maintained at a constant temperature of 22–24◦C, with a 12 h
light-dark cycle (light beginning at 8 a.m.) and given free access
to water and standard chow (A04, Scientific Animal Food and
Engineering advance, Augy, France). The metabolic status of
MSZR and LZR has been published previously (Sloboda et al.,
2012).

Eighty weeks of age corresponds to 5 weeks before the mean
maximum life span of rats from our local breeding colony.

This study was carried out in accordance with
recommendations of the Animal Ethics Committee of the
Institut National de la Santé et de la Recherche Médicale and
conformed to the Guide for the Care and Use of Laboratory
Animals, published by the National Institutes of Health. The
protocols were approved by the Animal Ethics Committee of the
Institut National de la Santé et de la Recherche Médicale.

Blood Sampling
Rats were anesthetized with isoflurane and whole blood was
collected via a carotid catheter into syringes containing one-
tenth the volume of 0.106M sodium citrate. Platelet count
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was determined with an automatic cell counter (Micros 60
ABX model, Montpellier, France). Blood was centrifuged at
190 g for 10min at room temperature to obtain platelet-rich
plasma (PRP) and then at 1,750 g for 10min to obtain platelet-
poor plasma. PRP was adjusted to 200 × 109 platelets/l by
addition of autologous platelet-poor plasma and used for platelet
aggregation and thrombin generation. Platelet-free plasma (PFP)
was obtained by centrifugation of platelet-poor plasma at
13,000 g for 30min at 4◦C, and frozen at−80◦C.

Preparation of Arterial Cryo-Sections
Artery cryo-sections were collected in the cross-sectional
orientation and used subsequently for in situ gelatin zymography.
The descending thoracic aorta was embedded in Optimal Cutting
Temperature (OCT) medium and frozen using iso-pentane pre-
cooled in liquid N2 and stored at −80◦C until cryo-sectioning.
Cryo-sections were cut at a thickness of 5µm and mounted onto
glass slides (Leica, Milton Keynes, UK) and stored at−80◦C until
use.

Cell Culture
The descending thoracic aorta was excised from rats after
isoflurane anesthesia (4.5% in 1.5 l/min dioxygen) and
exsanguination. VSMCs were isolated as described previously
(Ait Aissa et al., 2015). VSMCs were grown in DMEM/F12
supplemented with 10% fetal bovine serum (Lonza, Basel,
Switzerland). For thrombin generation assays, VSMCs at
passages 3–5 were seeded (7,500 cells/well) in 96-well tissue
culture flat-bottom plates (MICROTESTTM96), grown to
subconfluence and washed with HBS before use.

Platelet Aggregation
Blood was centrifuged at 190 g for 4min followed by 70 s at
1,900 g at room temperature to obtain PRP and then platelets
were sedimented by centrifugation at 5,000 g for 4min. Platelets
were re-suspended in Tyrode buffer (5mMHepes, 137mMNaCl,
2.7mM KCl, 12mM NaHCO3, 0.4mM NaH2PO4, 2mM CaCl2,
1mM MgCl2, 5.5mM glucose, pH 7.3). Platelet aggregation was
measured by turbidimetry at 37◦C under stirred conditions.
PRP or washed platelets were adjusted to 200 × 109 platelets/l
and were stimulated by 5µg/ml collagen or 5µM ADP (SD
Innovation, Frouard, France). Aggregation was followed for
10min using a TA-8V aggregometer (SD Innovation).

Thrombin Generation Assay
Calibrated automated thrombinography (CAT) in PRP or PFP
was performed in a microtiter plate fluorometer (Fluoroskan
Ascent, ThermoLabsystems, Helsinki, Finland) using a dedicated
software program (Thrombinoscope BV, Maastricht, The
Netherlands) as reported previously (Regnault et al., 2004).
All reagents were used at half the ordinary volume as follows:
40 µl PRP or PFP, 10 µl of 5 pM recombinant human
tissue factor (TF) (Dade Behring, Marburg, Germany) and
phospholipid vesicles (PV) consisted of phosphatidylcholine-
serine-ethanolamine (PC/PS/PE) 60/20/20 mole% at a final
concentration of 4µM equivalent PS, 10 µl fluorogenic substrate
and calcium. PV were replaced by buffer in PRP and VSMC

experiments. Round-bottom 96-well Greiner blue plates were
used for PFP and PRP, and MICROTESTTM96 plates for VSMC
monolayers. Thrombin generation curves were recorded in
triplicate. Thrombin generation was monitored also following
supplementing PFP with adiponectin or leptin (BioVision, San
Francisco, USA), with fibrinogen (Sigma-Aldrich, St Louis,
USA), or with palmitic acid or linoleic acid (Sigma-Aldrich).

Coagulation and Circulating Parameters
Prothrombin and FVIII were measured in PFP samples diluted
1:40–80 in factor diluent (Instrumentation Laboratory, Le Pré
Saint Gervais, France). For each assay 50 µl of diluted sample
were added to 50 µl of human prothrombin-deficient plasma
(Siemens Healthcare Diagnostics SAS, Saint-Denis, France)
or FVIII deficient plasma (Dade Behring, Deerfield, USA).
After 1min of incubation at 37◦C in a KC10 coagulometer,
coagulation was started by addition of 80 µl of Thromborel R©

S. Calibration curves were generated using the reference plasma
Unicalibrator (Diagnostica Stago, Asnières, France). Fibrinogen
was measured in PFP samples diluted 1:10–20 in Owren–Koller
buffer (Diagnostica Stago, Asnières, France). Unicalibrator was
used to generate calibration curves. After 4min of incubation
at 37◦C in a KC10 coagulometer, coagulation was started by
addition of 100 µl of Fibriquik (Biomérieux-Trinity Biotech,
Bray, Ireland). Antithrombin levels were measured with the
Coamatic R© antithrombin test kit from Chromogenix, and TAT
with the Enzygnost R© TAT micro (Instumentation Laboratory).
TF and TF pathway inhibitor (TFPI) activities were measured in
PFP using the Actichrome R© tissue factor and Actichrome R© TFPI
activity assay respectively (AmericanDiagnostica, Stamford, CT).
PAI-1 levels were measured with the rat PAI-1 total antigen
ELISA kit from Innovative Research, Inc. IL-13 and IL-1β
concentrations were measured with the IL-13 and IL-1 beta
rat ELISA kits from Invitrogen. MMP-9 levels were measured
with the Quantikine rat total MMP-9 immunoassay from R&D
Systems. VCAM-1 was assessed with the rat VCAM-1 ELISA kit
from Elabscience.

In Vitro Fibrinolytic Test
PFP (20 µl) was diluted by addition of 40 µl buffer containing
5 pM recombinant TF, PV at 4µM equivalent PS, 5 nM rabbit
thrombomodulin (TM) (American Diagnostica, Greenwich,
USA) and 4µg/ml recombinant human tissue Plasminogen
Activator (tPA) Actilyse R© (Boehringer Ingelheim, Ingelheim am
Rhein, Germany). Clot formation was initiated by addition of 10
µl of 100mM CaCl2. To monitor clot lysis, absorbance was read
kinetically at 405 nm using a microplate reader. To standardize
the figure, for each sample basal optical density (OD) after lysis
was subtracted from each point of the curve. Half lysis time
was defined as the time required to reach half-maximal variation
in OD.

Microscopy of Fibrin Fiber Ultrastructure
The thrombin generation assay was performed in order to
generate fibrin for fixation using the same TF and PV
concentrations as in the CAT experiments. This was done using
plasma on paper disks and a Rhodamine substrate was used
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(Ninivaggi et al., 2012). Immediately after thrombin generation
was finished (50min for each run), the mineral oil was removed
from the well and a solution of glutaraldehyde (grade I) in
phosphate buffered saline (PBS) (Sorensen’s PBS, pH 7.2) was
applied. This was put at room temperature for 1 h and then kept
at 4◦Covernight. The samples were thenwashed 5 times with PBS
and a secondary fixation was performed in OsO4 (1%) in sodium
cacodylate (200 nM, pH 7.4) for 1 h at RT. The samples were
then dehydrated with increasing concentrations of ethanol each
during 3min (30, 50, 70, 90, 100%) and the last step (100%) was
performed three times. Further dehydration was accomplished
by a hexamethyldisilazane (HMDS)/ethanol solution (1:1) for
3min and HMDS for 10min. The samples were removed from
the wells and left to dry. In order to visualize the samples with a
Phenom G2Pro scanning electron microscopy (SEM) (Phenom-
World, Eindhoven, the Netherlands), they were put on stubs
using carbon tabs and coated with gold.

For each sample, 3–5 pictures were analyzed. Fiber thickness
was measured using ImageJ software (version 1.48v). For each
picture 100 measurements were performed. The density of the
fibers was calculated from the pictures by counting the number
of fibers that crossed a line of 26.8µm (Konings et al., 2011).

Rat Cytokine Antibody Array
The Rat Cytokine Array Panel A (Cat # ARY008) from
R&D system (Minneapolis, MN) was used to probe cytokines
in PFP from MSZR and LZR by following the procedures
recommended by the manufacturer. Bound antibodies were
detected by chemiluminescence using the ImmobilonTM Western
Chemiluminescent HRP Substrate (Millipore, Billerica, MA).
This was performed once with a plasma pool from 5
to 6 animals to reduce inter-animal variability in each
group.

Phospholipid Procoagulant Activity
The chromogenic assay measuring the phospholipid-related
procoagulant activity (PPA) in VSMCs was performed as
described previously for plasma (Wagenvoord et al., 1994;
Membre et al., 2008). VSMCs cultured in 96 well plates were
washed and 50 µl of 50mM Tris, 175mM NaCl, pH 7.9 (TBS)
containing 2 g/l bovine serum albumin (BSA) were added as
well as 50 µl of activated factor X (1.2 nM), activated factor
V (2.4 nM), CaCl2 (15mM) and 50 µl of bovine prothrombin
(6µM) plus Z-Gly-Gly-Arg-AMC substrate (1.25mM) in 20mM
HEPES pH 7.5 containing 60 g/l BSA. The plate was placed
in the Fluoroskan Ascent fluorometer and allowed to warm
up to 37◦C for 5min before kinetic readings were taken
over 10min. Phospholipid concentration was estimated from
the initial rate of thrombin formation by reference to a
standard curve constructed with PV, and expressed as PS
equivalents.

Western Blot
Cell extracts were obtained by lysing VSMCs in complete Lysis-
M buffer (Roche Diagnostics Corporation, Basel, Switzerland).
Detergent-soluble fractions were retained, and protein
concentrations in samples were determined using a Bradford

protein assay (Bio-Rad, Hercule, USA). Lysates containing 30
µg of protein were electrophoresed on polyacrylamide gels
(8% gel), transferred to Hybond-C nitrocellulose membranes
(transblot turbo, Bio-Rad, Hercule, USA) and blotted with
the following antibodies: α-smooth muscle actin (αSMA),
4/1,000 (Sigma-Aldrich), smooth muscle myosin heavy chain
(SM-MHC), 1/1,000 (Abcam; Cambridge, UK); smoothelin,
1/500 (Santa Cruz Biotechnology, USA); integrin αv, 1/1,000
(Santa Cruz Biotechnology, Dallas Texas); integrin β3 1/500
(Merck Millipore, Billerica, USA) and tubulin, 2/1,000 (Sigma-
Aldrich). After rinsing, incubation with a secondary rabbit
antibody 1/1,000 (αv, β3, smoothelin, SM-MHC, Sigma-Aldrich)
and mouse antibody 1/1000 (αSMA, tubulin, Sigma-Aldrich).
Reactions were visualized by the ECL Western Blot Detection
Kit (Bio-Rad, Hercule, USA) after incubation with peroxidase
conjugates 1/2000 (GE Healthcare, Little Chalfont, UK). Tubulin
was used as loading control and the protein expression was
normalized to tubulin.

In Situ Gelatin Zymography
In situ gelatin zymography was performed to determine the
gelatinase activity across the aortic wall using DQ-gelatin
(Life Technologies, Paisley, UK) as described previously (Mook
et al., 2003). Fluorescein isothiocyanate (FITC, 1/110), and 4′,6-
diamidino-2-phenylindole (DAPI, 1/150) filters were used to
visualize the degree of gelatinase activity and the localisation
of nuclear tissue by fluorescence microscopy using a x20
optical objective (Keynece, Osaka, Japan). Analysis of average
fluorescence was performed for three 20µm thick profile lines
across 3 arterial wall regions for each sample.

Zymography Analysis
VSMCs from LZR or MSZR (passage 4–6) were seeded (50,000
cells/well) in 6-well culture plates in DMEM/F-12 supplemented
with 10% fetal bovine serum (life technology Thermo Fisher
Scientific, Waltham, USA). Cells were grown to subconfluence
and after 16 h in serum-free medium, cells were washed with
PBS (Sigma-Aldrich), the medium was changed and cells
were incubated for 4, 8, or 20 h at 37◦C. Conditioned media
were then removed and centrifuged at 500 g for 10min at
room temperature and used for the determination of MMP-2
secretion.

Conditioned media were analyzed for gelatin degradation
by electrophoresis under non-reducing conditions on a 10%
polyacrylamide-SDS gel containing 0.1% gelatin. Gels were
washed for 1 h at room temperature in a 2% triton X-100 solution
and incubated overnight at 37◦C in 50mM Tris–HCl/10mM
CaCl2 (pH 7.6) buffer.

Gels were stained in a 0.1% coomassie Blue (G250)/45%
methanol/10% acetic acid solution and de-stained in a 10% acetic
acid/20% methanol solution. White lysis strips, indicative of
gelatinolytic activity, were revealed and scanned (Fujifilm LAS
4000, Life sciences, Branford, USA). Densitometric analysis was
made using MultiGauge software (Fuji, Tokyo, Japan). Fetal
bovine serum diluted at 1% in serum free medium was used as
a positive control.
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Statistical Analysis
Results are presented as mean± standard error of themean. Data
were analyzed by a one-way or two-way ANOVA, followed by a
Fisher’s test for multiple comparisons to evaluate the influence of
age and strain and their interaction on the different variables. In
the case of SEM measurements, the differences in fiber thickness
were analyzed using the MannWhitney U-test.

RESULTS

Platelet Aggregation, Thrombin
Generation, and Fibrinolysis Were All
Impaired with the MetS and/or Aging
Platelet count in blood was increased in MSZR at both ages
compared to the same aged LZR (Table 1). Platelet aggregation
using washed platelets and collagen as a strong agonist was
not significantly modified as shown by the mean maximum
aggregation (Figure 1A). For platelet aggregation in PRP using
ADP, mean maximum aggregation was increased in 80 week-old
MSZR and LZR compared to 25 week-old controls (Figure 1B).
The F1+2 fragment was analyzed to evaluate the in vivo reactivity
of the coagulation system. The amount of F1+2 fragment was
increased in 25 week-old MSZR compared to the same aged LZR
(Table 1). Thrombin generation measurement was performed as
an integrative in vitro phenotype of coagulation. Adult and very
old MSZR had a significantly increased endogenous thrombin
potential (ETP) compared to same aged LZR. The other thrombin
generation parameters (lag time, peak, and velocity) were not
changed significantly except for the time to peak which was
increased in obese at both ages (Table 1; Figure 1C). The ratio of
thrombin generation in PFP and PRP compared to 25 week-old

LZR was made to evaluate the platelet reactivity impact on
thrombin generation. Interestingly, thrombin generation was
more increased in PRP from MSZR at 25 week of age compared
to 80 week-old rats (Figure 1D). The coagulation parameters,
TF, TFPI, prothrombin and fibrinogen, were all increased in
MSZR compared to LZR at both ages. TFPI was decreased and
fibrinogen was increased with age in MSZR and prothrombin
was increased with age in LZR. FVIII was increased significantly
with age and MetS in 80 week-old MSZR. Antithrombin
measurements showed no modification in MSZR and LZR rats
(Table 1). Fibrin clots were characterized by SEM. Computerised
analysis of the SEM images showed a decrease of fibrin fiber
thickness in MSZR compared to LZR at both ages while fiber
density was only increased in 80 week-old LZR (Figures 1E-G).
Circulating levels of PAI-1 were increased in both 80 week-old
LZR and MSZR (Figure 1H). In a fibrinolysis test (Figure 1I),
half-time lysis was increased in MSZR compared to LZR at
both ages and aging significantly increased half-time lysis in
both groups (Figure 1J). Maximal lysis speed was not modified
(Figure 1K).

Inflammation, Metabolic Factors, and Free
Fatty Acids Modified Thrombin Generation
Fibrinogen concentration was correlated highly to ETP (r =

0.069) and supplementing plasma with exogenous fibrinogen
at concentrations that agreed with the changes between MSZR
and LZR gradually increased ETP (Figures 2A,B). The 1.2-
fold increase in ETP with the 2.5 mg/mL concentration is
consistent with the 1.4 increase in plasma fibrinogen in MSZR.
We have then tested the effects of addition of exogenous
leptin, adiponectin, linoleic acid, and palmitic acid to PFP
at concentrations selected to encompass the range previously

TABLE 1 | Blood coagulation parameters and thrombin generation parameters of LZR and MSZR at 25 and 80 weeks of age.

25 week-old 80 week-old ANOVA

LZR MSZR LZR MSZR Strain Age Interaction

n 9 10 12 9

Platelets (103/mm3) 574 ± 37 789 ± 34* 633 ± 29 834 ± 63* ≤0.0001 0.009 0.013

F1+2 (pmol/l) 4.1 ± 0.5 7.9 ± 1.0* 5.8 ± 1.2 5.5 ± 0.9 0.009 0.7 0.05

TF (pM) 0.3 ± 0.1 12.2 ± 1.7* 2.0 ± 0.4 9.9 ± 1.5* ≤0.0001 0.8 0.09

TFPI activity (U/ml) 4.9 ± 0.2 11.2 ± 0.2* 5.4 ± 0.2 9.9 ± 0.6*# ≤0.0001 0.3 0.01

FVIII (%) 104 28 190 34 124 28 466 52*# ≤0.0001 0.002 0.001

Prothrombin (%) 94 ± 3 223 ± 19* 155 ± 14# 264 ± 16* ≤0.0001 0.002 0.5

AT (%) 129 ± 2 125 ± 2 127 ± 1 123 ± 3 0.04 0.5 0.9

Fibrinogen (g/l) 2.8 ± 0.1 4.0 ± 0.2* 3.1 ± 0.1 4.9 ± 0.2*# ≤0.0001 0.0003 0.2

n 11 11 10 7

Lag time (min) 1.5 ± 0.1 1.7 ± 0.1 1.4 ± 0.1 1.5 ± 0.1 0.09 0.4 0.6

Peak (nM) 99 ± 8 121 ± 9 102 ± 10 117 ± 15 0.07 0.98 0.7

Time to peak (min) 4.4 ± 0.1 5.2 ± 0.3* 4.1 ± 0.1 5.3 ± 0.2* ≤0.0001 0.6 0.3

ETP (nM.min) 395 ± 37 549 ± 52* 362 ± 34 553 ± 76* 0.001 0.8 0.8

Velocity (nM/min) 35 ± 3 37 ± 4 40 ± 4 31 ± 4 0.6 0.98 0.2

Results are mean ± standard error to the mean. *p< 0.05, SMZR vs. LZR at the same age; #p < 0.05, 80 vs. 25 week-old rats in the same strain. F1+2, fragment 1+2; TF, tissue

factor; TFPI, tissue factor pathway inhibitor; AT, antithrombin; ETP, endogenous thrombin potential.
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FIGURE 1 | Platelet aggregation, thrombin generation, and fibrinolysis in LZR and MSZR rats. (A) Mean maximum aggregation in washed platelets in response to

collagen (5µg/ml) and in (B) platelet-rich plasma (PRP) in response to ADP (5µM), with the platelet count adjusted to 200 × 109 platelets/l. (C) Calibrated automated

thrombinography (CAT) in rat plasma. Mean thrombin generation curves in platelet free plasma (PFP) triggered by 5 pM tissue factor in LZR and MSZR at 25 and 80

weeks of age. (D) Endogenous thrombin potential (ETP) in PFP and PRP of 25 and 80 week-old LZR and MSZR, expressed as ratios of values for 25 week-old LZR.

(E) Ultrastructure of fibrin fibers was visualized by scanning electron microscopy. Pictures were made at 10,000 × magnification. (F,G) Fiber thickness and fiber

density of fibrin clot in LZR and MSZR. (H) ELISA results of PAI-1 measured in PFP (n = 17–19). (I) Representative curves of fibrinolytic tests in PFP in LZR and MSZR.

(J,K) Half-lysis time and maximal lysis speed of fibrinolytic tests in LZR and MSZR. Results are mean ± standard error of the mean (n = 7–11). *p < 0.05 vs. LZR at

the same age; #p < 0.05 vs. 25 week-old rats in the same strain.

reported for each molecule in MSZR (Sloboda et al., 2012;
Godin et al., 2013). Addition of leptin or adiponectin elicited
similar concentration-dependent changes in ETP whatever the
group of rat. The two adipokines had opposite effects on
thrombin generation, leptin increased ETP whereas adiponectin
decreased it (Figures 2C,D). The two lower concentrations of
added linoleic acid (0.75 and 1.5 mg/mL) had clear procoagulant
effects whereas the higher concentration (3 mg/mL) was less
effective in increasing thrombin generation (Figures 2E,F).
There was a significant increase in thrombin generation for

all added concentrations of palmitic acid whatever the group
of rat. The results show an additive effect of FFAs on MSZR
plasma.

Plasma Cytokines Were Increased Both
with MetS and Aging
To explore inflammation in our model we performed a plasma
cytokine array of 27 cytokines in order to provide qualitative
data that will subsequently be used to quantify cytokines known
likely to promote prothrombotic phenotypes (Figure 3). Panel
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FIGURE 2 | Effect of fibrinogen, adipokines, and free fatty acids on thrombin generation. (A) Correlation between ETP and plasma fibrinogen concentration of 25 and

80 week-old LZR and MSZR (r = 0.069, p = 0.01). (B) ETP values in 25 week-old LZR platelet free plasma supplemented with 0.5, 1.0, 2.0, or 2.5 g/l fibrinogen.

(C–F) ETP values, expressed as ratios of values in presence of adipokines or free fatty acids to those obtained with no addition for each group, in platelet free plasma

supplemented with 0.05, 0.1, or 1.0 ng/ml leptin (C), with 2, 4, or 8µg/ml adiponectin (D), with 0.75, 1.5, or 3 mg/ml of linoleic acid (E) or with 0.75 1.5, or 3 mg/ml

of palmitic acid (F). Results are mean ± standard error of the mean (n = 11–16). *p < 0.05 vs. no addition.

A presents pictures of the cytokine array membranes. A 50%
variation between two groups was chosen as a threshold to
classify cytokines into four groups. The first group of five
cytokines showed no modifications (Figure 3B), a second group
of eight cytokines were increased with MetS (Figure 3C), a third
group of three cytokines were increased with aging (Figure 3D)
and a last group of 11 cytokines were increased with both MetS
and aging (Figure 3E). The highest variation between 25 week-
old MSZR and LZR was found for IL-1β (>3,000% variation)
and the highest variation between 80 and 25 week-old rats was
observed for IL-13 (>400% variation). ELISAs performed with
individual rat PFP for IL-1β and IL-13 showed an increase of

these cytokine levels in LZR and MSZR with age (Figures 3F,G).
IL-13 was increased also in 80 week-oldMSZR compared to same
aged LZR.

MetS and Aging-Induced Inflammation and
Haemostasis Impairment Were Related to
Alteration of VSMCs
To explore the contribution of VSMCs, thrombin generation
was measured at the surface of cultured VSMCs isolated from
LZR and MSZR. Thrombin generation with PFP from LZR and
MSZR was always increased at the surface of MSZR VSMCs
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FIGURE 3 | Plasma cytokine array in Zucker rats. (A) Cytokine arrays of pooled platelet free plasma from 25 to 80 week-old MSZR and LZR. Relative

chemoluminescence compared to 25 week-old LZR was measured. (B) Unchanged cytokines, (C) cytokines modified with age, (D) with MetS, or (E) both with MetS

and age. ELISAs results for IL-1β (F) and IL-13 (G) measured in PFP (n = 14–18), results are mean ± standard error of the mean, *p <0.05 vs. LZR at the same age;
#p < 0.05 vs. 25 week-old rats in the same strain. VEGF, vascular endothelial growth factor; CINC-1, cytokine-induced neutrophil chemoattractant 1; CINC-3,

cytokine-induced neutrophil chemoattractant 3; GM-CSF, granulocyte macrophage colony stimulating factor; MIP, Macrophage Inflammatory Protein; MIG, C-X-C

motif ligand 9; IP-10, interferon gamma-induced protein 10; CNTF, ciliary neurotrophic factor; INFγ, interferon γ; IL, interleukin.

compared to LZR VSMCs. Remarkably, addition of palmitic
acid in LZR VSMCs increased thrombin generation to the level
of MSZR independently of the PFP used (Figure 4A). MSZR
VSMCs displayed increased procoagulant phospholipids at their
surface compared to LZR VSMCs (Figure 4B). Integrin subunit
αv was increased in MSZR compared to LSZ VSMCs while the β3
subunit was notmodified. VSMCdifferentiationmarkers α-SMA,
SM-MHC, and smoothelin, interestingly, were all decreased in
MSRZ VSMCs compared to LZR VSMCs (Figures 4C,D). Thus,
in situ gelatin zymography was performed to explore MMP
activity through gelatinase activity (Figure 4E). Figure 4E shows
representative photographs of in situ gelatin zymography in
aorta, gelatinase activity is in green. Mean gelatinase activity
in the aortic wall was increased in 25 and 80 week-old MSZR
compared to age matched LZR aortas (Figure 4F). However,
age did not modulate gelatinase activity. At the cellular level
MSZR VSMCs displayed increased MMP-2 secretion compared
to LZR VSMCs (Figures 4G,H). Circulating levels of MMP-9
were increased in 80 week-old MSZR whereas VCAM-1 was
increased in 25 week-old MSZR compared to same aged LZR and
in 80 week-old LZR (Figures 4I,J).

DISCUSSION

The aim of the present study was to determine concomitant
changes in the haemostasis system and VSMC phenotype and

their interplay with FFAs and MMPs during aging in obese rats
compared to lean rats of the same age. Our results demonstrated
(1) increased thrombin generation in MetS in plasma as early as
25 weeks of age, independently of platelets and at the surface of
VSMCs; (2) reinforcement of this hypercoagulability by reduced
plasma fibrinolysis; (3) no influence of aging on plasma thrombin
generation; (4) an age-related increase in platelet aggregation and
clot half lysis time and, (5) contribution of saturated FFAs to the
increased thrombin generation both in plasma and at the surface
of VSMCs.

Increased thrombotic risk can be attributed to three factors:
abnormalities in the vessel wall, in blood flow, and in haemostasis
including coagulation and fibrinolysis. We found previously that
MSZR presented endothelial dysfunction as shown by increased
circulating VWF. This endothelial dysfunction was exacerbated
during aging as shown by increases in both VWF and soluble
CD146 (Sloboda et al., 2012).

Few studies have used Zucker rats to look at haemostasis
and to our knowledge none have been performed in very old
Zucker rats. Paul et al. found that 12 week-old diabetic Zucker
rats presented unmodified in vitro platelet reactivity (Paul et al.,
2007). Recently Shang et al. have shown increased thrombosis,
increased thrombin generation and decreased fibrinolysis in 7–
10 week-old diabetic Zucker rats (Shang et al., 2014). They found
also decreased platelet reactivity to collagen and ADP in obese
rats in PRP. In PRP, we found increased platelet aggregation
using ADP in 80 week-old MSZR and LZR rats compared to
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FIGURE 4 | Role of smooth muscle cells in thrombin generation. (A) ETP values measured at the surface of vascular smooth muscle cells (VSMCs) from LZR and

MSZR, with LZR or MSZR platelet free plasma (PFP), and with or without 1.5 g/l exogenous added palmitic acid (PAL). Results are mean ± standard error of the

mean, n = 3 with 6 wells per condition per experiment. *p < 0.05 vs. LZR VSMC, #p < 0.05 vs. LRZ PFP and LRZ VMSC. (B) VSMC associated procoagulant

activity reported as phosphatidylserine (PS) equivalent in LRZ and MSZR. Results are mean ± standard error of the mean (n = 25). *p < 0.05 vs. LZR. (C) Typical

Western blot and (D) quantification analysis of VSMC differentiation markers (αSMA, SM-MHC, and smoothelin) and integrin subunits (αv and β3) in cultured VSMCs.

(Continued)
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FIGURE 4 | Continued

Results, expressed as fold change vs. VSMCs from LZR, are mean ± standard error of the mean (n = 6). *p < 0.05, MSZR vs. LZR. (E) Representative images of

gelatinolytic metalloproteinase activity in the aorta was measured using in situ gelatin zymography for each group of Zucker rats. Fluorescence as marker for

intra-plaque gelatinolytic activity was quantified. Nuclei were visualized by DAPI staining. (F) Average wall fluorescence of the gelatinolytic metalloproteinase activity in

the aorta. (G) Representative images of zymography gels of LZR and MSZR VSCMCs supernatant at 4, 8, and 20 h. (H) Relative MMP-2 activity in LZR and MSZR

VSMC supernatant at 4, 8, and 20 h. Results are mean ± standard error of the mean (n = 5). *p < 0.05, MSZR vs. LZR. ELISAs results of MMP-9 (I) and VCAM-1 (J)

measured in PFP (n = 17–22). *p < 0.05 vs. LZR at the same age; #p < 0.05 vs. 25 week-old rats in the same strain.

25 week-old controls, but not between rats of the same age. In
addition, we were not able to aggregate platelets using collagen.
Washed platelets were able to aggregate when triggered with
collagen but we did not find any significant changes with obesity
or with age. These changes might be related to the metabolic
differences existing between rats since they used diabetic Zucker
rats while we used obese Zucker rats that only develop diabetes
very late with age. Moreover, platelet count was not modified
in the diabetic Zucker rats of the Shang et al. study while we
found a 25% increased count in MSZR compared to LZR at both
ages. Interestingly, platelet-related thrombin generation showed
a very important increase in 25 week-old MSZR compared
to thrombin generation made with PFP. Altogether, increased
platelet aggregation to ADP with age concomitant to increased
platelet count in obese Zucker rats is in favor of a prothrombotic
state.

To better assess the prothrombotic state in obese and aged rats
we investigated in vivo thrombin generation by measuring F1+2
fragments, which were increased in MSZR indicating increased
in vivo formation of thrombin with MetS. As expected, MetS also
increased the in vitro thrombin generation capacity of plasma,
but this ability was not modified with age. This change in the in
vitro reactivity of the coagulation system points out the role of
several components including metabolic factors and the vascular
wall. Regarding individual clotting factors it was clear that TF
increased in MSZR as well as its inhibitor (TFPI). Increased
prothrombin concentration leads to higher thrombin generation
and can contribute to the increased ETP in MSZR. Other
procoagulant factors such as FVII, FVIII, and VWF are known
to be increased with MetS and aging. Metabolic factors such as
leptin and adiponectin can participate in haemostasis. Leptin has
been suggested previously to represent a link between obesity and
atherothrombosis (Petrini et al., 2016). It has been reported that
leptin enhanced platelet aggregation while adiponectin reduced
it (Konstantinides et al., 2001; Restituto et al., 2010). Adiponectin
has been involved also in the endothelium anticoagulation
function (Lee et al., 2011) since it increased endothelial TFPI
synthesis (Chen et al., 2008). We found in all Zucker rats a
strong positive correlation between plasma TPFI and adiponectin
concentrations dosed previously (data not shown; Sloboda et al.,
2012). Moreover, in our study, we found for the first time that
leptin increased ETP and that adiponectin decreased it. Despite
it being a modest effect, it argues for a major involvement of
adipokines in the regulation of thrombin generation.

Fibrinogen concentration was correlated also to ETP and
we confirmed that increased plasma fibrinogen increased ETP
(Kumar et al., 1994). Thrombin linked to fibrin can possibly
be protected from inhibition by antithrombin, in the same way

as it is protected from inhibition when bound to TM (Bourin,
1987). This may participate in explaining the increased time to
peak observed in MSZR and increased ETP with no significantly
increased peak.

We found that fibrinogen concentration was increased in
MSZR and during aging. In favor of the relevance of this result
it has been shown that synthesis of fibrinogen is upregulated
by inflammatory cytokines such as IL-6 (Morozumi et al.,
2009). The consequence of an increased thrombin generation
was an increased fibrin network formation in MSZR as shown
by thinner fibrin fibers (Wolberg, 2007). The increase in PAI-
1 with aging in LZR as well as in MSZR is relevant to
human physiology since it is known that during aging PAI-
1 is associated with an increased thrombotic risk. In addition,
the fibrinogen concentration increased during aging but the
mechanisms underlying this association with thrombotic risk are
unclear (Cesari et al., 2010). Human fibrinolysis is also impaired
in the MetS with a decrease in clot lysis ability linked to increased
PAI-1 (Pandolfi et al., 2001). Organization of the fibrin network is
likely due to the increased thrombin generation found in MSZR
(Wolberg, 2007). Moreover, clots with thinner fibrin fibers are
more resistant to lysis than clots with thick fibers (Gabriel et al.,
1992). This is supported by the increased half-time lysis found in
MSZR and very old Zucker rats. Other factors must be implicated
since fiber thickness was unchanged with age in both groups
whereas fibrinolysis time increased only during aging indicating
the formation of a denser clot. In line with this, adiponectin may
act as an anticoagulant molecule. Indeed, full length adiponectin
reduces platelet aggregation, inhibits TF and enhances TFPI
expression at the surface of endothelial cells (Chen et al., 2008;
Restituto et al., 2010). Both adiponectin and IL-13 increase the
expression of MMPs which can degrade fibrinogen (Hotary et al.,
2002; Wanninger et al., 2011; Firszt et al., 2014). Consistent
with this, we found an increase in IL-13 plasmatic concentration
with aging and also with the MetS in 80 week-old MSZR which
presents the same variations as plasma levels of MMP-9 and
FVIII. Whether adiponectin interplays directly with fibrinogen
remains an open question. The increase in FVIII with MetS and
associated inflammatory stimuli was anticipated in Zucker rats as
it is in humans (Begbie et al., 2000; Kotronen et al., 2011).

Inflammation during aging and in the MetS triggers vascular
remodeling. Fibrinogen (Lominadze et al., 2010) as well as fibrin
and fibrin degradation products have proinflammatory functions
that can modify VSMC phenotype (Lu et al., 2011). Cytokines in
the plasma, as shown in the array presented here, are increased
by the MetS, aging, or both. Our data indicated that the more
relevant proinflammatory cytokines such as IL-1α, IL-1β, IL-2,
IL-3, and IL-6 were increased early with the MetS while few
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anti-inflammatory cytokines were increased with MetS and aging
(IL-10, IL-1ra, IL-17). Our cytokine array made with a pool of
plasma for each group was checked using ELISA measurements
with individual samples for the two main cytokines involved in
the regulation of haemostasis (IL-13 and IL-1β). IL-13 changes
were confirmed while IL-1β increased only with aging but not
with the MetS at 25 weeks of age. This points to a determinant
role of age in complex vascular pathologies including several
comorbidities. IL-1β has a pleiotropic effect in the development
of atherothrombosis through its action on leukocyte adhesion to
the vascular wall and induction of procoagulant activity (Libby
et al., 1986; Dinarello, 2011). Recently, inhibition of IL-1β and
subsequent reduction of inflammation (without modification of
lipid levels) in patients with previous episodes of myocardial
infarction was found to reduce recurrent cardiovascular events
(Ridker et al., 2017). These findings are in line with the increase
of circulating IL-1β and increased activity of haemostasis with
age we observed in MSZR. Therefore, exploration of haemostasis
function in MSZR with inhibition of IL-1β could be of interest.

Other factors related to MetS that can potentiate the
modifications we observed in MSZR haemostasis are FFAs.
Saturated FFAs such as palmitic acid are known to be
associated with ischemic heart disease and increase postprandial
concentrations of fibrinogen (Simon et al., 1995; Pacheco et al.,
2006). One other mechanism proposed recently to explain the
thrombogenic effect of palmitic acid was its ability to induce
extracellular release of histones (Shrestha et al., 2013). Histones
are known to promote thrombin generation through platelet
activation (Semeraro et al., 2011). Additionally, palmitic acid
was measured recently in diabetic Zucker rats pointing out a
2.75 times increased concentration in obese rats (0.68 g/l in LZR
vs. 1.87 g/l in MSZR) (Godin et al., 2013). A similar increase
was observed for a polyunsaturated FFA, linoleic acid. We
supplemented 25 week-old LZR PFPwith linoleic or palmitic acid
to reach MSZR plasma concentrations. We showed for the first
time a direct effect of FFAs on thrombin generation confirming
the prothrombotic effect of palmitic acid.

All these FFAs, pro-inflammatory cytokines and coagulation
factors can have deleterious effects on the vascular wall. We
have shown previously the presence of endothelial dysfunction
in MSZR (Sloboda et al., 2012). In the present study we studied
VSMCs in more detail. Interestingly, thrombin generation
measured at the surface of VSMCs from MSZR was increased
compared to LZR VSMCs. This increase can be related to the
increased procoagulant phospholipids at the surface of MSZR
VSMCs. We showed recently that thrombin generation at the
surface of VSMC from spontaneously hypertensive rats (SHR)
leads to increased ETP and VSMCs were responsible for a
prothrombotic phenotype in SHR rats. In the same way as for
SHR rats, increased VSMC-supported thrombin generation can
be a mechanism implicated in the prothrombotic phenotype
we have observed in Zucker rats. In these cellular experiments
addition of palmitic acid exacerbated also thrombin generation
over MSZR VSMCs.

MMPs are related to FFAs, obesity-related diseases such as
type 2 diabetes and overall, inflammation. In our model, mean
gelatinase activity, focusing on MMP-2 and-9 activities, was

increased in MSZR. These molecules are responsible for the
degradation of type IV collagen, elastin, fibronectin, and laminin,
among other proteins. It is known that FFAs and insulin lead
to hyperactivity of MMP-2 and-9 (Boden et al., 2008). The
close relation between MMPs and insulin was demonstrated
also in Zucker rats (Zhou et al., 2005). IL-13 was increased
in old rats and is known to be an activator of MMPs (Firszt
et al., 2014). This increase in aortic MMP activity in the intima
with aging has been described in rats and was 2-fold higher
in old vs. young non-human primates (Li et al., 1999; Wang
et al., 2007). In addition, MMP activity may participate also
in age-related vascular remodeling in the aortic media since
MMPs accumulate around elastic fibers in the aortic media
(Li et al., 1999), which become fragmented with age-associated
increases in arterial stiffness which thus increases cardiovascular
risk. Interestingly, MMP production can be stimulated through
integrin αvβ3 (Bendeck et al., 2000). Concerning this pathway, we
found an increase of the αv subunit in MSZR VSMCs and MMP-
2 secretion was increased in MSZR compared to LZR. Moreover,
we have shown previously that this integrin is responsible for
thrombin generation supported by VSMCs and it argues for its
role in vascular remodeling (Mao et al., 2012). Very interestingly
all VSMC differentiation markers we tested were downregulated
inMSZR and even absent concerning SM-MHC. This illustrates a
phenotype switch from contractile to secreting VSMCs occurring
in vascular diseases such as atherosclerosis (Lacolley et al.,
2012).

In conclusion, our study demonstrates in MetS a
prothrombotic phenotype of the blood compartment reinforced
by procoagulant properties of the vascular wall. Regarding the
mechanisms, fibrinogen contributes to this hypercoagulable
phenotype in plasma at an early stage of MetS. Leptin and
adiponectin exert moderate opposite effects on thrombin
generation precluding a major contribution of adipokines. An
increase in proinflammatory cytokines likely increased MMP
activity inducing a VSMC dedifferentiated phenotype exhibiting
procoagulant properties. An increase in FFAs contributes to the
increased thrombin generation both in plasma and at the surface
of VSMCs. Plasma from MSZR and palmitic acid elicit additive
procoagulant effects. The potential benefit of direct thrombin
inhibitors should be investigated both on haemostatic balance in
blood compartments and on the cellular phenotypic modulation
within the vessel wall, and MMP production in MetS and its
complications with aging.
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Jian-Quan Luo 1, 2*†, Huan Ren 3, 4†, Hoan Linh Banh 5, Mou-Ze Liu 1, 2, Ping Xu 1, 2,

Ping-Fei Fang 1, 2 and Da-Xiong Xiang 1, 2

1Department of Pharmacy, The Second Xiangya Hospital, Central South University, Changsha, China, 2 Institute of Clinical

Pharmacy, Central South University, Changsha, China, 3Department of Clinical Pharmacology, Xiangya Hospital, Central

South University, Changsha, China, 4Hunan Key Laboratory of Pharmacogenetics, Institute of Clinical Pharmacology, Central
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Background and Objective: Apolipoprotein E (APOE) plays important roles in

lipoprotein metabolism and cardiovascular disease. Evidence suggests the APOE gene

epsilon2/epsilon3/epsilon4 (ε2/ε3/ε4) polymorphisms might be associated with the

susceptibility of coronary artery disease (CAD) in patients with type 2 diabetes mellitus

(T2DM). However, no clear consensus has yet been established. Therefore, the aim of

this meta-analysis is to provide a precise conclusion on the potential association between

APOE ε2/ε3/ε4 polymorphisms and the risk of CAD in patients with T2DM based on

case-control studies.

Methods: Pubmed, Embase, Chinese National Knowledge Infrastructure (CNKI), and

Wanfang databases were searched for all relevant studies prior to August 2017 in English

and Chinese language. The pooled odds ratios (ORs) and their corresponding 95%

confidence intervals (CIs) were used to assess the strength of the relationships. The

between-study heterogeneity was evaluated by Cochran’s Q-test and the I2 index to

adopt fixed- or random- effect models.

Results: A total of 13 studies were eligible for inclusion. There was evidence for

significant associations between APOE ε4 mutation and the risk of CAD in patients with

T2DM (for ε3/ε4 vs. ε3/ε3: OR = 1.69, 95% CI = 1.38–2.08, P < 0.001; for ε4/ε4

vs. ε3/ε3: OR = 2.72, 95% CI = 1.61–4.60, P < 0.001; for ε4/ε4+ε3/ε4 vs. ε3/ε3:

OR = 1.83, 95% CI = 1.52–2.22, P < 0.001; for ε4 allele vs. ε3 allele: OR = 1.64,

95% CI = 1.40–1.94, P < 0.001). In contrast, no significant associations were found in

genetic model of APOE ε2 mutation (for ε2/ε2 vs. ε3/ε3: OR = 1.67, 95% CI = 0.90–

3.09, P = 0.104; for ε2/ε3 vs. ε3/ε3: OR = 1.18, 95% CI = 0.93–1.51, P = 0.175; for

ε2/ε2+ε2/ε3 vs. ε3/ε3: OR = 1.26, 95% CI = 0.88–1.82, P = 0.212; for ε2 allele vs. ε3

allele: OR = 1.34, 95% CI = 0.98–1.84, P = 0.07).
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Conclusions: The APOE gene ε4 mutation is associated with an increased risk

of CAD in patients with T2DM, while the ε2 variation has null association with this

disease.

Keywords: coronary artery disease, type 2 diabetesmellitus, apolipoprotein E, epsilon2, epsilon3, epsilon4, genetic

polymorphism

INTRODUCTION

Type 2 diabetes mellitus (T2DM) is a long-term metabolic
disease with a high incidence and prevalence in the world.
T2DM is often accompanied by various complications such as
hypertension, dyslipidemia and coronary artery disease (CAD)
(Naito and Miyauchi, 2017). As the disease progresses, patients
with T2DM have a 2 to 4-fold increased risk for developing CAD
compared with non-diabetic individuals (Mohan et al., 2001;
Emerging Risk Factors et al., 2010). In addition, cardiovascular
disease including CAD in patients with T2DM is associated
with significant mortality (Zhang et al., 2014b; Freitas Lima
et al., 2015). Therefore, early prevention and vigorous control
of T2DM and its complications are becoming an ever-increasing
global health priority. A better understanding of the etiology
of CAD in patients with T2DM will result in better clinical
management.

Dyslipidemia, hypertension, obesity, and smoking status are
well-established risk factors for T2DM (Paneni et al., 2013;
Wang et al., 2015a). Additionally, human genetic association
studies have revealed that numerous genetic mutations and
polymorphisms also play a critical role (Wei et al., 2014; Raj
et al., 2015; Sumi et al., 2017). Among the previous studies,
apolipoprotein E (APOE) gene has been regarded as one of the
most likely candidate genes which may be associated with CAD
in T2DM patients.

APOE is a class of plasma apolipoprotein totaling 299 amino
acids, and it is involved in lipoprotein metabolism and the
development of cardiovascular diseases (Zheng et al., 1998). The
APOE gene is mapped to chromosome 19q13.2 in a cluster
with apolipoprotein C1 and C2 gene, and it consists of three
introns and four exons. APOE is a polymorphic gene and
the most commonly studied alleles/isoforms are: epsilon2 (ε2),
epsilon3 (ε3), and epsilon4 (ε4). The differences between the
three isoforms are the location of 112 and 158 in the amino
acid chain where cysteine or arginine is present. These three
APOE alleles are determined by the rs7412 and rs429358 single-
nucleotide polymorphisms. The three alleles, APOE-ε2 (cys112
and cys158),APOE-ε3 (cys112 and arg158) andAPOE-ε4 (arg112
and arg158), yield six different genotypes for the APOE gene:
ε2/ε2, ε2/ε3, ε2/ε4, ε3/ε3, ε3/ε4, and ε4/ε4. Because the ε3 allele
or ε3/ε3 genotype is the most common allele or genotype among
the population, they are well accepted as the “wild-type” and used
as the “reference” in the genetic models (Zhang et al., 2000; Guo
et al., 2007; Izar et al., 2009; Chaudhary et al., 2012; Hong et al.,
2017).

The role of APOE ε2/ε3/ε4 polymorphisms in the
development of CAD in patients with T2DM is widely studied,
but the results are still controversial and conflicting. In 1998,

Zheng et al. firstly investigated the association between APOE
gene polymorphism and T2DM complicated with CAD in the
Chinese population. The results showed that APOE-ε4 allele
increased the risk of CAD in T2DM (Zheng et al., 1998). Other
studies have also confirmed Zheng’s findings (Chaaba et al., 2008;
Hong et al., 2017). However, APOE-ε2 allele was also found
to be associated with the risk of CAD in T2DM (Halim et al.,
2012). In addition, no significant association between APOE
ε2/ε3/ε4 polymorphisms and the risk of CAD in T2DM was
reported in some studies (Zhang et al., 2000; Guo et al., 2007;
Izar et al., 2009). To demonstrate with certainty the associations
between the APOE ε2/ε3/ε4 polymorphisms and the risk of CAD
in patients with T2DM, we conducted a systematic review and
meta-analysis on published case-control studies.

MATERIALS AND METHODS

Literature Search
This study was undertaken according to the methodology
of MOOSE (Meta-analysis of Observational Studies in
Epidemiology) statement (Stroup et al., 2000). We thoroughly
searched all published studies in the Embase, PubMed, China
National Knowledge Infrastructure (CNKI) and Wanfang
databases up to August 2, 2017. The included articles were
limited to Chinese and English language. The following keywords
were used for searching: “apolipoprotein E” OR “APOE” AND
“polymorphism” OR “single nucleotide polymorphism” OR
“SNP” OR “variant” OR “variation” AND “coronary artery
disease” OR “coronary heart disease” OR “CAD” OR “CHD” OR
“atherosclerosis” OR “myocardial infarction” OR “myocardial
infarct” OR “heart attack” OR “MI” AND “type 2 diabetes” OR
“non-insulin dependent diabetes mellitus” OR “diabetes mellitus,
type 2” OR “diabetes, type 2” OR “diabetes mellitus, non-insulin
dependent” The Chinese databases were searched using the
equivalent Chinese terms. In addition, hand searches for all
related articles were performed. The detailed search strategies
are presented in Supplementary Table 1.

Inclusion and Exclusion Criteria
The first two investigators independently accessed the eligibility
of the studies by screening the title, abstract and full-text, based
on the inclusion and exclusion criteria. The inclusion criteria
for all studies were as follows: (1) study on the associations
between APOE ε2/ε3/ε4 polymorphisms and CAD in patients
with T2DM, regardless of sample size. (2) case-control design.
(3) detailed data for the APOE alleles or genotype distribution in
case and control groups to estimate odds ratio (OR) with 95%
confidence interval (CI). Exclusion criteria: (1) duplication of
previous data; (2) review, comment and editorial; (3) no sufficient
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genotype data. Any dispute about the eligibility of an article was
resolved by discussion.

Data Extraction
The data was drawn out based on a standard protocol.
The following information was carefully extracted from all
eligible publications independently by two authors (JQL and
HR) using a standardized form: last name of first author,
year of publication, study country, sample size in cases
and controls, methods of genotyping, number genotypes and
alleles. If similar data sets presented in different articles
by the same research group, the data would be adopted
only once. The collected data were compared, and possible
disagreements were discussed by the authors and resolved with
consensus.

Quality Score Assessment
The study quality was independently assessed by two reviewers.
Quality assessment of genetic associations between APOE

ε2/ε3/ε4 polymorphisms and CAD in patients with T2DM is
described in the Supplementary Table 2. The scores were adjusted
according to the criteria developed formeta-analysis ofmolecular
association studies by Thakkinstian et al. (2005). The total
scores ranged from 0 to 13, with 13 representing the highest
quality.

Statistics Analysis
All the statistical analysis in this study was performed using
Stata 12.0 (StataCorp, College Station, TX). Hardy-Weinberg
equilibrium was performed in control groups using the chi-
square test. The combined OR and 95%CI were calculated to
evaluate the strength of the association between the APOE
ε2/ε3/ε4 polymorphisms and risk of CAD in T2DM subjects.
The pooled ORs were, respectively, performed for nine genetic
models (ε2/ε2 vs. ε3/ε3; ε2/ε3 vs. ε3/ε3; ε2/ε4 vs. ε3/ε3; ε3/ε4
vs. ε3/ε3; ε4/ε4 vs. ε3/ε3; ε2 allele vs. ε3 allele; ε4 allele vs.
ε3 allele; ε2/ε2+ε2/ε3 vs. ε3/ε3; ε4/ε4+ε3/ε4 vs. ε3/ε3). The
statistically significant level of the combined OR was determined

FIGURE 1 | Flow diagram of study selection process. The term “n” in the boxes represens the number of corresponding studies.
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TABLE 1 | Characteristics of the included studies for this meta-analysis.

First-author Year Country Genotyping

methodsa
Quality

score

Sample size APOE genotypes distribution (case/control)

Case Control ε2/ε2 ε2/ε3 ε3/ε3 ε3/ε4 ε4/ε4 ε2/ε4 ε2 ε3 ε4 ε2/ε2+

ε2/ε3

ε3/ε4+

ε4/ε4

Hong 2017 China RT-PCR 10 114 106 1/1 14/11 61/72 31/20 2/0 5/2 21/15 167/175 40/22 15/12 33/20

Chaudhary 2012 Thailand PCR-RFLP 12 147 155 1/1 11/2 88/117 46/30 1/4 0/1 13/5 233/266 48/39 12/3 47/34

Halim 2012 Egypt PCR-RFLP 5 35 35 6/0 5/2 18/31 6/2 0/0 0/0 17/2 47/66 6/2 11/2 6/2

Al-Majed 2011 Kuwaiti PCR-RFLP 9 41 105 3/7 1/2 21/73 4/6 12/15 0/2 7/18 47/154 28/38 4/9 16/21

Vaisi-Raygani 2010 Iran PCR-RFLP 12 172 118 4/0 31/26 91/69 31/20 12/3 3/0 42/26 244/184 58/26 35/26 43/23

Shi 2009 China PCR-RFLP 9 98 110 0/0 4/3 44/71 36/27 2/0 12/9 16/12 128/172 52/36 4/3 38/27

Izar 2009 Brazil PCR-RFLP 11 386 604 3/7 60/86 241/388 57/81 9/4 14/31 80/131 599/943 89/120 63/93 66/85

Chaaba 2008 Tunisia PCR-RFLP 9 71 86 0/0 3/9 57/68 NA NA 0/1 NA NA NA 3/9 11/8

Zhang L 2008 China PCR-RFLP 10 100 100 2/4 12/15 54/67 30/13 2/1 0/0 16/23 150/162 34/15 14/19 32/14

Guo 2007 China Multi-ARMS-

PCR

11 40 40 0/0 2/1 22/29 13/7 1/0 2/3 4/4 59/66 17/10 2/1 14/7

Pan 2002 China PCR-RFLP 11 24 63 0/1 4/7 12/45 6/8 0/0 2/2 6/11 34/105 8/10 4/8 6/8

Zhang WH 2000 China PCR-RFLP 9 61 63 1/0 2/7 46/50 10/6 1/0 1/0 5/7 104/113 13/6 3/7 11/6

Zheng 1998 China PCR-RFLP 8 33 78 NA NA 22/59 NA NA NA NA NA NA 3/15 8/4

aMulti-ARMS-PCR: multiplex amplification refractory mutation system-polymerase chain reaction; PCR-RFLP: polymerase chain reaction restriction fragment length polymorphism;

RT-PCR: real-time polymerase chain reaction.

NA: not available.

by the Z-test with P < 0.05. Heterogeneity between studies was
calculated by using the Cochran’s Q-test and Higgins I2 index.
In the absence of between-study heterogeneity (I2 < 50%), the
fixed effect model (Mantel–Haenszel method) was chosen to
calculate the pooled estimates. Otherwise, random effect model
(DerSimonian and Laird method) would be adopted if the I2

> 50% (Higgins et al., 2003). Subgroup analysis was performed
according to the source of patients (Chinese and non-Chinese).
Galbraith plot analysis and sensitivity analysis were conducted
to detect whether there were outliers that could be the potential
sources of heterogeneity between studies when heterogeneity
was moderately large. Publication bias was evaluated by Begg’s
funnel plot and Egger’s regression test (Begg and Mazumdar,
1994; Egger et al., 1997). If there is evidence of significant
publication bias, the trim and fill method was performed to assess
the potential influence of publication bias (Duval and Tweedie,
2000).

RESULTS

The Characteristics of the Included Studies
As depicted in Figure 1, a total of 222 articles were obtained by
online search, and 2 articles were included by manual search.
After removing duplicates, 175 articles were included. After
screening title and abstract, 115 articles were excluded. As a
result, 13 articles (Zheng et al., 1998; Zhang et al., 2000, 2008;
Pan et al., 2002; Guo et al., 2007; Chaaba et al., 2008; Izar et al.,
2009; Shi et al., 2009; Vaisi-Raygani et al., 2010; Al-Majed et al.,
2011; Chaudhary et al., 2012; Halim et al., 2012; Hong et al.,
2017) were eligible for the meta-analysis. The characteristics of
the included articles are summarized in Table 1. The included
studies were conducted in several countries including China,

Brazil, Thailand, Egypt, Iran, Kuwait, and Tunisia. All studies
were performed in a case-control design and the sample sizes
varied from 70 to 990. The quality score of the included studies
ranged from 5 to 12 (mean: 9.69) out of a maximal score
of 13.

Quantitative Synthesis
The main results of this meta-analysis for the association
between APOE ε2/ε3/ε4 polymorphisms and the risk of CAD in
T2DM patients are presented in Table 2. There was significant
association in three genetic models which demonstrate, ε4
mutation contributed to an increased risk of CAD in patients
with T2DM (Figure 2). The pooled results for the three genetic
models in the overall analysis were as follows: for ε3/ε4 vs. ε3/ε3:
OR = 1.69, 95% CI = 1.38–2.08, P < 0.001; for ε4/ε4 vs. ε3/ε3:
OR = 2.72, 95% CI = 1.61–4.60, P < 0.001; for ε4/ε4+ε3/ε4 vs.
ε3/ε3: OR = 1.83, 95% CI = 1.52–2.22, P < 0.001. In contrast,
the ε2 variation had null association with this disease (Figure 3).
No significant association in the overall analysis was found in
genetic model of ε2/ε2 vs. ε3/ε3 (OR = 1.67, 95% CI = 0.90–
3.09, P = 0.104); ε2/ε3 vs. ε3/ε3 (OR = 1.18, 95% CI = 0.93–
1.51, P = 0.175); ε2/ε4 vs. ε3/ε3 (OR = 1.20, 95% CI = 0.78–
1.84, P = 0.405); ε2/ε2+ε2/ε3 vs. ε3/ε3 (OR = 1.26, 95%
CI = 0.88–1.82, P = 0.212). In addition, the genetic models
of allele-based contrasts in the overall analysis also revealed
a statistically significant pooled estimates for ε4 allele vs. ε3
allele (OR = 1.64, 95% CI = 1.40–1.94, P < 0.001) but not
for ε2 allele vs. ε3 allele (OR = 1.34, 95% CI = 0.98–1.84,
P = 0.07).

In the subgroup analysis according to the source of patients
(Chinese and non-Chinese), the pooled ORs of all genetic models
except the ε2/ε4 vs. ε3/ε3 model were consistent with the results
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TABLE 2 | Meta-analysis results of the associations between APOE ε2/ε3/ε4 polymorphisms and risk of coronary artery diseases in type 2 diabetes patients.

Genetic model Pooled OR (95%CI) Z-value Pmeta-analysis NO. of studies Modela P
heterogeneityb

I2%

ε2/ε2 vs. ε3/ε3 1.67(0.90–3.09) 1.62 0.104 9 F 0.532 0.00

Chinese 2.03(0.98–4.21) 0.02 0.984 4 F 0.841 0.00

Non-Chinese 1.01(0.31–3.32) 1.90 0.058 5 F 0.208 32.00

ε2/ε3 vs. ε3/ε3 1.18(0.93–1.51) 1.36 0.175 12 F 0.151 30.10

Chinese 1.21(0.76–1.95) 0.80 0.423 6 F 0.450 0.00

Non-Chinese 1.32(0.72–2.42) 0.89 0.374 6 R 0.053 54.30

ε2/ε4 vs. ε3/ε3 1.20(0.78–1.84) 0.83 0.405 10 F 0.493 0.00

Chinese 2.17(1.10–4.28) 2.22 0.026 5 F 0.852 0.00

Non-Chinese 0.79(0.44–1.41) 0.79 0.428 5 F 0.746 0.00

ε3/ε4 vs. ε3/ε3 1.69(1.38–2.08) 4.99 <0.001 11 F 0.312 13.90

Chinese 2.22(1.59–3.09) 4.71 <0.001 6 F 0.954 0.00

Non-Chinese 1.42(1.09–1.85) 2.57 0.010 5 F 0.186 35.30

ε4/ε4 vs. ε3/ε3 2.72(1.61–4.60) 3.72 <0.001 9 F 0.807 0.00

Chinese 4.26(1.16–15.61) 2.18 0.029 5 F 0.980 0.00

Non-Chinese 2.45(1.37–4.37) 3.03 0.002 4 F 0.291 19.70

ε2/ε2+ε2/ε3 vs. ε3/ε3 1.26(0.88–1.82) 1.25 0.212 13 R 0.071 39.50

Chinese 1.08(0.71–1.65) 0.34 0.734 7 F 0.538 0.00

Non-Chinese 1.52(0.81–2.85) 1.30 0.193 6 R 0.012 66.00

ε4/ε4+ε3/ε4 vs. ε3/ε3 1.83(1.52–2.22) 6.24 <0.001 13 F 0.384 6.20

Chinese 2.44(1.78–3.36) 5.51 <0.001 7 F 0.890 0.00

Non-Chinese 1.55(1.22–1.97) 3.60 <0.001 6 F 0.360 8.80

ε2 allele vs. ε3 allele 1.34(0.98–1.84) 1.81 0.070 11 R 0.054 44.70

Chinese 1.19(0.84–1.69) 0.99 0.324 6 F 0.536 0.00

Non-Chinese 1.67(0.93–3.03) 1.71 0.088 5 R 0.007 71.50

ε4 allele vs. ε3 allele 1.64(1.40–1.94) 5.97 <0.001 11 F 0.284 16.80

Chinese 2.08(1.58–2.74) 5.21 <0.001 6 F 0.987 0.00

Non-Chinese 1.44(1.17–1.77) 3.50 <0.001 5 F 0.138 42.60

OR, odd ratio; CI, confidence interval.
aF: fixed random effect model; R: random effect model.
bPheterogeneity value for between-study heterogeneity based on Cochran’s Q test.

in the overall population. In the Chinese population, the ε2/ε4
genotype increased the risk of CAD in patients with T2DM
(OR= 2.17, 95% CI= 1.10–4.28, P = 0.026).

Heterogeneity Analysis
As shown in Table 2, there was moderate between-study
heterogeneity in the genetic model of ε2 allele vs. ε3 allele
(Pheterogeneity = 0.054, I2 = 44.70%) and ε2/ε2+ε2/ε3 vs. ε3/ε3

(Pheterogeneity = 0.071, I2 = 39.50%) in the overall analysis.
However, no significant heterogeneity was found in other genetic
models (for ε2/ε2 vs. ε3/ε3: Pheterogeneity = 0.532, I2 = 0%;

for ε2/ε3 vs. ε3/ε3: Pheterogeneity = 0.151, I2 = 30.10%; for

ε2/ε4 vs. ε3/ε3: Pheterogeneity = 0.493, I2 = 0%; for ε3/ε4

vs. ε3/ε3: Pheterogeneity = 0.312, I2 = 13.90%; for ε4/ε4 vs.

ε3/ε3: Pheterogeneity = 0.807, I2 = 0%; for ε4 allele vs. ε3

allele: Pheterogeneity = 0.284, I2 = 16.80%; for ε4/ε4+ε3/ε4 vs.

ε3/ε3: Pheterogeneity = 0.384, I2 = 6.20%). The heterogeneity
analysis results indicated that the pooled results of this meta-
analysis in most genetic models were statistically steady and
robust. In addition, subgroup analysis indicated that there was

no heterogeneity under all nine genetic models in the Chinese
population.

Galbraith Plot Analysis and Sensitivity
Analysis
There was evidence of moderately large between-study
heterogeneity in the genetic model of ε2 allele vs. ε3 allele
(Pheterogeneity = 0.054, I2 = 44.70%) and ε2/ε2+ε2/ε3 vs. ε3/ε3

(Pheterogeneity = 0.071, I2 = 39.50%), so Galbraith plot analysis
and sensitivity analysis were performed to detect the possible
sources of heterogeneity. Under the genetic model of ε2 allele
vs. ε3 allele, the Galbraith plot analysis (Figure 4A) showed that
the Halim et al. study was the outlier, which is consistent with
the results of sensitivity analysis (Figure 4B). No heterogeneity
existed after this outlier study was omitted (Pheterogeneity = 0.460,

I2 = 0%). Thus, the study by Halim et al. may be the source of
heterogeneity in the meta-analysis for the ε2 allele vs. ε3 genetic
model.

Similarly, under the genetic model of ε2/ε2+ε2/ε3 vs.
ε3/ε3, the Galbraith plot analysis (Figure 4C) and sensitivity
analysis (Figure 4D) indicated that Halim and Chaudhary’s
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FIGURE 2 | Forest plot for the association between APOE gene polymorphism and the risk of coronary artery diseases in type 2 diabetes patients under the genetic

model of ε4/ε4+ε3/ε4 vs. ε3/ε3. The center of each square represents the OR, the area of the square is for the weight of studies, and the horizontal line indicates the

95% CI.

study were the outliers. When the two outlier studies were
omitted, no heterogeneity existed in the remaining studies
(Pheterogeneity = 0.681, I2 = 0%). Therefore, the studies of Halim
et al. and Chaudhary et al. may be the main contributors to the
source of heterogeneity in the meta-analysis for the ε2/ε2+ε2/ε3
vs. ε3/ε3 genetic model.

Publication Bias
No obvious asymmetry was observed in the shape of the funnel
plot for the following genetic models: ε2/ε2 vs. ε3/ε3 (Figure 5A);
ε2/ε3 vs. ε3/ε3 (Figure 5B); ε2/ε4 vs. ε3/ε3 (Figure 5C); ε4/ε4
vs. ε3/ε3 (Figure 5D); ε2 allele vs. ε3 allele (Figure 5E);
ε2/ε2+ε2/ε3 vs. ε3/ε3 (Figure 5F). In addition, the Begg’s
test and Egger’s test also did not show any evidence of
publication bias (PBegg = 0.251 and PEgger = 0.08 for ε2/ε2 vs.
ε3/ε3, PBegg = 0.373 and PEgger = 0.320 for ε2/ε3 vs. ε3/ε3,
PBegg = 0.283 and PEgger = 0.403 for ε2/ε4 vs. ε3/ε3, PBegg = 0.466
and PEgger = 0.988 for ε4/ε4 vs. ε3/ε3, PBegg = 0.119 and
PEgger = 0.053 for ε2 allele vs. ε3 allele, PBegg = 0.300 and
PEgger = 0.331 for ε2/ε2+ε2/ε3 vs. ε3/ε3).

The results from the following three genetic models ε3/ε4 vs.
ε3/ε3; ε3/ε4+ε4/ε4 vs. ε3/ε3 and ε4 allele vs. ε3 allele performed
by Begg’s test (PBegg = 0.213, PBegg = 0.033, and PBegg = 0.043,
respectively) or Egger’s test (PEgger = 0.013; PEgger = 0.001
and PEgger = 0.001, respectively) revealed publication bias.

Nevertheless, by using the trim and fill method, the recalculated
estimates (OR = 1.50, 95%CI = 1.24–1.82; OR = 1.59,
95%CI = 1.34–1.89 and OR = 1.40, 95%CI = 1.22–1.62,
respectively) remained statistically significant, which indicated
that our meta-analysis results were steady and not influenced
by publication bias. Figure 6 shows the funnel plot of trim
and fill method in the genetic model of ε3/ε4 vs. ε3/ε3
(Figure 6A), ε3/ε4+ε4/ε4 vs. ε3/ε3 (Figure 6B), ε4 allele vs. ε3
allele (Figure 6C).

DISCUSSION

T2DM is a well-established risk factor for the development of
CAD. The management of CAD in patients with T2DM poses
great challenges to the medical profession (Wei et al., 2015).
The identification of susceptibility genes would be very helpful
for the management of CAD in patients with T2DM. The link
between APOE ε2/ε3/ε4 polymorphisms and CAD in diabetic
patients has been highlighted in our study. This meta-analysis
provides evidence for the significant associations between APOE
ε4 mutation (ε3/ε4 vs. ε3/ε3; ε4/ε4 vs. ε3/ε3; ε4/ε4+ε3/ε4 vs.
ε3/ε3; ε4 allele vs. ε3 allele) and an elevated risk of CAD
in patients with T2DM. In contrast, no significant association
was found in genetic model of APOE ε2 variation (ε2/ε2 vs.
ε3/ε3; ε2/ε3 vs. ε3/ε3; ε2/ε2+ε2/ε3 vs. ε3/ε3; ε2 allele vs. ε3
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FIGURE 3 | Forest plot for the association between APOE gene polymorphism and the risk of coronary artery diseases in type 2 diabetes patients under the genetic

model of ε2/ε2+ε2/ε3 vs. ε3/ε3. The center of each square represents the OR, the area of the square is for the weight of studies, and the horizontal line indicates the

95% CI.

allele). However, CAD in patients with T2DM is believed to be
multifactorial and involved in many susceptibility genes with
small individual effects. Therefore, the integration of information
derived from several polymorphisms in multiple susceptibility
genes may become clinically useful.

It has been reported that lipoprotein-related mechanisms are
associated with the impairment of the cardiovascular system
among patients with diabetes (Jenkins et al., 2004). For example,
serum low-density lipoprotein cholesterol (LDL-C) level was
identified as an independent risk factor for CAD in T2DM
patients (Jayashankar et al., 2016). APOE is initially recognized
for its important role in plasma lipid metabolism and thus affects
the serum lipid profiles in the body. The three APOE alleles (ε2,
ε3, ε4) differ from each other by only one or two amino acids
at positions 112 and 158, but these slight differences alter the
structure and function of APOE. In general, the APOE-ε4 allele
is associated with higher and the APOE-ε2 allele with lower total
plasma cholesterol and LDL-C concentrations compared with the
APOE-ε3 allele (Bennet et al., 2007; Larifla et al., 2017). Therefore,
abnormalities of lipoprotein metabolism may explain, at least
in part, the associations between APOE ε2/ε3/ε4 polymorphisms
and the risk of CAD in patients with T2DM.

Several meta-analysis studies have been conducted to assess
the association between APOE ε2/ε3/ε4 polymorphisms and
risk of CAD in the general population. In 2004, Song et al

firstly found that carriers of the APOE-ε4 allele had a 42%
increased risk for CAD (OR = 1.42, 95% CI = 1.26–1.61)
compared with the ε3/ε3 genotypes (Song et al., 2004). Xu
et al. found similar results which showed that the ε4 allele
had a 46% higher risk of CAD (OR = 1.46, 95% CI = 1.28–
1.66) (Xu et al., 2016). Similar findings were also observed in
other meta-analysis (Yin et al., 2013; Xu et al., 2014, 2016;
Zhang et al., 2014a, 2015; Wang et al., 2015b). Interestingly, the
role of APOE-ε2 allele in the risk of CAD may be dependent
on the patient ethnicity (Xu et al., 2016). In addition, the
association between APOE ε2/ε3/ε4 polymorphisms and the risk
of T2DM in the general population was also well explored in
previous meta-analysis (Anthopoulos et al., 2010; Yin et al.,
2014). The results indicated that both APOE ε2 and ε4 alleles
were associated with an increased risk of T2DM in the general
population. In 2015, Wu et al. performed a meta-analysis on
the association between APOE ε2/ε3/ε4 polymorphisms and
T2DM patients with CAD among Chinese Han population.
They found that APOE-ε4 allele resulted in an increased risk
of T2DM patients with CAD in China (Wu et al., 2015).
However, only five individual studies were included in their
meta-analysis. To our knowledge, our meta-analysis represents
the largest study to investigate the association between APOE
ε2/ε3/ε4 polymorphisms and risk of CAD in the T2DM
patients.
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FIGURE 4 | Galbraith plot analysis and sensitivity analysis of the association between APOE gene polymorphism and the risk of coronary artery diseases in type 2

diabetes patients under the genetic model of ε2 allele vs. ε3 allele (A,B) and ε2/ε2+ε2/ε3 vs. ε3/ε3 (C,D). For sensitivity analysis, open circle indicates the pooled ORs,

horizontal lines represent the 95% CIs, given named study is omitted.

Heterogeneity across studies is common in meta-analysis
of genetic association study (Munafo and Flint, 2004).
Heterogeneity should be taken into consideration in the
interpretation of the meta-analysis results. However, one of
the strengths in this meta-analysis was the lack of significant
heterogeneity in all genetic models except the genetic model of ε2
allele vs. ε3 allele. Between-study heterogeneity can be attributed
to the potential differences such as the definition of disease,
ethnicity, genotyping methods and sample size in the included
studies. To explore the potential sources of heterogeneity
under the genetic model of ε2 allele vs. ε3 allele, Galbraith
plot analysis and sensitivity analysis were employed to detect
whether there were outliers that could be the potential sources
of heterogeneity between studies. The study conducted by Halim
et al was considered as the main contributors to between-study
heterogeneity. The heterogeneity was effectively decreased after
omitting the study. The frequency of APOE-ε3 allele was nearly
95% in Halim’s study, whereas lower than 90% in other studies
(Zhang et al., 2008; Izar et al., 2009; Chaudhary et al., 2012;
Hong et al., 2017). Consequently, the heterogeneity can be due
to the distinct frequency of APOE ε2/ε3/ε4 polymorphisms

among the included studies. Although Halim’s study caused
the substantial heterogeneity in the genetic model of ε2 allele
vs. ε3 allele, the pooled effect was still insignificant after
removing it.

There are several limitations in this meta-analysis that should
be noted. First, the included studies were limited to only English
or Chinese languages in our research and some eligible studies
may be published in other languages, which would cause bias of
the results. Second, all the included studies in this meta-analysis
were the type of retrospective case-control studies, which may
result in some selection bias. Third, publication bias existed in
the following three genetic models: ε3/ε4 vs. ε3/ε3; ε3/ε4+ε4/ε4
vs. ε3/ε3; ε4 allele vs. ε3 allele. However, by using the trim
and fill method, the recalculated ORs and their 95% CIs did
not change, which indicated the stability and robustness of
meta-analysis results. Last but not the least, T2DM complicated
with CAD is a multifactorial disease caused by both genetic
and environmental factors. The APOE-environment interactions
should be considered. For example, the study by Talmud et al.
has found that the impact of the APOE-ε4 on the risk of CAD
appeared to be restricted to smokers (Talmud et al., 2004).
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FIGURE 5 | Begg’s funnel plot for the association between APOE gene polymorphism and the risk of coronary artery diseases in type 2 diabetes patients under the

genetic model of ε2/ε2 vs. ε3/ε3 (A), ε2/ε3 vs. ε3/ε3 (B), ε2/ε4 vs. ε3/ε3 (C), ε4/ε4 vs. ε3/ε3 (D), ε2 allele vs. ε3 allele (E), and ε2/ε2+ε2/ε3 vs. ε3/ε3 (F). Size of the

open circles is proportional to the weight of studies.

FIGURE 6 | Funnel plot with trim and fill method for the association between APOE gene polymorphism and the risk of coronary artery diseases in type 2 diabetes

patients under the genetic model of ε3/ε4 vs. ε3/ε3 (A), ε4/ε4+ε3/ε4 vs. ε3/ε3 (B), and ε4 allele vs. ε3 allele (C). Circle represents the included studies; Square

represents the possibly missing studies.

In conclusion, we observed a significant association between
the APOE gene ε4 mutation and an increased risk of CAD in
patients with T2DM, while the ε2 variation had null association
with this disease. Taking into account the above limitations,
more studies with larger sample size and incorporated with gene-
environment interactions are needed to definitively determine
the association between the APOE gene ε2/ε3/ε4 polymorphisms
and the risk of CAD in patients with T2DM.
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Arterial stiffness is an independent risk factor for fatal and non-fatal cardiovascular

events, such as systolic hypertension, coronary artery disease, stroke, and heart

failure. Moreover it reflects arterial aging which in many cases does not coincide

with chronological aging, a fact that is in large attributed to genetic factors. In

addition to genetic factors, microRNAs (miRNAs) seem to largely affect arterial

aging either by advancing or by regressing arterial stiffness. MiRNAs are small RNA

molecules, ∼22 nucleotides long that can negatively control their target gene expression

posttranscriptionally. Pathways that affect main components of stiffness such as fibrosis

and calcification seem to be influenced by up or downregulation of specific miRNAs.

Identification of this aberrant production of miRNAs can help identify epigenetic changes

that can be therapeutic targets for prevention and treatment of vascular diseases. The

present review summarizes the specific role of the so far discovered miRNAs that are

involved in pathways of arterial stiffness.
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INTRODUCTION

Arterial stiffness is a characteristic feature of normal arterial aging, but is also associated with
accelerated cardiovascular disorders including systolic hypertension, coronary artery disease,
stroke, and heart failure, irrespective of other risk factors, such as smoking, dyslipidemia, and
diabetes mellitus (Laurent et al., 2006; Mitchell et al., 2010; Shirwany and Zou, 2010; Parthenakis
et al., 2017). Another age-related process is arterial calcification, which in turn is a known risk
predictor that increases morbidity and mortality in cardiovascular diseases (Goettsch and Aikawa,
2013; Jiang et al., 2017). MicroRNAs (miRNAs) are small (19–25 nucleotides long) non-coding
RNAs that downregulate their target gene expression post-transcriptionally via mRNA degradation
or translational repression (Pan et al., 2010; Vickers et al., 2014). They are widely studied in recent
years and their role in cardiovascular dysfunction is to some extent revealed (Pan et al., 2010;
Vickers et al., 2014). Identification of over- or underproduction of miRNAs could be therapeutic
targets for prevention and treatment of vascular diseases. The objective of this review is to
summarize studies of the most prominent miRNAs that affect major pathways of arterial stiffness
and calcification. We searched PubMed for original articles on miRNAs and arterial stiffness or
arterial calcification and we also used reviews affiliated to the subject and reviewed their references.
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MiRNAs AND ARTERIAL STIFFNESS

Arterial stiffness results from complicated interactions between
multiple components of the vessel wall, including extracellular
matrix (ECM) composition, vascular smooth muscle cell
(VSMC), and endothelial dysfunction. Collagen and elastin
are the most important structural proteins of ECM and key
regulators of arterial stiffness as they are responsible for
blood vessels’ strength and elasticity (Zieman et al., 2005;
Wagenseil and Mecham, 2012). Reconstruction of ECM, notably
increased levels of aberrant types of collagen and reduction
of elastin, appears to be the most important mechanism
contributing to arterial stiffness (Zieman et al., 2005; Wagenseil
and Mecham, 2012; Fleenor and Berrones, 2015). Matrix
metalloproteases (MMPs) are endopeptidases which degrade
all kinds of ECM proteins. Thus they play a significant role
in arterial stiffness via regulating collagen and elastin levels
in ECM (Galis and Khatri, 2002; Zieman et al., 2005; Van
Doren, 2015). Moreover, advanced glycation end products
(AGEs) contribute to arterial stiffness through cross-linking
with ECM proteins, including collagen, which reduces vessel’s
flexibility (Zieman et al., 2005; Fleenor and Berrones, 2015;
Xiaomei et al., 2017). Furthermore, many hormones and
cytokines are involved in aortic stiffness, such as angiotensin

II (Ang II) which promotes arterial stiffness through regulating
signaling pathways that result in altered ECM accumulation and
increased vascular tone (Rodríguez-Vita et al., 2005; Zieman
et al., 2005). Apart from structural abnormalities, VSMC
proliferation, migration and calcification, as well as impaired
endothelium-dependent dilation through paracrine molecules
such as nitric oxide (NO) and endothelin are, also, implicated
in the development of arterial stiffness (Zieman et al., 2005;
Fleenor and Berrones, 2015). Some of the most prominent
miRNAs that affect arterial stiffness through the mechanisms
mentioned above are described in the subsequent sections (see
Table 1).

MiRNAs AFFECTING EXTRACELLULAR
MATRIX PROTEINS

MiR-181b, which seems to decrease with age, plays critical role
in ECM remodeling and regulating vascular stiffness and systolic
blood pressure (Hori et al., 2017). Chronic down-regulation of
miR-181b expression with age was associated with activation
of TGF-β (transforming growth factor-beta) signaling in the
VSMCs (Hori et al., 2017). TGF-β can initiate multiple effects
in the vessels including phenotypic modulation of the VECs
(vascular endothelial cells) and VSMCs (Hori et al., 2017).
It is also associated with induction of gene expression such
as collagen I and III, stimulating the production of ECM
(Hori et al., 2017). Furthermore, it also stimulates plasminogen
activator-inhibitor production, which inhibits breakdown of
ECM, resulting in increased ECM (Hori et al., 2017). MiR-

181b inhibits TGF-β signaling pathway by directly inhibiting
TGF-βi (transforming growth factor, beta induced) which
encodes a protein that interacts with collagen playing a role

in cell-collagen interactions (Hori et al., 2017). Similarly, miR-

599 suppresses VSMC proliferation and migration and, also,
regulates ECM composition by inhibiting type I, type V
collagen and proteoglycan via directly repressing TGF-β2 (Xie
et al., 2015). Interestingly,miR-145 suppresses TGFβ-dependent
ECM accumulation and fibrosis by targeting TGFβ receptor II
(TGFBR2), while promoting TGFβ-induced smooth muscle cell
differentiation (Ning et al., 2015). It seems that a specific miRNA
has a selective effect on TGFβ signaling and may facilitate unique
downstream events (Ning et al., 2015). Increased expression of
a miR-145 mimic in smooth muscle cells resulted in a decrease
in TGFβ readout genes, SERPINE1 (PAI-1), and SMAD7 and
led to reduced expression of elastin, collagens, and the matrix
crosslinking genes, Lox (Lysyl oxidase) and Lox1 (Ning et al.,
2015). On the other hand, both TGFβ signaling and miR-145
promote the differentiated phenotype of VSMC and contractile
gene expressions, such as a-SMA (smooth muscle α-actin) and
SM22α (Ning et al., 2015; see Figure 1).

MiR-29 is considered to be one of the most important
miRNAs in regulating ECM composition, as it is known to affect
the synthesis of many types of collagen, elastin, MMP-2 and
other ECM proteins (Kriegel et al., 2012; Zhu et al., 2013). MiR-

29 reduces fibrosis in scleroderma by repressing type I, III, and
IV of collagen, while downregulation of miR-29 from TGF-β
promotes renal and cardiac fibrosis (Kriegel et al., 2012; Wang B
et al., 2012; Zhu et al., 2013). Interestingly enough, however, other
studies demonstrated that miR-29 and miR-15 reduce elastin
levels during aortic development in the mouse (Ott et al., 2011;
Zhu et al., 2013; see Figure 1). Similarly, Zhang et al. showed
elastin levels could be increased by inhibiting miR-29a, while
collagen levels remained unaffected (Zhang et al., 2012).

MiRNAs AFFECTING CYTOSKELETAL
PATHWAYS, METALLOPROTEINASES,
NITRIC OXIDE, AND ADHESION
MOLECULES

The miR-203 expression is increased in aged mouse aorta
(Nicholson et al., 2016). Overexpression of miR-203 decreases
tyrosine kinase Src and attenuates extracellular signal regulated
kinase (ERK) signaling resulting in an insufficient vascular
smooth muscle Src-dependent cytoskeletal remodeling which
leads to increased arterial stiffness (Min et al., 2012; Gao Y.
Z. et al., 2014; Nicholson et al., 2016). Furthermore, miR-
765 could accelerate arterial stiffness via knocking down apelin
(APLN) and enhancing MMP-2 and MMP-9 (Liao et al., 2015).
APLN reduces vascular tone through antagonizing Ang II and
increasing eNOS activity (Anea et al., 2010; Liao et al., 2015).
Also, both miR-765 and miR-155 lower NO levels by direct
eNOS gene downregulation regardless APLN intervention (Sun
et al., 2012; Liao et al., 2015). MiR-155, also, mediates TNFα-
induced impairment of endothelium-dependent vasodilation
(Sun et al., 2012). Moreover, miR-1185 accelerates arterial
stiffness though upregulating VCAM-1 (vascular cell adhesion
molecule 1) and E-Selectin (Deng et al., 2017). Adhesion
molecules increase arterial stiffness by stimulating MMP activity
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TABLE 1 | miRNAs influencing biological pathways of arterial stiffness.

miRNA Arterial stiffness Function

miRNAs AFFECTING EXTRACELLULAR MATRIX PROTEINS

mir-181b Decreases Inhibits TGF-β signaling and ECM production

mir-599 Decreases Inhibits TGF-β signaling and ECM production

mir-145 Decreases Inhibits TGF-β signaling and ECM production

mir-29 Decreases Supresses collagen I, III and IV, but also elastin levels

miRNAs AFFECTING CYTOSKELETAL PATHWAYS, METALLOPROTEINASES, NITRIC OXIDE, AND ADHESION MOLECULES

mir-203 Increases Defective Src-dependent cytoskeletal remodeling

mir-765 Increases Reduces apelin and eNOS activity and increases MMP-2, MMP9

mir-155 Increases Inhibits eNOS activity

mir-1185 Increases Upregulates VCAM-1 and E-Selectin

mir-126,

mir-223

Decrease Inhibit VCAM-1 and ICAM-1

miRNAs INDUCING ARTERIAL STIFFNESS THROUGH ANGIOTENSIN II

mir-21 Increases Ang II increases mir-21 through osteopontin and mir-21 increases fibroblast survival and ECM deposition

mir-19b Decreases Ang II represses mir-19b and upregulates CTGF

mir-181a Decreases Inhibits Ang II-induced osteopontin expression

mir-130a Increases Ang II upregulates mir-130a and VSMC proliferation

mir-155 Decreases Inhibits Ang II-induced VSMC proliferation

ECM, extracellular matrix; TGF-b, transforming growth factor-b; MMP, matrix metalloproteinase; eNOS, endothelial nitric oxide synthase; Ang II, angiotensin II; CTGF, connective tissue

growth factor.

FIGURE 1 | Major miRNAs that contribute to the pathogenesis of arterial stiffness. This figure shows the mechanisms of major miRNAs involved in arterial stiffness

through modulating TGF-β signaling, Ang II, adhesion molecules, MMP activity, and VSMC phenotypic switch. ECM, extracellular matrix; TGF-b, transforming growth

factor-b; MMP, matrix metalloproteinase; eNOS, endothelial nitric oxide synthase; Ang II, angiotensin II; CTGF, connective tissue growth factor.

and, also, affecting vascular tone (Galis and Khatri, 2002;
Zieman et al., 2005; Deng et al., 2017). Conversely, miR-
126 and miR-223 inhibit VCAM-1 and ICAM-1 (intercellular
adhesion molecule 1) activities, respectively, regulating vascular
inflammation (Harris et al., 2008; Tabet et al., 2014; see
Figure 1).

MiRNAs AND ARTERIAL
STIFFNESS-CLINICAL STUDIES

Arterial stiffness is most precisely measured by pulse wave
velocity (PWV; Laurent et al., 2006). In a study, downregulation
of miR-21 was related to decreased levels of arterial stiffness as
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estimated by PWV in hypertensive patients at baseline and 1
year after antihypertensive treatment (Parthenakis et al., 2017).
Interestingly, the effect on arterial stiffness was not correlated
with patients’ blood pressure levels (Parthenakis et al., 2017).

MiRNAs INDUCING ARTERIAL STIFFNESS
THROUGH ANG II

MiR-21 plays an important role in Ang II-mediated fibrosis
pathways (Laurent et al., 2006; Lorenzen et al., 2015). In
cardiac fibrosis, osteopontin (OPN) that is activated by Ang
II upregulates miR-21 through transcription factor AP-1. MiR-

21, then, increases fibrosis through enhancing fibroblast activity
and ECM accumulation. In this process, miR-21 downregulates
PTEN (phosphatase and tensin homolog) and SMAD7, while
increases ERK and AKT signaling pathways (Lorenzen et al.,
2015; see Figure 1). Inversely, miR-124 exerts an antifibrotic
role by reducing pulmonary vascular fibroblast activation by
repressing its target gene PTBP1 (polypyrimidine tract-binding
protein 1) and subsequently affecting PTEN pathway (Wang
et al., 2014).

PTEN is, also, the target of miR-19b-mediated cardiac
fibroblast proliferation and migration (Zhong et al., 2016).
However, in another study it was demonstrated that Ang
II downregulated miR-19b expression and upregulated
connective tissue growth factor (CTGF) expression in cultured
cardiomyocytes via an AT1R-dependent pathway, increasing
cardiac fibrosis (Gao S. et al., 2014; see Figure 1). All these
effects of Ang II were abolished by telmisartan, which is an
AT1R (Ang II type 1 receptor) antagonist (Gao S. et al., 2014).
CTGF is associated with fibrosis through regulating ECM
arrangement (Finckenberg et al., 2003; Gao S. et al., 2014).
Finally, Ang II promotes VSMC proliferation by upregulating
miR-130a which, in turn, decreases GAX expression, the growth
arrest-specific homeobox which exerts an inhibitory role on
VSMCs proliferation (Wu et al., 2011). On the contrary,miR-155

overexpression was found to inhibit Ang II-induced viability and
proliferation of mouse VSMCs by inducing G1 cell cycle arrest
and downregulating the expression of AT1R in VSMCs (Yang
et al., 2014).

OPN is a protein expessed in many cells, such as osteoblasts
and macrophages but it is normally absent from vessel walls.
However, under certain conditions, like injury of the wall or
presence of atherosclerosis OPN is overexpressed and contributes
to the progression of the inflammatory process (Giachelli et al.,
1993; Weintraub et al., 2000; Abe et al., 2008; Remus et al., 2013).
MiR-181a represses Ang II-mediated OPN increased levels in
VSMC as well as Ang II-mediated VSMC adhesion to collagen
due to decreased OPN and β1 integrin expression (Weintraub
et al., 2000; Remus et al., 2013).

MiRNAs AFFECTING ARTERIAL
STIFFNESS THROUGH VASCULAR
SMOOTH MUSCLE CELL FUNCTION

Vascular smooth muscle cell (VSMC) is the most prevalent type
of cell in vasculature and exert multiple functions influencing

arterial stiffness (Sehgel et al., 2013, 2015; Fleenor and Berrones,
2015). They are essential regulators of vascular tone through
modulating vasoconstriction and vasodilation (Sehgel et al.,
2015; Xu F. et al., 2015). Their main characteristic that
contributes to the pathogenesis of arterial stiffness is their
ability to switch between two distinguishing phenotypes, a
contractile (differentiated) and a proliferative (dedifferentiated)
form (Davis-Dusenbery et al., 2011b; Kee et al., 2014). The
contractile phenotype is defined as a quiescent state and
is characterized of reduced ECM arrangement, suspended
proliferation and migration and the expression of some marker
genes, such as smooth muscle a-actin (a-SMA), SM22a, smooth
muscle myosin heavy chain (MYH11), and myosin light chain
kinase (MYLC; Davis-Dusenbery et al., 2011b; Kee et al., 2014;
Xu F. et al., 2015). Conversely, dedifferentiated or synthetic
phenotype induces VSMC proliferation, migration, and ECM
accumulation resulting in an increase in arterial stiffness (Davis-
Dusenbery et al., 2011b; Kee et al., 2014). There seems to
be a plethora of miRNAs associated with VSMC proliferation,
migration and phenotypic switch in literature and the most
prominent of them are listed below (see Table 2).

CRITICAL ROLE OF BMP, TGF-B, AND
PDGF-BB

Bone morphogenetic protein (BMP) and transforming growth
factor-b (TGF-b) are the major signaling pathways that enhance
the contractile phenotype, while, on the other hand, platelet-
derived growth factor-BB (PDGF-BB) is the primary pathway
inducing the proliferative phenotype (Chan et al., 2010). MiR-

24, after induced by PDGF-BB, promotes VSMC proliferation
through repressing Tribbles-like protein-3 (Trb3), which in turn
downregulates SMAD transporters and BMP-TGF-b pathways
(Chan et al., 2010). Similarly, miR-26a downregulates TGF-
b and promotes VSMC proliferation and migration through
suppressing the expression of SMAD-1 (Leeper et al., 2011).
Inhibition of miR-26a, accelerated VSMC differentiation with a
pronounced rise in both MYH11 expression and a-SMA and,
also demonstrated increased levels of SMAD-1 and SMAD-
4 inhibiting VSMC proliferation and migration (Leeper et al.,
2011). Furthermore, PDGF-BB increases the expression of
miR-541, which, in turn, promotes VSMC proliferation and
invasion by directly repressing IRF7 (Interferon regulatory factor
7; Yang et al., 2016). Also, PDGF-BB can stimulate HIF-
1a (hypoxia inducible factor-1a) expression to induce miR-21
upregulation which then inhibits TPM1 expression promoting
VSMC proliferation (Wang et al., 2011). On the other hand, low
levels of miR-96, which is negatively regulated by BMP4, increase
Trb3 and promotes the contractile phenotype (Kim et al., 2014).
MiR-96 is modulated only by BMP signaling and is not affected
by PDGF-BB (Kim et al., 2014).

KLF4 AND MYOCARDIN

CArG box is a part of DNA that controls the expression of gene
markers promoted by the contractile phenotype. Serum response
factor (SRF) and myocardin (Myocd) promote contractile gene
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TABLE 2 | Role of miRNAs in VSMC phenotypic switch.

miRNA Synthetic phenotype Contractile phenotype Function

mir-143/145 − + TGF-β and BMP activate mir-143/145, which in turn downregulate KLF4 and CD40

mir-133 − + Decreases KLF4

mir-1 − + Decreases KLF4 and Pim-1

mir-24 + − Represses Trb3 and decreases TGF-β and BMP

mir-26a + − Supresses SMAD1 and TGF-β

mir-541 + − Represses IRF7

mir-96 + − Represses Trb3. Downregulated by BMP4

mir-221/222 + − Inhibit p27, p57, c-kit and repress myocardin

mir-223 + − Represses myocardin by downregulating mef2c

mir-195 − + Represses Cdc42, CCND1, FGF1, IL-1b, IL-6, IL-8

mir-10a − + Represses HDAC4

mir-21, mir-146a + − Inhibit Notch/Jag1 pathway

mir-21 + − Inhibits tropomyosin 1

mir-18a-5p − + Represses syndescan4 and increases SMAD2

mir-23b − + Supresses urokinase-type plasminogen activator, SMAD3, FoxO4, MMP-9

mir-663 − + Reduces MMP-9

mir-25 − + Represses CDK6

mir-142-5p + − Downregulates BTG3 and increases cyclin D3

mir-365 − + Decreases cyclin D1

mir-638 − + Decreases cyclin D1 and NOR1

mir-141, mir-490-3p − + Repress PAPP-A

mir-155 + − Downregulates eNOS expression

mir-135b-5p, mir-499a-3p + − Repress mefc2

let-7d, mir-15b/16 − + Decrease KRAS and YAP

TGF-β, transforming growth factor-b; BMP, bone morphogenetic protein; KLF4, Krüppel-like factor-4; Trb3, Tribbles-like protein-3; IRF7, Interferon regulatory factor 7; HDAC4, histone

deacetylase 4; BTG3, B cell translocation gene 3; PAPP-A, Pregnancy-associated plasma protein-A; eNOS, endothelial nitric oxide synthase; mefc2, myocyte enhancer factor 2C.

expression via enhancing CArG box activity, while Krüppel-
like factor-4 (KLF4) has the opposite effect (Davis-Dusenbery
et al., 2011a). TGF-β and BMP4-mediated upregulation of
miR-143 and miR-145 through the CArG box downregulate
KLF4 which leads to activation of contractile genes and
induction of contractile phenotype (Cordes et al., 2009; Xin
et al., 2009; Davis-Dusenbery et al., 2011a; Zhang et al., 2016;
see Figure 1). MiR-143/145 are considered to be among the
most important miRNAs affecting VSMC phenotype switch by
regulating crucial transcription factors, including KLF4 and
Myocd. Moreover, miR-133 indirectly decreases the activity of
KLF4 via downregulating the transcription factor Sp-1 (Torella
et al., 2011). Suppression of CD40, a type I transmembrane
glycoprotein receptor, is another mechanism through which
miR-145 contributes to the contractile phenotype of VSMC and
inhibits TNF-α -mediated VSMC proliferation (Guo et al., 2016).
Finally, miR-143/145 deficiency negatively regulate vascular
tone through impaired vasodilation which is considered to
result from increased VSMC switch to the dedifferentiated
phenotype (Noratal et al., 2012). Similarly tomiR-143/145,miR-

1 represses KLF4 and promotes VSMC differentiation from
mouse embryonic stem cells (ESC; Xie et al., 2011). Also, Myocd
induces miR-1 expression in human VSMCs and, on the other
hand, miR-1 mediates Myocd-dependent inhibition of VSMC
proliferation partly through the down-regulation of Pim-1, a

kinase, which promotes the synthetic phenotype (Chen et al.,
2011). Conversely, miR-221/222 promote proliferation of VSMCs
partly by inhibiting p27(Kip1) and p57(Kip2) which inhibit
VSMC proliferation (Liu et al., 2009, 2012; Chistiakov et al., 2015;
see Figure 1). Moreover, PDGF-induced miR-221 has the same
effect through another mechanism including downregulation of
c-kit and Myocd (Davis et al., 2009). The expression of Myocd
is also repressed by miR-223 via downregulating mef2c (Rangrez
et al., 2012).

MiRNAs AFFECTING VSMC FUNCTION
THROUGH NF-κB PATHWAY

Myocd induces differentiation and contractile phenotype
of VSMCs and is, also, associated with inhibition of VSMC
proliferation through downregulating NF-κB (nuclear factor
kappa-light-chain-enhancer of activated B cells) (p65)-
dependent cell cycle progression (Tang et al., 2008; Chen
et al., 2011). Similarly, miR-195 promotes contractile phenotype
by suppressing Cdc42, CCND1, FGF1 and proinflammatory
biomarkers, such as IL-1b, IL-6, and IL-8, which are also
implicated in NFkB and p38 MARK (mitogen-activated
protein kinases) pathway (Wang Y. S. et al., 2012). Another
study, however, demonstrated that miR-10a enhances VSMC
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differentiation from ESCs through NF-κB-miR-10a-HDAC4
signaling pathway (Huang et al., 2010). miR-10a mediates
VSMC differentiation through repressing HDAC4 (histone
deacetylase 4) and preventing its antimyogenic effects, as
HDAC4 overxpression reduces VSMC markers, including
MYH11 and a-SMA (Huang et al., 2010).

MiRNAs TARGETING MMP-9, TNF-A,
CYCLIN D, PPAP-A, AND ENOS ACTIVITY

MiR-23b inhibits VSMC switch to proliferative phenotype via
suppressing urokinase-type plasminogen activator, SMAD3 and
transcription factor forkhead boxO4 (FoxO4; Iaconetti et al.,
2015). Through downregulating FoxO4, miR-23b might, also,
reduce MMP-9 (matrix metalloproteinase 9) levels and TNF-a
induced VSMC migration (Iaconetti et al., 2015). MMP-9 is also
reduced by miR-663 by inhibiting JunB/myosin light chain 9
pathway which results in increasing VSMC contractile phenotype
and marker genes (Korff et al., 2013; Li et al., 2013b). Also,
miR-25 inhibits VSMC proliferation via directly downregulating
the CDK6 gene, a cell cycle regulator, and, on the other hand,
miR-25 is repressed in TNF-a-mediated VSMC dedifferentiated
phenotypic switch (Qi et al., 2015). MiR-142-5p promotes the
synthetic phenotype by supressing B cell translocation gene 3
(BTG3) that results in increased levels of cyclin D3 and other
cell cycle related genes (Kee et al., 2013). On the other hand,
miR-365 promotes contractile phenotype through negatively
regulating cyclin D1 (Zhang et al., 2014). MiR-638 has the same
effect by targeting the NOR1/cyclin D pathway and repressing
the expression of both NOR1 and cyclin D1 which exert a
pro-proliferative effect (Li et al., 2013a). Furthermore, miR-141

and miR-490-3p inhibit VSMC proliferation through repressing
PAPP-A (Pregnancy-associated plasma protein-A; Sun et al.,
2013; Zhang Y. et al., 2015). PAPP-A is a metalloproteinase
correlated with VSMC proliferation via increasing the proteolysis
of IGF-binding protein-4 (IGFBP-4; Sun et al., 2013; Zhang
J. et al., 2015). Apart from regulating nitric oxide (NO)
production that results in vascular relaxation, endothelial nitric
oxide synthases (eNOS) significantly decreases proliferation and
migration of VSMCs and functions as a pro-apoptotic protein
(Zhang J. et al., 2015). MiR-155 promotes the proliferative
phenotype through downregulating eNOS expression in VSMCs
(Zhang J. et al., 2015).

MiRNAs TARGETING NOTCH PATHWAY,
SYNDECAN4, MEF2C, KRAS, AND YAP

The Notch signaling pathway, which is important in intercellular
signaling communication, can, also, affect VSMC phenotypic
switch (Cao et al., 2015). Mir-146a and miR-21 enhance
VSMC proliferation via inhibiting Notch2/Jag1 pathway as they
downregulate Notch2 and Jag1, respectively (Cao et al., 2015).
MiR-18a-5p promotes contractile phenotype and increases a-
SMA and SM22α protein amounts by repressing its target gene
syndecan4 (Kee et al., 2014). Knockdown of syndecan4 increases
SMAD2 expression in VSMCs, which in turn promotes VSMC

differentiation by inducing protein expression and promoter
activity of SM22α (Kee et al., 2014). Likewise, let-7d and
miR-15b/16 attenuate VSMC proliferation through decreasing
KRAS and YAP expression, respectively (Yu et al., 2011; Xu F.
et al., 2015). Both KRAS and YAP positively regulate signaling
pathways that result in increased VSMC proliferation and
migration (Yu et al., 2011; Xu F. et al., 2015). On the other hand,
miR-135b-5p and miR-499a-3p promote VSMCs proliferation
and migration by directly repressing MEF2C (myocyte enhancer
factor 2C) expression (Xu Z. et al., 2015).

MiRNAs AND ARTERIAL CALCIFICATION

Vascular calcification is highly associated with cardiovascular
diseases, such as diabetes mellitus, chronic kidney disease,
and atherosclerosis, and increases cardiovascular mortality
(Goettsch and Aikawa, 2013). Arterial calcification leads to
arterial stiffening and hypertension, due to transdifferentiation of
VSMCs to a chondrocyte or osteoblast-like phenotype and elastic
fiber degradation (Jiang et al., 2017). Here, we mention the major
miRNAs that contribute to arterial calcification (see Table 3).

MiRNAs AFFECTING ARTERIAL
CALCIFICATION THROUGH
METALOPROTEINASES (MMP-2)

One of the pathways of vascular calcification is through
dysregulation of matrix metalloproteinase-2 (MMP-2) which is
a gelatinase that has an important role in matrix degradation
and vascular remodeling (Jiang et al., 2017; see Figure 2).
Upregulation of MMP2 expression and activity is shown in
VSMCs and animal calcification models, which mediate elastin
degradation, resulting in the production of soluble elastin
peptides and stimulation of TGF-β1 signaling pathway from the
ECM of vessel walls (Jiang et al., 2017). MMP2 upregulation also
contributes to bone morphogenetic protein 2 (BMP2) expression
in a β-glycerophosphate-induced VSMC calcification model that
could increase Runx and Msx2 expression and promote VSMC
calcification (Jiang et al., 2017). MMP2 is a direct target gene
of miR-29b-3p with a negative correlation between them (Jiang
et al., 2017). Overexpression of miR-29b-3p in rat VSMCs
resulted in MMP2 downregulation at the protein level and
this could lead to decreased arterial and VSMCs calcification
(Goettsch and Aikawa, 2013).

MiRNAs AFFECTING ARTERIAL
CALCIFICATION THROUGH CALCIUM
DEPOSITION AND OSTEOBLAST
DIFFERENTIATION

MiR-29a/b, also, decreases VSMC calcification by repressing
ADAMTS-7 (disintegrin and metalloproteinase with
thrombospondin motifs-7; Du et al., 2012; see Figure 2).
ADAMTS-7mediates VSMC calcification via cartilage oligomeric
matrix protein (COMP) degradation and increased levels of
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TABLE 3 | Major miRNAs involved in arterial calcification.

miRNA Arterial calcification Function

miRNAs AFFECTING ARTERIAL CALCIFICATION THROUGH METALOPROTEINASES

mir-29b-3p Decreases Represses MMP-2

miRNAs AFFECTING ARTERIAL CALCIFICATION THROUGH CALCIUM DEPOSITION AND OSTEOBLAST DIFFERENTIATION

mir-29a/b Decreases Supresses ADAMTS-7

mir-30b-c Decreases Supresses RUNX2

mir-133a Decreases Supresses RUNX2

mir-204 Decreases Supresses RUNX2

mir-205 Decreases Supresses RUNX2 and SMAD1

mir-32 Increases Induces BMP2, RUNX2, OPN, MGP, ALP

mir-2861,

mir-3960

Increase Repress HDAC5 and Hoxa2 and increase RUNX2

mir-297a Decreases Downregulates FGF23

miRNAs AFFECTING ARTERIAL CALCIFICATION THROUGH SMOOTH MUSCLE CELL OSTEOGENIC TRANSDIFFERENTIATION

mir-125b Decreases Supresses osterix

mir-135a Decreases Downregulates KLF4/STAT3 pathway

mir-221/222 Increase Alter Enpp1 and Pit-1 and regulate Pi and PPi levels

BMP-2, bone morphogenetic protein-2; ADAMTS-7, disintegrin and metalloproteinase with thrombospondin motifs-7; RUNX2, Runt-related transcription factor 2; OPN, osteopontin;

MGP, matrix GLA protein; ALP, Alkaline phosphatase; HDAC5, histone deacetylase 5; Hoxa2, Homeobox A2; FGF23, fibroblast growth factor 23; Enpp1, ectonucleotide

phosphodiesterase 1; Pit-1, Pi cotransporter-1; Pi, inorganic phosphate; PPi, pyrophosphate.

FIGURE 2 | miRNAs affecting arterial calcification. miRNAs play a significant role in arterial calcification by regulating key factors of the calcification process, such as

BMP-2, RUNX, ADAMTS-7, osterix, and Pi levels. BMP-2, bone morphogenetic protein-2; RUNX, Runt-related transcription factor 2; ADAMTS-7, disintegrin and

metalloproteinase with thrombospondin motifs-7; Pi, inorganic phosphate.

BMP2, SMAD proteins and Runx2 which result in increased
mineralization (Du et al., 2012). COMP is a glycoprotein that
prevents osteochondrogenic transdifferentiation of VSMCs
partly by inhibiting BMP2 (Du et al., 2012).

Runx2 is a major transcription factor related to osteoblast
transdifferentiation of VSMCs (Balderman et al., 2012). In
VSMCs, Runx2 is not expressed under normal conditions but
is overproduced in response to procalcifying stimuli, such
as inflammation, oxidant stress, and bone morphogenetic
protein-2 (BMP-2; Balderman et al., 2012). Runx2 is expressed

in osteoblast-like VSMCs and upregulation of Runx2 drives
VSMC transition to osteoblast-like cells (Balderman et al.,
2012). Furthermore, osteoblast differentiation is, also,
strongly associated with BMP-SMAD signaling pathways
which subsequently interfere with Runx2 to enhance the
overall process of bone formation (Qiao et al., 2014). MiR-

30b-c suppress Runx2 protein expression preventing VSMC
calcification (Balderman et al., 2012). On the other hand,
BMP-2 downregulates miR-30b-c and, thereby, increases
Runx2 expression promoting calcification of SMCs through
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a Smad-independent pathway (Balderman et al., 2012). MiR-

133a and miR-204 are, also, negative regulators of osteogenic
differentiation of VSMCs and inhibit arterial calcification
via direct suppression of Runx2 (Cui et al., 2012; Liao et al.,
2013). MiR-205 reduces calcification by targeting SMAD-1,
in addition to Runx2, suppressing the expression of both of
them (Qiao et al., 2014). Conversely, miR-32 increases mouse
VSMC calcification by inducing the expression of BMP2, Runx2,
osteopontin (OPN), bone-specific phosphoprotein matrix GLA
protein (MGP), and ALP activity (Liu et al., 2017). MiR-32

enhances Runx2 expression and activity by decreasing PTEN
(phosphatase and tensin homolog) levels and subsequently
activating the PI3K-Akt (phosphatidylinositol 3-kinase/protein
kinase B) signaling pathway in mouse VSMCs (Liu et al., 2017).
Likewise, miR-2861 and miR-3960 enhance arterial calcification
and osteoblastic formation of VSMCs through repressing
histone deacetylase 5 (HDAC5) and Homeobox A2 (Hoxa2),
respectively, which, in turn, result in increased levels of Runx2
(Kanzler et al., 1998; Kang et al., 2005; Xia et al., 2015; see
Figure 2).

Moreover, fibroblast growth factor 23 (FGF23) modulates
phosphorus levels, negatively regulates Klotho and is positively
correlated to vascular calcification (Zheng et al., 2016).
When Klotho is suppressed (like in rats with vascular
calcification) FGF23 could enhance hyperphosphate-induced
vascular calcification (Zheng et al., 2016). FGF23 is a potential
target of miR-297a (Zheng et al., 2016). Low levels of miR-
297a upregulate FGF23 and as a consequence suppresses Klotho
resulting in further enhancement on vascular calcification
(Zheng et al., 2016; see Figure 2).

MiRNAs AFFECTING ARTERIAL
CALCIFICATION THROUGH SMOOTH
MUSCLE CELL OSTEOGENIC
TRANSDIFFERENTIATION

Also, miR-125b modulates arterial calcification by targeting
transcription factor SP7 (osterix), since inhibition of
endogenous miR-125b in calcified HCASMCs (human
coronary artery smooth muscle cells) increases Runx2 and
promotes osteoblastic transdifferentiation (Goettsch et al., 2011).
Similarly, downregulated miR-135a resulted in elevated levels of
osteocalcin and induced calcification (Lin et al., 2016). Moreover,
miR-135a seems to be a potential osteogenic differentiation
suppressor in senescent VSMCs involving, at least partially, the
KLF4/STAT3pathway as it decreases STAT3 expression through

directly downregulating KLF4 (Fukuyo et al., 2014; Lin et al.,
2016). Other miRNAs that promote arterial calcification and
osteoblastic differentiation of VSMCs are miR-221 and miR-222,
which have to act cooperatively (Mackenzie et al., 2014). This
function is independent of Runx2 and Msx2 and seems to be
induced by altered Enpp1 (ectonucleotide phosphodiesterase
1) and Pit-1 (Pi cotransporter-1) expressions that regulate
cellular inorganic phosphate (Pi) and pyrophosphate (PPi) levels
(Mackenzie et al., 2014; see Figure 2).

CONCLUSIONS

MiRNAs are a novel class of non-coding RNAs that regulate gene
expression. Extensive research during the last decade confirmed
the association of miRNAs with cardiovascular diseases. MiRNAs
seem to play a significant role in arterial stiffness and calcification
through modulating critical pathways and molecules such as
TGF-β and BMP signaling, Ang II, MMP activity, Runx, and
phenotypic switch of VSMC. Thus, they may be used as
therapeutic targets or diagnostic markers in the future to decrease
arterial stiffness and prevent the development of cardiovascular
diseases. However, it is more than obvious that the molecular
biology and pathophysiology is very complex. As mentioned
above, many miRNAs might have the same target gene (e.g.,
Runx2 is suppressed by miR-30b-c but enhanced by miR-
32), while a single miRNA might exert multiple functions by
targeting more than one genes and affecting different pathways
with opposing results (e.g., miR-29, miR-19b and their role
in fibrosis). Futhermore, miR-145, one of the most important
miRNAs in cardiovascular pathophysiology, decreases arterial
stiffness by inhibiting TGF-b signaling while, on the contrary,
TGF-b activates miR-145 to promote the contractile phenotype
of VSMCs and reduce arterial stiffness as well. Targeting TGF-b
through miR-145 might have controversial results. To conclude,
additional clinical and laboratory research should be continued
for the establishment of miRNAs as treatment targets and
biomarkers of cardiovascular diseases. Their emerging role is
promising and could result in reducing overall cardiovascular
morbidity and mortality in the near future.
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Age-related vascular stiffening:
causes and consequences
Julie C. Kohn†, Marsha C. Lampi† and Cynthia A. Reinhart-King*

Department of Biomedical Engineering, Cornell University, Ithaca, NY, USA

Arterial stiffening occurs with age and is closely associated with the progression of
cardiovascular disease. Stiffening is most often studied at the level of the whole vessel
because increased stiffness of the large arteries can impose increased strain on the
heart leading to heart failure. Interestingly, however, recent evidence suggests that the
impact of increased vessel stiffening extends beyond the tissue scale and can also have
deleterious microscale effects on cellular function. Altered extracellular matrix (ECM)
architecture has been recognized as a key component of the pre-atherogenic state.
Here, the underlying causes of age-related vessel stiffening are discussed, focusing
on age-related crosslinking of the ECM proteins as well as through increased matrix
deposition. Methods to measure vessel stiffening at both the macro- and microscale are
described, spanning from the pulse wave velocity measurements performed clinically
to microscale measurements performed largely in research laboratories. Additionally,
recent work investigating how arterial stiffness and the changes in the ECM associated
with stiffening contributed to endothelial dysfunction will be reviewed. We will highlight
how changes in ECM protein composition contribute to atherosclerosis in the vessel
wall. Lastly, we will discuss very recent work that demonstrates endothelial cells (ECs)
are mechano-sensitive to arterial stiffening, where changes in stiffness can directly
impact EC health. Overall, recent studies suggest that stiffening is an important clinical
target not only because of potential deleterious effects on the heart but also because
it promotes cellular level dysfunction in the vessel wall, contributing to a pathological
atherosclerotic state.

Keywords: endothelial cell, atherosclerosis, pulse wave velocity, atomic force microscopy, collagen, glycation,
mechanics, mechanical properties

Introduction

Cardiovascular diseases are the leading cause of death worldwide1, and age is considered a pri-
mary risk factor (Benetos et al., 2002). Arteries stiffen with both age and disease suggesting that
age-related arterial stiffening may contribute to cardiovascular pathologies (Benetos et al., 2002).
Macroscale analysis of composite arterial mechanics are widely used in the clinic, however, the
importance of layer-specific microscale mechanics in altering cellular function to contribute to
cardiovascular diseases is less well-established. In this review, we will discuss the structure and
composition of the artery and each of its layers during aging as well as methods used to measure
the mechanical properties of the artery at both the macro- and microscales. Recent advances in our

1http://www.who.int/nmh/publications/ncd_report_full_en.pdf
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knowledge of the effects of these mechanical changes on the
cells within the vessel are discussed as well as limitations in
the current clinical approaches to prevent and/or reverse vessel
stiffening.

Artery Structure
Arteries are composite materials, containing multiple concen-
tric layers, each with a distinct composition and function
(Figure 1). The intima is the innermost artery layer and is
a composite of two layers. The luminal layer, known as the
basal lamina, is comprised of a thin basement membrane
with a proteoglycan rich matrix and small amounts of col-
lagen (Palotie et al., 1983; Kramer et al., 1984). Endothelial
cells (ECs) attach to the intimal basement membrane and line
the arterial lumen where they act, in part, as regulators of
vascular homeostasis. The second intimal layer is musculoe-
lastic and consists of elastin fibers, individual smooth muscle
cells, and collagen (Stary et al., 1992). The intima is sepa-
rated from the media, the inner layer of the artery, by fen-
estrated elastin fibers of the internal elastic lamina. Elastin
within the internal elastic lamina is oriented longitudinally
in the direction of luminal blood flow, while in the media
it is oriented circumferentially (Farand et al., 2007). The
media is composed of lamellar units that are composites of
elastin fibers, circumferentially oriented vascular smooth mus-
cle cell (VSMC) layers, collagen fibers, and a mucopolysac-
charide viscoelastic gel, commonly referred to as a “ground
substance” (Stary et al., 1992). The characteristic lamellae of
the media comprise the majority of the arterial wall bulk
and are responsible for its elastic properties, allowing for the
artery to expand and contract with the blood pulse. The outer-
most artery layer is the adventitia, which is composed of cir-
cumferentially arranged, wavy collagen fibrils intermixed with
elastin and is surrounded by loose connective tissue. Fibroblasts
are dispersed within the adventitia, but are generally absent
from the intima and media artery layers (Ross and Glomset,
1973).

Arterial Mechanics
Composite Structure
When analyzed as a composite material, large arteries exhibit a
non-linear stress-strain pattern, and therefore, are best described
in terms of an elastic modulus evaluated at a given physiological
stress along the stress-strain curve, termed the incremental elastic
modulus (Bergel, 1961). The extracellular matrix (ECM) proteins
collagen and elastin account for approximately half of the vessel
dry weight, and play a crucial role in arterymechanics (O’Connell
et al., 2008). Overall, Type I and Type III collagens account for
60% of the artery wall, and elastin 30% (Rizzo et al., 1989; Powell
et al., 1992). At low degrees of stretch, the compliant elastin fibers
dominate the mechanics, while at higher levels of deformation,
helically oriented collagen fibers are recruited (Roach and Burton,
1957; Schriefl et al., 2012). Collagen fibers are 100–1,000 times
stiffer than elastin which causes a sharp increase in the incre-
mental elastic modulus at higher levels of circumferential stretch
(Dobrin, 1978; Wagenseil et al., 2005; Lasheras, 2007; Wagenseil
and Mecham, 2012). Under physiological strain loads, the incre-
mental elastic modulus is a function of strain and the combined
contributions of elastin and collagen (Wagenseil and Mecham,
2012).

The distinct composition of each artery layer lends itself to
layer-specific mechanical properties that can vary from person
to person, and also between large and small arteries (Baynes
and Thorpe, 1999; Fonck et al., 2009). For example, measured
under axial stretch and using non-axisymmetric deformations,
the media is significantly less compliant than the adventitia
(Yu et al., 1993; Pandit et al., 2005). The media and adven-
titia also have different load bearing proportions. Under cir-
cumferential tension, the media bears ∼60% of the load and
the adventitia bears 40%. Longitudinal tension is primarily
assumed by the adventitia which bears ∼75% of the load (Lu
et al., 2004). Given that the mechanical properties of each layer
vary, it is important to note that the cells within each layer
are exposed to and sense the properties of the layer within
which they reside. As such, measurements and analysis of

FIGURE 1 | Composite structure of the artery.
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each individual layer is essential when considering cellular level
mechanobiology.

Intima
The mechanical properties of the healthy intima are not well-
established largely because artery mechanics are traditionally
studied on the macroscale, where properties of the media and
adventitia dominate. Several studies have analyzed the aorta as
a two-layer construct consisting of a combined intima-media
layer surrounded by the adventitial layer (Holzapfel et al., 2000;
Lu et al., 2003). Cells sense their local mechanical properties on
the order of five microns, suggesting that overall or composite
layer artery mechanics are not representative of the microen-
vironment where ECs reside (Sen et al., 2005; Buxboim et al.,
2010). Interestingly, recent evidence has shown that ECs are
mechanosensitive to matrix stiffness and that increased inti-
mal stiffness promotes endothelial dysfunction; therefore the
mechanical properties of the intima alone may be important fac-
tors in cardiovascular disease progression and warrant further
investigation (Reinhart-King et al., 2005; Huynh et al., 2011).
In prior work, our laboratory utilized atomic force microscopy
(AFM) to measure the mechanical stiffness of the denuded aortic
bovine intima, a composite of surface collagen and underly-
ing elastin (Buxboim et al., 2010; Peloquin et al., 2011). The
healthy human intima has been reported to have an elastic mod-
ulus of 34.4 kPa and is considered a compliant material, with
an elastic modulus similar to adipose tissue and lower than
muscle (Lundkvist et al., 1996; Engler et al., 2004; Patel et al.,
2005).

Media
Medial mechanics are dominated by elastin within the lamellar
units at physiological pressures (Greenwald et al., 1997). When
the artery is subjected to a transmural pressure, the elastin fibers
possessing high entropically driven recoil properties are initially
stretched, followed by the stretching of stiffer collagen fibers
(Samila and Carter, 1981). The number of concentric lamellae
layers in the media remains constant with age but scales with
arterial radius and vessel wall tensional strength (Wolinsky and
Glagov, 1967). The mechanical contribution of VSMCs dispersed
within the aortic lamellae is still somewhat unclear. Contractile
activation of VSMCs has been shown to increase the medial elas-
tic modulus (Dobrin and Rovick, 1969; Tremblay et al., 2010),
but separate studies have shown that lamellar mechanical prop-
erties are unchanged after VSMC activation with noradrenaline
(Berry et al., 1975). Therefore, the exact contribution of the
VSMC to the mechanical properties of the medial layer is not yet
well-defined.

Adventitia
The mechanics of the adventitia are attributed to the collagen
organization. In the zero-load state, the fibers assume a crimped
morphology (Rezakhaniha et al., 2012). As an axial load is placed
on the vessel, the collagen fibers deform and straighten, exhibiting
their high tensile strength. In the inner adventitia, collagen fibers
are oriented, thin, and intermixed with elastin allowing for ves-
sel distension and protection against rupture, whereas the outer

adventitia is primarily composed of thick, non-oriented collagen
fibers that support the vessel (Chen et al., 2011).

Causes of Age-Related Arterial
Stiffening

Changes in Elastin
Elastic fibers have an extremely low turnover rate in vivo, and
this longevity allows for the accumulation of age-related changes
caused by fragmentation, calcification, and MMP-degradation
(Schlatmann and Becker, 1977). As elastin fibers decay, they
lose functionality and shift load bearing onto stiffer collagen
fibrils, which directly contributes to significant increases in arte-
rial stiffness. Fatigue failure from pulsatile wall stress can cause
elastin fragmentation throughout the lifetime (O’Rourke, 1976;
Avolio et al., 1998; Greenwald, 2007). Calcium in the arterial
wall also increases with age facilitating the direct binding of cal-
cium ions to elastin fibers causing calcification (Urry, 1971; Urry
and Ohnishi, 1974; Otto et al., 1999). Animal models that induce
elevated elasto-calcinosis show increased medial elastin fragmen-
tation and arterial stiffness (Elliott and McGrath, 1994; Gaillard
et al., 2005).

Enzymatic degradation of elastin is mediated by matrix met-
alloproteinases which have low basal activity in healthy arter-
ies to balance the absence of new elastin synthesis. With age,
increased activity of the elastases MT1-MMP and MMP-2 has
been observed, and MMP-2 has been found near fragmented
elastin fibers within the aorta (Wang et al., 2003; Yasmin et al.,
2005; Bonnema et al., 2007). The dysregulation of MMPs is
already known to play a role in the cardiovascular patholo-
gies hypertension and aneurysm (Thompson and Baxter, 1999;
Yasmin et al., 2005). MMP-2 is found near fragmented elastin
fibers within the aorta. Notably, even though the absolute elastin
content in the aorta remains relatively stable with age, the
elastin concentration decreases and is accompanied by a substan-
tial increase in collagen concentration (Myers and Lang, 1946;
Kanabrocki et al., 1960; Toda et al., 1980; Fonck et al., 2009). Age
is also associated with changes on the amino acid scale that can
contribute to decreased arterial compliance caused by a loss of
elastin functionality. The compounds desmosine and isodesmo-
sine are formed from four lysine amino acids and are critical
for crosslinking elastin fibers to give them their elastic proper-
ties (Davis and Anwar, 1970). The concentrations of desmosine
and isodesmosine and their crosslinks decrease with age (John
and Thomas, 1972; Watanabe et al., 1996).

Changes in Collagen
In contrast to elastin, the collagen concentration in all three layers
of the arterial wall increases with age, shifting the elastin:collagen
balance that governs healthy arterial mechanics. Medial fibro-
sis occurs as a consequence of collagen fibers replacing VSMCs
(Schlatmann and Becker, 1977). In general, in individuals over
the age of 50, collagen redistributes within the media to bundle
near lamellae units (Schlatmann and Becker, 1977; Greenberg,
1986). Recently it was shown that aged ECs have morphologi-
cal changes resembling a VSMC phenotype and express smooth
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muscle alpha actin and collagen I, indicating they may also
deposit collagen that contributes to intimal thickening (Fleenor
et al., 2012). Within the adventitia, collagen I and III deposition
by fibroblasts increases with age and is accompanied by vessel
stiffening (Fleenor et al., 2010).

In concert with increased collagen concentrations, colla-
gen crosslinking by non-enzymatic glycation increases arterial
stiffness with age (Sims et al., 1996; Schleicher et al., 1997).
Glycation is a reaction between reducing sugars and proteins,
and directly stiffens tissues in addition to producing deleteri-
ous end products. Advanced glycation end products (AGEs)
accumulate through a Maillard reaction. Amino groups on pro-
teins react with aldehydes or ketones on the reducing sugars
to form shift bases that rearrange to Amadori products and
are further modified to produce AGEs (Bakris et al., 2004;
Sell and Monnier, 2012). The mechanism of AGE crosslink-
ing in vivo is hypothesized to predominately occur between
lysine residues on collagen and the AGE N-ε-carboxy-methyl-
lysine (CML) (Ikeda et al., 1996; Schleicher et al., 1997). In
addition to collagen crosslinking, AGEs are harmful to vascular
health because they reduce nitric oxide availability, an important
vasodilator used to maintain vascular tone that also has anti-
inflammatory effectors on the endothelium (Bucala et al., 1991;
De Caterina et al., 1995; Xu et al., 2003, 2005). Furthermore,
AGEs interact with the receptor for advanced glycation end
products (RAGE) to have downstream effects that include the
production of reactive oxygen species, NF-κB inflammatory sig-
naling, and endothelial hyperpermeability (Mullarkey et al., 1990;
Wautier et al., 1996, 2001; Bierhaus et al., 1997; Park et al.,
1998).

Techniques to Measure Vascular
Stiffening

Given that age is a significant cardiovascular risk factor and that
arterial stiffness is known to increase with age (Benetos et al.,
2002), both macro- and microscale testing techniques have been
developed to evaluate arterial mechanics. Arterial properties are
measured on the macroscale to determine bulk mechanics, and
on the microscale to determine layer-specific mechanics on the
cellular level. Historically, greater emphasis has been placed on
macroscale testing because it can be used clinically and is associ-
ated with cardiovascular events including aneurism, atheroscle-
rosis, and hypertension (van Popele et al., 2001; Kaess et al., 2012;
van Sloten et al., 2014). The emergence of ECM mechanics as
an important cue affecting cell function has contributed to the
development of new techniques to analyze microscale arterial
properties.

Macroscale Mechanical Tests
Bulk mechanical testing on arteries is well-established and has
been performed for over half a century (Hallock, 1934; Newman
and Greenwald, 1978). Macroscale arterial mechanics are used
clinically to predict the likelihood of cardiovascular disease risk
(Blacher et al., 1999), and are also essential to the development
of tissue engineered vascular grafts (Ravi and Chaikof, 2010).

Several macroscale techniques for measuring the mechanical
properties of intact arteries have been developed (Figure 2).

Tensile Testing
Tensile measurements are made by applying tension to a mate-
rial until it reaches failure, producing a stress-strain curve. Artery
samples are removed from the host, cut circumferentially or lon-
gitudinally, stored in temperature-controlled environments and
tested within 48 h of surgery (Khanafer et al., 2013). As oppo-
site ends of the sample are pulled vertically, the material enters
the plastic regime and begins to exhibit necking, before ultimately
reaching the failure point. The ultimate tensile strength, the elas-
tic modulus (Young’s Modulus), yield strength and the maximum
elongation of the bulk material can be obtained from a tensile
test stress-strain curve. Formaterials with non-linear stress-strain
patterns, the incremental elastic modulus value can be calculated
at specific locations along the stress-strain curve. Many studies
treat the artery as an isotropic material andmeasure its properties
uniaxially, although it should be noted that anisotropic materi-
als are most accurately tested biaxially (Sacks, 2000; Vande Geest
et al., 2005).

The most common method to determine the elastic modulus
of an artery is based on the quotient of stress and strain derived
from tensile testing. Despite the widespread use of tensile testing,
there are more than four definitions of stress and strain in the lit-
erature, which leads to differences in the values obtained through
mechanical testing results (Khanafer et al., 2013). The most com-
mon values used are engineering stress, which is defined as the
force applied to the original cross-sectional area, and engineering
strain, which is defined as the change in length over the origi-
nal length (Khanafer et al., 2013). The Cauchy stress, or force
per deformed area, is often used in tensile analysis of arteries
(Khanafer et al., 2011; Walsh et al., 2014). The stretch ratio, or
the final length over the initial length, is another commonly con-
sidered property in the mechanical characterization of arteries
when the artery demonstrates a large deformation under tension
(Khanafer et al., 2013). Given the various definitions of stress
and strain, both the measurement technique and the associated
analysis should be considered to accurately compare the reported
mechanical properties.

Tensile testing has been performed on human arteries to char-
acterize their mechanical changes in a number of conditions,
including aging (Vande Geest et al., 2005; Haskett et al., 2010;
Shafigh et al., 2013), as well as plaque (Walsh et al., 2014) and
aneurism development (Khanafer et al., 2011). Most often, aor-
tas, coronary arteries, and carotid arteries are used to study the
differential mechanics of diseased states after autopsy because
they are the dominant sites of disease development, and as
the largest vessels, they are also the easiest to obtain (Glagov
et al., 1988; Atienza, 2010; Karimi et al., 2013; Walsh et al.,
2014). Healthy human coronary arteries have an elastic modu-
lus of 1.5 MPa, which increases to 3.8 MPa in atherosclerotic
vessels (Khanafer et al., 2011). These values are comparable to
moduli for patients with aneurisms, where the circumferential
elastic modulus is 3 MPa and the longitudinal elastic moduli
is 2.3–3.7 MPa, when measured under physiological pressures
(Khanafer et al., 2011). Interestingly, biaxial tensile testing has
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FIGURE 2 | Macroscale techniques to determine artery mechanics.

also shown that individuals over the age of 30 have stiffer abdom-
inal aortas compared to younger patients (Vande Geest et al.,
2005). These data suggest that stiffening may precede significant
disease progression.

Tensile testing is a common technique for measuring
human artery mechanics because it allows for straight-forward
experimentation and simple calculations. However, the artery
in particular is a complex viscoelastic composite material,
and therefore, proper mechanical testing should incorporate
these attributes (García et al., 2012; Walsh et al., 2014).
Recent experiments have used biaxial testing devices to study
blood vessels (Vande Geest et al., 2005; Zemánek et al.,
2009; Haskett et al., 2010), which are more representative
of in vivo mechanical loading. As examples, biaxial test-
ing has been used to microscopically observe the failure
point of artery rupture (Sugital and Matsumoto, 2013) and
to show that the arterial wall is stiffer in the circumferen-
tial direction compared to the axial direction (Shafigh et al.,
2013).

Opening Angle Measurements
The opening angle (OA) is a measure of the residual stress of an
unloaded tissue and has been used as an indicator of artery com-
position and viscoelasticity (Fonck et al., 2007; Zhang et al., 2008;
Wan and Gleason, 2013). The OA measurement was originally
developed to understand the stress-free state of tissues (Chuong
and Fung, 1986) but can also be used to elucidate the viscoelas-
tic properties of an artery after tissue loading (Rehal et al., 2006).
The OA of a blood vessel is the angle formed from the tip of
the open sector to the midpoint of the interior wall after the
intact vessel is cut in the radial direction (Zhang et al., 2008).
OA measurements are commonly used to study diseased arter-
ies, especially with respect to a hypertensive state, because they
are a direct indicator of residual vessel stress. To understand the
elastic properties of the vessel, it is important to characterize the
stress-free reference state (Fung et al., 1979; Chuong and Fung,
1986).

As examples, OA measurements have been used to mea-
sure the anisotropic response of arteries in hypertensive, diabetic
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and hypoxic conditions (Fung, 1990; Fung and Liu, 1991).
Hypertension causes increased OA and conversely, arteries
treated with a vasoconstrictor display a decreased OA (Han
et al., 2006). OA is also correlated with systolic blood pres-
sure (Matsumoto and Hayashi, 1996; Han et al., 2006) and with
smaller-scale physiological changes. For example, increased OA
correlates with an increase in VSMC proliferation and decreased
OA values correlate with increased VSMC contraction (Han et al.,
2006).

Opening angle measurements are often performed in con-
cert with other mechanical tests, such as tensile testing (Williams
et al., 2009; Tian et al., 2011), and in doing so have demonstrated a
correlation between OA and arterial stiffness. For example, rabbit
carotid arteries exhibit an average OA of 110◦, which correlates
with a tensile modulus of 2.3 MPa. When the artery is decellular-
ized, the OA decreases to 70◦ which correlates with an increase
in the tensile modulus to 3.5 MPa (Williams et al., 2009). OA
analysis can also be performed after pre-stressing the arteries
with a transmural pressure load to cause inflation and deflation
and measuring the change in artery diameter and axial force
(Matsumoto and Hayashi, 1996; Rachev and Greenwald, 2003).
As an example, using OA combined with arterial pre-stress mea-
surements, Matsumoto and Hayashi (1996) reported the mean
circumferential stress of the thoracic aorta was 339 kPa for hyper-
tensive rats compared to 263 kPa for normotensive controls, and
that the circumferential strains were 0.72 and 0.61, respectively.
Although taking an OA measurement is useful when analyzing
the residual stress and strain properties of the arterial wall, it
limits further testing on the uncut artery.

Pulse Wave Velocity Measurements
Pulse wave velocity (PWV) measurements are the primary clin-
ical method used to assess arterial stiffening and to help pre-
dict CVD events (Laurent et al., 2006; Van Bortel et al., 2012;
Protogerou et al., 2014). A PWV device determines the time for
a pressure wave to propagate down a blood vessel by measuring
in two separate areas of the body, usually the carotid and femoral
arteries. The physical distance between the two catheters is mea-
sured on the surface of the body using a tape measure, and the
velocity measurement is the ratio of distance traveled to elapsed
time (van Popele et al., 2001; Laurent et al., 2006). Measurements
along the aorta and aorto-iliac pathway are the most clinically
relevant because the aorta and its branches are the first vessels
that blood encounters out of the heart and PWV values using
this pathway have been shown as predictive values for arterial
stiffness (Laurent et al., 2006). The PWV value is directly corre-
lated with the elastic modulus by the Moens–Korteweg equation,
which takes into account the vessel radius and the wall thickness
and density (Newman and Greenwald, 1978). PWVs are inversely
correlated with artery distensibility and compliance (Cecelja and
Chowienczyk, 2012). However, PWV does not take into account
the differences in arterial stiffness between elastic and muscular
parts of the vascular tree (Laurent et al., 2006).

Pulse wave velocity has many advantages over direct mechan-
ical testing because it can be used for clinical applications, is
non-invasive, and can directly lead to calculated elastic modu-
lus values. Carotid-femoral PWV measurements are correlated

with arterial stiffness and can be used to predict cardiovascu-
lar disease in patients (Laurent et al., 1994; Safar et al., 2003).
Higher PWV measurements are associated with a higher risk
of stroke, cardiovascular death, coronary heart disease (Sutton-
Tyrrell et al., 2005) and hypertension (Cecelja and Chowienczyk,
2009). Patients with hypertension and high aortic PWVmeasure-
ments have increased stenosis frequency, and a higher prevalence
of atherosclerotic lesions in the aorta and lower extremities
(Maarek et al., 1987). Hallock (1934) used PWV measurements
to determine that PWV in the aorta increases from 4.1 m/s in
patients ages 5–9 to 6.4 m/s in patients ages 35–44 and up to
10.5 m/s for patients over 65. Notably, PWV increases with age
for both men and women (Hallock, 1934; van der-Heijden-Spek
et al., 2000), and pulse pressure increases by 25% from ages 30
to 60 (Kelly et al., 1989). Using PWV and distensibility measure-
ments, the 2001 Rotterdam Study demonstrated that stiffness is
associated with atherosclerosis in both the carotid artery and the
aorta (van Popele et al., 2001). The Rotterdam study also indi-
cated that aortic stiffness alone can be used as a predictor of
atherosclerosis because elevated aortic stiffness is associated with
atherosclerosis throughout the entire arterial tree (van Popele
et al., 2001). PWV has become a powerful method for predict-
ing cardiovascular risk clinically, and in hypertensive patients, it
is the best predictor of cardiovascular mortality regardless of age
(Blacher et al., 1999).

Ultrasound Testing
In addition to PWV measurements, distensibility, and compli-
ance measurements obtained using ultrasound are also used clin-
ically to assess cardiovascular health. Ultrasound non-invasively
images internal organs using sound waves and the associated
reflected waves. Ultrasound and its accompanying image pro-
cessing techniques provide a simple and visual determination
of arterial mechanical properties. B-mode, or brightness-mode,
ultrasound provides a two-dimensional cross-section of the ves-
sel, whereas M-mode, or motion-mode, can record B-mode
images in quick succession, providing a ‘video’ of the cross-
sectional area. Pulse-Doppler ultrasound records images over
time, but also employs the Doppler effect to record blood move-
ment in the vessel. Due to the prevalence of ultrasound equip-
ment, ultrasound is used extensively to produce non-invasive
measurements of artery mechanics in both clinical and research
settings.

Using ultrasound B- and M-modes, the expansion and con-
traction of the artery with the cardiac pulse can be measured to
determine distensibility, which is a measure of artery elasticity
(MacSweeney et al., 1992; Godia et al., 2007). Traditionally, the
artery is found using B-mode detection, followed by capturing
the movement in the vascular wall over time with M-mode ultra-
sound. The image of the artery walls is then traced to calculate
distensibility from the image series (Godia et al., 2007). The dis-
tensibility coefficient is calculated as the relative change in artery
diameter divided by the systolic pulse pressure (Reneman et al.,
1986). A decrease in artery distensibility is directly correlated
with increasing arterial stiffness, and therefore, indicates that
distensibility can be used as a metric for cardiovascular disease
(Gamble et al., 1994; Selzer et al., 2001).
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The clinical definition of compliance is the ratio of blood
volume to arterial blood pressure, although in practice, the com-
pliance of an artery can be measured as the ratio of change
in cross-sectional area to the change in pressure, which is
known as the cross-sectional compliance (Reneman et al., 1986;
Tozzi et al., 2000). The cross-sectional compliance value is
equal to the distensibility coefficient multiplied by the cross-
sectional area of the vessel (Reneman et al., 1986; Gamble
et al., 1994). To obtain a compliance measurement, an artery
can be examined under pulse-Doppler ultrasound to detect
the artery wall movement (Reneman et al., 1986). The expan-
sion and contraction of the vessel are normalized to the zero-
load outer diameter and measured in conjunction with an
ECG measurement that determines heart rate (Fonck et al.,
2007). Techniques in ultrasound software can also assess other
cardiovascular risk factors, such as wall strain (Godia et al.,
2007), atherosclerotic plaque location, and intima-media thick-
ness (Selzer et al., 2001; van Popele et al., 2001). Introducing
microbubbles into the blood stream can allow for contrast
enhanced ultrasound, where specific molecular targets in the ves-
sel are imaged to study disease progression (Shim and Lindner,
2014).

Decreased arterial compliance is correlated with a higher
risk of cardiovascular disease (Zieman et al., 2005). Using
pulse-Doppler ultrasound, Reneman et al. (1986) showed
that starting around age 30 the human carotid artery dis-
tensibility and cross-sectional compliance decrease. Human
common carotid arteries have distensibility coefficients of
30∗10−3/kPa at age 25 and this decreases linearly to approx-
imately 18∗10−3/kPa by age 60 (Reneman et al., 1986). The
cross-sectional compliance also decreases linearly within this
age range from 9∗10−7 m2/kPa to 6.5∗10−7 m2/kPa (Reneman
et al., 1986). In addition to age-related effects, patients with
increased serum cholesterol also have impaired radial artery
compliance and distensibility (Giannattasio et al., 1996). A
decrease in compliance can be attributed to altered arterial
and blood flow pressures due to increases in wall thickening,
collagen deposition, or elastin fragmentation (Zieman et al.,
2005).

Microscale Mechanical Tests
While significant emphasis has been placed on macroscale
measurements of vessel mechanics, less is known about the
changes in the mechanical properties of the individual arterial
layers or the ECM within these layers. Macroscale measure-
ments generally treat the artery as a uniform material, and
do not take into account that arteries are composite mate-
rials with three distinct layers. Mechanical analysis on the
cell-scale is fundamental to the field of mechanobiology and
our understanding of the mechanical cues driving cell behav-
ior and function. Cell size is on the order of 10s of microns,
and therefore macroscale mechanical tests do not necessar-
ily measure the same properties being sensed locally by cells.
Several approaches to measure microscale mechanical changes
have been developed which measure layer-specific mechanical
changes. Microscale tests are more relevant for studies of cel-
lular mechanotransduction in the vessel wall and investigations

of the cellular response to changes in arterial mechanics
(Figure 3).

Atomic Force Microscopy
The use of AFM force indentation measurements for ECM
mechanical testing in arteries is a relatively newer technique,
and it allows for layer-specific mechanical properties to be deter-
mined. A cantilever with a micron-scale tip is brought in con-
tact with a sample, and as the cantilever deflects, a laser beam
focused on the back of the cantilever is also deflected, pro-
viding information regarding the depth of indentation (Binnig
et al., 1986; Mann, 2007). The two primary AFM modes are
‘contact mode,’ where the cantilever tip is dragged along the
sample surface, or ‘AC (tapping)’ mode, where the tip oscil-
lates near its resonant frequency close to the sample surface
and intermittent indentations are recorded (Zhong et al., 1993).
Most commonly, AFM is used to “image” samples, creating a
topographical map, by dragging the cantilever across a sam-
ple (Hurley, 2009). AFM tip materials, geometries, and sizes
are dependent on the specific application. AFM indentations for
force measurements can use tips with radii from ∼5 to 50 nm,
allowing for nanoscale resolution (Hurley, 2009). Spherical beads
of varying diameters up to the microscale can also be placed
on the AFM cantilever for force indentation measurements
(Radmacher, 1997; Costa and Yin, 1999). AFM tips can also
be functionalized with biological sensors that limit the interac-
tion area with the material (Leckband, 2011; Chtcheglova and
Hinterdorfer, 2013).

There has been an increasing interest in the technique of AFM
to obtain force measurements on biological materials (Huynh
et al., 2011; Peloquin et al., 2011; Weisbrod et al., 2013). AFM
force measurement records the deflection of the cantilever as
it indents into the sample material to produce a force ver-
sus indentation curve (Binnig et al., 1986). Data can be fit to
standard mathematical models such as the Hertz model, to pro-
vide mechanical properties such as the elastic modulus at the
indentation location (Hertz, 1881; Mahaffy et al., 2000; Peloquin
et al., 2011). Within the vasculature, AFM has been used to
measure local stiffness at different locations within an artery,
as well as the mechanical contributions of specific ECM com-
ponents, namely collagen and elastin (Beenakker et al., 2012).
AFM has also been used to study the mechanics of atheroscle-
rotic plaques and fibrous caps (Hayenga et al., 2011; Marzec
et al., 2014), as well the effects of age and diet on intima stiff-
ness (Huynh et al., 2011; Peloquin et al., 2011; Weisbrod et al.,
2013).

Importantly, the values found using AFM are orders of mag-
nitude smaller than those found using tensile testing. In porcine
aortas, AFM testing showed the tunica adventitia had an elastic
modulus range of 0.7–391 kPa and that the pulmonary arteries
have a stiffer adventitia that ranges between 2.3 and 1,130 kPa
(Grant and Twigg, 2013). Notably, AFM testing of the porcine
medial layer indicates it is orders of magnitude stiffer than
the adventitia, and has an elastic modulus ranging from 1 to
30 MPa (Beenakker et al., 2012). Furthermore, Lundkvist et al.
(1996), reported the intima stiffness of healthy human arter-
ies is 34.4 kPa when measured using AFM, while tensile testing
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FIGURE 3 | Microscale techniques to determine artery mechanics.

on the composite artery indicates an elastic modulus ranging
between 1.5 and 3.8 MPa (Khanafer et al., 2011; Karimi et al.,
2013). Bulkmechanics typically provide values of the stiffest layer,
the media, and therefore these data underscore the importance
of analyzing mechanical properties of individual arterial layers
using microscale techniques, especially when studying behaviors
of mechanosensitive cells.

Atomic force microscopy has also been used to study cell and
sub-cellular mechanics using live samples. AFM can be used to
study cellular mechanics, including EC stiffness (Kusche-Vihrog
et al., 2011; Lee et al., 2011). It was suggested that cells adopt
the relative stiffness values of their matrix; therefore, cell-stiffness
may be a measure of vascular health (Byfield et al., 2009). On the
subcellular level, AFMhas been used to study the properties of the
plasma membrane, ECM, and cytoskeleton (Kasas and Dietler,
2008; Lu et al., 2008). When performing sub-cellular analysis,
AFM tips can be modified to create bio-specific molecular sensors
that are used for studying surface receptor interactions and mea-
suring adhesion molecule stiffness (Leckband, 2011; Sarangapani
et al., 2011). Simultaneous topography and recognition imaging
(TREC) is a recent advancement in AFM technology, where a lig-
and is functionalized to the AFM cantilever tip to provide simul-
taneous measurements of material topography and cell-ligand
interactions (Preiner et al., 2009). A recent study using TREC
with a VE-cadherin-Fc modified AFM tip showed VE-cadherin

forms ellipsoid clusters and suggests the protein is bound to actin
filaments (Chtcheglova and Hinterdorfer, 2013). Because AFM
can be used to determine artery mechanics at the cellular and
subcellular levels, and its applications continue to develop, it is
expected to have increased prevalence in the mechanobiology
field.

Nanoindentation
Nanoindentation measurements use a nano-scale tip to indent
into a material and generate a load versus displacement curve
that can be used to calculate material mechanics, such as stiff-
ness. Unlike AFM which records cantilever displacements, in
nanoindentation, an external load is applied to the indenter tip
to push the tip into the surface (Mann, 2007). Displacement in
nanoindentation is measured directly by the cantilever’s depres-
sion into the sample surface, unlike the deflected laser mea-
surement used by the AFM. Whereas older studies relied on
imaging the tip depression in the sample to determine the area
of contact, current nanoindentation methods can estimate the
area of contact based on a well-defined tip geometry, such as a
triangular Berkovich or spheroid tip (Oliver and Pharr, 2004).
Nanoindentation allows for micro- and nanoscale measurements,
with a force range of 1 μN to 500 mN, and a displacement
range of 1 nm to 20 μm (Fischer-Cripps, 2002; Ebenstein and
Pruitt, 2006). Nanoindentors have indentation depths on the
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nanometer scale (Fischer-Cripps, 2002); however, their contact
area with the material can be hundreds to thousands of nanome-
ters wide (Hurley, 2009). These length scales bridge the gap
between more sensitive AFMmeasurements andmacroscale test-
ing.

Material hardness is calculated using nanoindentation by
dividing the load on the tip during indentation by the con-
tact area, and the plastic unloading stiffness is the slope of
the load versus displacement curve at a given point (Oliver
and Pharr, 2004). Different mathematical models are used to
fit nanoindentation data and include the Hertz model (Hertz,
1881; Johnson, 1982), the Oliver-Pharr model (Oliver and Pharr,
1992, 2004), and the Johnson–Kendall–Roberts (JKR) adhesion
model (Johnson et al., 1971). The choice of analysis model is
based on the properties of the tip-sample interaction, taking
into account the shape of the indentation curve and any dis-
continuities in the curve (Mann, 2007). For biological tissues
and hydrated biomaterials, significant adhesion between the tip
and sample must be accounted for when determining mechan-
ical properties with nanoindentaiton (Kohn and Ebenstein,
2013).

Many biological materials have been characterized using
nanoindentation, including bone and cartilage as well as
biomimetic materials such as mollusk shells and spider silk
(Ebenstein and Pruitt, 2006). Arterial tissue probed with nanoin-
dentation indicates that porcine elastic aortas have elastic moduli
between 60 and 70 kPa (Hemmasizadeh et al., 2012). The tech-
nique has also been used to measure the mechanical properties
of rat arteries, where the effective elastic moduli ranged from 22
to 37 kPa (Hanna et al., 2013). The stiffness of carotid plaques
has also been measured using nanoindentation (Ebenstein et al.,
2009). The arterial stiffness values obtained with nanoindentation
are comparable to AFM measurements, and both are orders of
magnitude lower than the bulk vessel stiffness.

Although nanoindentation and AFM can provide similar
information, nanoindentation is a more direct measurement
technique for local mechanical property determination. Both
methods produce force versus indentation curves to calculate
mechanical properties such as the elastic modulus, however,
the AFM has increased complexity that relies not only on the
indentation parameters, but also on a laser deflection measure-
ment. However, AFM is advantageous for smaller scale biological
applications and has greater versatility in the information it can
provide.

Micropipette Aspiration
Micropipette aspiration is a less complex technique to measure
the mechanics of cells and tissues when compared to AFM and
nanoindentation. During testing, a pipette uses suction to pull
one end of a cell or matrix into a 0.5–0.8 mm glass tube (Sato
et al., 2000; Matsumoto et al., 2002). The distance the material
travels into the pipette is tracked using light microscopy (Shao
et al., 1998) and is directly related to thematerial stiffness. Suction
forces as low as 1 nN were used to measure the elastic modu-
lus of ECs, which were reported to be 0.5 kPa (Hochmuth, 2000)
and increased with increasing substrate stiffness (Byfield et al.,
2009).

Soft biological tissue mechanics are measured using pipette
aspiration by applying an aspiration pressure on the inside of
the pipette to deform the tissue (Aoki et al., 1997). Based on
the pipette properties and the degree of deformity, the tissue
elastic modulus is calculated. Micropipette aspiration has been
used to measure the ECM properties of porcine and rabbit aor-
tas (Sato et al., 2000; Matsumoto et al., 2002; Ohashi et al.,
2005). The rabbit aortic arch has an elastic modulus between
40 and 50 kPa compared to an elastic modulus of ∼40 kPa
for the thoracic aorta (Matsumoto et al., 2002). The elastic
moduli measured using micropipette aspiration are similar to
the values obtained using AFM and nanoindentation. Although
micropipette aspiration is relatively simple to perform and is
well-characterized, it is a lesser used technique for testing the
mechanics of ex vivo samples. Newer mechanical testing tech-
niques such as nanoindentation and AFM have become more
popular likely because of their versatility in measuring cellular
and sub-cellular properties.

Effects of Vascular Mechanics on
Atherosclerosis

Arterial Stiffening Promotes Vascular
Diseases
The mechanical properties of arteries are altered with both age
and disease primarily due to changes in the ECM. Vessel stiff-
ness measurements using PWV and ultrasound are widely used
in the clinic as indicators of vascular health, but the importance
of vascular stiffening, especially on the microscale, in promot-
ing disease is not well-understood (O’Rourke et al., 2002). Recent
data suggest numerous cell types respond to matrix stiffness and
that stiffness can promote stem cell differentiation, tissue mor-
phogenesis, and tumor malignancy (Paszek and Weaver, 2004;
Sieminski et al., 2004; Paszek et al., 2005; Engler et al., 2006). As
such, it is likely that the stiffening, which occurs in the vasculature
with age and disease, promotes cell dysfunction.

During atherosclerosis, cholesterol permeates into the blood
vessel wall and must be retained there to elicit the inflammatory
reaction resulting in plaque formation (Libby, 2002). Age-related
changes in the arteries caused by ECM rearrangements directly
contribute to increased LDL accumulation but they also alter
endothelial and VSMC function to contribute to atherogene-
sis (Tada and Tarbell, 2004; Rudijanto, 2007; Kwon et al., 2008;
Huynh et al., 2011). Stiffer arteries have been shown to exhibit
increased permeability in vivo, and therefore are thought to have
greater cholesterol uptake and atherosclerotic plaque initiation
(Huynh et al., 2011).

Animal studies by Kothapalli et al. (2012) recently demon-
strated that arterial stiffening and ECM crosslinking precede
cardiovascular disease development. Treatment with the lysyl
oxidase inhibitor BAPN to prevent collagen crosslinking reduced
arterial stiffness and decreased atherosclerotic plaque size ∼50%
in ApoE mice. A decrease in arterial stiffness reduced the depo-
sition of a pro-atherogenic fibronectin and collagen ECM by
VSMCs and limited monocyte binding. It is also known that
media calcification precedes atherosclerotic plaque development,
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and there is a strong relationship between arteriosclerosis and
the calcification and degeneration of elastic fibers in arteries
(Blumenthal et al., 1944; Shekhonin et al., 1985). Both human
clinical trials using PWV macroscale measurements and ani-
mal studies using AFM microscale measurements of the arterial
intima have demonstrated that hypertension is preceded by vessel
stiffening (Kothapalli et al., 2012; Quevedo, 2012). Furthermore,
in hypertensive patients, increased arterial stiffness is associated
with increased mortality rates (Laurent et al., 2001). Mounting
evidence suggests that arterial stiffness, measured on both macro-
and microscales are causes of vascular pathologies, rather than
consequences as previously hypothesized.

Mechanical Cues Affect Endothelial Cells to
Promote Atherogenesis
Endothelial cells are known to be mechanosensitive, and are
important regulators of vascular health and atherogenesis. The
effect of flow on EC behavior has been widely studied, and it is
well-established that ECs align in the direction of flow, that lam-
inar flow promotes an atheroprotective endothelium, and that
atherosclerotic plaques develop predominantly in regions of dis-
turbed flow (Caro et al., 1969; Zarins et al., 1983; Levesque and
Nerem, 1985; Tzima et al., 2005). The ECM composition has also
been shown to alter EC behavior including increased RhoA activ-
ity, ICAM-1 expression, proliferation, morphology, and adhesion
(Ingber et al., 1990; Tzima et al., 2001, 2002; Young et al., 2007)
Recently, it has become apparent that ECs also respond to ECM
mechanical cues where increased matrix stiffness has deleteri-
ous effects on endothelial NO production and barrier integrity
(Huynh et al., 2011; Kohn et al., 2015).

An important function of the vascular endothelium in
atherosclerosis prevention is acting as a protective barrier against
cholesterol accumulation and leukocyte transmigration into the
intima (Schwenke and Carew, 1989). Using AFM, our group has
shown the arterial intima stiffens with age, and that in response
to increased ECM matrix stiffness, EC-cell junction size and
permeability increase both in vitro and in vivo (Huynh et al.,
2011). Mechanistically, increased substrate stiffness activates the
Rho/Rho kinase pathway to increase cellular contractile forces
and compromise cell-cell junction integrity (Huynh et al., 2011;
Krishnan et al., 2011). Recent work by Szulcek et al. (2013)
demonstrated the complexity of endothelial monolayer regula-
tion. RhoA is involved in both monolayer gap formation and
closure depending on its subcellular localization. Immune cell
infiltration into the intima has important implications for driv-
ing atherosclerotic plaque formation, and the increased EC-cell
junction size in response to substrate stiffness facilitates leukocyte
transmigration by the predominant paracellular route (Huynh
et al., 2011; Stroka et al., 2013). Notably, the endothelial expres-
sion of VCAM-1, ICAM-1, and E-selectin were unaffected by
substrate stiffness in vitro, suggesting the changes were largely
driven by mechanics. In addition to the endothelial response
to matrix mechanics compromising the arterial barrier against
leukocyte transmigration, recent studies show that leukocytes
also respond to substrate mechanics. Leukocytes exhibit elevated
transmigration behavior with increasing stiffness and biphasic
migration speeds (Hayenga and Aranda-Espinoza, 2013; Stroka

et al., 2013). Interestingly, AGEs can promote increased adhesion
molecule expression in ECs, suggesting that arterial stiffening
caused by collagen glycation may have the synergistic effects of
increased substrate mechanics and increased adhesion molecule
expression contributing to leukocyte transmigration.

Arterial Stiffening Alters VSMC Behavior to
Promote Atherosclerosis
A phenotypic switch from a contractile to a motile, synthetic phe-
notype in VSMCs is characteristic of VSMCs found in atheroscle-
rotic lesions. During atherogenesis, VSMCs migrate from the
media into the intima where their proliferation and ECM
secretions increase plaque size (Rudijanto, 2007). Interestingly,
VSMCs are durotactic, preferentially migrating in the direction of
increased substrate stiffness, but their maximummigration speed
depends on both matrix stiffness and ECM chemical cues (Peyton
and Putnam, 2005; Isenberg et al., 2009; Sazonova et al., 2014).
A proliferative phenotype was observed by VSMCs cultured on
stiff collagen fibrils when compared to compliant collagen gels,
even though β1 integrin mediated cell-ECM interactions were
comparable on both substrates (McDaniel et al., 2007). Similar
to migration, VSMC proliferation is also dependent on ECM lig-
and density, but it has been demonstrated that increased matrix
stiffness is the dominant factor affecting proliferation (Vatankhah
et al., 2014). In addition to ECM cues, VSMC proliferation and
migration is also stimulated by platelet derived growth factor
(PDGF) released by ECs and macrophages during atherogenesis.
Interestingly, increased matrix stiffness enhances VSMC prolif-
eration and migration induced by PDGF signaling (Brown et al.,
2010; Huynh et al., 2013).

Interventions for Age-Related
Cardiovascular Stiffening
Stiffening of the arteries with age is well-established, and it is
now becoming apparent that arterial stiffness contributes to car-
diovascular diseases; therefore, preventing or reversing stiffening
may be one method to improve cardiovascular health. Lifestyle
changes and pharmacological interventions are two strategies
for decreasing arterial stiffness (Table 1). Exercise is the most
well-studied lifestyle intervention to improve arterial compliance.

Aerobic Exercise Reduces Macroscale Arterial
Stiffening
Numerous human studies have demonstrated that habitually
active adults have more compliant arteries when compared to
their age-matched sedentary peers and that moderate aerobic
exercise interventions successfully increased macroscale arterial
compliance in healthy aged populations (Tanaka et al., 2000; Seals
et al., 2008; Santos-Parker et al., 2014). Brisk walking can improve
arterial compliance in as little as 3 months in healthy middle-
aged men (Tanaka et al., 2000). However, in aged individuals
with hypertension the same gains in arterial compliance were not
achieved by a short-term aerobic exercise intervention, suggest-
ing that existing cardiovascular pathologies may limit the benefits
of exercise on arterial stiffness (Ferrier et al., 2001). The mecha-
nism by which exercise restores arterial compliance is not fully
understood and appears to vary with the type of exercise. Mouse
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TABLE 1 | Selected interventions with human studies to reduce arterial stiffness.

Category Intervention Study Outcome Reference

Lifestyle Aerobic exercise Brisk walking in healthy
sedentary male adults

Increased central arterial compliance Tanaka et al. (2000)

Pharmaceutical AGE blocker Aminoguanidine Phase 3 clinical trial Early termination due to safety and
efficacy

Freedman et al. (1999) and
Thornalley (2003)

Pharmaceutical AGE breaker Alagebrium chloride (ALT-711) Phases 2 and 3 clinical
trials

No increase in cardiovascular health
(Lifetime Risk Score)
Clinical trials terminated due to finances

Oudegeest-Sander et al.
(2013); clinicaltrials.gov

Pharmaceutical AGE breaker TRC4186 Phase 1 clinical trial Safety, tolerance, and
pharmacokinetics established

Chandra et al. (2009)

studies show that voluntary wheel running decreases Type I col-
lagen levels in the media and adventitia of old mice, while studies
involving swimming and treadmill running did not show changes
in arterial collagen composition (Nosaka et al., 2003; Maeda
et al., 2005; Fleenor et al., 2010). Exercise may increase collagen
turnover, thus preventing the accumulation of AGEs. However,
while increased markers of collagen synthesis and turnover have
been found in response to exercise for cardiac, tendon, and bone
collagens, studies with arterial collagen still need to be com-
pleted (Langberg et al., 1999; Wallace et al., 2000; Radauceanu
et al., 2007). It is important to note that deposition of colla-
gen in bone and tendon in response to exercise is indicative of
beneficial strengthening while collagen deposition in the arter-
ies contributes to pathological stiffening, therefore, it is possible
that the effects of exercise on collagen composition may be tissue
specific.

Pharmacological Prevention of AGE Accumulation
Pharmacological interventions for arterial stiffening primarily fall
into two categories: AGE blockers and AGE breakers. Several
chemical compounds to prevent arterial stiffening by inhibiting
AGE accumulation have been studied, but thus far, none have
made it past clinical trials. Aminoguanidine was the first well-
studied inhibitor of AGEs. Early studies in diabetic rats showed
that it was able to inhibit AGE formation by blocking carbonyl
reactivity on early glycation products even when animals were
fed high glucose diets (Brownlee et al., 1986). Later studies with
an aged, non-diabetic rat model showed aminoguanidine pre-
vented arterial stiffening in 24-month old, end-of-life rats without
altering collagen content (Corman et al., 1998). Despite the early
promise of aminoguanidine, clinical trials were terminated when
it caused impaired liver functionality and the initiation of lupus-
like illnesses in patients (Freedman et al., 1999). An alternative
AGE inhibitor, 2,3 diaminophenazine (2,3 DAP) did not make
it past pre-clinical toxicity tests (Soulis et al., 1999). ALT-946
and OPB-9195 are other examples of AGE blockers that possess
similar hydrazine structures to aminoguanidine, that have not
yet reached clinical trials. Initial data indicates that ALT-946 is
more effective and less toxic than aminoguanidine (Forbes et al.,
2001; Wada et al., 2001). The failure of the AGE inhibitors men-
tioned here, and others, to succeed in clinical trials more than
15 years after initial studies with aminoguanidine, highlights the
difficulty of safely and effectively reducing AGE accumulation
in vivo.

Pharmacological Breaking of AGE Crosslinks
The second class of pharmaceutical interventions used to over-
come arterial stiffness are compounds that break AGE crosslinks
after they have been formed. The most widely studied of these
is the thiazelium based ALT-711 (alagebrium chloride), which
was discovered as a more stable form of the very first AGE
breaker, PTB (Vasan et al., 1996). These nucleophilic com-
pounds break carbon–carbon bonds between adjacent carbonyl
groups in crosslinked proteins (Vasan et al., 1996; Kim and
Spiegel, 2013). ALT-711 showed efficacy in vitro and in vivo
at cleaving AGE crosslinks. The resulting collagen fragmen-
tation increased the elasticity of cardiac and arterial tissue
(Vasan et al., 1996; Wolffenbuttel et al., 1998; Little et al.,
2005). The early success of ALT-711 led to more than 12
combined Phases 2 and 3 clinical trials2. Despite the poten-
tial for ALT-711, a randomized factorial study comparing the
interaction between ALT-711 and exercise in older (over age
70) sedentary adults showed no improvement in arterial stiff-
ness measured with PWV. Cardiovascular health measured
using the Lifetime Risk Score (LRS) improved with exer-
cise, but not the drug intervention (Oudegeest-Sander et al.,
2013). All ongoing clinical trials for ALT-711 were terminated
in 2009 by Synvista Therapeutics Inc. for financial reasons.2
The safety, pharmacokinetics, and tolerance of another AGE
crosslink breaking compound, TRC4186, were established dur-
ing a successful phase 1 clinical trial and published in 2009
(Chandra et al., 2009). However, the necessary phase 2 and
3 clinical trials showing efficacy and continued safety have
not been completed. Studies on a new, safer AGE breaker,
C36 (3-benzyloxycarbonylmethyl-4-methyl-thiazol-3-ium bro-
mide) showed decreased systemic arterial stiffness and improved
collagen composition in diabetic rats (Cheng et al., 2007).
There currently are no AGE blockers or breakers on the
market today, indicating the difficulty of successfully and
safely overcoming the effects of tissue stiffening that occur
with age.

Future Perspectives

As the contribution of arterial stiffening to cardiovascular dis-
eases comes into better focus, new studies will need to rely on

2http://clinicaltrials.gov/
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macroscale measurement techniques, and expand the microscale
understanding of how stiffening of each arterial layer contributes
to disease. Recently, Weisbrod et al. (2013) have shown that inti-
mal stiffening precedes hypertension and Huynh et al. (2011)
showed that intimal stiffening leads to compromised endothe-
lium integrity. These new findings complement existing literature
with macroscale measurements that emphasize stiffening of the
adventitial and medial layers. A particular challenge will be to
develop microscale tools that can measure intimal stiffening
in vivo for use in human clinical diagnoses and to contribute to
a better understanding of the underlying mechanisms that gov-
ern the relationship between arterial stiffening and cardiovascular
disease.
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Changes in vascular mechanics due to aging include elevated vascular impedance,

diminished aorta distensibility, and an accelerated return of pulse wave reflection, which

may increase the systolic workload on the heart. Classically, the accurate measurement

of vascular mechanics requires the simultaneous recording of aortic pressure and flow

signals. In practice, it is feasible to estimate arterial wave properties in terms of wave

transit time (τw) and wave reflection index (RI) by using aortic pressure signal alone. In

this study, we determined the τw and magnitudes of the forward (|Pf |) and backward

(|Pb|) pressure waves in Long–Evans male rats aged 4 (n = 14), 6 (n = 17), 12 (n = 17),

and 18 (n = 24) months, based on the measured aortic pressure and an assumed

triangular flow (Qtri). The pulsatile pressure wave was the only signal recorded in the

ascending aorta by using a high-fidelity pressure sensor. The base of the unknown

Qtri was constructed using a duration, which equals to the ejection time. The timing

at the peak of the triangle was derived using the fourth-order derivative of the aortic

pressure waveform. In the 18-month-old rats, the ratio of τw to left ventricular ejection

time (LVET) decreased, indicating a decline in the distensibility of the aorta. The increased

|Pb| associated with unaltered |Pf | enhanced the RI in the older rats. The augmentation

index (AI) also increased significantly with age. A significant negative correlation between

the AI and τw/LVET was observed: AI = −0.7424 − 0.9026 × (τw/LVET) (r = 0.4901;

P < 0.0001). By contrast, RI was positively linearly correlated with the AI as follows: AI

= −0.4844+ 2.3634 × RI (r = 0.8423; P < 0.0001). Both the decreased τw/LVET and

increased RI suggested that the aging process may increase the AI, thereby increasing

the systolic hydraulic load on the heart. The novelty of the study is that Qtri is constructed

using the measured aortic pressure wave to approximate its corresponding flow signal,

and that calibration of Qtri is not essential in the analysis.

Keywords: aging, aortic input impedance, arterial wave property, vascular impulse response, wave reflection

factor, wave transit time
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INTRODUCTION

Aging is known to be associated with deterioration in many
structural and functional properties of aortas and large arteries,
including dilated vessel diameter, increased wall thickness,
diminished wall elasticity, and endothelial dysfunction (Lakatta
and Yin, 1982; O’Rourke and Nichols, 2005). As age advances,
the following histological alterations in the vasculature are
observed: an increased rate of endothelial cell apoptosis, the
degeneration of smooth muscles in the media, fragmentation
of and decrease in the content of elastic fibers, and an increase
in the number of irregularly arranged collagen fibers in the
stroma (Lakatta, 1979; Yin, 1980; Lakatta and Yin, 1982;
Chang et al., 1998). Collagen crosslinking by non-enzymatic
glycation is also enhanced within the arterial wall (Sims et al.,
1996; Schleicher et al., 1997). All these factors contribute
to the age-related changes in the mechanical properties
of the vasculature, including elevated arterial impedance,
diminished aorta distensibility, and an accelerated return of
pulse wave reflection (O’Rourke and Nichols, 2005). These
changes in vascular mechanics are accelerated in the incidence
of hypertension (Najjar et al., 2005; Franklin, 2006), coronary
heart diseases (Mattace-Raso et al., 2006), congestive heart failure
(Sutton-Tyrrell et al., 2005), and stroke (O’Leary et al., 1999) with
advancing age.

The physical properties of the arterial system are reflected in
the aortic input impedance (Zi), which is the aortic pressure-flow
relation in the frequency domain (McDonald, 1974; O’Rourke,
1982; Milnor, 1989; Wang et al., 2014a). While the aortic
characteristic impedance (Zc) is known (Nichols and O’Rourke,
2011), the wave separation method can be derived in the time
domain to resolve the measured aortic pressure wave into its
forward (Pf ) and backward (Pb) components (Westerhof et al.,
1972). The arterial wave transit time (τw) can be computed
using the impulse response function, which is the time-domain
equivalent of its input impedance in the frequency domain
(Laxminarayan et al., 1978; Sipkema et al., 1980). Thus, the
accurate measurement of arterial wave properties, including
arterial τw and wave reflection magnitude (RM) or wave
reflection index (RI), requires the simultaneous recording of

aortic pressure and flow signals.
In practice, it is feasible to estimate the τw and magnitudes

of the forward and backward pressure waves by using aortic
pressure signal alone. Westerhof et al. (2006) provided a novel
method to calculate the pressure wave reflection by using only
the measured aortic pressure. Replacing the unknown flow

Abbreviations: AI, Augmentation index; AM, augmentation magnitude; CL,

cardiac cycle length (ms); HR, basal heart rate (beats min−1); LVET, left ventricular

ejection time (ms); Qm, measured aortic flow wave (ml s−1); Qtri, uncalibrated

triangular flow wave (ml s−1); Pb, backward pressure wave (mmHg); Pd , diastolic

aortic pressure (mmHg); Pf , forward pressure wave (mmHg); PIP, pressure at

inflection point (mmHg); Pm, mean aortic pressure (mmHg); Pmd , mean diastolic

pressure (mmHg); Pms, mean systolic pressure (mmHg); PP, pulse pressure

(mmHg); Ps, systolic aortic pressure (mmHg); 1P, Ps − PIP (mmHg); RM, wave

reflection magnitude; RI, wave reflection index; TIP, time to inflection point (ms);

Zc, aortic characteristic impedance (mmHg s ml−1); Zi, aortic input impedance

(mmHg s ml−1); τw , wave transit time (ms).

signal with a triangular wave shape (Qtri), they successfully
resolved the measured aortic pressure wave into its components,
Pf and Pb, to calculate the RM or RI. Chang et al. (2017)
elaborated this concept by determining the arterial τw through
vascular impulse response analysis. They discovered that the
aortic impulse response is an effective method for the estimation
of arterial τw by using a single pressure pulse recording with an
assumed Qtri.

In this study, we determined the age-related changes in arterial
wave properties on the basis of the aortic pressure alone in
Long–Evans male rats. The pulsatile pressure wave was the only
signal recorded in the ascending aorta by using a high-fidelity
pressure sensor. The timing at the peak of the Qtri was derived
using the fourth-order derivative of the aortic pressure waveform
(Westerhof et al., 2006; Chang et al., 2017). On the basis of the
measured aortic pressure and an assumed Qtri, we calculated the
arterial τw, magnitudes of the Pf and Pb waves, and augmentation
index (AI) to delineate the age-related changes in the pulsatile
component of the left ventricular (LV) afterload. The novelty of
the study is that Qtri is constructed using the measured aortic
pressure wave to approximate its corresponding flow signal, and
that calibration of Qtri is not essential in the analysis.

FIGURE 1 | Construction of an uncalibrated triangular flow (Qtri) from the

measured aortic pressure waveform in one rat aged 4 months as an example.

The pressure and flow (Qm) signals were simultaneously recorded in the

ascending aorta under the anesthetized, open-chest condition. AM,

augmentation magnitude, given by 1P/(PP − 1P); AI, augmentation index,

given by 1P/PP; CL, cardiac cycle length; HR, basal heart rate; LVET, left

ventricular ejection time; Ps, systolic pressure; Pd, diastolic pressure; Pm,

mean pressure; PP, pulse pressure; PIP, pressure at inflection point; 1P, given

by Ps − PIP; TIP, time to inflection point.
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METHODS

Animals and Catheterization
The effects of the aging process on the arterial mechanics were
evaluated in specific pathogen-free Long–Evans male rats, aged
4 (n = 14), 6 (n = 17), 12 (n = 17), and 18 (n = 24)
months. The rats were obtained from the colony maintained

in the barrier facilities at the Laboratory Animal Center of the

College of Medicine, National Taiwan University (Chang et al.,

1998). All rats were allowed free access to Purina chow and

water and were housed under 12 h light–dark cycles. The cages

of the rats were examined periodically. Furthermore, the body
weight (BW) of the rats was measured regularly to ensure the

appropriate administration of the food. The experiment was

conducted according to the Guide for the Care and Use of

Laboratory Animals, and our study protocol was approved by the
Animal Care and Use Committee of National Taiwan University
(Chang et al., 1998).

The general surgical procedures and measurement of the
cardiovascular variables in anesthetized rats were conducted as
described previously (Chang et al., 1998). In brief, each rat
was anesthetized with sodium pentobarbital (50mg kg−1, I.P.),
placed on a heating pad, intubated, and ventilated using a rodent
respirator (model 131; New England Medical Instruments,
Medway, MA, USA) (Wu et al., 2011). A high-fidelity pressure
catheter (model SPC 320, size 2 French; Millar Instruments,
Houston, TX, USA) was used to measure the pulsatile ascending
aortic pressure via the isolated carotid artery of the right side. The
lead II ECG was recorded using a Gould ECG/Biotach amplifier
(Cleveland, OH, USA). Selective aortic pressure signals from 5 to

FIGURE 2 | Similarity between the measured aortic impulse response obtained from the measured pressure and Qm (A) and the predicted aortic impulse response

obtained from the measured pressure and Qtri (B) in the same rat, which is shown in Figure 1. The measured Pf and Pb waves (C) and the predicted Pf and Pb
waves (D) are also depicted. In (C,D), the amplitudes (peak - trough) of the Pf and Pb are represented by |Pb| and |Pf |, respectively. Pf , forward pressure wave; Pb,

backward pressure wave; RM, wave reflection magnitude, given by |Pb|/|Pf |; RI, wave reflection index, given by |Pb|/(|Pf | + |Pb|); Q
m, measured aortic flow; Qtri,

uncalibrated triangular flow; τw, wave transit time.
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TABLE 1 | Basic hemodynamic data measured in rats aged 4, 6, 12, and 18 months.

BW HR CL LVET Ps Pd Pm Pms Pmd Pms/Pmd

AGE (MONTHS)

4 (n = 14) 374.1 ± 6.1 383.2 ± 6.1 157.1 ± 2.4 63.4 ± 0.7 139.7 ± 3.9 115.4 ± 2.7 128.8 ± 3.2 134.0 ± 3.5 125.2 ± 3.0 1.070 ± 0.005

6 (n = 17) 431.2 ± 8.9 372.8 ± 6.4 161.8 ± 2.9 66.7 ± 1.3 139.6 ± 3.5 116.9 ± 3.3 129.8 ± 3.3 134.7 ± 3.3 126.4 ± 3.3 1.066 ± 0.004

12 (n = 17) 482.1 ± 10.5 324.6 ± 9.2 187.5 ± 6.0 77.3 ± 1.8 139.1 ± 3.4 115.2 ± 2.6 128.2 ± 2.9 133.0 ± 3.1 124.8 ± 2.8 1.066 ± 0.003

18 (n = 24) 490.2 ± 9.3 307.9 ± 7.7 197.6 ± 4.8 82.4 ± 1.9 130.2 ± 3.1 100.9 ± 2.3 116.0 ± 2.6 122.2 ± 2.7 111.5 ± 2.4 1.096 ± 0.004

P-VALUE

4 vs. 6 <0.001 NS NS NS NS NS NS NS NS NS

4 vs. 12 <0.001 <0.001 <0.001 <0.001 NS NS NS NS NS NS

4 vs. 18 <0.001 <0.001 <0.001 <0.001 NS <0.005 <0.05 <0.05 <0.01 <0.001

6 vs. 12 <0.005 <0.001 <0.001 <0.001 NS NS NS NS NS NS

6 vs. 18 <0.001 <0.001 <0.001 <0.001 NS <0.001 <0.01 <0.05 <0.01 <0.001

12 vs. 18 NS NS NS NS NS <0.005 <0.05 <0.05 <0.01 <0.001

All values are expressed as means ± standard error. BW, body weight (g); HR, heart rate (beats min−1 ); CL, cardiac cycle length (ms); LVET, left ventricular ejection time (ms); Ps, systolic

pressure (mmHg); Pd , diastolic pressure (mmHg); Pm, mean aortic pressure (mmHg); Pms; mean systolic pressure (mmHg); Pmd , mean diastolic pressure (mmHg); NS, not significant

(P > 0.05).

TABLE 2 | Characteristics in relation to pulse wave reflection derived from aortic pressure waveform in rats aged 4, 6, 12, and 18 months.

TIP PIP PP 1P |Pf | |Pb| τw τw/CL

AGE (MONTHS)

4 (n = 14) 11.9 ± 0.4 129.2 ± 3.0 24.3 ± 1.5 10.4 ± 1.1 17.7 ± 1.0 10.9 ± 0.6 21.9 ± 1.3 0.140 ± 0.008

6 (n = 17) 11.5 ± 0.3 129.9 ± 3.1 22.8 ± 1.0 9.7 ± 0.8 16.4 ± 0.6 10.5 ± 0.4 21.7 ± 0.6 0.134 ± 0.003

12 (n = 17) 13.3 ± 0.5 127.5 ± 2.9 23.9 ± 1.1 11.6 ± 0.8 16.3 ± 0.8 10.9 ± 0.5 23.9 ± 0.6 0.129 ± 0.004

18 (n = 24) 14.6 ± 0.5 115.2 ± 2.6 29.4 ± 1.3 15.0 ± 0.9 18.2 ± 0.7 13.1 ± 0.6 22.5 ± 0.4 0.115 ± 0.003

P-VALUE

4 vs. 6 NS NS NS NS NS NS NS NS

4 vs. 12 NS NS NS NS NS NS NS NS

4 vs. 18 <0.001 <0.01 <0.05 <0.005 NS <0.05 NS <0.005

6 vs. 12 NS NS NS NS NS NS NS NS

6 vs. 18 <0.001 <0.01 <0.005 <0.001 NS <0.005 NS <0.05

12 vs. 18 NS <0.05 <0.01 <0.05 NS <0.005 NS NS

All values are expressed as means ± standard error. TIP, Time to inflection point (ms); PIP, pressure at the inflection point (mmHg); PP, pulse pressure (mmHg); 1P, Ps − PIP (mmHg);

|Pf |, magnitude of forward pressure wave (mmHg); |Pb|, magnitude of reflected pressure wave (mmHg); τw, arterial wave transit time (ms); NS, not significant (P > 0.05).

10 beats were averaged in the time domain, using the peak R wave
of the ECG as a fiducial point.

To show the similarity between the measured and predicted
arterial wave properties, the aortic pressure and flow (Qm) signals
were also simultaneously recorded in one rat aged 4 months,
as an example, under the anesthetized, open-chest condition
(Figure 1). The chest was opened through the second intercostal
space on the right side. The pulsatileQm waveform was measured
by using an electromagnetic flow probe (100 series, internal
circumference 8mm, Carolina Medical Electronics, King, NC,
USA), which was positioned around the ascending aorta (Chang
et al., 2017).

Construction of the Unknown Flow Wave

by Using a Triangle
The unknown Qtri was derived from the pressure waveform
measured in the ascending aorta (Westerhof et al., 2006; Chang

et al., 2017). The onset and termination of LV ejection were
identified as the intersection of two tangential lines near the foot
of the pressure wave (the first vertical blue lines in Figures 1,
3A,B) and near the incisura (the third vertical blue lines in
Figures 1, 3A,B), respectively (Chang et al., 2015). The base
of the Qtri was constructed using a duration set equal to the
ejection time, which is the time difference between the start
and end points. The timing at the peak of the triangle was
derived from the fourth-order derivative of the aortic pressure
wave (the pink curves in Figures 1, 3A,B; Westerhof et al.,
2006; Chang et al., 2017). After ejection commenced, the first
zero-crossing curve from above to below (the second vertical

blue lines in Figures 1, 3A,B) determined the peak of the

triangle of blood flow, which was the inflection point of the
pressure wave (Kelly et al., 1989; Westerhof et al., 2006; Chang
et al., 2017). Thus, the uncalibrated Qtri was approximated by
a triangular shape (the green curves in Figures 1, 3A,B) and
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FIGURE 3 | An uncalibrated triangular flow (Qtri) derived from the measured aortic pressure wave in rats aged 4 (A) and 18 months (B). The 4-month old rat is the

same one as shown in Figure 1. Only the pressure signal was recorded in the ascending aorta under the anesthetized, closed-chest condition. AM, augmentation

magnitude, given by 1P/(PP − 1P); AI, augmentation index, given by 1P/PP; CL, cardiac cycle length; HR, basal heart rate; LVET, left ventricular ejection time; Ps,

systolic pressure; Pd , diastolic pressure; Pm, mean aortic pressure; PP, pulse pressure; PIP, pressure at inflection point; 1P, given by Ps − PIP; TIP, time to inflection

point.

represented the corresponding flow wave of the aortic pressure
signal.

After identifying the inflection point, the augmentation of
pressure (1P) can be defined as the difference between the
systolic pressure (Ps) and the pressure at the inflection point
(PIP): 1P = Ps − PIP (Figures 1, 3A,B; Westerhof et al., 2006).
The difference between Ps and the diastolic pressure (Pd) is
the pulse pressure (PP = Ps − Pd). Thus, the augmentation
magnitude (AM) is defined as the ratio of 1P to the initial
pressure rise (PP − 1P), given by AM = 1P/(PP − 1P)
(Westerhof et al., 2006). The AI is the pressure augmentation
(1P) divided by the total pressure amplitude (PP), given by AI
= 1P/PP.

Impulse Response Function Curve
A standard Fourier series expansion technique was performed
to calculate the Zi from the ratio of the ascending aortic
pressure harmonics to the corresponding flow harmonics from
either Qm or Qtri (McDonald, 1974; Milnor, 1989; Nichols and
O’Rourke, 2011; Chang et al., 2015). The Zc was calculated
by averaging the high-frequency moduli of the Zi data points
from 4 to 10 harmonics (Wang et al., 2014a). The arterial
τw was computed using the impulse response function curve
(the pink lines in Figures 2A,B, 4A,B; Sipkema et al., 1980;
Latson et al., 1987), which was generated by using an inverse

Fourier transformation of the Zi after multiplying the first 12
harmonics by a Dolph–Chebychev weighting function with order
24 (Laxminarayan et al., 1978; Chang et al., 2015). One-half
of the time difference between the appearance of the second
reflected peak (long arrow) and the initial peak (short arrow)
in the impulse response curve approximates the τw in the lower
body circulation (Laxminarayan et al., 1978; Sipkema et al., 1980;
Wu et al., 2012).

Arterial Wave Separation Analysis
The following equations were used to calculate the Pf and Pb
from the measured aortic pressure wave (Pao) in the time domain
(Murgo et al., 1981; Chang et al., 2015):

Pf (t) =
Pao(t)+ Zc × Q(t)

2
(1)

Pb(t) =
Pao(t)− Zc × Q(t)

2
(2)

The calculations of the Pf and Pb by using Q(t) from either

Qm or Qtri are depicted in Figures 2C,D, 4C,D. The amplitudes
(peak - trough) of the Pb and Pf are represented by |Pb| and
|Pf |, respectively. The aortic RM was then defined as the ratio
of |Pb| and |Pf | (i.e., RM = |Pb|/|Pf |; Westerhof et al., 2006). The
reflection index (RI) was calculated as RI = |Pb|/(|Pf | + |Pb|).
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FIGURE 4 | Impulse response function curve obtained from the measured aortic pressure and an assumed triangular flow (Qtri) in the same rats aged 4 (A) and 18 (B)

months, which are shown in Figure 3. The Pf and Pb waves for the corresponding rats aged 4 (C) or 18 (D) months are also depicted. In C and D, the amplitudes

(peak - trough) of the Pf and Pb are represented by |Pb| and |Pf |, respectively. CL, cardiac cycle length; LVET, left ventricular ejection time; Pf , forward pressure wave;

Pb, backward pressure wave; RM, wave reflection magnitude, given by |Pb|/|Pf |; RI, wave reflection index, given by |Pb|/(|Pf | + |Pb|); τw, wave transit time.

Statistics
Results are expressed as means ± standard error. A one-way
analysis of variance (ANOVA) was performed to determine the
statistical significance of the results for multiple comparisons
of the effect of the aging process on arterial wave properties
(Wu et al., 2012). Statistical significance was assumed at the
level of P < 0.05. In cases where the ANOVA results indicated
that a hemodynamic variable differed significantly among age
groups, Tukey’s honest significant difference method was used to
determine the groups of rats that exhibited divergent mean values
for that variable (Wang et al., 2014b).

RESULTS

Table 1 presents the effect of age on BW, basal heart rate (HR),
cardiac cycle length (CL), LV ejection time (LVET), and aortic

pressure profile. In the rats, a significant increase in BW, decrease
in HR, increase in CL, and prolongation in LVET were observed
with an increase in age. However, the BW, HR, CL, and LVET did
not significantly differ between the rats aged 12 and 18 months.
The systolic blood pressure (Ps) did not change significantly as
animals aged; however, diastolic (Pd), mean (Pm), mean systolic
(Pms), andmean diastolic (Pmd) aortic pressures, and the Pms/Pmd

ratio were significantly lower in 18-month-old rats than in the
rats from other age groups.

Table 2 presents the pressure characteristics in relation to the
pulse wave reflection derived from the aortic pressure signal
in rats of different ages. Rats aged 18 months had markedly

higher TIP than did the rats aged 4 and 6 months. However,

PIP significantly decreased and 1P increased in the 18-month-

old rats compared with those in rats from other age groups. The

PP values were markedly higher in the 18-month-old rats than
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FIGURE 5 | Effects of aging on augmentation magnitude AM (A) and

augmentation index AI (B). The rats aged 18 months had significantly higher

AM and AI than did those aged 4 and 6 months.

were those values in the 4-, 6-, and 12-month-old rats. Moreover,
rats aged 18 months had significantly higher |Pb|, but not |Pf |
than did the rats in other age groups. Although, the arterial τw
did not change significantly as animals aged, the τw/CL ratio was
significantly lower in the rats aged 18months than in the rats aged
4 and 6 months but not in those aged 12 months. No correlation
between arterial τw and TIP was observed.

Figure 1 illustrates the construction of an uncalibrated Qtri

from the measured pressure waveform in one rat aged 4 months
as an example. The pressure and Qm signals were simultaneously
recorded in the ascending aorta under the anesthetized, open-
chest condition. Figure 2 depicts the similarity between the
measured aortic impulse response obtained from the measured
pressure and Qm (A) and the predicted aortic impulse response
obtained from the measured pressure and Qtri (B) in the same
rat. The measured Pf and Pb waves (C) and the predicted Pf
and Pb waves (D) are also presented. Although, the Qtri shape
is an approximation that may differ from the actual Qm shape,
this approximation gave results close to those obtained with the
measured Qm.

Figures 3A,B illustrate the construction of an uncalibrated
triangular flow from the measured pressure waveform in 4-
and an 18-month old rats, respectively. The rat aged 4 months
was the same one as shown in Figure 1. The pressure wave
was the only signal recorded in the ascending aorta under the
anesthetized, closed-chest condition. Figure 4 depicts the aortic
impulse responses obtained from the measured aortic pressure
and Qtri in the same 4- and 18-month old rats (Figures 4A,B,
respectively). The Pf and Pb waves for the corresponding rats
aged 4 (Figure 4C) or 18 (Figure 4D) months are also depicted.

Figures 5, 6 illustrate the effect of aging on the arterial wave
properties in terms of the AM, AI, RM, and RI as well as
the τw/LVET ratio. The AM (Figure 5A) and AI (Figure 5B)
increased markedly in the 18-month-old rats compared with
those in the 4- and 6-month-old rats. Moreover, the rats aged
18 months had significantly higher RM (Figure 6A) and RI
(Figure 6B) values than did the rats aged 4 and 6 months.
Although, the arterial τw did not change significantly as the rats
aged (Table 2), the τw/LVET ratio was markedly lower in the 18-
month-old rats than in the 4- and 6-month-old rats (Figure 6C).

Figure 7A illustrates relation between AI and τw/LVET,
and Figure 7C depicts that between AI and RI, which were
calculated from the measured aortic pressure and an assumed
Qtri. Figure 7A exhibits a significant inverse regression line for
AI: AI = −0.7424 − 0.9026 × (τw/LVET) (r = 0.4901;
P < 0.0001). The regression equation of AI is given by AI
= −0.4844 + 2.3634 × RI (r = 0.8423; P < 0.0001), and it is
provided in Figure 7C. Figure 7B depicts relationship between
PP and τw/LVET, and Figure 7D presents that between PP and
RI. Figure 7B depicts an inverse regression line given by PP =

44.0011 − 59.6778 × (τw/LVET) (r = 0.5179; P < 0.0001).
The regression equation of PP is PP = 1.8636 + 59.0396 × RI
(r = 0.3363; P < 0.005), and it is provided in Figure 7D.

Figure 8 illustrates relation between Pms/Pmd and τw/LVET,
which exhibits a significant inverse regression line for Pms/Pmd:
(Pms/Pmd) = 1.1395 − 0.2030 × (τw/LVET) (r = 0.4807; P <

0.0001). However, the Pms/Pmd ratio has no correlation with
the RI.

DISCUSSION

Earlier studies on the age-related changes of arterial mechanical
properties in different species have shown that considerable
changes occur in response to age. In humans, Gundel et al.
(1981) measured the aortic pressure and flow signals to
calculate Zi and Zc, demonstrating no relationship between
age and Zc. By contrast, Nichols et al. (1985) reported that
aging process increased the steady and pulsatile components
of the hydraulic load and the arterial wave reflections
returned earlier with increasing age. However, Cox (1977)
measured the carotid elastic modulus in rats of different
ages, and suggested that the aging heart was somewhat
compensated by a decrease in hydraulic load. In the present
study, the older rats exhibited increased arterial stiffness and
magnitude of the reflected pressure wave, which enhanced
the systolic workload on the heart and contributed to
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FIGURE 6 | Effects of aging on wave reflection magnitude RM (A), wave reflection index RI (B), and the ratio of wave transit time (τw ) to left ventricular ejection period

(LVET) (C). The rats aged 18 months had significantly higher RM and RI than did those aged 4 and 6 months. Moreover, the τw/LVET ratio was markedly lower in the

18-month-old rats than in the 4- and 6-month-old rats.

a mismatch between the myocardial oxygen demand and
supply.

In this study, the older rats exhibited a decline in HR and a
prolongation in LVET. The decline in HR with age has also been
described in other studies on rats (Bunag et al., 1990; Bunag and
Teravainen, 1991). In the current study, significant declines in
Pd and Pm but not Ps were observed in the 18-month-old rats.
Although not reaching statistical significance, the rats aged 18
months had lower Ps than did the rats in the other age groups.
The age-induced decline in the aortic pressure profile in the rats
was consistent with the results of a previous report by Bunag et al.
(1990).

The pulse wave velocity and traveling distance of pressure
waves to reflection sites are the determinants of arterial τw. In
this study, we analyzed the aortic impulse response to calculate
the arterial τw and found that the calculation of arterial τw was
influenced by the CL (Figures 4A,B). Although the arterial τw
did not change significantly as animals aged (Table 2), the τw/CL
ratio was significantly lower in the rats aged 18 months than in
the rats aged 4 and 6 months but not in those aged 12 months.
The decreased τw/CL ratio indicated a decline in the distensibility
of the aorta in rats with advancing age. In the absence of any
significant change in the |Pf |, the significant rise in the |Pb|
in senescence (Table 2) was responsible for the increased RM
(Figure 6A) and RI (Figure 6B). Both the arterial RM and RI
augmented by age in turn increased the intensity of the wave
reflection from the peripheral circulation in the older rats.

For the calculation of AM and AI, defining an inflection point
on the aortic pressure waveform is imperative (Westerhof et al.,
2006; London and Pannier, 2010). In this study, the inflection
point was identified by the first zero-crossing curve from positive

to negative on the fourth derivative of the pressure signal during
ventricular ejection (Kelly et al., 1989; Westerhof et al., 2006;
Chang et al., 2017). With the inflection point determined, we
found that the rats aged 18 months had higher 1P values than
did those in other age groups. Although PP also increased as the
rats aged, the increased 1P dominated the increased PP, leading
to an augmentation in aortic AM and AI.

From the definition, AI depends on the overlap between
the Pf and the Pb, which is determined by both the timing
and magnitude of the reflected pressure wave (Westerhof et al.,
2006; London and Pannier, 2010). The overlap between the Pf
and the Pb depends on both the arterial τw and the LVET
duration (London and Pannier, 2010). With a shortened τw, the
reflected waves return earlier, thereby affecting the central arteries
during systole rather than diastole. With a lengthened LVET, it is
favorable for the reflected wave to return during systole. Thus,
the decreased τw/LVET ratio may increase the overlap between
the Pf and the Pb, thereby increasing the systolic workload on the
heart and reducing aortic pressure during diastole (London and
Pannier, 2010).

In the present study, the τw/LVET ratio was markedly smaller
in the 18-month-old rats than in the rats from other age groups
(Figure 6C).We found that the aortic AI was inversely affected by
the arterial τw/LVET ratio; thus, the lower the arterial τw/LVET
ratio, the higher the aortic AI (Figure 7A), which was consistent
with those of a previous report by London and Pannier (2010).
Although aging did not affect |Pf |, the older rats had increased
|Pb| (Table 2). Using simple linear regression analysis, we found
that the aortic AI augmented by age was associated with the
increased |Pb|: AI = 0.2423 + 0.0192 × |Pb| (r = 0.5044;
P < 0.0001), and had strong positive correlation with the RI
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FIGURE 7 | Relationships between the augmentation index (AI) and the ratio of wave transit time (τw ) to left ventricular ejection time (LVET) (A) and wave reflection

index RI (C). The aortic AI was significantly inversely related to the τw/LVET ratio. By contrast, the RI and the aortic AI were directly related. In (B), the pulse pressure

(PP) shows a negative linear correlation with the τw/LVET ratio. The positive regression line of PP with RI is depicted in (D). The aortic AI had a closer correlation with

the RI than the PP did.

(Figure 7C). As the arterial τw/LVET ratio decreased and the
arterial RI increased with age, the aortic AI increased, thereby
augmenting the systolic workload on the heart.

Similarly to AI, PP was augmented as arterial τw/LVET ratio
decreased (Figure 7B) and arterial RI was increased (Figure 7D)
in older rats. However, AI exhibited closer correlation with RI
than PP did. These findings suggest that the aortic AI might be
a better index describing the arterial wave properties than the
aortic PP.

In considering the ventricular/vascular coupling, O’Rourke
et al. (1984) suggested that the ascending aortic pressure
wave includes two components: Pms, which is relevant to LV
performance as a pump, and Pmd, which is relevant to LV
perfusion. Thus, the augmented Pms/Pmd ratio may cause a
mismatch between themyocardial oxygen demand and supply. In
this study, the rats aged 18months had lower Pms than did the rats
in the other age groups (Table 1). Although Pmd also decreased
as the rats aged, the decreased Pmd dominated the decreased
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FIGURE 8 | Relationship between the Pms/Pmd ratio and the τw/LVET ratio.

The aortic Pms/Pmd ratio was significantly inversely related to the τw/LVET

ratio. LVET, left ventricular ejection time; Pmd , mean diastolic pressure; Pms,

mean systolic pressure; τw, wave transit time.

Pms, leading to an increase in Pms/Pmd ratio. The Pms/Pmd ratio
augmented by age was associated with the diminished τw/LVET
ratio (Figure 8), suggesting that as aging stiffened aortas, the
older rats were accompanied with deterioration in themyocardial

oxygen demand/supply ratio.
This study has several limitations. Because Zi cannot be

measured in conscious animals, evaluating the effects of
pentobarbital-induced anesthesia on rats is impossible. The
results reported here pertain only to the measurements made in
anesthetized rats (Wu et al., 2012). This condition might have
induced changes in the aortic pressure profiles and introduced
reflex effects that are not observed under ordinary conditions
(Wang et al., 2014a). The degree to which anesthesia influences
the pulsatile hemodynamics in rats is not known with certainty.
However, studies on other animals suggest that the effects are
small in relation to the biological and experimental variability
between animals (Cox, 1974). Moreover, the uncalibrated Qtri

was constructed using the measured aortic pressure wave to
approximate the corresponding flow signal. Although the Qtri

is an approximation that may differ from the actual flow wave
shape (Westerhof et al., 2006), the use of this concept to describe
the arterial wave properties has been validated in studies by
Westerhof et al. (2006) and Chang et al. (2017).

CONCLUSIONS

We determined the mechanical defects due to arterial aging
on the basis of the measured aortic pressure and an assumed

triangular flow. Because the |Pf | was unaltered, the increase
in |Pb| enhanced the intensity of the wave reflection, thereby
augmenting RI in the older rats. A reduction in the τw/CL ratio
with age indicated a decline in the distensibility of the aorta,
which resulted in arterial wave reflections returned earlier with
increasing age. As the arterial τw/LVET ratio decreased and
arterial RI increased with age, the aortic AI increased. With an
increase in the Pms/Pmd ratio, the older rats were accompanied
with deterioration in the myocardial oxygen demand/supply
ratio. All these findings suggest that aging potentially
impairs the pulsatile component of arterial mechanics,
thereby increasing the systolic workload imposed on the
heart.

PERSPECTIVES

Our contribution in this endeavor is to provide a path to
consider the clinical application of the method estimating
the arterial wave properties, based on the measured pressure
alone. The advantage of the technique is that an assumed
Qtri is derived from the measured pressure and that the flow
calibration is not essential in the analysis. Westerhof et al.
(2006) suggested that the method can also be performed
using the carotid pressure wave as a surrogate for the
pressure measured in the ascending aorta. The carotid
pressure can be obtained non-invasively by applanation
tonometry (Van Bortel et al., 2001) or by using a transfer
function on finger arterial pressure (Westerhof, 2005)
or radial artery pressure (Chen et al., 1997). In large
epidemiological studies, it is helpful to evaluate the arterial
wave properties as a function of age by using a minimally
non-invasive measurement on aortic pressure alone, because the
construction of the unknown Qtri, the separation of the aortic
pressure waves, and the calculation of the arterial τw can be
automated.
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Background: The temporal relationship between arterial stiffness and blood pressure

(BP) may vary depending on age and other clinical and demographic factors. Since both

BP and arterial stiffness are also affected by inflammatory processes, we examined the

temporal arterial stiffness-BP relationship in patients with rheumatoid arthritis (RA) treated

with either methotrexate (MTX), an anti-rheumatic agent shown to reduce cardiovascular

risk in meta-analyses, or other disease-modifying anti-rheumatic drugs (DMARDs).

Methods: Measurements of clinic and 24-h peripheral and central systolic and diastolic

BP (SBP and DBP), and pulse wave velocity (PWV) were assessed in RA patients on

stable treatment with either MTX ± other DMARDs (MTX group, n = 41, age 61 ± 14

years, 73% females) or other DMARDs (non-MTX group, n= 18, age 65± 13 years, 89%

females). Measurements were performed at baseline and after 8 months. The temporal

relationships were examined using cross-lagged path analysis with models that included

age, sex, body mass index, prednisolone, and folic acid use and 28-joint disease activity

score.

Results: There were significant differences in the temporal arterial stiffness-BP

relationships between those in the MTX and DMARD groups. A higher PWV at baseline

caused a significant increase in 6 out of 8 different measures of SBP at 8months amongst

those treated with DMARDs (standardized β, range = 0.54–0.66, p < 0.003 for each)

and 3 out of 8 different measures of DBP (standardized β, range= 0.52–0.61, p < 0.003

for each) but was not associated with either SBP or DBP at 8 months amongst those

treated with MTX. The difference in the effect of baseline PWV on 8-month BP between

the 2 groups was also significant (p < 0.003) for 4 measures including clinic peripheral

SBP (β = 7.0, 95% CI = 2.8–11.1 mmHg per 1m/s higher baseline PWV; p < 0.001).
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Conclusions: Higher arterial stiffness preceded increases in BP in subjects with RA

treated with DMARDs, but these effects did not occur amongst those treated with MTX.

The different effects were seen mostly in measures of SBP but were also present in

some measures of DBP. Our findings suggest MTX may confer a protective effect against

stiffness mediated increases in BP in patients with RA.

Keywords: methotrexate, disease-modifying anti-rheumatic drugs, blood pressure, arterial stiffness, pulse wave

velocity, rheumatoid arthritis, cross-lagged path analysis

INTRODUCTION

Arterial stiffness and blood pressure (BP) are two well established
independent risk factors for cardiovascular disease (CVD), yet
both are also closely associated with each other (Mitchell,
2014). The relationship between the two parameters is likely
to be bidirectional based on haemodynamic, vascular biology,
and physiology principles, with both factors potentially capable
of influencing one another. Thus, whilst arterial stiffening
may cause increases in blood pressure due to a reduced
ability to buffer the BP waveform, it is also possible that the
increased damage to arteries from higher BP may lead to
an increase in arterial stiffness (Mitchell, 2014). A stronger
temporal effect of BP on arterial stiffness than vice-versa was
recently observed in middle aged adults without hypertension
followed for a period of 7 years (Chen et al., 2016). This was
however in contrast to other studies, mostly cross-sectional
and in older populations, that have generally found a stronger
effect of arterial stiffness on BP (Najjar et al., 2008). The
strength of each temporal relationship may therefore depend
on the populations studied whereby age and other factors
related to the underlying pathophysiology may determine the
dominating causal effects. One such factor is represented by
chronic systemic inflammation, a common feature in patients
with autoimmune disease states such as rheumatoid arthritis
(RA), a condition notoriously associated with a significant
increase in cardiovascular morbidity and mortality when
compared to the general population (Avina-Zubieta et al.,
2008).

In addition to their known status as CVD risk factors in the
general population, increased BP (Baghdadi et al., 2015) and
increased arterial stiffness (Ikdahl et al., 2016) also increase the
risk of CVD in RA patients. Methotrexate (MTX) is a commonly
used disease-modifying anti-inflammatory drug (DMARD) in
this population and observational studies have shown that MTX
treatment is associated with a lower clinic BP and a reduced
prevalence of hypertension in RA patients (Cuchacovich and
Espinoza, 2009; Mangoni et al., 2017). Furthermore, recent meta-
analyses have shown that the use ofMTX in RA and other chronic
inflammatory states is associated with a significantly lower
risk of cardiovascular events, including myocardial infarction
(Roubille et al., 2015). Since inflammation is also associated
with arterial stiffening and elevated BP (Savoia and Schiffrin,
2006; Jain et al., 2014), use of methotrexate may influence
the causal effects of elevated stiffness on increases in BP
unlike other DMARDs, despite similar anti-inflammatory effects.
However, the predominating temporal relationships between

BP and arterial stiffness has not yet been assessed in the RA
population.

In this medium term follow-up study of 8 months, we
performed repeat assessments of arterial stiffness using pulse
wave velocity (PWV) and both clinic and 24-h ambulatory blood
pressure (peripheral and central) in a cohort of 59 subjects with
a confirmed diagnosis of RA. We then determined the temporal
associations between stiffness and BP in those subjects treated
with methotrexate + DMARDs (n = 41) and in those not using
methotrexate and treated only with DMARDs (n= 18).

METHODS

Study Design
We conducted a repeat cross-sectional study with measurements
of BP and PWV at baseline and at 8 months follow-up. A cross-
lagged panel approach (Selig and Little, 2012) was used for the
analysis to determine the strength of the temporal relationships
between baseline PWV and 8-month BP, and between baseline
BP and 8-month PWV. In total, we recorded 16 measures of BP;
8 × SBP and × DBP, with each including clinic, day-time, night-
time, 24-h, for both peripheral and central measures. Figure 1
shows an example of the cross-lagged causal pathways for PWV
and clinic peripheral SBP. The arrows indicate causal directions
e.g., clinic peripheral SBP at baseline affecting clinic peripheral
SBP and PWV at 8-month follow-up. Our primary interest was
to determine the strength of the relationships between baseline
PWV and follow-up BP (β1) and the association between baseline
BP and follow-up PWV (β2).

Patient Recruitment and Ethical Approval
We studied a consecutive series of patients with stable RA,
aged ≥18 years, recruited from the outpatient clinics of the
Rheumatology Department at Flinders Medical Centre and
the Repatriation General Hospital, in the Southern Health
Local Heath Network, Adelaide, Australia. RA was diagnosed
according to the 1987 American College of Rheumatology or
the 2010 American College of Rheumatology/European League
Against Rheumatism criteria (Aletaha et al., 2010). Study
participants were classified as currently treated with MTX for
at least 8 weeks (MTX group), or not taking MTX for at least
1 year or being MTX-naïve and treated with other synthetic
and/or biologic DMARDs (non-MTX group). Exclusion criteria
were atrial fibrillation, active cancer or current treatment with
anti-cancer drugs, heart failure, and cognitive impairment.

The study (registered in the Australian New Zealand
Clinical Trials Registry with the registration number
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FIGURE 1 | β1, cross-lagged path coefficient from baseline PWV to follow-up clinic peripheral systolic blood pressure (SBP); β2, cross-lagged path coefficient from

baseline clinic peripheral SBP to follow-up PWV. Baseline measures of age, gender, BMI, DAS, serum CRP, and use of folic acid and prednisolone are included as

covariates. Arrows indicate hypothesized causal directions and when significant in the cross-lagged path analysis this provides an indication of causality.

ACTRN12616001366448) was approved by the Southern
Adelaide Clinical Human Research Ethics Committee (Ethics
Approval Number: 76.14). Each participant gave written consent
before entering the study in accordance with the Declaration of
Helsinki.

Clinic Peripheral and Central Blood
Pressure
Clinic peripheral systolic (SBP) and diastolic (DBP) BP were
measured in the morning, in a quite environment at room
temperature, using the clinically validated automatic BP monitor
(model UA-767PC; AND Medical, Sydney, Australia) according
to current guidelines (Palatini et al., 1998; Baghdadi et al.,
2015; Gabb et al., 2016). The average of the last two sitting
BP measurements was calculated and used in analyses. Clinic
central SBP and DBP was measured non-invasively using Pulse
Wave Analysis (PWA, SphygmoCor version 7.1, AtCor Medical,
Sydney, Australia; O’Rourke et al., 2001).

24-h Peripheral and Central Blood
Pressure and PWV
Twenty-four hour, daytime (between 08:00 a.m. and 12:00 a.m.),
and night-time (between 12:00 a.m. and 08:00 a.m.; Fagard
et al., 1996) peripheral and central BP and PWV were measured
using a validated ambulatory oscillometric BP monitor (Mobil-
O-Graph PWA monitor, IEM, Stolberg, Germany; Jones et al.,
2000;Westhoff et al., 2005; Franssen and Imholz, 2010;Wei et al.,
2010). The central BP measurement, similar to that measured
using the SphygmoCor device (Weiss et al., 2012), is based on
the ARCSolver method, which determines aortic BP and PWV

using the oscillometric BP technique (Wassertheurer et al., 2010;
Weber et al., 2011).

Clinical and Demographic Characteristics
The following data were collected from patient interviews,
medical questionnaires, clinical notes, and hospital
administrative databases: age, gender, medical, and medication
history, Stanford health assessment questionnaire (HAQ)
(Pincus et al., 1983), pain visual analog scale (McCormack et al.,
1988), global health score (Anderson et al., 2012), weight, height,
body mass index (BMI), and the 28-joint disease activity score
(DAS28) (Prevoo et al., 1995).

C-Reactive Protein
High-sensitivity C-reactive protein (CRP) was measured
in serum by latex-enhanced immunoturbidimetry on an
automated Modular PPE Analyzer (Roche Diagnostics; Pepys
and Hirschfield, 2003).

Statistical Analysis
Each analysis was performed in Stata version 14.2 (StataCorp,
Texas, USA) using commands for structural equation modeling
(SEM) with maximum-likelihood estimation. For each of the
16 different BP outcome variables we fitted a separate SEM
model with MTX treatment status as a separate strata (grouping)
variable. The endogenous (dependent) variables in each model
were baseline and follow-up BP, and baseline and follow-up
PWV. Exogenous (independent) variables in each model were
age, gender, BMI, DAS28, serum CRP, and use of folic acid
and prednisolone which were used as predictors of the baseline
measures of BP and PWV. Measurement errors between BP
and PWV were also allowed to co-vary at each time-point
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TABLE 1 | Baseline clinical and demographic characteristics of the MTX and the non-MTX groups.

All subjects (n = 59) Non-MTX group (n = 18) MTX group (n = 41) P-valuea

Age (years) 62 ± 13 65 ± 13 61 ± 14 0.34

Females (%) 78.0 88.9 73.2 0.18

Body Mass Index (Kg/m2) 27.8 ± 6.2 28.6 ± 6.3 27.5 ± 6.2 0.55

Current smoking (%) 13.6 5.6 17.1 0.23

Hypertension (%) 35.6 38.9 34.2 0.73

Diabetes (%) 10.2 22.2 4.9 0.06

Dyslipidaemia (%) 30.5 38.9 26.8 0.75

Previous cardiovascular event (%) 8.5 22.2 2.4 0.03

Chronic kidney disease (%) 3.4 5.6 2.4 0.52

Liver disease (%) 3.4 5.6 2.4 0.52

Depression (%) 22.0 38.9 14.6 0.04

RA duration (years) 11 [4, 24] 15 [8, 27] 9 [3, 23] 0.21

MTX dose (mg/week) 14.3 ± 5.2 14.3 ± 5.2 – –

DAS28 score 3.0 ± 1.2 3.7 ± 1.0 2.6 ± 1.1 <0.001

C-reactive protein (mg/L) 1.90 [0.57, 6.0] 1.95 [0.74, 4.1] 1.90 [0.57, 6.7] 0.76

Stanford HAQ score 0.5 [0.0, 1.5] 1.065 [0.38, 1.75] 0.25 [0.00, 1.13] 0.06

Pain visual analog score 0.76 [0.20, 1.34] 0.90 [0.40, 1.52] 0.70 [0.08, 1.24] 0.13

Global health score 0.58 [0.08, 1.30] 0.10 [0.38, 1.40] 0.30 [0.04, 0.96] 0.03

Hydroxychloroquine (%) 25.4 22.2 26.8 0.49

Leflunomide (%) 5.1 0.0 7.3 0.55

Sulfasalazine (%) 15.3 22.2 12.2 0.43

Abatacept (%) 3.4 5.6 2.4 0.52

Rituximab (%) 0.0 0.0 0.0 1.00

Tocilizumab (%) 8.5 22.2 2.4 0.03

Adalimumab (%) 6.8 5.6 7.3 0.64

Etanercept (%) 23.7 33.3 19.5 0.32

Certolizumab pegol (%) 1.7 2.4 0.0 1.00

Golimumab (%) 5.1 0.0 7.3 0.55

Prednisolone (%) 33.9 33.3 34.1 0.95

Prednisolone daily dose (mg) 5 [4.75, 7.50] 5.00 [4.0, 5.0] [5.00 4.5, 10.0] 0.89

Ibuprofen (%) 6.8 0.0 9.8 0.30

Aspirin* (%) 18.6 22.2 17.1 0.72

Antihypertensive drugs (%) 27.1 27.8 26.8 1.00

Folic acid (%) 54.2 5.6 75.6 <0.001

Fish oil (%) 37.3 27.8 41.5 0.39

MTX, methotrexate; RA, rheumatoid arthritis; DAS, disease activity score 28; HAQ, health assessment questionnaire. *Daily dose 100mg in all patients.
aUsing t-test, χ2-test or Fishers Exact as appropriate. Figures are Mean ± SD, median[25th percentile, 75th percentile], or n(%).

(Figure 1). The specific coefficients of interest were the effect of
baseline PWV on follow-up BP (β1) and the effect of baseline
BP on follow-up PWV (β2). Stratifying by MTX treatment status
allowed separate coefficient estimates for each group of subjects
and also calculation of the difference (and confidence intervals)
for each coefficient between the 2 groups. We also performed
a formal Wald test of group invariance in each coefficient to
formally test whether the 2 estimates for each coefficient were the
same for both groups. Model fit was determined using standard
SEM measures: the chi-square (χ2) test of model fit vs. saturated
fit for which non-significant values (p> 0.05) indicate acceptable
fit, the comparative fit index (CFI) for which values >0.90 reflect
acceptable model fit, and values >0.95 reflect excellent model
fit, and the standardized root-mean-square residual (SRMSR) for

which values of 0.05 or less reflect excellent model fit, while a
value of <0.08 reflects a good fit. Given the 16 different measures
of BP that were assessed, a Bonferroni correction was applied to
the results and coefficients were only considered significant for p
< 0.003. Similarly, we also calculated 99.7% confidence intervals
(CI’s).

RESULTS

Descriptive Statistics
Table 1 describes the baseline clinical and demographic
characteristics of the patients in the MTX and the non-MTX
groups. The mean (±SD) age of the population was 62 ± 13
and 78% were females. There were no differences between the
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non-MTX group of subjects and those taking MTX in terms of
other medication use, chronic diseases and disease scores except
for a significant difference for the presence of depression (38.9
vs. 14.6%, respectively, p = 0.04), the use of folic acid (5.6 vs.
75.6%; p < 0.001), the DAS28 (3.7± 1.0 vs. 2.6± 1.1, p < 0.001),
and the Global Health score [median (IQR) 0.1 (0.38, 1.40) vs.
0.3 (0.04, 0.96); p= 0.03].

Table 2 describes the correlations, means and standard
deviations for 24 h PWV, clinic peripheral SBP and 24 h
peripheral SBP at the baseline and 8-month assessments (n =

59). Across the 2 time points, there was a slight increase in both
clinic and ambulatory BP but there was no significant change in
PWV. Amongst the 16 different measures of BP, pairwise Pearson
correlations between measures of baseline SBP and follow-up
PWV were moderate (r = 0.31–0.54), correlations between
baseline DBP and follow-up PWV were weak (r = 0.06–0.20),
correlations between baseline PWV and follow-up SBP were
moderate (r = 0.40–0.55), correlations between baseline PWV
and follow-up DBP were weak to moderate (r = −0.02 to 0.44),
whilst correlations between baseline and follow-up measures of
PWV were high (r = 0.91).

Effect of PWV on BP (β1 Path Coefficients)
Figure 2 shows the standardized estimates with 99.7% CI’s for
β1 by DMARD treatment regime. For subjects in the non-MTX
group, out of the 8 measures of SBP, all except 24 h peripheral
SBP and night-time peripheral SBP showed a significant effect of
baseline PWV on follow-up BP (standardized β, range = 0.54–
0.66, p < 0.003 for each). Out of the 8 measures of DBP, 3
showed a significant effect of baseline PWV on follow-up BP
(standardized β, range= 0.54–0.66, p< 0.003 for each) including
night-time peripheral, 24-h central and night-time central DBP.
There were no significant effects of baseline PWV onmeasures of
either SBP or DBP amongst subjects using MTX.

Effect of BP on PWV (β2 Path Coefficients)
Figure 3 shows the standardized estimates with 99.7% CI’s for β2
by type of DMARD. For both those subjects in the non-MTX
group and those in the MTX group, there were no significant
effects of baseline SBP or baseline DBP, on follow-up PWV.

Difference in Path Coefficients between
Groups
Figure 4 shows the difference in the estimated effects of
baseline PWV on increases in BP at 8 months (β1) for the
different treatments (DMARDs vs. MTX). There was a significant
difference between groups in the estimated effects for clinic
peripheral SBP, clinic central SBP, 24 h central SBP and night
central SBP (p < 0.003 for each). The largest difference in the
effect occurred for clinic peripheral SBP (β = 7.0, 95% CI = 2.8–
11.1 mmHg per 1m/s higher baseline PWV; p < 0.001). There
were no significant differences between groups in the effects of
baseline PWV on any of the measures of follow-up DBP. There
were also no significant differences between groups in β2 (effect of
baseline BP on follow-up PWV) for any of the 16 measures of BP.
The Wald test for group invariance in the estimated coefficients
between the 2 groups showed a significant difference in the β1

TABLE 2 | Correlation matrix and descriptive statistics for PWV and clinic and

24 h peripheral SBP at baseline (0M) and 8-month (8M) assessments (n = 59).

Clinic

SBP 0M

24 h PWV

0M

Clinic

SBP 8M

24 h PWV

8M

Clinic SBP 0M 1.00

24 h PWV 0M 0.51 1.00

Clinic SBP 8M 0.66 0.51 1.00

24 h PWV 8M 0.54 0.91 0.55 1.00

N 59 59 59 59

Mean 126.1 9.10 127.7 9.08

SD 17.5 2.01 18.1 2.18

24 h SBP

0M

24 h PWV

0M

24 h SBP

8M

24 h PWV

8M

Clinic SBP 0M 1.00

24 h PWV 0M 0.53 1.00

Clinic SBP 8M 0.56 0.40 1.00

24 h PWV 8M 0.43 0.91 0.44 1.00

N 59 59 59 59

Mean 126.5 9.10 107.9 9.08

SD 12.7 2.01 15.41 2.18

SD, standard deviation.

coefficient for clinic peripheral SBP (p = 0.0004), clinic central
SBP (p = 0.006), day-time peripheral SBP (p = 0.014), 24 h
central SBP (p = 0.005), day-time central SBP (p = 0.045), and
night-time central SBP (p = 0.013). There was also a significant
difference in the β2 coefficient for clinic peripheral DBP (p =

0.043) and clinic central DBP (p= 0.046; Figures 3, 4).

Model Fit Statistics
Table 3 describes the various indices of model fit for each of the
16 measures of BP. Overall, the indices indicated excellent model
fit with the mean CFI = 0.956 and the mean SRMSR = 0.046.
The mean χ2 value for the fitted model vs. the saturated model
was χ2

= 44.0 (28 df) (p= 0.028) indicating acceptable fit.

Changes in Heart Rate and CRP
Table 4 displays the changes between baseline and follow-up
in average 24-h heart rate and log-transformed CRP for each
of the 2 groups, as well as the associated differences in these
changes between groups. There were no significant differences
between baseline and follow-up for each group, and no significant
difference in the change between groups.

DISCUSSION

In this repeat cross-sectional study of patients with stable RA,
we examined the strength of the temporal relationships between
arterial stiffness (PWV) and follow-up BP and between baseline
BP and follow-up PWV. We observed evidence for a causal
effect of arterial stiffness on increased SBP in subjects not treated
with MTX. The effects were seen for both central and peripheral
and for clinic and ambulatory SBP. The effects were similar
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FIGURE 2 | Standardized coefficients (and 99.7% confidence intervals) describing the correlation between baseline PWV and BP at follow-up BP (β1). The

standardized β1 can be interpreted as the number of SD increases in BP at 8 months for each one SD increase in PWV at baseline. For example, the standardized β1

coefficient for baseline PWV on clinic peripheral SBP for the other DMARDS group is β1 = 0.66 (99.7% CI = 0.37–0.96).

FIGURE 3 | Standardized coefficients (and 99.7% confidence intervals) describing the correlation between baseline BP at follow-up PWV (β2). The standardized β2

can be interpreted as the number of SD increases in PWV at 8 months for each one SD increase in BP at baseline. For example, the standardized β2 coefficient for

baseline BP on clinic peripheral PWV for the other DMARDS group is β2 = 0.02 (99.7% CI = −0.09–0.14).
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FIGURE 4 | Differences in the effects of baseline PWV on follow-up BP between DMARDS group and MTX group. The estimated effects (β) are the differences in

increased blood pressure (in mmHg) at 8 months for a 1m/s higher baseline PWV for DMARDS vs. MTX.

TABLE 3 | Indices of model fit for each of the 16 blood pressure models.

Blood pressure variable χ
2 test (28 df)a p-value CFIb SRMSRv

Clinic peripheral SBP 44.8 0.023 0.95 0.05

Clinic central SBP 38.9 0.082 0.97 0.05

24 h peripheral SBP 36.8 0.122 0.98 0.03

Day peripheral SBP 36.1 0.141 0.98 0.04

Night peripheral SBP 47.4 0.012 0.95 0.04

24 h central SBP 35.8 0.147 0.98 0.04

Day central SBP 34.3 0.190 0.98 0.04

Night central SBP 47.4 0.013 0.95 0.05

Clinic peripheral DBP 32.6 0.253 0.99 0.05

Clinic central DBP 37.1 0.116 0.97 0.06

24 h peripheral DBP 49.6 0.007 0.93 0.05

Day peripheral DBP 60.7 <0.001 0.91 0.06

Night peripheral DBP 51.1 0.005 0.93 0.04

24 h central DBP 55.8 0.001 0.93 0.05

Day central DBP 47.2 0.013 0.95 0.05

Night central DBP 47.9 0.011 0.94 0.04

aChi-squared test of fitted model vs. saturated fit with 28 degrees of freedom;
bCFI, Comparative fit index;
cSRMSR, Standardized Root Mean Square Residual.

during the day and night and we also observed the same effect
of PWV on night-time and 24 h central DBP amongst subjects
not taking MTX. By contrast, none of the causal effects of
increased stiffness on BP were observed amongst subjects treated
with MTX medication. Since the differences in causal effects
were predominantly related to systolic blood pressure, rather

than diastolic pressure, this suggests the possible involvement of
effects on stroke volume. Since we did not measure stroke volume
directly, further studies are required to determine whether this
parameter might explain, at least in part, the observed between-
group differences.

Since inflammation is believed to have a primary influence
in the pathophysiology of increased arterial stiffness (Jain et al.,
2014), studying a population known to have high underlying
levels of inflammation, and associated cardiovascular risk,
provides a valuable opportunity to examine the extent to which
inflammation and specific DMARDs may influence the stiffness-
BP relationship. The 2 groups of subjects within our own
study had similar values of PWV at baseline, which were
in line with values normally seen for their age. Our results
therefore suggest that arterial stiffness related increases in BP
were prevented in those using MTX. If this finding were also
to be observed in individuals without RA, it would support the
idea that the effects of increased arterial stiffness may partly be
due to underlying inflammation, and that MTX acts to disrupt
these specific pathways more effectively than other DMARDs.
Furthermore, MTX appears to exert additional vasculoprotective
effects independent of reduced inflammation, through the
accumulation of adenosine, a vasodilator, BP lowering, and
stimulating nitric-oxide (NO) synthesis agent, and stimulation of
5′ AMP-activated protein kinase (AMPK) (Costa and Biaggioni,
1998; Tian and Cronstein, 2007; Schneider et al., 2015; Thornton
et al., 2016). In this study we observed non-significant reductions
in CRP, a measure of systemic inflammation, of ∼37% in each
group, suggesting that systemic inflammation was not a major
explanatory factor of the observed causal effects.
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TABLE 4 | Twenty-four hour heart rate and CRP values at baseline and follow-up for each group and estimated changes.

24-h heart rate Change MTX vs. Non-MTX (p-value)b

0 months 8 months Changea

Non-MTX (n = 18) 68.9 ± 10.7 69.1 ± 8.6 0.2 ± 1.7 (p = 0.90)

MTX (n = 41) 71.2 ± 9.4 70.2 ± 9.6 −1.1 ± 1.1 (p = 0.35) −1.30 ± 2.07 (0.53)

Log CRP

0 months 8 months Changea

Non-MTX (n =1 8) 0.57 ± 1.31 0.40 ± 1.31 −0.21 ± 0.36 (p = 0.56)

MTX (n = 41) 0.79 ± 1.67 0.49 ± 1.61 −0.30 ± 0.23 (p = 0.19) −0.09 ± 0.43 (p = 0.83)

aAdjusted marginal means using mixed effects linear regression model.
bFrom MTX × visit interaction term.

Our results may not be generalizable to all individuals
with RA, particularly younger patients. Our cohort was typical
of the RA population and consisted of mostly middle-aged
to older patients. Recently, the Bogalusa study, a 7 year
longitudinal cohort study in a younger population of adults,
used similar methods to ours to examine the dominant
temporal relationship between arterial stiffness and BP. In
this younger cohort they reported that elevated BP precedes
increased arterial stiffness rather than vice-versa (Chen et al.,
2016) and concluded that amongst younger adults the arterial
wall may not yet be stiff enough to significantly influence
BP.

Our study had a number of strengths. Firstly we used cross-
lagged path analysis, a specific form of path analysis that
simultaneously examines reciprocal, longitudinal relationships
among a set of inter-correlated variables and allows better
determination of causal relationships (Selig and Little, 2012).
Overall, our models provided excellent levels of fit indicating that
the proposed causal pathways were feasible for the given data.
In addition we used a wide variety of BP measures including
24 h BP monitoring with repeat measurements every 20 min
during the day and every 30 min during the night. This reduces
measurement error and increases statistical power. We also
collected clinical data on a large number of potential confounders
and were able to demonstrate similarity between groups except
for a few variables including DAS28 and use of folic acid that were
adjusted for in our analysis.

There are several limitations to our study. The duration
of follow-up in our study was relatively short with a mean
of 8 months. Most of the evidence from other studies have
been derived from cohorts with between 4 and 8 years
average follow-up in which larger effects are likely to occur
(Chen et al., 2016). However, the strength of the associations
observed in these studies and our own study were similar.
In addition, our sample size was relatively small and so we
may have been underpowered to detect some of the smaller
effects that were observed. Although, characteristic of a RA
population, the study population was also fairly heterogeneous
with some subjects receiving BP medications as well as different

anti-inflammatory medications for the treatment of their RA.

Although, we adjusted for the use of prednisolone, a more
homogeneously treated population would allow us to better
explore the associations without the risk of selection bias. Finally,
although we tried to reduce the possibility of confounding
and also used a structural equation modeling approach to
better identify the most likely direction of causality, the results
may still be influenced by residual confounding and reverse
causality since not all subjects were free of cardiovascular
disease at baseline. A fully randomized controlled trial in
a disease free non-hypertensive population is required to
determine both the true causal effects of PWV on BP and also
whether MTX use can inhibit the damaging effects of increased
stiffness.

In summary we have demonstrated that although
elevated arterial stiffening preceded increases in BP in
subjects with RA, these effects did not occur amongst
those patients using MTX medication. The beneficial
effects were seen mostly in SBP but were also apparent
to some degree with DBP, particularly with regards to
the more accurate assessment of 24-h blood pressures.
These findings suggest MTX may confer a protective
effect against stiffness mediated increases in BP in patients
with RA.
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A considerable volume of research over the last decade has focused on understanding

the fundamental mechanisms for the progression of atherosclerosis—the underlying

cause for the vast majority of all cardiovascular (CVD)-related complications. Aging is

the dominant risk factor for clinically significant atherosclerotic lesion formation, yet the

heightened impact of aging on the disease is not accounted for by changes in traditional

risk factors, such as lack of physical activity, smoking, hypertension, hyperlipidemia, or

diabetes mellitus. This review will examine the pathological and biochemical processes

of atherosclerotic plaque formation and growth, with particular focus on the aging risk

vis-a-vis arterial homeostasis. Particular focus will be placed on the impact of a number

of important contributors to arterial homeostasis including bone marrow (BM)-derived

vascular progenitor cells, differential monocyte subpopulations, and the role of cellular

senescence. Finally, this review will explore many critical observations in the way the

disease process has been reassessed both by clinicians and researchers, and will

highlight recent advances in this field that have provided a greater understanding of this

aging-driven disease.

Keywords: atherosclerosis, cardiovascular disease, vascular repair, arterial homeostasis, aging, risk factors, bone

marrow-derived vascular progenitor cells

ATHEROSCLEROSIS: ANCIENT AND INFLAMMATORY

Atherosclerosis is defined by the formation and growth of plaques within the arterial lumen with
concurrent loss of vascular elasticity. Eventually, this condition can lead to consequent blood

flow reduction through the affected vessel, and has long been associated with CVD-related death.
Around the year 1505, Leonardo da Vinci recorded his observations of a “parched and shrunk and
withered . . . artery that feeds the heart,” attributing this as the cause of death of an elderly man
who passed away “without any movement or sign of anything amiss” (McCurdy, 1923). However,
CVD remained a relatively uncommon cause of death until the dramatic surge in CVD mortality
in the past 100 years, due primarily to marked and progressive increases in life expectancy, as
a result of improved sanitation and public health, with a staggering reduction in communicable
diseases and violent deaths. During this time period, numerous traditional lifestyle-associated
CVD risk factors were identified and increased in prevalence, leading many to believe that
atherosclerosis is an exclusively lifestyle-dependent modern disease. However, recent reports
have challenged this view, demonstrating that mummies from various ancient societies—from
as much as 5,300 years ago—exhibited a high prevalence of arterial changes compatible with
atherosclerosis (Thompson et al., 2013; Clarke et al., 2014; Thomas et al., 2014; Zink et al., 2014).
Additionally, a single nucleotide polymorphism (SNP) recently shown to be a genetic risk factor
for CVD (minor allele of rs10757274 on chromosome 9p21) was detected in at least one of these
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mummies, despite the fact that it was initially believed that
this gene modification arose much later in history (Zink et al.,
2014). Many putative mechanisms have been considered to
account for the presence of CVD that far back in human
history (Thompson et al., 2013; Thomas et al., 2014). In
contrast, risk factors most commonly associated with disease in
modern populations include modifiable risks—such as tobacco
use, obesity, diet, and physical inactivity—and non-modifiable
risks—including age, gender, numerous identified SNPs in germ
cells, and race (Yusuf et al., 2004; Goldschmidt-Clermont et al.,
2012). Algorithms designed to interpret these factors and provide
relative individual risk scores [Framingham (D’Agostino et al.,
2008), QRISK R©2-2016 (Hippisley-Cox et al., 2008), ACC/AHA
ASCVD Goff et al., 2014] have concluded that the strongest risk
factor for atherosclerosis and CVD is indisputably age; using
existing algorithms, simply increasing age—while holding all
other variables constant—results in a marked increase in risk
for CVD (Rauscher et al., 2003; Karra et al., 2005; Goldschmidt-
Clermont et al., 2012; Madonna et al., 2016). The average annual
rates of first CVD events for men increase over 20-fold or
more between the age groups 35–44 (incidence of 3 per 1,000)
and 85–94 (incidence of 74 per 1,000), while similar rates are
observed in women∼10 years later in life (Benjamin et al., 2017).
Similarly, the average age of myocardial infarction is 65 and 72
for men and women, respectively (Members et al., 2016). These
acute clinical events occurring at advanced ages often manifest
in the absence of associated symptoms, and are frequently
fatal (Myerburg and Junttila, 2012). However, atherosclerosis
itself—as the principal mechanism for the majority of these
events—is a chronic, inflammatory, progressive disease with
initial manifestations beginning at young ages (McGill et al.,
2000; Zieske et al., 2002; Hong, 2010). Evidence of the disease
has been reported in multiple arterial regions in children under
the age of 10, and in the aortas of individuals less than a
year old (McGill et al., 2000; Hong, 2010). Advanced lesions
of atherosclerosis have been detected in the arteries, including
coronaries, of US military even at a young age (Enos et al., 1953;
Webber et al., 2012). Importantly, although the results of these
studies may not be directly comparable to the general population
for reasons such as risk factor disparity between groups (notably
smoking and obesity), they provide two important insights
to disease prevalence over the past several decades: first, that
disease prevalence has appreciably declined during this time,
and, second, that onset of disease occurs at an early age and has
potential to progress rapidly with age (Levy, 2012).

Historically, atherosclerosis was often viewed exclusively
as the result of dyslipidemia. Both high-density lipoprotein
(HDL) and low-density lipoprotein (LDL) play critical roles
in the transport of cholesterol and have been implicated
in atherosclerosis (Fisher et al., 2012; Ference et al., 2017).
Specifically, normal levels of HDL and HDL-cholesterol
(HDL-C)—often called the “good cholesterol”—are associated
with a variety of antiatherogenic processes and reduced levels
of CVD overall (Fisher et al., 2012; Rosenson et al., 2016). In
contrast, elevated levels of LDL and LDL-cholesterol (LDL-C)
have been implicated in atherosclerosis progression (Fisher
et al., 2012; Ference et al., 2017). However, we now know

that elevated circulating LDL alone is generally insufficient to
account for the observed extent of disease and is responsible
for at most half of arterial lesions of atherosclerosis in elderly
people, while disease can be found even in the complete absence
of hyperlipidemia (Libby et al., 2009; Wick and Grundtman,
2012). Near the end of the twentieth century, the notion that
atherosclerosis was a fundamentally inflammatory disease
began to gain popularity, catalyzed largely by pathologist Russel
Ross’ pioneering report, “Atherosclerosis—An Inflammatory
Disease,” and by the work of Peter Libby (Ross, 1999; Libby,
2002; Libby et al., 2002). The formation and progression of
atherosclerotic plaques as we understand today largely support
Ross’ own “response-to-injury” hypothesis, implicating plaque
formation as a consequence of focal endothelial cell (EC)
injury and inflammation (Tuttolomondo et al., 2012; Wick
and Grundtman, 2012). However, as more of the underlying
mechanisms and pathways controlling atherosclerosis are
identified, it becomes clear that this disease does not simply
follow a single, forward direction of irreversible progression. In
contrast, it is evident now that atherosclerosis is the result of a
myriad of independent pathways and their complex interactions
(Libby, 2016). These pathways involve a multitude of various
players, including various subpopulations of immune competent
cells such as monocytes and macrophages, bone marrow (BM)-
derived progenitor cells, chemokines and receptors, and cellular
and subcellular fates including protein aggregation, cellular
senescence, and apoptosis. In the following sections, each of
these various aspects of atherosclerosis—and the ever-present
effect of aging on these pathways and players, and beyond—will
be explored.

ARTERIAL HOMEOSTASIS, AGING, AND
BALANCE BETWEEN INJURY AND REPAIR

Recently, it has been shown that genetic expression profiles and
epigenetic modifications exert complex control and regulatory
mechanisms for atherosclerosis (Karra et al., 2005; Dunn et al.,
2014). Perhaps most critical to the understanding of this disease,
are the recent findings that the most determinant factors for
atherosclerosis progression are repair mechanisms, slowing or
preventing the progression of disease, thus maintaining arterial
homeostasis in spite of the presence of risk factors (Goldschmidt-
Clermont, 2003). Specifically, a growing body of evidence
indicates that vascular repair, effected by BM-derived competent
vascular progenitor cells that are programmed by chemokines,
cytokines, matrix proteins, and growth factors, serves to
counter the effects of endothelial injury and dysfunction that
would otherwise lead to atherosclerosis progression (Rauscher
et al., 2003; Karra et al., 2005; Madonna et al., 2016). Using
a well-established mouse model of atherosclerosis (severely
hyperlipidemic, apolipoprotein E-deficient mice), it was shown
that with aging, the capacity of BM-derived progenitor cells to
repair arteries damaged by high lipid concentrations becomes
impaired (Rauscher et al., 2003), and that the development
of atherosclerotic lesions occurs contemporaneously with the
loss of repair capacity, and not simply when the severe
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hyperlipidemia begins (Karra et al., 2005). Other work has
identified the accumulation of senescent cells that produce pro-
inflammatory cytokines and matrix metalloproteinases (MMPs)
within atherosclerotic sites, but not in adjacent surrounding
tissues (Childs et al., 2016). Identification of these cells is
generally dependent on the presence of p16INK4A, a cyclin-
dependent kinase inhibitor responsible for cell cycle arrest
in senescent cells (Baker et al., 2011, 2016). The factors
released by senescent cells constitute a senescence-associated
secretory phenotype (SASP), and have been shown to propagate
atherosclerosis, while the selective targeting and elimination
of these senescent cells (referred to as senolysis) has been
shown to slow atherosclerotic lesions growth through reduction
of inflammatory and adhesion factors (Childs et al., 2017).
Additional data suggests that BM-derived progenitor cells may
protect from these effects through reduction of endothelial
senescence (Rauscher et al., 2003; Baker et al., 2016; Childs
et al., 2016). Another interesting potential source of arterial
aging to have emerged only recently involves the formation
and accumulation of improperly folded proteins (Ayyadevara
et al., 2016). Although most commonly associated with
neurodegenerative diseases such as Alzheimer’s and Parkinson’s
disease, recent reports have indicated that dysfunctional
processes of either protein production or degradation (resulting
in aggregation) lead to proteotoxicity and have been linked
to CVD (Willis and Patterson, 2013). Additional reports have
confirmed the presence of upregulated protein aggregates in
models of aging and hypertension, identifying proteins within
these aggregates known to be involved with CVD, and suggesting
a variety of causes for aggregation including cellular senescence
(Ayyadevara et al., 2016). These findings may indicate a novel
potential therapeutic target by examining the processes by which
these protein aggregates form. Taken together, these results
suggest that methods aimed at improving vascular repair, as
an additional strategy to that of reducing vascular injury, may
provide significantly heightened results in improving arterial
homeostasis.

More recently, the crucial role of the BM in the maintenance
of arterial homeostasis was further evidenced. Indeed, a novel
impact of aging as a driver of cardiovascular disease risk
was identified within hematopoietic progenitor cells. With
aging, these cells have been shown to acquire somatic DNA
mutations that provide competitive growth advantages and lead
to an expanded pool of mutated clones (a process known
as clonal hematopoiesis of intermediate potential, or CHIP;
Steensma et al., 2015). A recent study examined over 8,000
individuals from case-control studies, and revealed that elderly
carriers of CHIP had nearly double the risk of coronary
heart disease when compared to non-carriers (Jaiswal et al.,
2017). Moreover, this study demonstrated that the loss of
function mutation of Tet2 (the second most commonly mutated
gene in CHIP) led to accelerated atherosclerosis in mice,
likely as a result of transcriptional modifications of associated
macrophages (Jaiswal et al., 2017). Interestingly, the loss of Tet2
also resulted in a highly induced expression of interleukin-
1 beta (IL-1β), a well-characterized proinflammatory cytokine
known to be involved in the development of atherosclerotic

plaques (Jaiswal et al., 2017; Ridker et al., 2017). IL-1β is also
activated via inflammasomes containing NOD-like receptors
(NLRs; Furman et al., 2017; Ridker et al., 2017). Moreover,
examination of inflammasome expression profiles revealed that
individuals with profiles resulting in constitutive expression of
IL-1β present characteristics (arterial stiffness, elevated blood
pressure, oxidative stress, and chronic levels of inflammatory
cytokines) associated with CVD, while inhibition of IL-1β
resulted in significant reductions in recurrent CVD (Furman
et al., 2017; Ridker et al., 2017). In addition to Tet2, mutated
genes identified in this work include DNMT3A, ASXL1, and
JAK2, and are associated with various processes including DNA
methylation, chromatin remodeling, and cell proliferation. In
similar fashion, other reports have demonstrated the critical
importance of epigenetic modification of various genes involved
in atherosclerosis. Specifically, it was shown that the methylation
of CpG islands in the promoter region of the gene encoding for
estrogen receptor alpha (ERα) is not only strongly associated with
aging, but is responsible for the proliferation of smooth muscle
cells involved in the growth of atherosclerotic plaques (Post et al.,
1999; Ying et al., 2000).

Another critical area of interest with regards to aging and
arterial homeostasis as it pertains to atherosclerosis is that of
specific monocyte subpopulations. As recently as the late 1980s,
it was widely believed that monocytes presented as a single
population of cells (Stansfield and Ingram, 2015). However,
it was more recently demonstrated that these cells represent
a heterogeneous mixture of cell subpopulations with distinct
patterns in surface receptor expression as well as primary
function in response to conditions such as atherosclerosis
(Gordon and Taylor, 2005). In mice, these subsets are
often characterized as being either “inflammatory” (Ly6Chi)
monocytes that play an innate roles in antimicrobial defense,
or “resident” (Ly6Clow) monocytes that actively patrol lumenal
surface of the vasculature, removing damaged cells and debris,
and generally promoting arterial homeostasis (Geissmann et al.,
2003; Woollard and Geissmann, 2010; Thomas et al., 2015).
This patrolling behavior was first observed in the small vessels
of the microcirculation, but has since been observed in larger
vessels such as the carotid artery (Geissmann et al., 2003; Quintar
et al., 2017). Importantly, it was shown that this patrolling
behavior plays a potential role in endothelial protection, and that
atherosclerosis can trigger an upregulation of the number of this
subpopulation of monocytes (Quintar et al., 2017). In humans,
monocyte subpopulations are divided into three main categories,
and share many characteristics with those identified in mice: the
“classical” or “inflammatory” monocytes (CD14++CD16−), the
“non-classical” monocytes (CD14+CD16++) involved in arterial
patrolling, and the more recently identified “intermediate”
(CD14++CD16+) subpopulation of monocytes (Passlick et al.,
1989; Geissmann et al., 2003; Woollard and Geissmann, 2010;
Ziegler-Heitbrock et al., 2010; Stansfield and Ingram, 2015).
Human studies of atherosclerosis have mirrored those in
mice, demonstrating that non-classical CD16+ monocytes are
primarily associated with disease, and further suggest roles
for monocyte patrolling in injury healing and homeostasis
(Stansfield and Ingram, 2015). However, additional monocyte
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subpopulations have also been implicated in atherosclerosis
progression in both mice and humans (Hilgendorf et al., 2015;
Stansfield and Ingram, 2015). For example, although some
results have shown that intermediate monocyte levels serve
as an independent predictor of acute cardiovascular events
such as stroke and myocardial infarction, additional population
studies have demonstrated that increased levels of circulating
classical monocytes serve as a reliable predictor of cardiovascular
events regardless of age, sex, or other known traditional risk
factors (Hilgendorf et al., 2015). Additionally, classical Ly6Chi

monocytes in mice were shown to infiltrate the endothelium at
sites of injury, and contribute to foam cell formation (Swirski
et al., 2007; Stansfield and Ingram, 2015). Ultimately, each
of these subpopulations play varying roles in the formation,
progression, and also regression of atherosclerosis.

As our understanding of this complex disease advances, it has
become clear that there are numerous competing forces of disease
progression and repair. It appears likely therefore that disease
progression is the result of both the accumulation of signals and
processes which exacerbate atherosclerotic inflammation, and
which limit the efficiency of repair mechanisms, as a consequence
of aging and exposure to traditional risk factors (Rauscher et al.,
2003; Goldschmidt-Clermont et al., 2012). Given these recent
advances in the understanding of this disease, it is important
to review the proposed process by which arterial plaques form,
and the importance of the competing forces of inflammation and
repair throughout.

FORMATION OF THE ATHEROSCLEROTIC
PLAQUE: LOCAL AND DISTANT
(ESPECIALLY BONE MARROW FUNCTION)
MODIFIERS

Although risk factors for atherosclerotic disease systemically
affect all regions of the vasculature, plaque formation is not
uniformly distributed. Instead, atherosclerotic plaques typically
occur at a number of reproducible focal sites such as the inner
wall of vessel curvature, the lateral walls of bifurcations, and
near branch points (Pan, 2009; Warboys et al., 2011). An elegant
theory to explain this plaque distribution disparity relies on the
relative amount of shear stress exerted on the ECs in contact
with the blood as it traverses the dynamic lumen geometry.
There are two dominant forces exerted by blood on the inner
lining of ECs within the vasculature. These hemodynamic forces
include transmural pressure (a force exerted radially across the
vessel wall, Figure 1A) and shear stress (the frictional force
applied to the ECs by blood tangential to the direction of flow,
Figure 1B). The value of endothelial shear stress (ESS, sometimes
called wall shear stress or WSS) is determined as a function of
blood viscosity (η) and its shear rate (δv/δy, a measure of the
rate at which blood velocity increases from the endothelium
toward the center of the vessel, Figure 1B). Blood flow in regions
of relatively straight, uniform diameter vessels exhibits nearly
laminar flow, resulting in ESS-values of 20–70 dyne/cm2 (2–7 Pa)
(Chatzizisis et al., 2007; Chiu and Chien, 2011). However, at
the aforementioned locations prone to atherosclerotic plaque

formation, the laminar flow characteristics are disrupted, causing
regions of oscillatory or reversed flow and subsequent reduction
in ESS (<10 dyne/cm2, Figure 1C). In these regions of disturbed
flow, a number of events and responses to low shear stress
occur that contribute to the process of atherosclerotic plaque
formation.

Following the “response-to-injury” hypothesis of
atherosclerosis formation and progression, conditions of
low overall ESS have been shown to facilitate additional
insults to the endothelium leading to dysfunction. One such
path initiated by low ESS is the sustained activation of sterol
regulatory elements binding proteins (SREBPs). Once activated,
these endoplasmic reticulum (ER)-bound transcription factors
contribute to a strong inflammatory response and increase the
expression of genes that encode for the LDL receptor (LDLR)
(Liu et al., 2002; Xiao et al., 2013). In addition, a large volume
of research has described the involvement of the lectin-like
oxidized-LDL (ox-LDL) receptor-1 (LOX-1) in the initiation
and progression of atherosclerosis (Mehta et al., 2006; Mitra
et al., 2011; Pirillo et al., 2013). LOX-1 has been reported to
be responsible for the uptake and degradation of ox-LDL, and
its expression has been shown in vitro to be upregulated by a
number of atherosclerosis-related stimuli including shear stress,
inflammatory cytokines [such as IL-1β and tumor necrosis factor
alpha (TNFα)], and conditions such as hypertension (Mitra
et al., 2011; Pirillo et al., 2013). Moreover, it was demonstrated
that the deletion of LOX-1 reduced atherosclerosis in a LDLR
knockout mouse model of disease (Mehta et al., 2007). Yet
another change associated with low ESS is the shift in EC
morphology from tightly packed cells aligned with the direction
of blood flow to a damaged morphology with cuboidal cells
demonstrating no observed preferential alignment, and resulting
in leakier junctions between cells (Davies, 2009; Pan, 2009;
Linton et al., 2015). This disorganized cell morphology is
compounded by the loss of repair mechanisms affected by
progenitor cells. As discussed previously, BM-derived progenitor
repair cells play a critical role in protecting arteries against
atherosclerosis. One reparative role played by these cells is the
restoration of damaged endothelial tissue or engraftment into
these damaged regions to reverse endothelial injury (Madonna
et al., 2016). Turbulent flow may disrupt the interaction between
repair-competent cells in the blood and the arterial wall, thus
limiting the effectiveness of the repair process (Figures 1D,E)
(Xu, 2009; Chiu and Chien, 2011). It is also possible that low
ESS prevents the wash-out of senescent ECs and macrophages,
thus hindering their replacement by fresh such cells (Childs
et al., 2016). The net result of the up-regulation of LDLR and
the increased cell permeability is a dramatic increase in levels
of LDL infiltration in regions of low ESS (Figure 2, Stage I)
(Chatzizisis et al., 2007). Additional pro-inflammatory pathways
activated under conditions of low ESS include the mitogen-
activated protein (MAP) kinase and nuclear factor κB (NF-κB)
signaling pathways, while levels of miR-10a and its regulatory,
anti-inflammatory effects on the NF-κB pathway are attenuated
under these conditions (Fang et al., 2010; Bryan et al., 2014).
Recently, this strictly dichotomous view of “low” and “high”
ESS and its effect on the endothelium and atherosclerosis has
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FIGURE 1 | Hemodynamic forces exerted on the arteries. (A) Trans-mural pressure exerted radially across the vessel wall. (B) Endothelial Shear Stress (ESS),

determined as the product of blood viscosity (η) and its shear rate (δv/δy) such that ESS = η • (δv/δy). (C) Typical sites of atherosclerotic plaque formation (lateral walls

of bifurcations, inner wall of vessel curvature, and near branch points). Laminar flow in these regions is disrupted, causing oscillatory or reversed flow and subsequent

low ESS. Comparison of the ability of bone marrow (BM)-derived vascular progenitor cells and other reparative factors to interact with injured endothelial cells under

(D) laminar or (E) turbulent flow can be envisioned as the difference between landing a plane under calm or stormy conditions, respectively.

been revisited, and it is now suggested that—while physiological
values of ESS appear to be atheroprotective—both “low” and
“high” shear stress outside this physiological range may lead to
atherosclerosis progression (Hung et al., 2015; Eshtehardi and
Teng, 2016).

The combined net result of declining vascular repair
mechanisms coupled with endothelial inflammation and the
activation of ECs is the increased capture of circulating
monocytes. This process, known as the leukocyte adhesion

cascade, begins with the interaction of monocytes and displayed
adhesion molecules in the regions of inflammation, leading to
the stepwise rolling, firm adhesion, and transmigration of the
monocyte into the vascular intima (Figure 2, Stage II) (Ley
et al., 2007; Gerhardt and Ley, 2015). Monocyte recruitment
is largely directed by the presence of EC-derived chemokines
(including CCL5, CCL2, and CX3CL1), their respective receptors
(including CCR2, CXCR3, CX3CR1, and others), and various
adhesion molecules such as VCAM-1 and ICAM-1 (Geissmann
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FIGURE 2 | Formation and progression of an atherosclerotic plaque. As an

inflammatory disease, the initial stages of atherosclerosis involve an

inflammatory insult to the endothelial cells lining the artery lumen. Bone marrow

(BM)-derived progenitor cells have been shown to be critical in responding to

vascular injury, effecting vascular repair and maintaining homeostasis. In the

(Continued)

FIGURE 2 | absence of vascular repair, injured endothelial cells begin to

express adhesion molecules that facilitate the transmigration of monocytes

into the vessel intima. These monocytes then differentiate into macrophages

and begin engulfing lipid and lipid products, forming foam cells. As foam cells

aggregate, they form the characteristic fatty streak, while many macrophages

begin to undergo apoptosis. Inefficient clearance of apoptotic macrophages

leads to secondary necrosis, resulting in a growing lipid-rich necrotic core. In

response to the growing lesion, smooth muscle cells migrate to the intima,

helping to form the overlying fibrous cap. Rupture of this cap can expose the

necrotic core, leading to thrombus formation and subsequent acute

cardiovascular events.

et al., 2003; Tacke et al., 2007; Tuttolomondo et al., 2012; van
der Vorst et al., 2015). Following transmigration from the lumen
into the intima, these monocytes undergo differentiation into
macrophages capable of engulfing the growing pool of apoB-
containing LDL and its modified variants (Ley et al., 2011). These
differentiated macrophages identify and engulf LDL through
expression of scavenger receptors such as oxidized LDL receptor
1 (LOX-1), scavenger receptor A (SRA), and CD36 (Figure 2,
Stage II) (Yoshida and Kisugi, 2010; Ley et al., 2011).

Instructively, through the use of CD36/SRA double knockout
mice, it has been shown that lipid-laden macrophages will still
accumulate in atherosclerotic vessel walls, suggesting additional
routes of lipid uptake (Manning-Tobin et al., 2009). Other
proposed mechanisms include the capability of macrophages to
accumulate LDL via receptor-independent pinocytosis, and the
hydrolysis of free cholesterol from LDL aggregates (Barthwal
et al., 2013; Bentzon et al., 2014). Cholesterol liberated from
lipoproteins taken up by these pathways is transported within the
macrophage to the ER where it is esterified to cholesteryl esters
by acetyl-coenzyme A:cholesterol acetyltransferase 1 (ACAT1)
and neutral cholesterol ester hydrolase (nCEH), while reverse
cholesterol transport is controlled by ATP-binding cassette
(ABC) transporters including ABCA1 and ABCG1 (Ley et al.,
2011). Under healthy conditions, the liberated cholesterol is
accepted by HDL particles primary via protein ApoA1, while
modification of this protein can produce dysfunctional HDL and
produce proatherogenic effects (Fisher et al., 2012). However,
under atherosclerotic conditions, macrophages demonstrate both
an increase in lipid uptake and inefficient efflux of cholesteryl
esters, generating characteristic lipid-laden foam cells (Figure 2,
Stage II) (Yu et al., 2013). Agonists for the Liver X Receptor
(LXR) transcription factors have been proposed as potential
therapeutic agents to improve cholesterol efflux and thus reduce
foam cell formation, but have also been shown to induce liver
steatosis (Levin et al., 2005; Hijmans et al., 2015). Moreover,
while efforts have been made to generate synthetic agonists
avoiding this effect, recent results have suggested that these agents
do not function directly through cholesterol efflux (Kratzer
et al., 2009; Kappus et al., 2014). It has been shown that such
defects in lipid metabolism can cause ER stress and dysfunction,
ultimately leading to apoptosis of the cell (Seimon et al., 2010).
Compounding this problem, defects in cholesterol efflux also
inhibit efficient efferocytosis (clearance of apoptotic cells by
nearby macrophages), leading to an accumulation of apoptotic
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cells in these regions. The growing population of apoptotic
macrophages and foam cells generate the characteristic fatty
streak associated with early atherosclerotic plaques (Figure 2,
Stage III/IV) (Moore and Tabas, 2011; Van Vré et al., 2012).
Apoptotic cells not cleared through phagocytosis then undergo
secondary necrosis, releasing cellular debris along with additional
oxidized lipids and pro-inflammatory cytokines that contribute
to continued inflammation and a growing necrotic core of
the more advanced atherosclerotic lesion (Figure 2, Stage IV)
(Moore and Tabas, 2011; Bentzon et al., 2014).

Atherogenesis often ceases here, with many lesions
progressing no further than the fatty streak, due in large
part to various reparative mechanisms such as those initiated
by BM-derived progenitor cells (Goldschmidt-Clermont et al.,
2012). However, some lesions undergo additional changes within
the vascular intima causing a pronounced growth of the plaque
and remodeling of the vessel itself. Specifically, macrophages and
foam cells within the fatty streak begin releasing inflammatory
cytokines (IL-1β, IL-4, and TNFα) that interact with various
growth factors [platelet-derived growth factor (PDGF), CD-40]
to activate MMPs (Chistiakov et al., 2013). Interestingly, the
role of IL-4 has been debated, with early studies demonstrating
that IL-4 deficiency in a mouse model of atherosclerosis reduced
lesion formation, while later studies found a lack of involvement
of this cytokine regardless of disease induction method (Ramji
and Davies, 2015). Once activated, these MMPs are responsible
for remodeling and weakening the extracellular matrix (ECM)
surrounding the vascular smooth muscle cells (VSMC) of
the vessel. As a result of the weakened ECM, arterial cells
begin to sense transmural pressure as a micro-angioplasty
stretch with each pulse, stimulating growth factor release by
components of the fatty streak that promote migration of these
stretched VSMCs to the growing lesion (Rudijanto, 2007).
Under healthy physiological conditions, mature VSMCs rarely
undergo proliferation or migration, and exhibit a contractile
phenotype (expressing α-smooth muscle actin and calponin)
in which they control blood vessel diameter and blood flow
through vasodilation or vasoconstriction (Rudijanto, 2007;
Zhang et al., 2016). However, in response to injury, VSMCs
undergo a transition to a non-contractile or synthetic phenotype,
decreasing contractile marker expression, and generating
collagen-rich fibrous ECM that eventually represents a major
component of this newly formed fibroatheroma (Figure 2, Stage
V) (Bentzon et al., 2014; Zhang et al., 2016). Complicating
this process further, neither elevated levels of cholesterol
nor extensive macrophage involvement are strictly required
for this VSMC proliferation. As discussed previously, other
mechanisms—such as epigenetic modification of specific genes
associated with SMC proliferation—have been shown to be
involved in the progression of atherosclerotic plaques (Post et al.,
1999; Ying et al., 2000). In addition, deposition and growth of
calcium granules may also occur, and has been shown to exhibit
both stabilizing and destabilizing effects to the vulnerability of
the fibrous cap depending on their extent and location (Li et al.,
2007). Indeed vascular calcification, a condition pathognomonic
for atherosclerosis, may be quantified in the coronary arteries
using computed tomography (CT) to generate a coronary

artery calcium (CAC) score that is used in conjunction with the
Framingham Risk Score to improve prognostic value of coronary
events (Yeboah et al., 2012; Maurovich-Horvat et al., 2014).
Modulations of the ECM and proliferation of VSMCs are also
required for arterial remodeling, which can be either constrictive
or expansive (as a compensatory mechanism to counter
atherosclerotic plaque growth) (Wentzel et al., 2012; Bentzon
et al., 2014). These advanced plaques also possess the potential
to undergo rupture or erosion, exposing the thrombogenic core
to the blood flow of the vessel lumen (Figure 2, Stage VI). A
common trait of plaques vulnerable to rupture is a thin covering
of ECs, VSMCs, and ECM—termed thin-cap fibroatheromas
(TFCAs) and possessing a cap of <65µm in thickness (Virmani
et al., 2000). Activation of MMPs from abundant macrophages
present in the plaque may cause degradation of the ECM
near the cap, destabilizing EC adhesion and allowing for
exposure of the necrotic core, leading to subsequent thrombus
formation in the lumen of the vessel. Although this is a rare
fate for atherosclerotic plaques (most either do not progress to
advanced stages or become stable plaques with caps >65µm),
the subsequent formation of a thrombus from plaque rupture
can cause complete occlusion of the local artery, with consequent
myocardial infarction and/or sudden cardiac death. Another
potential thrombogenic fate of an atherosclerotic plaque is that
of plaque erosion, in which a thrombus is formed in the absence
of rupture, often with a disrupted endothelium and an enhanced
proliferation of VSMCs (Virmani et al., 1999; Braunwald, 2013).
Although less common than plaque rupture, plaque erosion has
been shown to be more common in women and the elderly,
while the underlying mechanisms of plaque erosion are only
beginning to be elucidated and still incompletely understood
(Libby and Pasterkamp, 2015; Chandran et al., 2017). Regardless
of the etiology of the plaque source, the resulting thrombus
formed by these processes may also embolize and travel to a
secondary vessel causing ischemia, myocardial infarction, or
sudden coronary death (Davies, 2000; Bentzon et al., 2014).
Alternatively, repeated cycles of clinically silent rupture of the
cap followed by healing may contribute to overall plaque growth
and luminal stenosis. Another potent source of plaque growth is
intraplaque hemorrhage. As the atherosclerotic plaque grows, the
region becomes progressively more inflamed as well as hypoxic,
inducing angiogenesis and vasa vasorum into the plaque itself.
These neovessels have been observed to be fragile and leaky,
and are an important source of hemorrhage within the wall of
the artery, contributing not only to further inflammation, but
also plaque growth and vessel stenosis (Kolodgie et al., 2003). In
this way, tissue ischemia caused by luminal stenosis can occur
even in the absence of clinically significant rupture (Kovacic and
Fuster, 2012).

CONTROL OF INFLAMMATION: A NOVEL
THERAPEUTIC OPPORTUNITY TO
RESTORE ARTERIAL HOMEOSTASIS

Atherosclerosis is the most significant human health problem
globally. We know today that the disease does not follow
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a simple, unidirectional progression, and is determined by a
myriad of pathways, control mechanisms, and repair processes;
these encompass multiple inflammatory molecules, BM-derived
progenitor cells, a range of immune cells such as specific
monocyte subpopulations, genetic mutations, and epigenetic
modifications among numerous other participants both known
and those yet to be discovered. Ultimately, however, the clinical
result for an immensely large number of individuals is the
formation and growth of vascular lesions with the potential to
rupture, leading to life-threatening conditions. It is imperative to
continue to evolve technological strategies to both predict and
detect the formation, progression, and clinical status of these
atherosclerotic plaques, while additional details are elucidated
regarding the process of disease progression. One example of
important progress has beenmade in the control of inflammation
when inflammation is no longer promoting repair, but instead
has taken a damaging role for the artery. It was recently reported
that a monoclonal antibody against IL1-beta, when injected
systemically to patient with CVD and high inflammatory index
(CRP levels≥ 2 mg/mL), is capable of reducing risk for coronary
events, even with already reduced lipids and had no further effect
on lipid levels (Ridker et al., 2017). The role of inflammation
is increasingly established in the progression of arterial lesions,
and it is useful to consider inflammation in the context of
arterial homeostasis. Arterial repair is triggered and controlled
by molecules that belong to inflammatory pathways. However,
as was hypothesized and subsequently demonstrated in an
animal model, the progression of atherosclerotic inflammation
is modulated by the presence or the absence of an efficient repair
process (Goldschmidt-Clermont et al., 2005). In the presence of
BM vascular progenitor cells capable of arterial repair, the artery
heals and inflammatory signals subside and vanish. However,
as previously discussed, reductions in the availability of BM-
derived vascular progenitor cells occurring as a consequence of
aging or genetic susceptibility (exhaustion or dysfunction) result
in a lack of arterial healing. These reductions can occur either
because repair-capable cells are no longer produced effectively by
the BM, because the produced cells have become dysfunctional,
or a combination thereof. Consequently, inflammatory signals
do not subside and vanish, and indeed are heightened to the
point where they attract and support monocytes/macrophages
and other immune competent cells that further enhance arterial
injury (Figure 3). Hence, themaintenance of arterial homeostasis
is a complex process that must balance injuries to the arterial
wall (lipids, smoke, etc.), inflammatory processes required for
triggering and supporting arterial repair, and the renewal of
BM-derived vascular progenitor cells that are necessary for such
repair.

The example of inflammation suppression in individuals with
established CVD is important, as it proves that inflammation
can contribute to the disease, and that the control of excessive
inflammation via specific agents can lead to consequent
reduction in CVD complications. However, this work addresses
only one aspect of the overwhelmingly complex disease that is
atherosclerosis. As discussed herein, the pathways and players
involved in the regulation and progression of this ubiquitous
disease are immensely diverse, and subject to continuous

FIGURE 3 | A visualization of alternative fates of vascular inflammation. In the

presence of healthy BM-derived vascular progenitor cells capable of arterial

repair, inflammation subsides and vanishes (negative feedback loop), resulting

in the maintenance of vascular homeostasis. In the absence of sufficient

BM-derived vascular progenitor cells, or if such cells are no longer capable of

arterial repair, inflammation continues or even expands, resulting in potential

dysfunctional remodeling, continued cell senescence, and propagation of

arterial injury (positive feedback loop). However, successful treatments have

been established such as statin therapy, which has been shown to reduce

circulating LDL-Cholesterol (LDL-C), increase HDL-Cholesterol (HDL-C),

reducing inflammation and dysfunctional remodeling (Nozue et al., 2013);

Human Allogeneic Mesenchymal Stem Cells (HAMSC) (Tompkins et al., 2017),

and possibly other progenitor cells (Song et al., 2012), may be able to reverse

arterial tissue senescence and improve arterial repair without affecting

circulating lipids; and anti-inflammatory molecules such as Canakinumab have

also been shown to reduce destructive inflammation without affecting

circulating lipids (Ridker et al., 2017). Hence, our armamentarium to prevent,

stabilize or even reverse atherosclerosis and its thromboembolic complications

are becoming increasingly effective at promoting arterial homeostasis.

reassessment. In much the same way that inflammation has
been shown to be involved in the repair of arterial damage
or contribute to disease progression when excessive, each
component of atherosclerosis may play a critical part depending
on the context, while many such components may not yet be
fully established. It is instructive that administration of adult
mesenchymal stem cells to individuals suffering from aging
frailty has been shown, in double blind placebo-controlled
prospective randomized trial, to improve functional outcomes of
patients, many of which being dependent on the integrity of the
cardiovascular system (Tompkins et al., 2017). The concurrent
approaches of taming excessive inflammation with specific
antagonists, and augmenting the cellular capacity for arterial
repair with selected stem cells, in addition to the previously
developed armamentarium,may represent the strategies required
to restore arterial homeostasis whenever lost, and help to reduce
atherosclerosis and its dreadful complications during the twenty-
first century.
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An aneurysm is a local dilatation of a vessel wall which is >50% its original diameter.

Within the spectrum of cardiovascular diseases, aortic aneurysms are among the

most challenging to treat. Most patients present acutely after aneurysm rupture or

dissection from a previous asymptomatic condition and are managed by open surgical or

endovascular repair. In addition, patients may harbor concurrent disease contraindicating

surgical intervention. Collectively, these factors have driven the search for alternative

methods of identifying, monitoring and treating aortic aneurisms using less invasive

approaches. Non-coding RNA (ncRNAs) are emerging as new fundamental regulators

of gene expression. The small microRNAs have opened the field of ncRNAs capturing

the attention of basic and clinical scientists for their potential to become new therapeutic

targets and clinical biomarkers for aortic aneurysm. More recently, long ncRNAs

(lncRNAs) have started to be actively investigated, leading to first exciting reports,

which further suggest their important and yet largely unexplored contribution to vascular

physiology and disease. This review introduces the different ncRNA types and focus at

ncRNA roles in aorta aneurysms. We discuss the potential of therapeutic interventions

targeting ncRNAs and we describe the research models allowing for mechanistic studies

and clinical translation attempts for controlling aneurysm progression. Furthermore, we

discuss the potential role of microRNAs and lncRNAs as clinical biomarkers.

Keywords: microRNAs, long non-coding RNAs, aneurysms, vascular cells, therapeutic targets, biomarkers

Introduction

Arterial aneurysms (AAs) are asymmetrical dilatations of arterial wall, most commonly found
in the infra-renal abdominal aorta (see Figure 1). Lesions develop when intraluminal pres-
sures exceed the capacity of the arterial wall which has developed a localized weakness. It
is estimated that abdominal aortic aneurysms (AAA) account for approximately 2–4% of all
deaths in men aged 65 and over (Clouse et al., 1998; Booher and Eagle, 2011). Thoracic aortic

Abbreviations: AA, arterial aneurysm; AAA, abdominal aorta aneurysm; Ang II, angiotensin II; ANRIL, antisense non-

coding RNA in the INK4 locus; ARF, alternate reading frame; BAV, bicuspid aortic valve; BRG, Brahma-related gene; DOCK:

dedicator of cytokinesis; EC, endothelial cell; ECM, extracellular matrix; ELN, elastin; ERK, extracellular-signal-regulated

kinase; HIF, hypoxia-inducible factor; JNK, c-Jun NH(2)-terminal kinase; KLF, Krüppel-like factor; lncRNA, long non coding

RNA;miRNA,miR, microRNA;MMP,matrix metalloproteinases; ncRNA: non coding RNA; PPE, porcine pancreatic elastase;

PTEN, Phosphatase and tensin homolog; rRNA, ribosomal RNA; SMC, smooth muscle cell; SnoRNA, small nucleolar RNA;

SNP, single nucleotide polymorphism; TAA, thoracic aortic aneurysm; TIMP, tissue inhibitors of metalloproteinase; TGFβ,

transforming growth factor β; TNFα, tumor necrosis factor α; tRNA, transfer RNA; VSMC, vascular smooth muscle cell.
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FIGURE 1 | A computed tomography (CT) scan with contrast showing

an abdominal aortic aneurysm. This aneurysm was asymptomatic and

found during routine surveillance scanning of a 67 year old male. Calcified

atherosclerotic plaque is noted on the aneurysm wall and in the distal aorta (a).

aneurysms (TAAs) (Figures 2, 3) represent themost lethal site for
a dilatation. They may remain asymptomatic for years and man-
ifest as an acute rupture or dissection which can be fatal if left
untreated. The prevalence of thoracic aneurysms in the United
States is estimated at 10.4 per 100,000 people (Clouse et al., 1998).
TAAs is a silent disease and 95% of cases present acutely from
previously asymptomatic patients (Clouse et al., 1998). Thoracic
aortic aneurysms are classified according to the segment of the
dilatation. This anatomical classification is important because
the etiology, natural history and treatment may differ for each
segment.

The ascending thoracic aorta and the descending/abdominal
aortas have different embryological aetiologies, pathological
features and their evolution progresses differently (better
described below—Section Mechanisms Underlying Abdominal
Aortic Aneurysms). Aneurysms are much more common in
the abdominal aorta than in the ascending aorta. Classically,
atherosclerosis has been considered the underlying cause of
abdominal aortic aneurysms (Lederle et al., 1997; Guo et al.,
2001). Known cardiovascular risk factors mostly associated with
AAA include smoking, increasing age, hypertension, hyper-
lipidaemia which predispose to atherosclerosis (Lederle et al.,
1997; Coady et al., 1999). On the other hand, atherosclerosis is
infrequently implicated in ascending thoracic aortic aneurysm
development. Ascending thoracic aneurysms are associated with

FIGURE 2 | Ascending aortic aneurysm. This is an aorta of a 37 year old

male who was found to have a 7.7 cm saccular ascending aortic aneurysm

associated with a leaking bicuspid aortic valve. The remainder of the aorta is

normal caliber. (A) CT reconstruction of the whole aorta with ascending aortic

aneurysm (a), with a normal caliber abdominal aorta (b). (B) Surgical view of

this aneurysm; (C) Dacron graft after surgical replacement.

hypertension, connective tissue disease, bicuspid aortic valves,
familial thoracic aneurysm syndrome, (Coady et al., 1999; Guo
et al., 2001; Nuenninghoff et al., 2003; Demers et al., 2004).

This review focuses on non-coding (nc) RNAs as possible new
mechanisms of diagnosis and monitoring of aneurysmal disease
and novel therapeutic enabling to control the progression to dis-
section and rupture. The recent advancement in DNA and RNA
sequencing techniques have led to the understanding that around
98% of the human genome contains regions of DNA which code
for RNAmolecules unable to produce proteins and hence termed
ncRNAs. Far from being “junk RNA,” many ncRNAs are prov-
ing to be very powerful regulators of gene expression, acting at
both transcriptional and post-transcriptional level. ncRNAs are
arbitrarily defined accordingly to their size, as small ncRNAs and
long ncRNAs (lncRNAs). MicroRNAs (miRNAs, miRs) are the
most popular small ncRNAs. Here, we will review miRNA and
lncRNAs for their regulatory roles in vascular function, with spe-
cial attention to their contribution to VSMC function and vas-
cular degenerative disease. Finally, we will discuss the potential
of ncRNAs as new therapeutic targets and clinical biomarkers

to be employed in patients with aneurysms at different stage of
evolution.

Non-Coding RNAs

About 2% of the eukaryotic genome contains protein coding
genes and the remaining DNA was previously supposed to be
“junk DNA,” i.e., DNA devoid of any functional importance.
In fact, large-scale analyses of mammalian transcriptomes have
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FIGURE 3 | Thoracic aorta aneurysms. MRI scans of the ascending

aorta in a 17 year old girl with multiple thoracic aortic aneurysms. In

(i), it is clearly visible a large saccular aneurysm of the aortic arch just

distal to the right carotid artery (RCA) and a second large saccular

aneurysm in the descending aorta. In (ii), the MRI scan shows the

ascending and descending aorta. The left subclavian artery (LSA)

comes off the descending aorta in between two large saccular

aneurysms.

identified 60% of RNA molecules that are not translated into
protein. However, the use of new sequencing technologies has
identified that most of the genome is transcribed, producing
a heterogeneous population of “noncoding RNA” (ncRNAs),
which do not hold information for protein translation. Although
ncRNAs do not code for proteins, they play different roles
in regulating gene expression, thus impacting on cell func-
tions. According to their size, ncRNA are classified as “small
ncRNA” (20–200 nucleotides in their mature forms) and “long
ncRNA” (more than 200nt and up to 100 kilobases). Accord-
ing to their function, ncRNAs can also be classified as “house-
keeping” ncRNAs, which are constitutively expressed and crucial
for normal function and cellular viability. These include tRNA,
rRNA, SnoRNA. By contrast, the “regulatory” ncRNAs, which
are important for the transcriptional regulation of genes. In
recent years, several ncRNAs have been found to regulate vascular
pathologies, including aortic aneurysm (thoracic and abdominal)
disease.

MicroRNAs
MiRNAs are post transcriptional regulators of gene expression.
They influence the stability and translation of messenger RNAs
(mRNAs). MiRNA are encoded (often as polycistronic “clus-
ters”) in intergenic region of protein coding genes or by miRNA
genes. MiRNA genes are transcribed by RNA pol lI as capped
and polyadenylated primary miRNA transcripts (pri-mRNA).
The pri mRNA is then processed in two independent steps
by the enzymes Drosha and DICER. Dorsha/DGCR8 cleaves
the pri-miRNA transcript to a 60–100 nucleotide long hairpin
loop which is transported to the cytoplasm where it is fur-
ther processed to mature miRNA, a single stranded of ∼22
nucleotides. This can be incorporated into the RNA-induced
silencing complex (RISC) and mediates gene silencing by affect-
ing the integrity and/or the protein synthesis capacity of the

targeted mRNAs. A miRNA recognize its mRNA targets mRNAs
by the semi complementarity between its “seed sequence” region
and one or more “miRNA binding sites,” usually located in the 3′

untranslated region (3′ UTR) of themRNAs(Gregory et al., 2006).

Long Non Coding RNAs
The RNA transcripts that are longer than 200 nucleotides which
are polyadenylated and are devoid of open reading frames are
defined as lncRNAs. The functional annotation of mammalian
cDNA (FANTOM3) project identified 35,000 of such non cod-
ing transcripts (Amaral et al., 2011). LncRNA are located and
transcribed with the intergenic region of genome by the RNA
PolI enzyme or in some cases by RNA pol III. The majority are
transcribed as complex, interlaced networks of overlapping sense
and antisense transcripts. On the basis of their genomic loci, long
ncRNA (lncRNAs) can be classified onto: (1) Sense lncRNAs,
transcribed from a locus overlapping with protein coding gene;
(2) Antisense lncRNAs loci, that overlap with the antisense strand
of the protein coding gene; (3) Bidirectional lncRNAs, located
on the antisense strand of the protein coding gene; (4) Intronic
lncRNAs, transcribed from introns to protein coding genes; (5)
Long intergenic ncRNAs (lincRNAs), that are not in the proxim-
ity of protein coding gene. LncRNAs display high organ and cell
specificity and are not well conserved across species. They can
be located in the nucleus or in the cytosol and exert actions in cis
and in trans. LncRNAs can regulate different aspects of transcrip-
tion by playing different roles, including acting on transcription
factors (TFs), RNA polII, mRNA processing, splicing and the epi-
genetic machinery (Kapranov et al., 2007; Broadbent et al., 2008;
Mohammad et al., 2008). Additionally, lncRNAs can exert a post-
transcriptional regulation of protein coding genes, for example by
acting as antisenses inhibitors of mRNAs (Kornienko et al., 2013).

Exploratory studies performed on the lncRNA in the cardio-
vascular setting have so far identified a few lncRNA associated
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with cardiovascular diseases. These include MALAT1 (metastasis
associated lung adenocarcinoma transcript 1), LIPCAR (lin-
cRNA predicting cardiac remodeling), CARL (cardiac apoptosis
related lncRNA), MiAT (myocardial infarction–associated tran-
script), HCG22 (HLA complex group 22), Brave heart, CHRF
(cardiac hypotrophy factor), ANRIL (antisense ncRNA in the
INK4 locus), and HIF1A-AS1 (antisense hypoxia inducible fac-
tor 1 alpha antisense RNA), KCNQ1OT (KCNQ1 overlapping
transcript), and SENCR (smooth muscle and endothelial cell-
enriched migration/differentiation-associated lncRNA). Specific
studies looking at lncRNAs in aortic aneurysm are still lack-
ing (Skroblin and Mayr, 2014). Because of the high number of
lncRNAs, research based on predefined lncRNA candidate is not
ideal and next generation sequencing methods will be useful in
exploring lncRNA which can be functionally related with aortic
aneurysms and it might support the identification of lncRNAs
to be investigated as biomarkers for diagnosing sporadic aortic
aneurysms and to follow up aneurysm evolution.

Cellular Mechanisms and Signaling
Pathways Underpinning Aneurysm
Formation and Evolution

The currently available pharmacological approaches are unable
to prevent aneurism progression. Although there is some suc-
cess demonstrated with Angiotensin II (Ang II) receptor blockers
in non-pathological aneurysms in Marfan’s patients (Attenhofer
Jost et al., 2014), this therapeutic approach is not proven to be
effective enough to substitute the need for surgical therapy. This
lack of effective therapies suggests the need for a better under-
standing the molecular mechanisms underpinning aneurysm
pathology and progression. New mechanistic insight should pro-
vide better targets for therapeutic intervention. In this section,
we’ll describe the pathways and cellular mechanisms underlying
aneurysm formation and evolution.

Mechanisms Underlying Abdominal Aortic
Aneurysms
Abdominal aortic aneurysms have been linked to atherosclerosis
and the pathophysiology of this aneurysm has been well stud-
ied (Guo et al., 2006; Shimizu et al., 2006). Histological anal-
yses of human AAA samples revealed the three pathological
hall marks of abdominal aorta aneurysms: leukocyte infiltration,
degradation of extra cellular matrix (ECM) and VSMC depletion
(Guo et al., 2006). Moreover, work on animal models (described
below) confirmed this data and further indicated that abdominal
aneurysm development involves local inflammatory responses
leading to infiltration of macrophages, neutrophils, mast cells
and T and B lymphocytes (Sun et al., 2007). The prominent
inflammatory cells present in aortic tunica media and adventitia
are macrophages. Macrophage infiltration is critical for abdom-
inal aneurysm development, but its contribution has not been
defined. CCR2 (C-C chemokine receptor 2) and myeloid differ-
entiation factor are important formacrophagemediated response
to inflammation. CCR2 deficiency in mouse models attenuates
the severity of the induced aneurysm (Daugherty et al., 2010).

Neutrophils are also present in experimental and human AAA
tissue. L selectin adhesion molecule mediates the trafficking of
neutrophils from plasma to the aortic wall and L selectin attenu-
ates abdominal aneurysm formation in mouse models (Ishibashi
et al., 2004).

The plasma concentration of certain cytokines, such as tumor
necrosis factor alpha (TNF-α), increases in patients with abdom-
inal aneurysm. However, TNF alpha receptor deficiency has no
significant effect on Ang II- induced AAA formation in LDL
receptor deficient atherosclerotic mice. Another cytokine that
plays a critical role is transforming growth factor beta (TGF-β).
Systemic blockade of TGF-β activity was found to increase Ang
II-induced AAA (Wang et al., 2010).

The drug cyclosporin induces TGF- β expression and its
administration stops aneurysm formation in the rat elastase
and mouse calcium chloride models of AAA (Dai et al., 2011).
Interleukin 1β, IL6, IL17, and IL23 are increased in AAA in
human tissue as compared with healthy tissue (Szekanecz et al.,
1994). AAA formation and progression is also mediated by
various proteases, which degrade elastin and collagen present
in the aortic wall. Matrix metalloproteinase-9 (MMP-9) is a
zinc endopeptidase contributing to calcium chloride-induced
aneurysm development inmice (Tanaka et al., 2009). C-JunN ter-
minal kinase (JNK) was found increased in abdominal aneurysms
in murine models. Moreover, a JNK specific inhibitor prevented
the aneurysms formation in these models (Yoshimura et al.,
2005).

Thoracic Aorta Aneurysm Pathology and
Mechanisms
Thoracic aortic aneurysm (TAA) is caused by proteoglycan accu-
mulation, elastic fiber fragmentation, focal or diffuse VSMC
degradation and loss. The pathological changes can result in
excessive degradation of ECM components, leading to the loss
of mechanical strength and integrity, aortic dilation, dissection,
or rupture (El-Hamamsy and Yacoub, 2009). Histopathologi-
cal findings of the aortic wall in patients with ascending aorta
aneurysm reveal the presence of cystic medial necrosis or medial
degeneration. The aneurysm is characterized by disruption of
the lamellar organization of elastic fibers, cyst like lesions within
the tunica media, pooling of proteoglycans, elastin and colla-
gen fiber fragmentation and coagulative necrosis of VSMCs (El-
Hamamsy and Yacoub, 2009). The NOTCH pathway is activated
in fibroblasts and deregulated in VSMCs of patients with tho-
racic aneurysm. However, the Notch signaling is downregulated
in the ascending aorta of patients with bicuspid aortic valve
(BAV) and in abdominal aneurysms. Genetic variation in the
NOTCH1 gene appears to confer susceptibility to ascending aor-
tic aneurysm formation in patients with BAV (McKellar et al.,
2007). More research is needed to clarify the role of the NOTCH
pathway in aneurysms and to elucidate the possibility of targeting
it therapeutically.

NcRNAs in Aneurysms

NcRNAs have become a subject of great interest for vas-
cular biology and medicine. The scientists interested in
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aneurysm disease can combine cell and animal models
and analyses on clinical samples for their ncRNA stud-
ies. Below, we report on the current knowledge and dis-
cuss the importance of research model optimization for future
research.

Table 1 summarized the miRNAs currently known to be
functionally involved and/or expressionally deregulated in AAs.
Table 2 summarized the lncRNAs that have been shown to be
involved with Vbiology and proposes their link to AA.

Vascular Cell Biology
Cell culture experiments on human aortic VSMCs isolated from
clinical tissue samples suggest the role of miRNAs in aortic
aneurysm development. In this article we present the miRNAs
studied in VSMCs. Similar studies on lncRNAs are still lack-
ing. However, we suggest new roles for these ncRNA molecules
based on the results of some pioneers studies in non-aneurysmal
VSMCs (vide infra at LncRNAs).

miRNAs

The VSMC phenotype and behavior is strongly regulated by miR-
NAs. The phenotype of VSMCs can change between a contractile
to a synthetic state and vice versa, and aortic aneurysm can be
associated with a reduction of contractile VSMC number. Knock-
out of Dicer impairs miRNA biogenesis. In VSMCs, this induces
embryonic lethality, showing abnormal development of vascu-
lar vessels. These findings suggest that miRNAs play important
roles in proliferation, migration and phenotypic transformation
of VSMCs. MiRNAs are additionally involved in VSMC biology
and behavior, acting on cell apoptosis proliferation, and migra-
tion through modulating the expression of vasoactive molecules,
cytokines, MMPs and growth factors.

The miR-29 family of miRs contains three members (miR-
29a, miR-29b, and miR-29c) that are encoded by two separate
loci, giving rise to bi-cistronic precursor miRs (miR-29a/b1 and
miR-29b2/c). This family targets numerous gene transcripts that
encode ECM proteins involved in fibrotic responses, including

TABLE 1 | microRNAs which could be involved with aneurysmal disease.

MiRNA Up/down

regulation

Target genes Function regulated Expression sites References

miR143/145 Down Klf4, myocardin, Elk-1, Direct VSCM differentiation, repress

VSCM proliferation

Murine cardiac progenitors Mice

VSMCs

Cordes et al., 2009;

Elia et al., 2009

miR29 up ECM protein encoding genes

(COL1A1, COL1A2, COL3A1,

FBN1, ELN, MCL1, MMP2,

MMP9)

Regulate ECM Human aortic SMCs Murine models

of experimental AAA

Chen et al., 2012;

Maegdefessel et al.,

2012

miR 205 up TIMP3, RECK Regulate ECM Murine model of AAA Kim et al., 2014

miR 26a down SMAD-1 Promotes vascular SMC proliferation

while inhibitin g cellular differentiation

and apoptosis, and alters TGF-β

pathway signaling

Human aortic SMCs Leeper et al., 2011

miR 21 up PTEN Modulate proliferation and apoptosis

of VSMCs

Murine models of experimental AAA Maegdefessel et al.,

2012

miR 195 up ELN, different COL isoforms,

MMP2, MMP9

Regulate ECM Mouse aorta SMCs Zampetaki et al., 2014

miR

221/222

up p27, p57, c-Kit pro-proliferative, pro-migration, and

anti-apoptotic effects, Promote a

synthetic phenotype in VSMCs

Human aortic SMCs Aorta SMCs

and ECs from rats

Davis et al., 2009; Liu

et al., 2012

AAA, abdominal aortic aneurysm; c-kit, COL1A1, collagen type 1 alpha 1; EC, endothelial cell; ELK1, ETS domain-containing protein; ELN, elastin; FBN, fibrillin; KLF4, Kruppel-like

factor 4; MCL1, myeloid cell leukemia 1; MMP, matrix metalloproteinase; PTEN, phosphatase and tensin homolog; SMAD-1, mothers against decapentaplegic homolog 1; RECK,

reversion-inducing-cysteine-rich protein with kazal motifs; SMC, smooth muscle cell; TIMP3, metalloproteinase inhibitor 3; VSMC, vascular smooth muscle cell.

TABLE 2 | Long noncoding RNAs studied in vascular smooth muscle cells.

lncRNA Class Function regulated References

ANRIL NAT Influences VSMC function by regulating CDKN2A, CDKN2B, DAB2IP,

LRP1, LRPR, CNTN3 expression

Boucher et al., 2003; Elmore et al., 2009; Gretarsdottir et al.,

2010; Bown et al., 2011; Congrains et al., 2012

SENCR Antisense Inhibitis of VSMC migration Bell et al., 2014

LncAng362 Antisense Reduces VSMC proliferation Leung et al., 2013

HIF1A-AS1 Antisense Pro-apoptotic and anti-proliferative effect on VSMCs Wang et al., 2014

ANRIL, antisense non-coding RNA in the INK4 locus; SENCR, smooth muscle and endothelial cell-enriched migration/differentiation-associated lncRNA; HIF1A-AS1, antisense hypoxia

inducible factor 1 alpha anti sense RNA; NAT, natural antisense transcript; LRP1, low density lipoprotein receptor-related protein 1; LRPR, low density lipoprotein receptor; CDKN,

cyclin-dependent kinase inhibitors; DAB2IP, DAB2 interacting protein; CNTN3, contactin-3; VSMC, vascular smooth muscle cells.
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several collagen isoforms (e.g., COL1A1, COL1A2, COL3A1),
fibrillin-1, and elastin (ELN) (Boon et al., 2011).

Over-expression of miR-21 increases VSMC survival and
proliferation (Song et al., 2012). By contrast, miR-133 reduces
proliferation and migration of VSMC through repressing tran-
scription factor Sp-1 (Torella et al., 2011). MiR-133 is highly
expressed in the healthy vasculature, especially in VSMCs. It
is anti-proliferative and upregulated when VSMCs are qui-
escent. Overexpression of miR-133 reduced VSMC prolifera-
tion in vitro; while anti-miR-133 increased VSMC proliferation
(Torella et al., 2011). In vitro studies showed that ERK1/2 acti-
vation is partly responsible for miR-133 downregulation when
VSMCs are primed for the phenotypic switch (Zhan et al., 2003;
Torella et al., 2011).

MiR-143/145 have been extensively studied in vascular pathol-
ogy. This cluster alters the SMC phenotypic switch and its expres-
sion is decreased by acute and chronic vascular stress. The two
miRNAs cooperate in the regulation of VSMC fate and plastic-
ity by targeting several transcription factors, such as KLF4, KLF5
myocardin and Elk-1 (Boettger et al., 2009). A study of Cordes
et al. (2009) demonstrates the role of the miR-143/145 cluster in
VSMC differentiation and the repression of their proliferation.
Zampetaki at al focused on miR-195 in aortic aneurysmal dis-
ease, performing both in vitro and in vivo studies (Zampetaki
et al., 2014). In vitro experiments on murine VSMCs confirmed
the involvement of miR-195 in ECM homeostasis regulation.
Proteomic analyses on the conditioned medium from VSMCs
transfected with either pre-miR-195 or anti-miR-195 showed that
miR-195 expression is reversely correlated with elastin, a direct
target of this miRNA (Zampetaki et al., 2014). Elastin is fun-
damental for the maintenance of aortic mechanical integrity,
allowing the vessel to resume its shape after stretching or con-
tracting. Low elastin levels are typical of aneurysmal diseases.
Recently, Kim et al. showed miR-205 is upregulated in abdomi-
nal aortic endothelial cells (ECs) and miR-205 stimulates MMP
activity by targeting two endogenous MMP inhibitors, known
as tissue inhibitor 3 of MMP (TIMP3) and reversion-inducing
cysteine-rich protein with kazal motifs (RECK) (Kim et al.,
2014).

The role or miR-26a has been studied by Leeper and collab-
orators, working on human aortic SMCs. They performed sev-
eral assays to assess how transfection with either anti-miR or
pre-miR affected VSMCs behavior. The decrease in miR-26a lev-
els was associated with a reduction in VSMCs proliferation and
migration, and a significant increase of H2O2-induced apopto-
sis, in comparison to control cells. They demonstrate the targeted
action of this miR on SMAD-1 protein in VSMCs, and thus the
effects on TGB-β pathway. All these effects could be fundamental
in AA development (Leeper et al., 2011).

MiR-221/222 seems to have a cell specific effect in blood
vessels. In a study by Liu et al., SMCs and ECs were isolated
from murine aorta samples. The effects of miR-221/222 down-
regulation and upregulation were analyzed on each cell type
studying their proliferation, migration and apoptosis. ThesemiR-
NAs resulted to have a pro-proliferative, pro-migration and
anti-apoptotic effect on VSMCs, while an anti-proliferative,
anti-migration and pro-apoptotic effect on ECs. The action of

miR-221/222 are mediated by directly suppressing c-kit and
cyclin-dependent kinase inhibitors p27Kip1 and p57Kip2, three
proteins involved in key processes as cell differentiation, prolif-
eration, migration and apoptosis (Liu et al., 2012). miR-221/222
is up-regulated, while miR-133, miR-143/145, and miR-663 are
down-regulated in response to PDGF treatment on VSMCs (Liu
et al., 2012). MiR-221/222 is overexpressed in injured vascular
wall SMCs in rat carotid arteries after angioplasty. Specific knock-
down of miR-221 and miR-222 resulted in decreased VSMC pro-
liferation in vitro. Knockdown also suppressed VSMC prolifer-
ation in vivo and decreased neointimal lesion formation after
angioplasty in rat carotid arteries (Liu et al., 2010).

LncRNAs

As aforementioned, here we are reviewing the actions of a few
lncRNAs in vascular cell biology at large since specific studies on
lncRNAs in aneurysmal VSMCs are still lacking.We are confident
that this gap will be soon filled by the pioneer researchers who
have started lncRNA research programs in vascular medicine.

LncRNAs regulate gene expression, including chromatin
remodeling, mRNA transcription and processing, and post-
transcriptional pathways. It is important to explore whether
lncRNAs could be involved in vascular disease through these
mechanisms. Wang et al. showed that HIF1A-AS1 mediates the
pro-apoptosis and anti-proliferative responses induced by BRG1
gene (Brahma-related gene 1) in VSMCs (Wang et al., 2014).
They also showed that BRG1 expression is significantly increased
in the aortic media of TAA patients compared to the normal
group, implying that BRG1 may play a role in development
and progression of TAA. LncRNAs play critical roles in the reg-
ulation of cellular process such as cell growth and apoptosis
(Wang et al., 2014). BRG1 was knocked down in VSMCs and
a microarray was performed and the expression of HIF1A-AS1
was found to be regulated by BRG1. Overexpression of BRG1 in
TAA and the interaction between BRG1 and the lncRNA HIF1A-
AS1 in VSMCs might provide clues to the molecular mecha-
nisms involved in TAA. This should be pursued by using iso-
lated VSMCs from TAA patients and appropriate animal models
(Wang et al., 2014). The lncRNA HIF1A-AS1 plays an important
role in the pathophysiology of VSMCs.

The Natural antisense (NATs) ANRIL, KCNQ1OT, and
SENCR have been found expressed in VSMCs (Congrains et al.,
2012). ANRIL, as discussed elsewhere in this review, also regu-
lates the function of VSMCs. As explained below, the genomic
region (9p21) coding for ANRIL also contains the CDKN2A
and CDKN2B genes which encode the cell cycle regulators p16
(INK4a), p14 (ARF) and p15 (INK4b). The role of ANRIL
in various types of aneurysms needs to be investigated. The
9p21 genotype had an influence on CDKN2A/CDKN2B/ANRIL
expression levels in VSMCs, VSMC proliferation and VSMC con-
tent in atherosclerotic plaques. Analyses of VSMC primary cul-
tures showed that the 9p21 risk genotype was associated with
reduced expression of p16 (INK4a), p15 (INK4b) and ANRIL and
with increased VSMC proliferation (Congrains et al., 2012).

RNA sequencing (RNA-seq) by Bell et al. on the human
coronary artery SMCs showed 31 unannotated lncRNAs, includ-
ing SENCR, which is enriched in vascular cells. SENCR is
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transcribed antisense from the 5′ end of the FLI1 gene and
exists as two splice variants (Bell et al., 2014). SENCR has a
cytoplasmic location (Bell et al., 2014). RNA-seq experiments
in VSMCs after SENCR knockdown revealed decreased expres-
sion of myocardin and numerous smooth muscle contractile
genes, while several promigratory genes were increased. Loss-of-
function studies in scratch wound and Boyden chamber assays
suggests SENCR as an inhibitor of VSMC migration (Bell et al.,
2014).

Finally, several lncRNAs (Lnc Ang362, Lnc-Ang 162, LncAng
112, LncAng249, and LncANg219) were found to be expression-
ally regulated by Ang II in VSMCs (Leung et al., 2013). The
lncRNA AngII362 also mediates the proliferation of VSMC by
acting on the miR221/222 (Leung et al., 2013).

In vivo Aneurysm Models
In order to develop knowledge of ncRNAs that can be trans-
lated to clinical applications, it is important to devise “repro-
ducible” models mimicking the features of human aneurysms,
such as lesion in the elastic layer, inflammatory infiltrate within
the adventitial and medial layers, and increased proteolytic activ-
ity within the aneurysm wall. Clinical relevant models of AA are
still lacking, particularly for TAA. Consequently, there is large
scope for improvement, as discussed below.

One of the first animal models employed for aneurysm stud-
ies is the blotchy mouse (Andrews et al., 1975). These mice
have a mutation (blotchy allele) in the Mottled locus gene of
the X chromosome, which leads to cross-linking abnormalities
in elastin and collagen. These mice have a variety of connective
tissue abnormalities, including spontaneous thoracic aneurysm
formation and reduce tensile strength of the skin (Andrews et al.,
1975). Aneurysms in this model are histopathologically similar
to that observed in humans, with elastic fiber fragmentation and
inflammatory infiltrate within the medial and adventitial layers
(Andrews et al., 1975). To the best of our knowledge, this mouse
model has not been employed for ncRNA studies. By contrast,
another genetic model, the Fibulin-4(R/R) mice have been used
for studying miR-29 expression by Boon et al. (2011). Fibulin
proteins form bridges that stabilize the organization of extracel-
lular matrix structures (Hanada et al., 2007). Hanada et al. have
shown that reduced Fibulin-4 expression leads to dilatation of
the ascending aorta, aneurysm formation, dissection of the aor-
tic wall and thickened aortic valvular leaflets that are associated
with aortic valve stenosis and insufficiency (Hanada et al., 2007).
At the expressional level, the TGF-beta signaling appears per-
turbed (Hanada et al., 2007). Taken together, these pathological
and expressional features suggest the relevance of Fibulin-4(R/R)
for aneurysmal studies.

Mice with an homozygous Apolipoprotein E gene depletion
(ApoE KO) are also predisposed to elastic fiber fragmentation
as well as to atherosclerosis and atherosclerotic plaque forma-
tion (Anidjar et al., 1990). In addition to these genetic models,
the delivery of exogenous substances has also been employed to
trigger AAA in mice. Examples are the perivascular delivery of
calcium chloride or proteases (collagenases and elastases), tran-
sient perfusion of elastase into infrarenal aorta, and prolonged
systemic Ang II infusion (Daugherty and Cassis, 2004). These

interventions can have been performed either in wild type mice
or in atherosclerotic ApoE KO (Azuma et al., 2009).

One study investigated the role on miR-21 and miR-29 in
mice with AAA (Maegdefessel et al., 2014a). They noted that
miR-21 was associated with protective qualities against AAA
development. They took antagomiR against miR-21 and lentiviral
vector (LV) of pre-miR-21, which would down-regulate and up-
regulate miR-21, respectively.With the antagomiR-21, they noted
a marked increase in the development of AAA in murine mod-
els, whereas LV-mediated miR-21 overexpression significantly
decreases AAA progression. Interestingly, they also noted that
in samples that were exposed to high levels of nicotine to sim-
ulate the modifiable risk factor of smoking, there was a marked
increase in miR-21, and eluded to the fact that this may be a
“safety mechanism,” in order to try and combat the negative
effects of smoking (Maegdefessel et al., 2014a). In a different
studies, The miR-21 was shown to prevent abdominal aortic
aneurysms development by targeting PTEN (phosphatase and
tensin homolog) (Ji et al., 2007). MiR-21 regulates growth and
survival of VSMCs by decreasing the expression of PTEN and
inducing expression of Bcl-2, resulting in pro-proliferative and
anti-apoptotic effects in a carotid injury model in rats. In regards
to aortic dilatation, miR-21 was significantly up-regulated in two
established murine models of AAA disease. Among the miR-21
target genes that alter proliferation and apoptosis, PTEN was the
only target gene to be significantly down-regulated at three dif-
ferent time points during aneurysm development and progres-
sion. miR-21 also targets multiple members of the dedicator of
cytokinesis (DOCK) superfamily and modulates the activity of
ras-related C3 botulinum toxin substrate 1 (Rac1) small GTPase
that regulates VSMC phenotype (Ji et al., 2007).

The role of miR-29 in aneurysm formation and development
of aortic dilation was confirmed by Maegdefessel et al. (2012).
MiR-29 is known to be involved in the regulation of ECM within
the vascular wall. Consequently, increased miR-29 expression
would down-regulate ECM synthesis. In aneurismal formation,
an increase in ECM is a protective quality, an attempt to increase
the tensile strength of the vessel in order to prevent diameter
expansion. The miR-29 family, which targets numerous gene
transcripts that encode ECM proteins, is known to modulate
gene expression during development and aging of the abdomi-
nal aorta and during the progression of aortic aneurysms (Boon
et al., 2011; Maegdefessel et al., 2012, 2014a). Maegdefessel et al.
(2012, 2014a) looked in particular at miR-29b, one of the fam-
ily members of miR-29. In their murine models, they noted that
there was an increase in ECM production when they inhib-
ited miR-29b expression in their antimiR-29 mouse population.
In addition to this, they also noted a concurrent decrease in
MMP2 andMMP9. These findings were also seen in their human
aneurysm/non-aneurysm tissue studied. This suggests a strong
link with increased miR-29b expression and aneurismal develop-
ment (Maegdefessel et al., 2014a). Interestingly, similar findings
were also found by another team: Boon et al. (2011) looked at
miR-29b in association with aneurysm formation and increasing
age. Age is a significant risk factor for the development of AAA
disease. They noted that vascular wall changes due to age are cru-
cial to the development of AAA disease. In their study they found
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increased levels of miR-29 in aging vessel walls. Knowing that
miR-29 is associated with reduced ECMproduction and therefore
increased AAA development, they inferred from their results that
the age related risks associated with AAA development were due
to increased miR-29 levels and reduced wall structural integrity
(Boon et al., 2011). Inflammation is another key element in the
AAA development and disease progression as it has strong corre-
lations with vessel reconstruction and alteration (Shimizu et al.,
2006). One study noted that miRNA expression may be linked
to inflammatory responses within vasculature, in turn, affecting
AAA development (Maegdefessel et al., 2014b). They looked at
miR-23b-24-27b cluster in murine models, and attempted to find
a correlation with up-regulated inflammatory mediators. They
found that miR-24 had the most significant negative correlation
with inflammatory mediators, looking in particular at chitinas 3-
like1 (CH3L1). CH3L1 is a known mediator of inflammation and
has been suggested as a novel biomarker of chronic inflamma-
tory disease (Lee et al., 2011). They found that in murine AAA
models miR-24 levels are inversely correlated with increased lev-
els of CH3L1. Inferring from these results, we can speculate that
miR-24 not only has protective qualities against the inflamma-
tory processes involved in AAA disease, but it may also be used
as a biomarker for the progression of the disease. Nonetheless,
there were no significant changes in circulating miR-24 between
small and large AAA. However, CH3L1 levels were significantly
increased in large AAA compared with small, and that using both
in conjunction may be a viable biomarker of disease progression
(Maegdefessel et al., 2014b). These results were noted to correlate
to those in ex-vivo human AAA tissue.

Finally, miR-712 is the murine homolog of the aforemen-
tioned MMP activator miR-205 (Kim et al., 2014). In addition,
miR-712 was proved involved with aneurysm formation in mice
(Kim et al., 2014).

Concerning lncRNAs, the aforementioned Lnc Ang362, Lnc-
Ang 162, LncAng 112, LncAng249, and LncANg219 were found
to have altered expression altered in the aorta of Ang II treated
mice (Leung et al., 2013).

Research has timidly expanded to large animal models, which
better mimic the human anatomy and allow for diagnostic
(including in vivo imaging) and therapeutic approaches similar
to what could be delivered to human patients. One study in par-
ticular looked at the use of porcine arterial tissues that have been
in vivo manipulated with a mixture of collagenases and calcium
chloride in order to replicate TAA as close as possible to the
ones observed in patients (Eckhouse et al., 2013). Eckhouse et al.,
reproduced this model and demonstrated that under the condi-
tions they used the outcome was predictable and consistent. In
addition to this, they cited the importance of finding a largemam-
malian model that will accurately mimic human pathology. They
propose that murine models previously used in TAA studies are
only useful at the cellular level, as this data is not easily trans-
ferable to human models. We concur with this opinion. Their
porcine model, on the other hand, was noted to have the mural
structure and contents that are seen in human TAA tissue stud-
ies, i.e., cell contents, wall constituent configuration and protease
levels (in particular MMPs). The importance of this study is that
the development of a reproducible TAAmodel that can be used in

any study, providing a level of standardization and transferabil-
ity to the disease in humans (Riches et al., 2013).We are currently
developing themodel to be used in our own translational research
projects.

Ex-vivo Aneurysm Models
A recent study co-authored by one (TGA) of us, used porcine
arterial segments to create an ex-vivomodel of aneurysm compa-
rable to human AAA. Freshly isolated porcine arteries were pre-
treated with collagenase and elastase before being cultured under
flow in a bioreactor for 12 days. This produced aneurysmal-like
remodeling. VSMCs were harvested from the porcine aneurysmal
vessels and further studied in vitro in comparisons with cells pre-
pared from human end stage AAA disease. Cellular senescence
was investigated using β-galactosidase staining and apoptosis was
quantified using a fluorescence-based caspase 3 assay. The data
on VSMC morphology, senescence and proliferation were com-
parable to that of end stage human AAA vessels (Riches et al.,
2013). The authors propose this model can be used to examine
temporal changes in VSMC biology in porcine and also human
aortic vessels and to identify the molecular mechanisms conduc-
tive to or protective from aneurysmal remodeling (Riches et al.,
2013). In the longer term, this may inform and functionally val-
idate new therapeutic targets (including miRNAs and lncRNAs)
as part of a translational pipeline preceding human interventional
studies.

Work on Clinical Samples and Patient Population
In recent years miRNAs have been found to regulate vascular
pathologies in aortic aneurysm (thoracic and abdominal disease).

Expressional Studies

Liao et al. performedmicroarray and systemic analysis of miRNA
from the ascending aorta segments of TAA patients and normal
aorta from organ donors (Liao et al., 2011). The resulting miR-
NAs were validated by qPCR and target genes were predicted
TargetScan v5.1 and Mirind V5.1. The miRNAs which were
validated as significantly upregulated in human TAA are miR-
183∗, −433, −553, −491-3p, −30c, and −338-5p. By contrast,
miR-143, −145, −22, −24, −93 and −768-5p were lower in the
TAA samples (Liao et al., 2011). Elia et al. also found that miR143
and 145 are down regulated in ascending aortic aneurysms (Elia
et al., 2009). Loss of miR-143 and miR-145 expression induces
structural modification of the aorta due to an incomplete dif-
ferentiation of VSMC. This confirms a previous study which
showed transition of VSMC from contractile to synthetic pheno-
type exists in media of TAA aorta, indicating that VSMC are less
differentiated in TAA (Elia et al., 2009).

In another study, Jones et al. compared miRNA expres-
sion levels in aortic tissue specimens collected from patients
with ascending TAAs and looked at the aneurysm progres-
sion (Jones et al., 2011). They observed decreased expression of
miRs −1, −21, −29a, −133a, and −486 as compared with nor-
mal aortic specimens. A significant relationship between expres-
sion of miR-1, −21, −29a, and −133a and aortic diameter was
identified; as aortic diameter increased,miR expression decreased
(Jones et al., 2011). Through the use of a bioinformatics approach,
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members of the matrix metalloproteinase (MMP) family, pro-
teins involved in TAA development, were examined for putative
miR binding sites. MMP2 and MMP9 were identified as poten-
tial targets for miR-29a and miR-133a, respectively, and MMP-2
was subsequently verified as a miR-29a target in vitro (Jones et al.,
2011). Reduced miR29-b was also replicable in human aneurys-
mal tissue samples compared with controls (Maegdefessel et al.,
2012).

Kumari et al. compared ascending TAA with descending TAA
tissue using miRNA microarray and found that the expression
level of miR-1, 30c-2∗, miR-145, miR-204, miR-331-3p were up-
regulated in ascending TAA in comparison with descending TAA
(Premakumari et al., 2014). Importantly this data suggests that
these miR mayhave biological and clinical relevance in the con-
text of TAAs and may provide significant targets for diagnos-
tic/prognostic and therapeutic applications (Premakumari et al.,
2014).

Pahl et al. compared miRNA expression levels using an
affymetrix GeneChip miRNA array in human AAA vs. control
human aorta tissue (Torella et al., 2011). Three miRNA were
found upregulated in AAA: miR 181a∗, miR 146a, miR21. While
five miRNA miR 133b, miR 133a, miR 331-3p, miR 30c-2∗, and
miR204 were significantly down regulated in human AAA tissue.
The down regulated miRs replicated well in the qPCR validation
while the upregulated three miRs failed to replicate. In addition,
they found that miR 133 is down regulated in human AAA tissue
(Torella et al., 2011).

LncRNA expression has not yet been investigated in clinical
samples. However, we expect that this gap will be soon filled,
including by our group. Because of the high number of lncRNAs,
next generation sequencing methods will be useful in developing
these studies.

Genetic Studies

Genome-wide association studies (GWAS) is an approach used to
identify associations between single nucleotide polymorphisms
(SNP), variations in a single nucleotide within theDNA sequence,
and their influence on health and disease. AA is a complex dis-
ease with important risk factors like male sex, cigarette smoking,
a personal history of myocardial infarction and a heritability of
70% i.e., family history (Wahlgren et al., 2010). GWAS suggest a
role of ANRIL in AA. There are five chromosomal regions in the
human genome with the strongest supporting evidence of con-
tribution to the genetic risk for AAA: (1) ANRIL (also known as
CDKN2BAS) on chr9p221 locus is expressed in humans. 9p21.3.
This locus is among the most strongly replicated regions for car-
diovascular disease and is also associated with coronary artery
disease. ANRIL encodes an antisense lncRNA that regulates
expression of the cyclin-dependent kinase inhibitors CDKN2A
and CDKN2B; (Congrains et al., 2012) (2) DAB2 interacting
protein (DAB2IP), which encodes an inhibitor of cell growth
and survival; (3) low density lipoprotein receptor-related pro-
tein 1 (LRP1), a plasma membrane receptor involved in VSMC
and macrophage endocytosis; (4) low density lipoprotein recep-
tor (LRPR); and (5) contactin-3 (CNTN3) (Boucher et al., 2003;
Elmore et al., 2009; Gretarsdottir et al., 2010; Bown et al., 2011).

Candidate gene studies represent complementary approaches
to analyze genetics behind AA. The most significant associations
with AAA discovered in candidate gene studies are: (1) SORT1
(lipid metabolism) (Jones et al., 2013); (2) IL6R (inflammation)
(Harrison et al., 2013); (3) LPA (lipid metabolism); (4) AGTR1
(Renin angistenin system) (Jones et al., 2008); (5)TGFBR2 (TGFB
signaling) (Biros et al., 2011); (6) MMP3 (Degradation of ECM)
(Yoon et al., 1999); (7)MTHFD1 (methionine metabolism) (Hin-
terseher et al., 2011); (8) LRP5 (lipid metabolism) (Boucher et al.,
2003). To date, genetic studies targeting ncRNAs are lacking.

Summary and Future Research

Today, there are no clinical tests to detect an aneurysm and
the management of aneurismal diseases is unsatisfactory. Surgi-
cal intervention is the only valuable treatment option and based
only on size. Predictors of biological behavior of an aneurysm
wall would enhance the management of aneurysm disease from
a one dimensional surgical strategy. This strong clinical need has
prompted the research of new biomarker and therapeutic targets
to be to translate into clinical care. The explosion on miRNA
research in the last year delivered some candidates to be further
studied. Basic science still needs to fill several gaps. Firstly, stud-
ies in ncRNA biology have focused on the effects of miRNAs or
lncRNAs on VSMC and ECs. This research needs to be extended
to include miRNAs or lncRNAs in other cellular components of
blood vessels, such as fibroblasts and macrophage, which remain
to be investigated. NcRNA research focused on their function in
blood vessels is currently limited. In addition to miRNAs and
lncRNAs, other ncRNAs, such as rasiRNAs and piRNAs, may also
be involved in the development of cardiovascular pathology, and
their function requires evaluation. Additional work on miRNA
drug chemistry and delivery approaches enabling local and sys-
temic but safe delivery of ncRNA-based therapeutics is required,
this further necessitates the use of clinical relevant animal mod-
els and in vivo imaging systems. lncRNAs are vastly unexplored
by cardiovascular researchers, but given the enthusiasm of many
academic and industry-based scientists who specialize in ncRNAs
research, we foresee this will be reversed by a plethora of exciting
studies.
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Vascular amyloidosis (VA) is a component of aging, but both VA and aging move forward

together. Although, not all age-related molecules are involved with VA, some molecules

are involved in a crosstalk between both of them. However, the cellular mechanism

by which, vascular cells are phenotypically shifted to arterial remodeling, is not only

involved in aging but also linked to VA. Additionally, patients with hypertension and

atherosclerosis are susceptible to VA, while amyloidosis alone may provide fertile soil

for the initiation and progression of subsequent hypertension and atherosclerosis. It is

known that hypertension, atherosclerosis and amyloidosis can be viewed as accelerated

aging. This review summarizes the available experimental and clinical evidence to help the

reader to understand the advance and underlying mechanisms for VA involvement in and

interaction with aging. Taken together, it is clear that VA, hypertension and atherosclerosis

are closely intertwined with arterial aging as equal partners.

Keywords: vascular amyloidosis, intertwine, vascular aging, hypertension, atherosclerosis

INTRODUCTION

Amyloid is found in the aortic walls of almost 100% of the population above 50 years of age
(Mucchiano et al., 1992), and also aged people are susceptible to hypertension and atherosclerosis,
which indicates that vascular amyloidosis (VA), hypertension and atherosclerosis are highly
associated with aging. However, few studies have focused on the relationship between amyloidosis
and arterial diseases. We reviewed the molecular and cellular mechanisms of VA and give evidence
how strongly it is fundamentally intertwined together with hypertension, atherosclerosis, and aging
at the cellular and molecular levels (Wang et al., 2010a).

DISTRIBUTION OF AMYLOID PROTEINS

Amyloidosis is a disorder of protein metabolism characterized by extracellular accumulation of
abnormal insoluble amyloid fibrils. About 30 proteins are known to form pathogenic amyloid or
amyloid-like fibrillary networks in a wide range of human tissues which are associated with diseases
having high morbidity and mortality rates (Galant et al., 2017). However, there are only four kinds
of amyloid proteins which are mainly associated with VA. Here we review the four main amyloid
proteins that are susceptible to deposit in different arteries and interact with different cells (Table 1).

In general, these four amyloid proteins TTR (Transthyretin), Apo1 (Apolipoprotein A-1),
immunoglobin γ, and medin are susceptible to deposit, respectively at cerebral artery, coronary
artery and aorta. If amyloid proteins deposit within the walls of the cerebral vasculature with
subsequent aggressive vascular inflammation, it will lead to recurrent hemorrhagic strokes
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TABLE 1 | The relationships among the four kinds of amyloid proteins, the arteries

likely deposited, the cells likely involved and references.

Amyloid protein Arterial tree Cellular role

TTR Coronary Booth et al.,

1995, Cerebral Sekijima,

2015

EC Nunes et al., 2013

Apo1 Coronary Stewart et al.,

2007, Aorta Mucchiano

et al., 2001

Matrix Ramella et al., 2011

Immunoglobin γ Cerebra Audemard et al.,

2012

EC Truran et al., 2014, Matrix

Berghoff et al., 2003

Medin Aorta Davies et al., 2015a,

Cerebral Peng et al., 2005

EC Davies et al., 2015b,

VSMC Hagggvist et al., 1999

(Agyare et al., 2014); If they deposit within the walls of the
coronary artery, they will lead to angina pectoris, even ischemia
cardiomyopathy; If they deposit within the wall of aorta, they

will lead to hypertension, atherosclerosis, and even dissecting
aneurysm eventually (Wang et al., 2010a).

HYPERTENSION AND VA

What’s the relationship between VA and hypertension? Let’s
review it. In 1997, Rotterdam Study showed that hypertension,
as an indicator of atherosclerosis, was not only related to vascular
dementia, but also Alzheimer’s disease (AD) (Forette et al., 1998).
Hypertension may initiate vascular damage before the onset of
AD so as to make symptoms more pronounced and progress
more rapidly (Liu et al., 2014). Furthermore, compromised
vessels may be more vulnerable to the deleterious effects of
amyloid β-protein (Aβ). For example, since blood brain barrier
(BBB) integrity is damaged by hypertension, blood components
may enter the brain prior to the large-scale accumulation of
Aβ. These blood components may serve as a seed for Aβ

deposition and promote vascular inflammation, resulting in
cellular damage and the release of toxic molecules. It is suggested
that hypertension has a significant effect on the onset and
progression of AD. Epidemiological studies have shown that
AD rapidly progressed in elderly hypertensive people. It is also
suggested by numerous epidemiological studies that treating
hypertension in midlife may be an effective strategy for reducing
the likelihood of AD onset later in life (Kruyer et al., 2015).

Conversely, VA, as a main part of vascular aging, is involved
with age-associated vascular remodeling. During the whole
process, every step is linked closely to the initiation and
progression of hypertension. Endothelial dysfunction leads to
hypertension directly with the decrease of nitric oxide since
endothelium-dependent vasodilation is impaired (Puddu et al.,
2000). VSMCs, as the most important cells of vascular wall,
shift the phenotypes during VA, which eventually lead to
increase vascular wall stiffening, decrease elasticity of vascular
wall and hypertension occurs subsequently (Wang et al., 2014a).
Fibroblasts, as the main cells in the adventitia of vascular
wall, once activated during amyloidosis, affect both intima and
adventitia thickening, whichmake hypertension accompany with

it (Peng et al., 2002). The vascular extracellular matrix (ECM)
also is involved in amyloidosis and hypertension due to the
deposition of amyloid proteins in the ECM, and arterial elasticity
can be injured so that hypertension ensues (Larsson et al.,
2006). Collectively, all hypertensive patients are vulnerable to
VA (Kruyer et al., 2015), while VA accelerates the initiation and
progression of hypertension (Larsson et al., 2006).

ATHEROSCLEROSIS AND VA

Similarly, it is certain that the relation between atherosclerosis
and VA exists. Roher et al. (2003) found that cerebrovascular
atherosclerosis is significantly more frequent and severe in
those with AD compared with normal aging and those with
other neurodegenerative diseases. Also, Beach et al. (2007)
found there was an association between circle of Willis
atherosclerosis and AD. Furthermore, they found that this
association is relatively specific to AD rather than other
major neurodegenerative diseases. Alternatively, the finding
that amyloid-β is present in advanced human atherosclerotic
lesions suggests that atherosclerosis may be promoted directly
by AD pathology, potentially through altering the metabolism
of oxidized lipoproteins (Yarchoan et al., 2012). Moreover, the
micro-environment produced by MFG-E8 and medin who are
intimately involved with VA through promoting the secretion
of many inflammatory molecules and the phenotypic shifts
of vascular cells render the arterial wall a fertile soil for
atherosclerosis to flourish.

MOLECULAR MECHANISMS OF
VASCULAR AMYLOIDOSIS

It has been demonstrated that MFG-E8 and medin are rich in the
“amyloid-like” aortic media. Simultaneously, MFG-E8, as a novel
marker of vascular aging, induces proinflammatory molecules
which are involved within the Ang II signal pathway, including
Medin, MMP-2/9, MCP-1, as outlined in Figure 1.

MFG-E8
Milk fat globule-epidermal growth factor-8 (MFG-E8), is also
known as lactadherin. Growing evidence has indicated that
MFG-E8 is a secreted inflammatory mediator that orchestrates
diverse cellular interactions involved in the pathogenesis of
various diseases, including vascular aging and amyloidosis.
During aging, as the downstream molecule of Ang II signal
pathway, both MFG-E8 transcription and translation increase
within the arterial walls of various species (Fu et al., 2009).
Moreover, many downstream inflammatory molecules within
the Ang II signal pathway are induced by MFG-E8. During
amyloidosis, as the origin of amyloid protein, MFG-E8 cleaves
into medin which increases the stiffness of vascular wall through
the binding to tropoelastin. Furthermore, MFG-E8 leads to
the phenotypic shifts of all kinds of vascular cells which
supply a fertile soil for arterial diseases. Therefore, MFG-E8
makes VA, aging, hypertension and atherosclerosis intertwine
together.
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FIGURE 1 | The linkage and twist of VA with aging. (A) Cellular and molecular mechanisms of VA. Ec, endothelial cell; VSMC, vascular smooth muscle cell; ECM,

extracellular matrix; Ang II, Angiotensin II; MFG-E8, Milk fat globule-epidermal growth factor-8; MMP2/9-zinc, containing endopeptidases2/9; MCP-1, Monocyte

chemoattractant protein-1; NO, Nitric oxide. (B) Amyloidosis is intertwined with arterial aging, hypertension and atherosclerosis.

Medin
Vascular amyloidosis (VA) is markedly increased with aging

(Wang et al., 2013). As mentioned, medin is the most common
amyloid protein which deposits in the wall of aorta. Prior
studies have shown that a 50 amino acid polypepetide called
medin, cleaved from MFG-E8’s C2-like domain (Hagggvist
et al., 1999), not only tightly binds to tropoelastin but also
eventually incorporates into arterial amyloids (Larsson et al.,
2006). These medin amyloids have been observed within arterial
walls, including that of both aorta and temporal artery (Peng
et al., 2005), in Caucasian populations over 50 years old (Davies
et al., 2014, 2015b). Recent studies have shown that aortic medin
amyloids serve as a trigger for amyloid A-derived amyloidosis
(Larsson et al., 2011).

Ang II
Ang II, as a leading proinflammatory vasoactive stressor, can
induce the inflammatory molecules in the signaling cascade
within the aged arterial wall, in which VA may be progressing.
Augmentation of these Ang II biosignals appear to be the
foundation of the molecular mechanisms of age-associated
adverse arterial structural remodeling (Wang et al., 2010b). It
is known that “local” Ang II regulated independently is over
1,000-fold more abundant than “circulating” Ang II and plays
an important role in vascular pathophysiology in elderly people
(Diz, 2008). Some studies have shown that expression of Ang
II protein increases not only in the aged aortic wall of rats but
also in the thickened intima of older monkey aortae (Wang
et al., 2003; Jiang et al., 2008).Moreover, the immunofluorescence
of Ang II increases within the “grossly normal” aortic wall of
older people (Wang et al., 2007). Simultaneously, it has been
found that MFG-E8 can be induced by Ang II in VSMCs isolated
from rat aortae, which indicates that MFG-E8 is required for
Ang II to increase some downstream inflammatory molecules.

Consequently, MFG-E8, which plays a crucial role in arterial
aging and amyloidosis, is a novel link between them.

MMP-2/9
The zinc-containing endopeptidases, MMP-2/-9, are involved
in the breakdown of ECM occurred in amyloidosis, aging,
hypertension and atherosclerosis (Wang et al., 2014b, 2015).
The activity of MMP-2/9 increases with amyloidosis (Peng
et al., 2007) and advancing age within the aortic wall which
is linked to increased Ang II/MFG-E8/medin signaling (Wang
et al., 2003, 2005, 2007). It has been shown that MMP-2/9
activity in situ is enhanced both in the “grossly normal”
aortic segments of old people (Wang et al., 2010b) and in
thoracic aortic aneurysms and dissections (Peng et al., 2007).
The proinflammatory microenvironment MMPs create through
modifying ECM and the introduction of inflammatory molecules
shifts the phenotypes of vascular cells, including endothelial cells
(ECs), vascular smooth muscle cells (VSMCs), and fibroblasts,
which are so-called arterial remodeling occurred in various
arterial diseases. Therefore, MMP2/9, is another group of key
factors that intertwines amyloidosis, aging, hypertension and
atherosclerosis.

MCP-1
MCP-1, which belongs to the G-protein coupled receptor 1
family, is a notorious inflammatory cytokine downstream of
Ang II signaling in the cardiovascular system (Wang and
Shah, 2015) and originally functions by recruiting immune
cells to sites of inflammation. Vascular amyloidosis (VA), aging,
hypertension and atherosclerosis are all a chronic, low-grade
inflammation (Wang et al., 2014b, 2015), therefore, MCP-1
is involved intimately in the inflammatory process of arterial
diseases. Additionally, it has been demonstrated that MFG-E8
induced by Ang II promotes the expression of MCP-1 in VSMCs
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within the old rat aortic wall, which leads MCP-1 within the
Ang II/MFG-E8/VSMC invasion signaling cascade (Wang et al.,
2014a). The relationship between MCP-1 and MFG-E8 can be
viewed as an important signal relationship in both VA and aging.

CELLULAR MECHANISMS OF
AMYLOIDOSIS

In arterial diseases, such as aging, amyloidosis, hypertension,
and atherosclerosis, all the arterial cells including ECs, VSMC,
fibroblasts, and matrix are ultimately the downstream targets of
the signal molecules. Adverse arterial restructuring which occurs
in all arterial diseases is the result of phenotypic shifts of those
arterial cells. The amyloidosis-related molecule MFG-E8 and
medin have already been proven to have a close relationship with
the arterial cells and matrix, as illustrated in Figure 1.

Endothelial Cells (ECs)
Endothelial integrity is important to vascular health, with ECs
building the frontline cells of the arterial wall (Wang et al.,
2014b). It is suggested that the amyloidosis associated protein
medin is toxic to aortic ECs in vitro (Madine and Middleton,
2010) and may underlie the pathogenesis of aortic aneurysm
in vivo through a weakening of the aortic wall (Peng et al.,
2007). In addition, the increased inflammatory load, such as
elevated MFG-E8 in the old endothelia may damage endothelial
mitochondrial DNA and interfere with the mitochondria life
cycle via enhanced ROS generation, which consequently initiates
and promotes EC senescence and apoptosis (Wang et al.,
2005, 2007). These cellular events and micro-environments
lead to endothelia dysfunction which renders the arterial wall
a fertile soil in which amyloidosis and atherosclerosis may
flourish (Najjar et al., 2005; Wang et al., 2014b). Interestingly,
endothelial dysfunction also occurs with aging even in healthy
adults (Sepulveda et al., 2017). additionally, due to decreased
bioavailability of nitric oxide, endothelial dysfunction which
impairs endothelium-dependent vasodilation in hypertension
(Puddu et al., 2000) may precede the development of clinical
hypertension (Najjar et al., 2005). Collectively, endothelial
dysfunction can be viewed as a prelude for arterial disease.

Vascular Smooth Muscle Cells (VSMCs)
The phenotypic shifts of VSMC, including enhanced migration,
invasion, proliferation, proinflammatory secretion, and
senescence, are the most important characters of vascular
aging and amyloidosis. They also supply a fertile stage for the
initiation and progression of the pathogenesis of hypertension
and atherosclerosis in the elderly (Wang et al., 2014a,b).
However, those phenotypic shifts are associated directly with
the inflammatory molecules Ang II, MFG-E8, and MCP-1.
Young VSMCs with the treatment of Ang II secrete MFG-E8 to
levels similar to old untreated cells (Gao et al., 2008; Fu et al.,
2009). MFG-E8 is induced by Ang II in aging, while MFG-E8 in
amyloidosis induces the expression of MCP-1 in VSMCs within
the rat aortic wall (Fu et al., 2009), leading to invasion of VSMC.
Additionally, it is well-known that MFG-E8, the precursor of
medin, is abundantly expressed by VSMCs (Hagggvist et al.,

1999; Peng et al., 2002, 2005). Moreover, it has been shown
that aortic amyloidosis is also involved with a proinflammatory
VSMC phenotypic shift due to the accumulation of MFG-E8
and medin in the aorta (Wang et al., 2014b). Chronic exposure
of VSMC to intact MFG-E8 markedly increases proliferation
and invasion (Fu et al., 2009; Wang et al., 2012), while it is
shown that chronic exposure of VSMC to medin fragments
significantly increase secreted MMP-2 levels, which promote
phenotypic shifts of vascular cells through the proinflammatory
microenvironment (Peng et al., 2007; Lakatta, 2013).

Fibroblasts
Fibroblasts compose the major vascular cells in the adventitia
which serves as the artery’s final line of defense (Michel
et al., 2007). A growing body of evidence indicates that
adventitial remodeling intertwines with the VSMC phenotypic
shift (Sierevogel et al., 2002; Moos et al., 2005; Passman et al.,
2008; Grabner et al., 2009). Variations in the adventitia could be
a signal of impending vascular disorders (Wang et al., 2010b).
With advancing age or amyloidosis, fibroblasts become activated,
synthesize smooth muscle actin and transit into myofibroblasts
which contribute to both intimal and adventitial thickening
(Najjar et al., 2005; Sepulveda et al., 2017). Additionally, the
adventitia and adjacent perivascular white adipose tissue, similar
to the intima, is a major source of MMPs (Najjar et al., 2005;
Gao et al., 2008; Wang et al., 2012; Sepulveda et al., 2017).
The transition of fibroblasts to myofibroblasts points to the
remodeling of adventitia and the activation of MMPs (Sierevogel
et al., 2002). Therefore, the inhibition of the activation of MMPs
may help to retard the progress of arterial diseases.

ECM
The ECM is not only essential for the structural integrity of
arterial walls but also serves as a platform for the binding
of vascular cell molecules that are crucial for intercellular
communication (Wang et al., 2013). Immunostaining and
proteomics analyses have also demonstrated that MFG-E8 is
a secreted extracellular adhesive molecule within the aortic
extracellular space (Hagggvist et al., 1999), while medin, as a
unique amyloid protein, is deposited exactly in the ECM (Wang
et al., 2013). Furthermore, theMFG-E8-derivedmedin is not only
co-localized with elastic fibers of older arteries in the ECM but
also binds to tropo-elastin in a concentration-dependent fashion,
forming amyloid-like fibrils within the extracellular space of
arterial walls (Larsson et al., 2006; Lakatta, 2013). The related
arteries can’t stretch and recoil freely as they are subjected to
decreased arterial elasticity (Larsson et al., 2006), which leads to
hypertension through arterial stiffening which is a hallmark of
aging (Zieman et al., 2005). From this view point, amyloidosis is
closely intertwined with aging and hypertension.

FUNCTIONAL VARIATIONS IN
AMYLOIDOSIS TISSUES

It is known that about 80% of Alzheimer’s disease (AD) patients
show some degree of Cerebral amyloid angiopathy (CAA)
(Michel et al., 2007). CAA is characterized by the deposition
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of amyloid beta (Aβ) proteins within the walls of small to
medium-sized blood vessels of the brain (Agyare et al., 2014).
It has been demonstrated that AD patients with CAA manifest
a declining cognitive test performance compared to their early
life time. It is believed that several mechanisms linking CAA
to cognition include cerebrovascular inflammation, vascular
dysfunction (Viswanathan et al., 2008; Arvanitakis et al., 2011;
Urbach, 2011; Agyare et al., 2014), oxidative stress, tissue
microstructural changes, etc. Additional studies are needed to
help elucidate the role of these factors in the relationship between
CAA and cognition decline (Greenberg, 2002; Arvanitakis et al.,
2011).

If coronary blood flow decreases due to the deposition
of amyloid, it will lead to angina pectoris, or even ischemia
cardiomyopathy (Bulut et al., 2016). It has been suggested that
several mechanisms are involved in the coronary microvascular
dysfunction, including wall thickening, luminal narrowing of
the vessels due to intramural amyloid deposition in the vessel
wall, perivascular and interstitial amyloid deposits causing
extrinsic compression of the microvasculature, and endothelial
and autonomic dysfunction (Kawata et al., 2013; Bulut et al.,
2016).

If amyloid protein, especially medin, deposits within the wall
of the aorta, it will lead to hypertension, atherosclerosis and
dissecting aneurysm. As we mentioned earlier, it is found that
medin has a close association with the internal elastic lamina,
which is not only involved with stiffening of aortic wall but also
underlies the pathogenesis of sporadic thoracic aortic aneurysm
via weakening of the aortic wall (Madine and Middleton, 2010).
Annika Larsson, etc. found that aortae from patients suffering
from thoracic aortic aneurysm and dissection contain higher

levels of medin than normal aortae (Larsson et al., 2007).

Westermark and colleagues proved that widely spread medin
amyloid deposits in the thoracic aorta are associated with aortic
wall weakening. It is notable that other forms of amyloidosis
involving arteries can lead to an increased risk for rupture (Peng
et al., 2007). In addition, VSMCs incubated together with medin
increase the production of matrix metalloproteinase-2 which
degrades elastin and collagen and eventually weakens the vessel
wall (Peng et al., 2007).

CONCLUSIONS

Collectively, the prevalence of amyloid diseases in the
aging population has become a major health concern
and consequently many resources are being invested into
developing therapies (Merlini and Westermark, 2004).
Indeed, it appears that VA may be strongly intertwined
with arterial aging, hypertension and atherosclerosis. Since
they all have a close relationship with inflammation, targeting
proinflammatory signaling molecules, including Ang II,
MFG-E8, medin, and MMPs, etc. would be promising
approaches to prevent the pathogenesis of clinical cardiovascular
events.
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Background: The association of pulse pressure and peripheral arterial disease (PAD) 
has seldom been examined using a prospective design. This study aimed to investigate 
the association of pulse pressure with PAD incidence in an elderly general population.

Methods: We utilized data from a cohort conducted in Beijing with additionally 2-year 
follow-up time. PAD was defined as an ankle brachial index value <0.9 in either leg. 
Cox proportional hazard regression model was used to quantify the magnitude of pulse 
pressure on PAD incidence.

results: During a 2-year follow-up time, 357 of 4,201 (8.5%) participants developed PAD 
with 105 (6.9%) men and 252 (9.4%) women, respectively. After adjusting for baseline 
age, sex, body mass index, hypertension, diabetes, total cholesterol, and high-density 
lipoprotein cholesterol, and smoking, the hazard ratio and 95% confidence interval for 
people with pulse pressure greater than 60 mmHg was 2.20 (1.53, 3.15) compared with 
those whose pulse pressure was less than 40 mmHg. A linear trend was observed for 
the association of pulse pressure with PAD.

conclusion: Higher pulse pressure was associated with higher PAD incidence.

Keywords: pulse pressure, peripheral arterial disease, ankle brachial index, blood pressure, cohort study

inTrODUcTiOn

Peripheral arterial disease (PAD) is a common circulatory problem in which narrowed arteries 
reduce blood flow to limbs (1, 2). It is also a strong predictor for cardiovascular diseases, mortality, 
and stroke, independent of traditional cardiovascular risk factors (3, 4). Identification of those with 
PAD has profound public health and clinical implications for earlier disease prevention and treat-
ment (5).

A number of risk factors have been identified for PAD risk assessment, such as smoking, diabetes, 
height, and dyslipidemia (6–9). Previous investigations suggested higher pulse pressure may be 
an independent predictor for PAD and this relationship was observed in several studies (10–12). 
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However, most of these studies were based on cross-sectional 
design or case–control setting in which the temporal order was 
difficult to establish due to the weakness of study design. A pro-
spective investigation of the association between pulse pressure 
and PAD remains scarce.

The present study aimed to examine the incidence of PAD, and 
to assess its association with pulse pressure in a general senior 
population.

PaTienTs anD MeThODs

study Design and Participants
This study was a prospective cohort with participants originally 
recruited for chronic diseases and risk factors assessment in 
Beijing in 2007 with additional 2-year follow-up until 2009.  
A more detailed study design was described previously (13, 14). 
The present study included participants who were 50 years and 
over. In brief, 5,885 participants from 38 communities were 
recruited. During the 2-year follow-up duration, 1,095 partici-
pants emigrated or relocated, 402 refused to attend the follow-up 
examination, and 19 died. Of the remaining participants, 164 had 
baseline PAD and 4 had missing data on core covariates; the final 
analysis included 4,201 people who were free of PAD at baseline. 
All participants provided written informed consent to attend this 
study and subsequent follow-up examination, and the study pro-
tocol and ethical approval was obtained from the Ethic Committee 
of Beijing Municipal Science and Technology Commission.

Measurements
The health interview was performed by trained medical staff 
at community clinics using a well-established questionnaire to 
determine demographic and behavioral characteristics of the 
study population. Information regarding birthday, gender, and 
smoking status were collected. Physical examination included 
anthropometric measurements, blood pressure, and medical 
history. Height and weight were measured to the nearest 0.1 cm 
and 0.1 kg, respectively, with the subject standing barefoot in light 
clothes. Waist circumference was measured to the nearest 0.1 cm 
at the mid-point between the 12th rib and right anterior superior 
iliac spine. Body mass index (BMI) was calculated as weight (kilo-
gram) to be divided by square of height (meter). Blood pressure 
was measured using standard mercury sphygmomanometer on 
the right arm in sitting position after the participants rested for 
5 min. Phase 1 and phase 5 Korotkoff sound was used as systolic 
blood pressure (SBP) and diastolic blood pressure (DBP), respec-
tively. Blood pressure was measured twice with the average results 
for the data analysis. Medical history was obtained from medical 
record and confirmed by local general practitioners.

Blood samples were collected from all the participants after 
an overnight fasting. All the biochemical measurements were 
conducted in the central laboratory of Peking University People’s 
Hospital. Concentrations of fasting glucose, total cholesterol 
(TC), high-density lipoprotein cholesterol were measured 
using an auto analyzer (Hitachi 717, Hitachi Instruments, Inc., 
Tokyo, Japan). Hypertension was defined as SBP ≥140 mmHg, 
DBP ≥90 mmHg, or current medication for hypertension, and 

diabetes mellitus was defined as fasting glucose ≥7.0 mmol/L or 
current medication for diabetes.

Determination of Pulse Pressure and PaD
Pulse pressure was calculated as the SBP minus the DBP. The 
ankle brachial index (ABI) was determined complying with 
a standard protocol. After 5  min of rest, a standard mercury 
sphygmomanometer and a Doppler stethoscope with 5  mHz 
probe (Nicolet, Elite 100  R, 5  mHz probe, USA) were used to 
determine the bilateral brachial, tibial, and dorsal arteries with 
participants in supine position. Measurements were carried out 
twice and averaged for analysis. ABI was calculated as the ratio of 
the highest SBP in the leg to the highest SBP in the arm. The lower 
value of ABIs was used as the patient-specific ABI for analysis. 
ABI <0.9 was considered as PAD (15).

statistical analysis
Continuous variables were presented as mean  ±  SD and cat-
egorical variables were presented as frequencies and proportions.  
In the descriptive analysis, we present the basic characteristics of 
study subjects in men and women separately. Then in the explora-
tory analysis, we examined the association between pulse pres-
sure and PAD using Cox proportional hazard regression models. 
Before treating pulse pressure as a continuous variable, pulse 
pressure was categorized into quartiles with the lowest quartiles 
as the reference. Three models were used for the analysis. The first 
model only included pulse pressure followed by the second model 
adjusted for age and gender as confounders. The third model was 
further adjusted for BMI, high-density lipoprotein cholesterol, 
TC, hypertension, diabetes, and smoking status. Hazard ratios 
(HRs) with 95% confidence interval (CI) were also presented. 
Kaplan–Meier method was used to estimate the PAD-free 
probability for different pulse pressure groups. All the analyses 
were two-tailed and P < 0.05 was considered to be statistically 
significant. All the statistics were obtained using R 3.1.

resUlTs

Basic characteristics
Among the 4,201 study participants, 1,527 (36.3%) were men 
and 2,674 (63.7%) were women. As shown in Table 1, the mean 
age was 61.1 (SD, 7.7) for men and 60.4 (SD, 7.8) for women. 
The mean ABI was 1.09 (SD, 0.08) with 1.11 (SD, 0.09) for men 
and 1.07 (SD, 0.08) for women. Tables  2 and 3 described the 
characteristics by PAD status. During a median 2-year (range: 
1.8–2.3 years) follow-up time, 357 (8.5%) participants developed 
PAD with 105 (6.9%) men and 252 (9.4%) women corresponding 
to 33.9 per 1,000 person-year in men and 45.5 per 1,000 person-
year in women, respectively.

association between Pulse Pressure  
and PaD incidence
Table 4 shows the association between pulse pressure and PAD. 
Model 1 only included pulse pressure, while Model 2 was adjusted 
for age and gender followed by Model 3 adjusted for age, gen-
der, BMI, hypertension, diabetes, TC, high-density lipoprotein 
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TaBle 4 | Association between pulse pressure and peripheral arterial disease 
incidence, hazard ratio (95% confidence interval).

Pulse pressure Model 1 Model 2 Model 3 Model 4

0–40 mmHg 1.0 1.0 1.0 1.0
41–50 mmHg 1.38 (0.99, 

1.90)
1.22 (0.88, 

1.69)
1.25 (0.90, 

1.73)
1.25 (0.90, 

1.73)
51–60 mmHg 1.99 (1.45, 

2.74)
1.59 (1.15, 

2.20)
1.63 (1.17, 

2.27)
1.63 (1.17, 

2.27)
>60 mmHg 3.25 (2.42, 

4.38)
2.10 (1.53, 

2.87)
2.20 (1.53, 

3.15)
2.19 (1.53, 

3.14)
Continuous 1.30 (1.23, 

1.38)
1.17 (1.10, 

1.25)
1.18 (1.10, 

1.28)
1.18 (1.10, 

1.28)

Model 1 included only pulse pressure; Model 2 was further adjusted for age and 
sex; Model 3 additionally adjusted for body mass index, hypertension, diabetes, total 
cholesterol, high-density lipoprotein cholesterol, and smoking. Model 4 was additionally 
adjusted for medication use.

TaBle 3 | Characteristics of study participants who developed peripheral arterial 
disease at follow-up.

Variables Men (n = 105) Women (n = 252)

Age (years) 66.45 ± 8.07 67.1 ± 9.35
SBP (mmHg) 138.39 ± 19.53 138.08 ± 21.65
DBP (mmHg) 82.19 ± 10.15 79.79 ± 10.54
ABI 0.81 ± 0.08 0.81 ± 0.1
BMI (kg/m2) 25.19 ± 4.15 26.33 ± 4.21
Waist (cm) 89.45 ± 11.31 88.57 ± 10.18
Hip (cm) 96.83 ± 7.76 98.35 ± 10.59
W/H ratio 0.92 ± 0.06 0.9 ± 0.08
Glucose (mmol/L) 5.38 ± 1.61 5.59 ± 2.01
TC (mmol/L) 4.71 ± 0.92 5.11 ± 1.07
Hypertension, n (%) 57 (54.3) 145 (57.5)
Diabetes, n (%) 12 (11.4) 23 (9.1)
Smoking, n (%) 54 (51.4) 29 (11.5)
Medication (excluding anti-
thrombotic), n (%)

16 (15.2) 41 (16.2)

Anti-thrombotic, n (%) 15 (14.3) 38 (15.1)

SBP, systolic blood pressure; DBP, diastolic blood pressure; ABI, ankle brachial index; 
BMI, body mass index; TC, total cholesterol.

TaBle 2 | Characteristics of study participants at follow-up.

Variables Men (n = 1,527) Women (n = 2,674)

Age (years) 63.16 ± 7.73 62.46 ± 7.77
SBP (mmHg) 134.35 ± 20.05 133.54 ± 19.88
DBP (mmHg) 82.71 ± 11.44 80.17 ± 10.46
ABI 1.08 ± 0.12 1.04 ± 0.11
BMI (kg/m2) 27.68 ± 58.23 26.95 ± 16.01
Waist (cm) 89.44 ± 10.34 87.48 ± 10.34
Hip (cm) 96.83 ± 6.85 98.11 ± 8.32
Glucose (mmol/L) 5.47 ± 2.01 5.5 ± 1.89
TC (mmol/L) 4.51 ± 0.84 4.97 ± 0.85
Hypertension, n (%) 788 (51.6) 1,273 (47.6)
Diabetes, n (%) 163 (10.7) 275 (10.3)
Smoking, n (%) 774 (50.7) 240 (9.0)
Medication (excluding anti-
thrombotic), n (%)

198 (13.0) 376 (14.1)

Anti-thrombotic, n (%) 192 (12.6) 360 (13.5)

SBP, systolic blood pressure; DBP, diastolic blood pressure; ABI, ankle brachial index; 
BMI, body mass index; TC, total cholesterol.

TaBle 1 | Baseline characteristics of study participants.

Variables Men (n = 1,527) Women (n = 2,674)

Age (years) 61.1 ± 7.7 60.4 ± 7.8
SBP (mmHg) 132.7 ± 18.7 132.4 ± 19.6
DBP (mmHg) 81.7 ± 10.7 80.5 ± 10.1
ABI 1.11 ± 0.09 1.07 ± 0.08
BMI (kg/m2) 24.9 ± 3.5 26.0 ± 4.0
Glucose (mmol/L) 5.21 ± 1.75 5.29 ± 1.71
TC (mmol/L) 4.75 ± 0.92 5.21 ± 0.93
Hypertension, n (%) 657 (43.0) 1,092 (40.8)
Diabetes, n (%) 133 (8.7) 251 (9.4)
Smoking, n (%) 847 (55.5) 267 (10.0)
Medication (excluding anti-
thrombotic), n (%)

216 (14.1) 405 (15.1)

Anti-thrombotic, n (%) 288 (18.9) 459 (17.2)

SBP, systolic blood pressure; DBP, diastolic blood pressure; ABI, ankle brachial index; 
BMI, body mass index; TC, total cholesterol.

Mao et al. Pulse Press and PAD

Frontiers in Endocrinology | www.frontiersin.org November 2017 | Volume 8 | Article 333

cholesterol, and smoking. In Model 3, each 10 mmHg increase in 
pulse pressure was associated with 19% higher risk of PAD when 
treating pulse pressure as a continuous variable. The HR (95% CI) 
for people with pulse pressure greater than 60 mmHg was 2.20 
(1.53, 3.15) compared with those whose pulse pressure was less 
than 40 mmHg. Similar result was shown from the Kaplan–Meier 
plot in Figure 1.

DiscUssiOn

In the present study, we examined the incidence of PAD and its 
association with pulse pressure in prospective cohort. We found 
that higher pulse pressure was associated with high risk of PAD 
and this association was independent of several risk factors 
including age, gender, high-density lipoprotein cholesterol, TC, 
hypertension, diabetes, and smoking status.

There are few studies of PAD incidence based on ABI. The 
Limburg study reported PAD incidence rate was 17.8 in men and 
22.9 in women per 1,000 person-year at the age of 65 and over 
(16) which is lower than our study. The difference may be due to 
the different study population, follow-up time, or socioeconomic 
status. Several observational studies have been conducted to 
examine whether pulse pressure is associated with PAD (17, 18). 
One study from Finland reported one 1 mmHg increase of pulse 
pressure to be associated with 1.03 odds ratio of PAD which was 
approximately 1.34 odds ratio for 10  mmHg increase of pulse 
pressure (11). Our previous study also found 5-mmHg increase in 
pulse pressure was associated with a 17 and 15% increase of PAD 
risk in men and women (10). A more recent study from Japan 
observed an odds ratio for PAD was 1.30 for increasing pulse 
pressure (12). However, all of these studies are based on cross-
sectional design or in a case–control setting. It might be difficult 
to determine if it is pulse pressure affect PAD or the opposite. Our 
current study, by using the prospectively collected data, found 
10 mmHg to be associated with 19% higher risk for 2-year PAD 
incidence risk. This finding is consistent with published studies 
while has more strength in terms of its longitudinal cohort design 
and avoid reverse causation.

In this study, we observed women had higher incidence 
of PAD compared with men, which was also observed in The 
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FigUre 1 | Kaplan–Meier plot for peripheral arterial disease by pulse pressure.
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Limburg Study (15). Several factors might contribute to the sex 
difference in PAD incidence. Firstly, women were less physically 
active on than men nowadays in China, especially for the elderly 
(19). Physical activity was a protective factor for PAD; less physi-
cal activity could contribute to higher PAD incidence. Secondly, 
previous studies also revealed sex hormone and menopausal sta-
tus were associated with lower risk of cardiovascular diseases for 
women. However, this phenomenon was not observed for PAD. 
In the Framingham Heart Study, sex hormone concentrations 
were not associated PAD risk in neither pre-menopausal nor 
post-menopausal women (20). Thirdly, heart rate was reversely 
correlated with ABI (21) and women tended to have higher heart 
rate and heart rate variability than men (22). However, more 
research is needed to clarify this sex inequality and more atten-
tion should be paid to women with higher risks of PAD.

Several potential molecular mechanisms might explain the 
observed association between pulse pressure and PAD. Pulse 
pressure was found to impair vascular endothelial function (23), 
and persistence of endothelial dysfunction could lead to arte-
rial stiffness, atherosclerosis, and PAD (24, 25). Additionally, 
the ENPP1 Q121 variant could increase pulse pressure and 
reduced insulin signaling (26). Insulin resistance was strongly 
and independently associated with PAD (27). Moreover, pulse 
pressure promotes the apoptosis of vascular smooth muscle 
cell and this effect is independent of endothelial and mitogen-
activated protein kinase (28). The synergistic effects of all these 
processes and lipid accumulation (29) accelerate the narrowing 

of the arteries in the lower extremities and aggravate intermit-
tent claudication.

In order to examine if the observed association was independ-
ent of traditional risk factors of PAD, we additionally adjusted 
for several variables in our analyses. In the multivariable adjusted 
models, the magnitude of pulse press on PAD incidence was 
attenuated compared with the unadjusted models. Two reasons 
might explain this effect size decrease. These adjusted factors, 
such as age and gender, might be the confounders for both PAD 
and pulse pressure; thus, the HR will decrease after removing the 
confounding effects by model adjustment. Other risk factors, such 
as hypertension, diabetes, or lipid fractions, might mediate the 
effect from pulse pressure to PAD. However, these explanations 
need to be further tested in future studies. A few studies examined 
the relationship between ABI and flow-mediated vasodilation 
and found they were strongly correlated (30). However, we did 
not measure flow-mediated vasodilation in our current study.

limitations
Although the data used in our study was collected prospectively, 
the median follow-up time was only 2  years. In this study, we 
only considered several important confounders in the analyses; 
a residual confounding could still bias the observed association. 
Additional analysis by collecting more variables, such as genetic 
variants (31) and other biomarkers (32–34), should be useful. The 
present study was conducted in an Asia population; the generali-
zation of the results to other ethnic groups may be limited.
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cOnclUsiOn

Higher pulse pressure was associated with PAD incidence, and 
this association might be mediated by several mechanisms.
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Chronic hypertension remains a major cause of global mortality and morbidity. It is a
complex disease that is the clinical manifestation of multiple genetic, environmental,
nutritional, hormonal, and aging-related disorders. Evidence supports a role for vascular
aging in the development of hypertension involving an impairment in endothelial
function together with an alteration in vascular smooth muscle cells (VSMCs) calcium
homeostasis leading to increased myogenic tone. Changes in free intracellular calcium
levels ([Ca2+]i) are mediated either by the influx of Ca2+ from the extracellular space
or release of Ca2+ from intracellular stores, mainly the sarcoplasmic reticulum (SR).
The influx of extracellular Ca2+ occurs primarily through voltage-gated Ca2+ channels
(VGCCs), store-operated Ca2+ channels (SOC), and Ca2+ release-activated channels
(CRAC), whereas SR-Ca2+ release occurs through inositol trisphosphate receptor (IP3R)
and ryanodine receptors (RyRs). IP3R-mediated SR-Ca2+ release, in the form of Ca2+

waves, not only contributes to VSMC contraction and regulates VGCC function but is
also intimately involved in structural remodeling of resistance arteries in hypertension.
This involves a phenotypic switch of VSMCs as well as an alteration of cytoplasmic
Ca2+ signaling machinery, a phenomena tightly related to the aging process. Several
lines of evidence implicate changes in expression/function levels of IP3R isoforms in
the development of hypertension, VSMC phenotypic switch, and vascular aging. The
present review discusses the current knowledge of these mechanisms in an integrative
approach and further suggests potential new targets for hypertension management and
treatment.

Keywords: aging, hypertension, Ca2+, IP3R, VSMC

INTRODUCTION

Cardiovascular diseases (CVD) remain the leading cause of death worldwide, with hypertension
being the number one cause of this high mortality (Forouzanfar et al., 2017). Nearly one-third of
the yearly global mortality is due to CVD (Chen et al., 2013). At least half or more of ischemic
stroke, hemorrhagic stroke, ischemic heart disease and other CVD such as cardiomyopathy, aortic
aneurysms, or peripheral vascular disease are intimately attributed to elevated blood pressure (BP),
or hypertension (Forouzanfar et al., 2017). This burden is on the rise, despite all therapeutic
advances made in recent years, especially in elderly people (Gates et al., 2009; GBD 2013 Risk
Factors Collaborators et al., 2015; Harvey et al., 2015; GBD 2015 Risk Factors Collaborators, 2016;
Thijssen et al., 2016).
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Hypertension is defined as a chronic and persistent elevation
of systemic arterial pressure beyond normal values. Etiologically,
hypertension is classified as primary and secondary. Primary
hypertension, also known as essential hypertension, is the most
prevalent form of high BP and constitutes around 90–95% of
the cases with unknown etiology (Carretero and Oparil, 2000;
Rossier et al., 2017). Secondary hypertension, on the other hand,
constitutes around 5–10% of hypertensive cases and arises from
known and identifiable causes such as kidney diseases, pregnancy,
endocrine disorders, neurological diseases, and others (Chiong
et al., 2008).

Chronic hypertension predisposes nearly 1.5 billion
individuals in the world to CVD, including ventricular
hypertrophy and heart failure, stroke, and renal damage
(Chockalingam, 2008). A number of factors are known to
increase the risk of high BP development including obesity,
sedentary lifestyle, insulin resistance, high alcohol intake,
high salt intake, smoking, and aging (Carretero and Oparil,
2000; Gates et al., 2009; Green et al., 2010). The development
of essential hypertension involves multiple physiological
mechanisms including cardiac output, peripheral resistance,
renin–angiotensin–aldosterone system, autonomic nervous
system, and vasoactive substances such as endothelin, bradykinin,
natriuretic peptides, and others (Beevers et al., 2001; Cain and
Khalil, 2002).

The etiology of hypertension is complex and results
from the interaction of multiple genetic, neuronal, hormonal,
environmental factors, and aging-associated diseases (Garbers
and Dubois, 1999; Oparil et al., 2003; Chockalingam, 2008). In
fact, with over 50 genes implicated in BP regulation, and other
risk factors contributing to the pathogenesis of hypertension,
it is rarely possible to determine the etiology of the disease.
However, strong evidences support the role of “vascular aging”
in the development of hypertension (Green et al., 2010; Fritze
et al., 2012; van den Munckhof et al., 2012). In fact, progressive
aging implies endothelial dysfunction, loss of nitric oxide
(NO) bioavailability, impaired vasodilation, vascular remodeling,
and increased arterial stiffness. In addition, the molecular
and cellular mechanisms underlying vascular alterations are
common and include impaired Ca2+ signaling, oxidative stress,
and production of pro-inflammatory cytokines and pro-fibrotic
growth factors.

Regardless of its etiology, a hallmark of all cases of
hypertension is an increased vascular resistance that leads to
elevated BP. Resistance arteries, with an internal diameter of
less than 350 µm, are key elements in the control of peripheral
vascular resistance. The major drop in hydrostatic pressure in
the vascular tree occurs at the level of resistance arteries. As
described by Poiseuille’s law, resistance to blood flow is inversely
proportional to the vessel radius to the fourth power; therefore,
small variations in the lumen of resistance arteries result in
significant effects on peripheral resistance with a pronounced
impact on BP. Hence, peripheral resistance is typically a function
of the diameter of resistance arteries which, in turn, is intricately
linked to the contractility state (vasomotor tone) of vascular
smooth muscle cells (VSMCs) (Bosnjak, 1993; Hill et al., 2001).
Indeed, it is these VSMCs in resistance arteries and arterioles

that act as the main effectors in the continuous regulation
of vascular resistance. By stretching VSMCs, BP activates a
myriad of signaling events that eventually produces myogenic
tone, a distinguishing feature of resistance arteries and arterioles
(D’Angelo et al., 1997; Davis, 2012; Mufti et al., 2015; Kroetsch
et al., 2017). Furthermore, this tone represents the baseline on
which various primary messengers such as neurotransmitters,
endothelium-derived vasoactive molecules, local metabolites,
or hormones converge and act to modulate constriction and
dilatation. Many membrane channels and receptors play a pivotal
role in vasotone regulation. VSMCs of resistance arteries express
several plasma membrane (PM) ion channels including K+
channels (Taguchi et al., 1994; Sobey et al., 1998; Tajada et al.,
2012), Ca2+ channels, Cl− channels (Bulley et al., 2012; Dam
et al., 2014; Heinze et al., 2014), transient receptor potential
(TRP) family of ion channels, voltage-gated Ca2+ channels
(VGCCs) (Hondeghem et al., 1986; Inoue et al., 2001; Liao et al.,
2007), epithelial Na+/acid-sensing channel (ENaC) (Jernigan and
Drummond, 2005; Drummond, 2009; Grifoni et al., 2010), and
stretch-activated channel, also known as PIEZO1 (Allison, 2017).
In addition to these channels, IP3R and ryanodine receptor
(RyR), which are localized SR membrane play an important
role in VSMC contractility and the development of hypertension
(Long et al., 2007; Mufti et al., 2010; Lin et al., 2016).

It is important to note that with sustained hypertension,
vessels undergo progressive alteration characterized by
inflammatory responses, VSMC growth and migration,
extracellular matrix synthesis and degradation, endothelial
dysfunction that increases vascular stiffness and resistance, and
decreases vascular elasticity (Shyu, 2009; Dharmashankar and
Widlansky, 2010; Renna et al., 2013). Remodeled vessels heavily
contribute to the pathophysiology of vascular diseases such as
atherosclerosis, and are subsequently at high risk of blockage or
rupture that could damage and fail the supplied organ (Renna
et al., 2013). This review will highlight the role of alterations
in inositol trisphosphate receptors (IP3R) expression/function
in changes in vascular remodeling and vascular tone, and VSM
contractility in response to chronic hypertension. A summary of
the proposed model is presented in Figure 1.

IP3R IN VSMCs: EXPRESSION,
STRUCTURE, AND LOCALIZATION

The IP3R of VSMCs plays important roles in gene expression,
cellular proliferation, and migration, as well as contractility
(Wilkerson et al., 2006; Xi et al., 2008; Adebiyi et al., 2010).
IP3R is a tetramer, with each subunit encompassing an amino
terminus, six transmembrane domains, and a carboxy terminal
tail (Michikawa et al., 1994; Yoshikawa et al., 1996). The amino
terminus contains an IP3-binding domain, a suppressor domain
that inhibits IP3 binding, and a regulatory domain (Yoshikawa
et al., 1999). This regulatory domain contains binding sites
for Ca2+ and ATP as well as consensus phosphorylation sites
(Michikawa et al., 1994; Patel et al., 1999; Foskett et al., 2007).
Within this regulatory domain, there is also a coupling motif that
is important for physical interactions between IP3R and transient
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FIGURE 1 | Proposed role of alteration in IP3R expression/function in the development of hypertension. Apart from contribution to vascular tone and VSM
contractility via SR-Ca2+ release, calcium wave production, and induction of calcium sensitization, IP3R forms a mechanosensing complex with TRP channels that is
proposed to initiate contraction in response to increased intraluminal pressure. Physiological patterns of IP3R-mediated Ca2+ release are affected by the expression
of other SR membrane proteins including SERCA. Under circumstances of sustained increased blood pressure, IP3R expression increases together with increased
sensitivity to IP3 and increased coupling with the TRP mechanosensing machinery resulting in increased intracellular Ca2+ release and increased VSM contraction.
Interplay with NFAT-mediated signaling pathways might contribute pressure-induced changes in VSMC phenotype, vascular inflammation, and VSMC senescence.
Increased VSMC proliferation and migration were reported to involve increased IP3R-mediated Ca2+ release with subsequent intracellular store depletion and
increased store-operated Ca2+ entry. IP3R-mediated Ca2+ release can potentially relay apoptotic signaling to the mitochondria contributing to vascular aging.

receptor potential canonical (TRPC) channels (Tang et al., 2001;
Adebiyi et al., 2010; Zhao et al., 2017). The transmembrane and
carboxy terminal domains are essential for tetramerization of
IP3Rs (Mignery and Sudhof, 1990; Sayers et al., 1997).

The IP3R family comprises three subtypes (IP3R1, IP3R2, and
IP3R3) that are encoded by Itpr1, Itpr2, and Itpr3, respectively.
Almost all animal cells express IP3Rs (Prole and Taylor,
2016). The human isoforms share approximately 75% amino
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acid homology; however, their sensitivity toward IP3 or other
regulatory factors is variable, thus adding a layer of complexity
for their functions (Foskett et al., 2007; Mikoshiba, 2007). This
complexity is further compounded by the existence of many
splice variants as well as the possibility of tetramerization (Foskett
et al., 2007; Mikoshiba, 2007).

Although most cells express more than one IP3R subtype,
the different subtypes exhibit some tissue-specific pattern of
expression, with one subtype being expressed at a higher level
than the others (Vermassen et al., 2004; Ivanova et al., 2014).
Moreover, the different subtypes exhibit marked difference
in their affinity for their ligand IP3 (Ivanova et al., 2014;
Vervloessem et al., 2015). They also differ in their regulation
by Ca2+ and ATP as well as their phosphorylation by various
kinases (Ivanova et al., 2014; Vervloessem et al., 2015). For
instance, although all three isoforms exhibit a biphasic mode
of IP3-induced Ca2+ release, isoform-specific characteristics of
this response are observed (Miyakawa et al., 1999; Mak et al.,
2001; Tu et al., 2005). Likewise, ATP regulates all three isoforms
but with a clear differential effect on each. For example, IP3R2
is 10 times more sensitive to ATP than IP3R3, at least in
pancreatic acinar cells (Park et al., 2008). Moreover, while all
three isoforms are targets for many kinases such as Akt, PKA,
and MAP kinases, isoform-specific regulation by these kinases
are markedly noticed. For instance, ERK1/2 can recognize three
phosphorylation resides (S436, T945, and S1765) in IP3R1 but not
in IP3R2 or IP3R3 (Bosanac et al., 2004).

Vascular smooth muscle cells expresses all three subtypes,
with IP3R1 being the predominant one in these cells (Islam
et al., 1996; Wang et al., 2001; Grayson et al., 2004; Zhou et al.,
2008). Levels of these proteins are determined by a well-regulated
balance between transcription and degradation. For instance,
while c-Myb stimulates its expression, retinoic acid and TGF-
beta inhibit expression of IP3R1 (Sharma et al., 1997; Deelman
et al., 1998; Afroze et al., 2007). Hydrogen peroxide Jak2 kinase,
Herpud1, and vasopressin regulate levels of IP3R1 by modulating
its degradation (Sipma et al., 1998; Wallace et al., 2005; Martin-
Garrido et al., 2009; Torrealba et al., 2017).

The main location of IP3Rs in VSMCs is the SR, both central
(perinuclear), and peripheral (beneath the PM) compartments
(Nixon et al., 1994; Gordienko et al., 2008; Narayanan et al.,
2012). Importantly, this localization may impart a functional
effect. For instance, IP3Rs located around the nucleus are thought
to regulate Ca2+-dependent gene expression without affecting
the global intracellular pool of Ca2+. On the other hand,
peripherally located SR allows their IP3Rs to be close enough
to the PM for localized signaling to membrane proteins to be
efficiently elicited (Adebiyi et al., 2010; Zhao et al., 2010). It is
also important to note that in addition to their role in Ca2+

release, IP3Rs have other significant functions. For example,
upon binding, IP3 causes IP3R−binding protein released with
IP3 (IRBIT) to be released from the IP3-binding site. The
now released IRBIT can then modulate other targets such as
transporters, channels as well as ribonucleotide reductase (Ando
et al., 2003; Arnaoutov and Dasso, 2014). Moreover, IP3Rs,
independent of their Ca2+ release ability, may also regulate others
proteins such as the opening of TRPC (Zhang et al., 2001). As

such, cellular distribution of IP3Rs and their Ca2+-independent
roles dictate the functions of these receptors, under both
physiologic and pathophysiologic conditions as will be discussed
below.

FACTORS AFFECTING VASCULAR
TONE: ALTERATION IN HYPERTENSION

Under physiological conditions, individual components of the
vascular system maintain a certain degree of spontaneous
constriction constituting the vascular tone. This vascular
property determines the dilatory capacity of the vascular bed
and hence the organ, whereby a higher tone allows for a higher
dilatory capacity as in the heart and skeletal muscles, and a
lower tone leads to a limited dilatory capacity as in case of
cerebral circulation (Klabunde, 2012). Indeed, vascular tone
results from the integration of several competing stimuli that
modulate the contractile state of VSMC. In isolated vessels, the
myogenic response constitutes the fundamental form of vascular
reactivity in response to increased intraluminal pressure (Uchida
and Bohr, 1969). Extrinsic influences converge to modulate this
intrinsic contractility. The overall vascular tone is set as a net
outcome of the interaction of endothelial inputs activated by
sheer stress (Koller et al., 1993), neuronal regulation (Fleming
et al., 1987), humoral mediators (Waldemar and Paulson, 1989),
tissue metabolic demand (Chovanes and Richards, 2012), and
tubuloglomerular feedback (characteristic to the renal vascular
bed) (Burke et al., 2014). The resultant level of constriction
determines the extent of systemic vascular resistance and
hence contributes to regulating BP, making the examination of
alterations in vascular tone an attractive target in the study of
hypertension.

Significantly, studies showed substantial alterations in
vascular tone in hypertension. Whether it is a causative
factor or adaptive consequence of hypertension, enhanced
myogenic response was reported in humans and animal
models of the disease (Henriksen et al., 1981; Sonoyama
et al., 2007). Early studies on spontaneously hypertensive
rats showed a reduced ability of cerebral arterioles to dilate
increasing the cerebral blood flow in response to intraluminal
pressure reduction (Waldemar and Paulson, 1989). Subsequent
multiple reports on these animals described an enhanced
myogenic constriction in response to intra-luminal pressure in
different vascular beds including skeletal muscle arterioles
(Falcone et al., 1993; Shibuya et al., 1998), mesenteric
arteries (Matrougui et al., 2000), cerebral arterioles (Jarajapu
and Knot, 2005), and renal afferent arterioles (Ren et al.,
2010).

IP3R-MEDIATED CALCIUM REGULATION
AND VASCULAR TONE GENERATION:
ALTERATION IN HYPERTENSION

Among other factors, intracellular Ca2+ is known to play a
pivotal role in the development and maintenance of vascular

Frontiers in Physiology | www.frontiersin.org July 2018 | Volume 9 | Article 1018139

https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-09-01018 July 26, 2018 Time: 13:55 # 5

Eid et al. Role of IPR in Vascular Hypertension

myogenic tone. The increased intraluminal pressure was shown
to elicit an increased intracellular Ca2+ in a number of vessel
preparations that develop myogenic response (Schubert and
Mulvany, 1999). Knot and Nelson (1998) reported a strong
correlation between vessel constriction in isolated pressurized rat
cerebral arteries and intraluminal pressure increase, membrane
depolarization, and increased intracellular Ca2+. Early studies
using Ca2+-sensitive dyes and two-dimensional electrophoresis
showed that the increase in intracellular Ca2+ levels ([Ca2+]i) in
these vessels was associated with an increase in myosin light chain
(LC20) phosphorylation (Zou et al., 1995). Further investigation
of the temporal association between increased intraluminal
pressure, increased [Ca2+]i, and LC20 phosphorylation showed
close coincidence of the three events in vessels examined in
pressure myography experiments (Zou et al., 2000). Upon
activation by Ca2+/calmodulin, the myosin light-chain kinase
(MLCK) specifically phosphorylates LC20 at serine-19 (Kamm
and Stull, 2001), an event that is sufficient to activate the ATPase
activity of actomyosin, cross-bridge cycling, and cell shortening
and contraction (Walsh et al., 1982).

Several receptors and transporters contribute to [Ca2+]i
dynamics in VSM, but the two primary pathways for Ca2+

influx are the PM L-type VGCC and the ER membrane IP3R
(Hill et al., 2001). On the one hand, depolarization of the PM
activates α1C, the pore-forming subunit of the VGCC, causing
a rapid Ca2+ entry from extracellular space and thus leading
to VSMC contraction. On the other hand, triggering of IP3R
by IP3 induces Ca2+ release from the ER Ca2+ stores. The
fundamental role of these two Ca2+ signaling pathways in
the clinical management of hypertension is demonstrated by
the fact that pharmacological blockers of the L-type VGCC or
α-adrenergic receptors are effective in lowering BP (Oparil et al.,
2003). In contractile VSMC, VGCCs are the major determinants
of [Ca2+]i and vascular tone. Indeed, it is mainly via through
these channels that Ca2+ enters the cell. Nevertheless, studies
also implicated RyR-mediated SR Ca2+ release not only as
a potential contributor to the generation of myogenic tone
(Mufti et al., 2010), but also via feedback regulation of VSMC
depolarization through activation of large conductance Ca2+-
dependent potassium channels (Krishnamoorthy et al., 2014).

The idea of Ca2+ influx through VGCC contributing to the
development of myogenic response stemmed from early results
demonstrating a complete loss of myogenic response following
extracellular Ca2+ removal in a variety of vessel preparations
(Schubert and Mulvany, 1999) and later corroborated by the
close association between membrane potential, intracellular
Ca2+ level, and myogenic contractility (Knot and Nelson,
1998). Voltage-associated Ca2+ currents were shown to occur
following membrane stretching in cerebral artery (McCarron
et al., 1997) and blockade of VGCC, while not affecting
the depolarization produced by the increase in intraluminal
pressure, inhibited the increase in vessel wall Ca2+ and the
myogenic response (Knot and Nelson, 1998). Models proposed
for this mechanotransduction process spanned the involvement
of membrane integrins activating downstream Ca2+-sensitive
and insensitive contractile pathways to a role for stretch sensitive
channels (Colinas et al., 2015; Mufti et al., 2015).

Out of the several members of the VGCC family, the L-type
Ca2+ channels received the most and earliest attention as the
mediator of the extracellular Ca2+ influx in myogenic response.
Certainly, L-type Ca2+ channels are broadly expressed in VSMC
(Abd El-Rahman et al., 2013), and interference with Ca2+ influx
through these channels with selective blockers was shown to
preclude the myogenic response, at least partially, in many
vessel preparations in early studies (McCarron et al., 1997;
Knot and Nelson, 1998). On the other hand, interventions
that increased L-type Ca2+ channel expression were associated
with an increased myogenic tone (Narayanan et al., 2010).
Interestingly, earlier studies of spontaneously hypertensive rats
implicated increased Ca2+ influx via VGCC in the observed
augmentation of myogenic contractility (Ren et al., 2010). It is
now widely accepted that an upregulation of VGCC expression
and/or function occurs in the context of hypertension (Joseph
et al., 2013; Tajada et al., 2013). Several signaling proteins are
implicated in this process including protein kinase C (PKC)
(Joseph et al., 2013) and PI3K (Carnevale and Lembo, 2012),
providing a mechanistic context for the contribution of humoral
mediators such as angiotensin in increased vascular resistance.

Of interest, a model was proposed implicating a role for IP3R
in regulating extracellular Ca2+ influx in VSMCs. IP3R activation
synergistically enhanced TRP channels mediated stretch-induced
depolarization (Gonzales et al., 2014). IP3R organizes in a
signaling complex with TRPC and TRPM channels whereby
stretch activates a phospholipase C isoform in addition to Ca2+

influx through TRPC channels. The resultant IP3 sensitizes
IP3R to Ca2+ entering through TRPC leading to an increased
SR Ca2+ release activating TRPM currents establishing VSMC
depolarization. Significantly, the physical coupling between IP3R
and TRP channels increased in resistance arteriole myocytes
from animal models of genetic hypertension leading to an
enhanced IP3-dependent cationic current and depolarization
(Adebiyi et al., 2012).

In addition to the extracellular Ca2+ influx, it is well
documented that Ca2+ release from the SR in the form of
Ca2+ waves is involved in arterial constriction (Boittin et al.,
1999; Jaggar and Nelson, 2000; Lee et al., 2005). Specifically,
during the myogenic response, both the number of active cells
that display Ca2+ waves and the frequency of these waves
in a given VSMC dramatically increased upon raising the
intraluminal pressure from 20 to 40 mmHg (Mufti et al., 2010).
The incidence of Ca2+ waves at high pressure was not affected
by L-type Ca2+ channel blockade but was rather sensitive to
interference with SR Ca2+ release. SR Ca2+ depletion precluded
Ca2+ wave production, LC20 phosphorylation, and myogenic
response generation. Specifically, direct inhibition of IP3R was
associated with impaired Ca2+ wave generation and interference
with the myogenic tone production (Mufti et al., 2015). Similar
effects of IP3R inhibition on micro-vessel contractility and
Ca2+ wave production were recently observed in human tissues
(Navarro-Dorado et al., 2014). Importantly, the expression of
several SR and PM-associated Ca2+ handling proteins, including
IP3R, sarco/endoplasmic reticulum Ca2+ ATPase (SERCA), and
Na+/Ca2+ exchanger, was upregulated in different hypertensive
animal models. Together with an increased SR Ca2+ release,
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the upregulation of these proteins leads to enhanced basal and
evoked vascular constriction (Linde et al., 2012; Abou-Saleh et al.,
2013). Specifically, IP3R expression was shown to be higher in
VSMC from spontaneously hypertensive rats compared to non-
hypertensive controls (Bernier and Guillemette, 1993). Moreover,
in rat models of genetic hypertension, both IP3 production and
IP3/IP3R-binding affinity are increased (Wu and de Champlain,
1996) together with an increased global [Ca2+]i (Jarajapu and
Knot, 2005).

Yet, Osol et al. (2002) showed that increased force production
in a myogenic vessel preparation in the pressure range that
is associated with myogenic contractility (60–140 mmHg)
was not associated with appreciable increases in membrane
depolarization or intracellular Ca2+ concentration. As well, a
number of early studies raised the possibility of the involvement
of Ca2+-independent force generation mechanisms in myogenic
contractility. Calcium–tone relationships were shown to be
fivefold more sensitive during pressure-induced activation
(VanBavel et al., 1998), and myogenic contractility persisted
in situations with reduced extracellular Ca2+ levels (McCarron
et al., 1997) or where membrane potential was clamped in a
depolarized state with high extracellular potassium precluding
further Ca2+ entry (McCarron et al., 1997; Lagaud et al.,
2002). Multiple lines of evidence implicated signaling pathways
involving activation of G proteins, PKC, and Rho-associated
protein kinase (ROK) in the generation of Ca2+-independent
contraction within the context of the vascular tone development
(McCarron et al., 1997; VanBavel et al., 2001; Wesselman et al.,
2001; Lagaud et al., 2002). Interestingly, a growing body of
evidence suggests that enhanced Ca2+ sensitization contributes
to augmented vascular tone in models of hypertension (Uehata
et al., 1997; Jarajapu and Knot, 2005; Zicha et al., 2014; Behuliak
et al., 2017). However, despite the direct observations that a
sustained arteriolar constriction could be obtained via enhanced
actin cytoskeleton reorganization triggered by a seemingly Ca2+-
independent signaling pathways (ROK- and PKC-mediated
pathways) (Moreno-Domínguez et al., 2013, 2014; Colinas et al.,
2015; El-Yazbi et al., 2015). These studies clearly demonstrated
the obligate dependence of the generation of arteriolar vascular
tone on Ca2+. Not only interferences with extracellular Ca2+

levels affected the myogenic response and the mechanisms of
all force generation including the Ca2+-independent pathways;
specific inhibition of IP3R precluded a pressure-dependent
increase in Ca2+ sensitization (Mufti et al., 2015).

ALTERATIONS IN IP3R
EXPRESSION/ACTIVITY ASSOCIATED
WITH VASCULAR REMODELING

Apart from mechanisms contributing to vascular tone through
regulation of the contractile machinery, an additional interesting
factor is the alteration in structural properties of the vessel
wall, referred to as vascular remodeling, a phenomenon strongly
associated with age (Baek and Kim, 2011). Initially, vascular
remodeling constituted an adaptive response of VSMC to
hemodynamic changes that can be sensed by vascular cells,

both endothelial and SMCs and translated into structural
alteration within the vessel wall. On the long run, however, these
adaptations lead to increased media thickness, reduced luminal
diameter, and extracellular matrix reorganization (Mulvany et al.,
1996; Touyz, 2005; Lemarie et al., 2010; Rizzoni and Agabiti-
Rosei, 2012). Furthermore, vascular injury induced by disruption
of atheromatous plaque or balloon angioplasty triggers a
reparative response that includes inflammation, migration and
proliferation of VSMC, and intimal hyperplasia. Ultimately, due
to changes in vessel architecture and geometry, this leads to a
negative constrictive remodeling of the arterial wall (Gibbons and
Dzau, 1994; Faxon et al., 1997).

It is now accepted that structural remodeling in resistance
arteries is closely related to the development of hypertension
(Lemarie et al., 2010; Rizzoni and Agabiti-Rosei, 2012). In this
perspective, smooth muscle cells display a significant degree
of phenotypic plasticity and, unlike most other differentiated
cells, can change their phenotype even at the differentiated
state (Yoshida and Owens, 2005; Matchkov et al., 2012). This
involves a phenotypic switch from a contractile to a proliferative,
migrating, and or/synthetic phenotype and is associated with
gene regulation and alteration of cytoplasmic Ca2+ signaling
machinery (House et al., 2008; Matchkov et al., 2012). While
vascular remodeling in aging has been partially investigated
(Wang et al., 2005, 2006, 2007), the molecular mechanisms
involved in the remodeling of Ca2+ signaling pathways observed
in hypertension is still poorly understood.

In VSMCs, resting [Ca2+]i is slightly higher than in other
cells, allowing the vessel to be in a constant state of partial
contraction. In the synthetic phenotype, however, this turns to
be less important or even voltage-independent. In contrast to
the role proposed for VGCC and IP3R in VSM contraction,
it has been suggested that regulation of [Ca2+]i in synthetic
VSMC occurs via alternative pathways including store-operated
channels (SOCs) and receptor-operated channels (ROCs) (Berra-
Romani et al., 2008; Baryshnikov et al., 2009). SOCs are activated
by depletion of internal Ca2+ stores mainly through IP3-
mediated Ca2+ release (Trebak, 2012), whereas ROCs activation
involves different components of the PLC signaling cascade
including IP3 (House et al., 2008). It is beyond the scope of this
review to discuss these two pathways in more detail. Of note,
however, the expression level of all three IP3R isoforms increase
during VSMC switch from contractile to synthetic phenotype
(Berra-Romani et al., 2008). Additionally, IP3R-mediated Ca2+

release increases in proliferating VSMC offering a possible
explanation for the observed increased in SOC Ca2+ entry
(Moses et al., 2001; Wilkerson et al., 2006). Selective inhibition
of IP3R not only reduced VSMC proliferation (Wang et al.,
2001; Wilkerson et al., 2006) but also inhibited in vitro pressure-
induced increase in VSMC migration (Tada et al., 2008). Evidence
in synthetic human VSMCs point to an altered mode of Ca2+

release via IP3R (Bobe et al., 2011). IP3-mediated release in
these cells occurs in a steady state followed by store-operated
calcium entry. This pattern was restored to the oscillatory
Ca2+ release pattern characteristic to contractile VSMCs
upon upregulation of SERCA pump expression. This switch
reduced nuclear factor of activated T cells (NFAT) signaling.
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In the context of hypertension, we have previously shown
that L-type Ca2+ channels and IP3R are specifically
and concomitantly upregulated in an angiotensin-induced
hypertension model through a NFAT-dependent pathway
(Abou-Saleh et al., 2013). Functionally, this was associated
with enhancement and sensitization of IP3-dependent Ca2+

release, thereby resulting in higher basal Ca2+ levels and
increased VSM contraction. In addition to hypertension,
upregulated NFAT signaling in the vasculature was implicated
in a number of age-related disorders including post-injury
restenosis (Bonnet et al., 2009), vascular inflammation, and
aggravation of atherosclerosis in diabetes (Nilsson-Berglund
et al., 2010; Zetterqvist et al., 2014), as well as vascular smooth
muscle senescence (Min et al., 2009). This latter observation
taken together with the evidence regarding the association of
increased IP3R expression/activity, NFAT signaling, and VSMC
phenotypic switch may add novel insights into the role of
IP3R in VSMC molecular remodeling as a part of the aging
process. Specifically, studies in several cell types demonstrated
that different IP3R isoforms occur in close proximity to the
mitochondria and transmit pro-apoptotic Ca2+ signals (Simpson
et al., 1998; Szalai et al., 1999; Mendes et al., 2005). Yet, it
is worth mentioning that the role of IP3R in aging is far
from being clear. Whereas IP3 content was shown to increase
in rat brain (Igwe and Ning, 1993), IP3R expression and
IP3 binding were shown to be decreased (Igwe and Filla,
1997).

In addition to NFAT, other Ca2+ sensitive transcription
factors such as serum response factor (SRF), c-response element
binding (CREB) seem to play an important role in switching
VSMC from a contractile to a synthetic phenotype (Matchkov
et al., 2012). Future studies on the role of IP3R in this
process need to be conducted in IP3R-deficient mice. In this
regard, the role of IP3R in VSMC contractility in vivo was
recently highlighted in a conditional triple knockout mouse,
where the agonist-mediated vascular constriction was attenuated
together with a lack of development of hypertension in response
to chronic angiotensin infusion (Lin et al., 2016). However,
the effect of the conditional knockout on VSMC phenotypic
switch in response to hypertension has not been addressed
so far.

CONCLUSIONS AND FUTURE
PERSPECTIVES

Hypertension is a complex disease that arises from the interaction
of multiple genetic, environmental, nutritional, hormonal, and
age-related pathological conditions. The etiology of “essential
hypertension,” which accounts for more than 90% of clinical
hypertension, comprises an increased vascular resistance and is
associated with structural alterations in the wall of resistance
arteries. Modulation of [Ca2+]i in VSMC allows small arteries
and arterioles to establish vasomotor tone and regulate blood
flow, and determine peripheral vascular resistance and BP. These
changes require a phenotypic switch of VSMC from a contractile
quiescent to a versatile proliferative phenotype, a phenomenon
widely observed in age-associated vascular remodeling. As
described above, IP3R activity was shown to be essential in almost
every cellular mechanism involved in setting vascular tone level.
Additionally, modulation of IP3-dependent Ca2+ signaling may
represent an essential stimulus for VSMC shift from quiescent
to the proliferative state. KT-362 was an investigational drug
targeting IP3R-mediated Ca2+ release that showed a clinically
relevant antihypertensive action (Hester and Shibata, 1990).
However, clinical trials were discontinued at phase II. In
addition to known targets for antihypertensive therapy, novel
interventions within the PLC–IP3R pathway constitute attractive
therapeutic targets for future research given their ubiquitous
involvement in cellular processes leading to hypertension.
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Hydrogen sulfide has been suggested to play an essential role in atherogenesis. There is

a paucity of information about the association between H2S and angiotensin converting

enzyme 2 (ACE2), a novel homolog of ACE. Therefore, the aim of the study was to explore

the role of H2S in atherosclerosis with respect to ACE2 both in vitro and in vivo. Here, a

murine model of acutely disturbed flow-induced atherosclerosis by left common carotid

artery (LCA) partial ligation was utilized. We found that carotid partial ligation in high-fat

fed apoE−/− mice significantly inhibited endogenous H2S synthesis in LCA. Application

of NaHS, an H2S donor considerably attenuated the severity of atherosclerosis with

upregulating carotid expression of ACE2, thus converting pro-atherosclerotic angiotensin

II (Ang II) to anti-atherosclerotic angiotensin 1-7 (Ang-(1-7)). The anti-atherosclerotic

effect of NaHS was dramatically abolished by treatment with MLN-4760, an ACE2

inhibitor. In contrast, blockage of H2S formation by DL-propargylglycine exacerbated the

burden of atherosclerotic plaques accompanied by inhibiting carotid expression of ACE2.

At the cellular level, NaHS dose-dependently promoted the expression of ACE2 and

conversion from Ang II to Ang-(1-7) in unstimulated or LPS-stimulated endothelial cells,

thus exerting anti-inflammatory properties. The anti-inflammatory effect of NaHS was

abrogated by pretreatment with DX600, a selective ACE2 inhibitor. In conclusion, these

data provide direct evidences that endogenous H2S insufficiency exists in acute flow

disturbance-induced atherosclerosis and that application of H2S may protect against

atherosclerosis via upregulating ACE2 expression in endothelial cells.

Keywords: hydrogen sulfide, atherosclerosis, ACE2, Ang-(1-7), Ang II

INTRODUCTION

Hydrogen sulfide (H2S) is recently considered to be a novel gaseous mediator, which is
endogenously produced during cysteine metabolism mainly by two pyridoxal phosphate-
dependent enzymes, cystathionine β-synthase (CBS) and cystathionine γ-lyase (CSE) (Renga,
2011). It has become clear that H2S exerts various effects in mammalian cardiovascular tissues.
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Endogenous H2S has been suggested to be involved in the
pathogenesis of atherosclerosis (Lefer, 2007; Elsey et al., 2010).
Wang et al. found for the first time the association between H2S
and atherosclerosis in apoE−/−mice (Wang et al., 2009). The
causative effect of H2S in atherosclerosis was further confirmed in
CSE gene-deficient mice (Mani et al., 2013). Deletion of CSE gene
in mice led to decreased H2S formation, elevated blood pressure
and impaired endothelium-dependent vasorelaxation (Yang
et al., 2008). As a result, CSE knockout mice fed a high cholesterol
diet predisposed to develop early atherosclerotic lesions (Mani
et al., 2013). Mice with both CSE and apoE gene knockout had
more extensive atherosclerosis burden than those with either
apoE or CSE knockout (Mani et al., 2013). Furthermore, various
studies have investigated the precise mechanisms by which H2S
hinders the development of atherosclerosis. H2S might protect
vascular tissue from atherogenic damage by inhibiting vascular
intimal proliferation, reducing adhesion molecules expression,
suppressing oxidative stress and limiting foam cell formation
(Laggner et al., 2007; Meng et al., 2007; Zhao et al., 2011).
However, due to the complexity of the atherogenic process, the
anti-atherogenic mechanism of H2S is still far from clear.

It is well-known that renin-angiotensin system (RAS) is a
key modulator of cardiovascular function and plays essential
roles in endothelial dysfunction and atherosclerosis (Dzau, 2005;
Savoia and Schiffrin, 2006). Angiotensin-converting enzyme
(ACE)/angiotensin II (Ang II)/angiotensin II type 1 receptor
(AT1R) axis is the main pathway of RAS and contributes to
the pathogenesis of atherosclerosis (Dzau, 2005; Savoia and
Schiffrin, 2006). Recently, the understanding of RAS has been
greatly expanded after a homolog of ACE, namely ACE2 was
identified. Unlike ACE, ACE2 stimulates the degradation of Ang
II into Ang-(1-7), an anti-inflammatory vasodilator and anti-
trophic heptapeptide (Donoghue et al., 2000; Oudit et al., 2003;
Danilczyk and Penninger, 2006), therefore exerting protective
effect in atherosclerosis. Moreover, the anti-atherosclerotic effect
of ACE2 has been proposed by overexpression of ACE2 in mice
or rabbits, as characterized by an increase in tissue Ang-(1-
7) and a decrease in tissue Ang II (Dong et al., 2008; Lovren
et al., 2008). Overexpression of ACE2 promoted the stability of
atherosclerotic lesions by suppressing macrophage infiltration,
decreasing lipid deposition, increasing collagen content and
lowering matrix metalloproteinase activity in plaques (Dong
et al., 2008). However, ACE2-deficicency in LDLR−/− or
apoE−/− mice exacerbated the development of atherosclerosis
(Thomas et al., 2010; Thatcher et al., 2011). Thus, ACE2 may
provide a therapeutic target in the treatment of atherosclerotic
cardiovascular diseases.

In light of the importance of RAS in atherosclerosis, some
studies explored the relationship between H2S metabolism and
RAS. It was found that H2S improved endothelial function
and myocardial remodeling via downregulating Ang II/AT1R
pathway in renovascular hypertensive rats (Xue et al., 2015; Liu
et al., 2017). Application of NaHS, an H2S donor, inhibited
hyperglycemia-induced ACE-Ang II-AT1R activation in cultured
renal mesangial cells and kidneys from diabetic rats (Xue
et al., 2013). Previous studies have investigated the role of
H2S in ACE-Ang II- AT1R axis, the classical pathway of

RAS. However, there is little information about the link
between H2S and ACE2 in cardiovascular system. Given this
background, this study was designed to probe the possible
effect of H2S on ACE2-Ang-(1-7) in vitro and in vivo. Our
data indicate that deficiency of endogenous H2S formation
accompanies the development and progression of disturbed flow-
induced atherosclerosis. Supplement of H2S upregulated ACE2
expression and production of Ang-(1-7) in endothelial cells,
resulting in attenuation of atherosclerosis.

MATERIALS AND METHODS

Cell Culture
Human umbilical vein endothelial cells (HUVECs) were
obtained from American Type Culture Collection (ATCC). Cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) (Invitrogen,
USA), 100 units/ml penicillin and 100 mg/ml streptomycin.
Cells were plated in 6-well plates or 100-mm tissue culture
dishes 1 day before experiments. Near-confluent cultures were
starved overnight in medium containing 0.5% FBS before NaHS
treatment or stimulation with LPS.

Cell Treatment
All treatments were performed in serum-free culture medium
with penicillin and streptomycin. Cells were washed twice with
serum-free culture medium and pre-incubated with saline or
NaHS (50, 100, and 200µM) for 24 h. Some cells were then
stimulated with LPS (100 ng/ml) for 24 h in the continuous
presence of NaHS. In the time course experiment, cells were pre-
incubated with saline or NaHS (100µM) for 0, 6, 24, or 48 h. For
experiments using inhibitors, cells were pre-treated with DX600
(1µM, an ACE2 inhibitor, Phoenix Pharmaceuticals; Pedersen
et al., 2011) for 2 h before pre-incubation with NaHS (100µM)
for 24 h and subsequent stimulation with LPS (100 ng/ml) for
24 h.

Animal Model
C57BL/6J male apoE−/− mice were purchased from the Animal
Center of the Beijing University, Beijing, China. The study
was carried out in accordance with the Guidelines for the
Care and Use of Laboratory Animals of the Shanghai JiaoTong
University School of Medicine. The protocol was approved by the
Committee on the Ethics of Animal Experiments of the Shanghai
JiaoTong University School of Medicine (Permit Number:
[2015]-117). At age of 8 weeks, mice were randomly assigned to
partial ligation of left carotid artery (LCA) or sham operation,
followed by being fed a high-fat diet for 4 weeks that contained
10% fat from lard and was supplemented with 2% (w/w)
cholesterol. LCA was partially ligated as previously described
(Sullivan, 2002; Nam et al., 2009) with slight modifications. In
brief, mice were intrapeitoneally anesthetized by the mixture of
xylazine (10 mg/kg) and ketamine (80 mg/kg). The neck was
epilated and then disinfected with iodophor. LCA was exposed
by a ventral midline incision (4–5mm) in the neck. Except
that the superior thyroid artery remained intact, left external
carotid, internal carotid and occipital artery were ligated with

Frontiers in Physiology | www.frontiersin.org October 2017 | Volume 8 | Article 782149

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Lin et al. H2S and ACE2 in Atherosclerosis

6–0 silk (Figure 1A). The skin was sutured and mice were
then kept in a warm chamber until recovery. After LCA partial
ligation or sham operation, mice were randomly given saline,
NaHS (1 mg/kg/day, i.p.) or DL-propargylglycine (PAG, 10
mg/kg/day, i.p.). Some NaHS-treated mice were intraperitoneally
given MLN-4760, a selective ACE2 inhibitor (0.5 mg/kg, daily,
Millennium Pharmaceuticals) 2 weeks after initiation of NaHS
treatment (Ye et al., 2012). Four weeks postligation, all the
mice were sacrificed. Samples of carotid arteries and blood were
collected and stored at −80◦C. At the beginning and the end of
the study, systolic blood pressure (SBP) was monitored by a tail
cuff system (Blood Pressure Analysis System BP- 98AWmonitor,
Japan).

Histological Examination and Masson

Staining
Anesthetized mice underwent left ventricle perfusion with
buffered saline and 10% neutralized formalin at 100 mmHg. LCA
was collected en bloc with the trachea and esophagus. LCA were
embedded in paraffin. Fifteen serial sections (5µm) were taken
500–1,000µm proximal to the location of ligation. Five sections
from each mouse were stained with hematoxylin and eosin. The
staining were then examined by light microscopy (n = 6 mice
in each group, objective lens magnification of ×20; eyepiece
magnification of ×10).The lesions were quantified by Image J
software (National Institutes of Health, USA) as described in the
literatures (Lessner et al., 2002; Sullivan, 2002; Nam et al., 2009;
Zhang et al., 2012, 2015). Measurement of intima and media
of carotid arteries was acquired by tracing the border of the
lumen and the internal and external elastic laminae (Figure S1).
The mean area of the intima and media was measured by
tracing multiple sections, and the ratio of the area of intima to
media was calculated. Sections were also stained with Masson’s
trichrome to display collagen components in a given plaque.
To calculate proportions of collagen content to neointima, we
measured intimal lesion areas and Masson’s trichrome positive
blue areas in at least three sequential sections (Tasaki et al.,
2013). Every morphological parameter was quantified by one
investigator blinded for the treatment.

Immunohistochemistry of ACE2
LCA were deparaffinized in xylene and rehydrated in aqueous
solutions with decreasing alcohol content, followed by a wash
in PBST (1 × PBS with 0.5% Tween 20, pH 7.4). Antigen
retrieval was achieved by heating the slides in 10mM sodium
citrate (PH 6.0) at 95◦C for 20min. Slides were gradually cooled
down at room temperature and washed in H2O and PBST. To
inactivate endogenous peroxidase, sections were treated with 3%
H2O2 for 15min, followed by incubation with 10% normal goat
serum for 20min to block nonspecific staining. After incubation
overnight at 4◦Cwith primary antibody (rabbit anti-mouse ACE2
in a dilution of 1:75, Abcam, USA), slides were incubated with
secondary antibody (HRP-conjugated, goat anti-rabbit IgG in a
dilution of 1:200, Santa Cruz Biotechnology, USA) for 2 h at room
temperature. Specific staining for ACE2 was developed by the
reaction with 3, 3′-diaminobenzidine and counterstaining was
applied with hematoxylin. The immunohistochemical staining

was viewed by light microscopy (objective lens magnification of
×40; eyepiece magnification of×10).

Real-Time RT-PCR
Total RNA from cells was extracted using Trizol R© reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
protocol. The concentration of isolated RNA was assayed by
measuring the absorbance at 260 nm and the integrity of RNA
was visualized by ethidium bromide staining of 18S and 28S on
a denaturing agarose gel. One microgram RNA was reversely
transcribed using iScriptTM cDNA Synthesis Kit (Biorad, USA)
at 25◦C for 5min, 42◦C for 30min, followed by 85◦C for 5min.
The resulting cDNA was then used as a template for real time
PCR amplification. The forward and reverse primers of ACE2,
ACE, Mas, and β-actin gene were shown in Table 1. Real-time
PCR was performed using Lightcycler 2.0 system (Roche Applied
Science, USA). Relative expression of gene mRNA was analyzed
using a comparative method described in the user bulletin. The
data were calculated with 2−11CT method and normalized to
β-actin expression.

Western Immunoblot
Cells (3 × 106) were collected and lysated at 4◦C using
radioimmunoprecipitation assay lysis buffer. Tissues of LCA
were homogenized on ice in radioimmunoprecipitation assay
lysis buffer. Cell lysates or tissue homogenates were centrifuged
at 14,000 g for 10min at 4◦C. Protein concentration in the
soluble fraction was determined by Bradford method. Proteins
(20 µg) were size-fractionated by 8% SDS-PAGE and transferred
onto nitrocellulose membranes. The membranes were blocked
for 2–3 h with 5% nonfat milk and then probed overnight at
4◦C with rabbit polyclonal anti-ACE2 (1:500, molecular weight
97 kDa, Abcam, USA), β-actin antibodies (1:1,000, Santa Cruz
Biotechnology, USA) and mouse monoclonal anti-CSE antibody
(1:1,000, molecular weight 45 kDa, Abnova, Taiwan) respectively,
followed by secondary antibody for 2 hs with a 1:2,000 dilution
of HRP-conjugated, goat anti-rabbit IgG or goat anti-mouse IgG
(Santa Cruz Biotechnology, USA). The blots were visualized
using a standard enhanced chemiluminescence system.

ELISA
MCP-1, TNF- α and IL-6 (Quantikine, R&D systems), as well as
Ang-(1-7) and Ang II (Cloud-Clone Corp., USA) were assayed
using ELISA kits according to the manufacturers’ instructions.
Results for the levels of Ang-(1-7) and Ang II in carotid arteries
were expressed as pg/mg protein after correction for the protein
concentration in tissue homogenates (determined using the
Bradford assay).

Measurement of Plasma H2S
Ten percent Trichloroacetic acid (120 µl), 1% zinc acetate (60
µl), 20µM N, N-dimethyl-p-phenylenediamine sulfate (40 µl)
in 7.2M hydrochloride acid and 30µM FeCl3 (40 µl) in 1.2M
hydrochloride acid were mixed with plasma (120µl) and distilled
water (100 µl). After 10min, the absorbance of the mixture was
assayed by spectrophotometry at 670 nm (Tecan Systems Inc.).
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FIGURE 1 | (A) Schematic diagram of low and oscillatory flow-induced atherosclerosis by partial ligation of LCA (PLA). Three branches of LCA, external carotid artery

(ECA), internal carotid artery (ICA), and occipital artery (OA) were ligated with 6-0 silk suture, while leaving the superior thyroid artery (STA) intact. (B) Representative

light microscopy images of hematoxylin and eosin-stained LCA cross sections were taken from high-fat fed apoE−/− mice 1 or 4 weeks after PLA or sham operation.

Scale bar for histological images = 100µm. (C–E) Alterations in H2S biosynthesis during PLA induced atherosclerosis in high-fat fed apoE−/− mice. CSE expression

(C) and activity (D) in LCA, and plasma H2S level (E) were assayed at indicated time points (1 or 4 weeks after PLA or sham operation). Results shown are the mean

± SEM (n = 6 animals in each group). *P < 0.05 for the comparison between mice 4 weeks after sham operation and mice 4 weeks after PLA. #P < 0.05 for the

comparison between mice 1 week after PLA and mice 4 weeks after PLA.
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TABLE 1 | Real time PCR primers.

Genes Primers

ACE2 F: 5′-ACCCTTCTTACATCAGCCCTACTG-3′

R: 5′-TGTCCAAAACCTACCCCACATAT-3′

ACE F: 5′-CAGCTTCATCAT-CCAGTTCC-3′

R: 5’-CCAGGAAGAG-CAGCAGCCAC-3′

Mas F: 5′-ACAACACGGGCCTCTATCTG-3′

R: 5′-CTCATGGGCATAGCGAAGAT-3′

β-actin F: 5′-GGATGCAGAAGG AGATCACTG-3′

R: 5′-CGATCCACACGGA GTACTTG-3′

Plasma level of H2S was calculated using a standard curve of
NaHS with a concentration from 3.125 to 100µM.

H2S Synthesizing Activity Assay
H2S synthesizing activity in LCA was measured as described
previously (Zhang et al., 2006). In brief, 4.5% w/v tissue
homogenate (430µl) in 100mMpotassium phosphate buffer (pH
7.4) was mixed with 20mM L-cysteine (20 µl), 2mM pyridoxyal
5′-phosphate (20 µl) and saline (30 µl). The reaction started
in tightly sealed tubes after tubes were transferred from ice to
water bath at 37◦C. After incubation for half an hour, 1% zinc
acetate (250µl) was added and trapped the evolvedH2S, followed
by 10% trichloroacetic acid (250 µl) to cease the reaction.
Afterward, 20µM N, N-dimethyl-p-phenylenediamine sulfate
(133 µl) in 7.2M hydrochloride acid was added, immediately
followed by 30µM FeCl3 (133 µl) in 1.2M hydrochloride
acid. The absorbance of the resulting mixture was assayed
by spectrophotometry at 670 nm (Tecan Systems Inc). H2S
concentration was calculated using a standard curve of NaHS
with a range from 3.125 to 100µM. Results were expressed as
nmoles H2S produced per mg protein in tissue homogenates
(determined using the Bradford assay).

Statistics
The data were expressed as mean ± SEM. The significance of
differences among groups was evaluated by analysis of variance
(ANOVA) with post-hoc Tukey’s test when comparing three or
more groups. The significance of differences between two groups
was evaluated by T-test. A P < 0.05 was regarded as statistically
significant.

RESULTS

Alterations of Endogenous H2S Synthesis

during Disturbed Flow-Induced

Atherosclerosis
Atherosclerosis is known to be closely associated with disturbed
flow characterized by low and oscillatory shear stress (Sullivan,
2002; Pedersen et al., 2011). However, studies directly linkingH2S
to disturbed flow condition in atherogenesis are lacking. Here,

we investigated the alterations of H2S metabolism in a murine
model of acutely disturbed flow-induced atherosclerosis by
partial carotid ligation (Figure 1A). ApoE−/− mice underwent
either LCA partial ligation or sham operation and then were
fed a high-fat diet for 1 or 4 weeks. By the first week, LCA
showed slight evidences of atherosclerotic lesions as determined
by H&E staining (Figure 1B). By 4 weeks, LCA developed
accelerated atherosclerosis (Figure 1B). However, only minor
or no lesions were observed in carotid arteries isolated from
mice fed a high-fat diet for 1 or 4 weeks after sham operation
(Figure 1B).

Then, we examined the time-dependent alterations of carotid
H2S bio-synthesis in disturbed flow-induced atherosclerosis.
As shown in Figures 1C,D, H2S synthesizing activity and
CSE expression in LCA decreased in a time-dependent
fashion, with a significant reduction 4 weeks after ligation.
Furthermore, plasma H2S concentration gradually declined in
a time-dependent manner (Figure 1E). There was a statistically
significant reduction in plasma H2S level by 4 weeks after
ligation. These data suggest both local and systemic H2S
insufficiency in LCA partial ligation induced atherosclerosis.
In another word, acute flow disturbance induced by partial
ligation inhibited carotid CSE expression and CSE activity, thus
resulting in an evident decline in production of endogenous
H2S.

Alterations of ACE2 in Carotid Arteries

during Disturbed Flow-Induced

Atherosclerosis
Next, we explored the alterations of carotid ACE2 over
time in disturbed flow-induced atherosclerosis (Figure 2A).
Immunostaining showed that ACE2 was finely expressed in
vascular endothelial cells from normal mice. By 1 week
postligation, expression of ACE2 in LCA endothelim was
significantly upregulated. However, by 4 weeks, the endothelial
expression of ACE2 dramatically decreased with the progression
of atherosclerosis (Figures 2A,B). Four weeks after ligation, LCA
endothelium exhibited less intense staining with ACE2 than 1
week after ligation. As a result, the level of Ang-(1-7) in LCA
was high at the beginning of ligation and then gradually reduced
in a time dependent manner (Figure 2C). The level of Ang II in
LCA changed oppositely (Figure 2D). These data indicate that
disturbed flow in carotid arteries initially induced the endothelial
expression of ACE2 in an attempt to inhibit the initiation of
atherosclerosis. However, with the development and progression
of atherosclerosis, endothelial ACE2 expression was inhibited,
therefore shifting a balance from anti-atherosclerotic Ang-(1-7)
to pro-atherosclerotic Ang II.

Effect of H2S on Disturbed Flow-Induced

Atherosclerosis
In the time course study, we found that the biosynthesis of H2S
significantly decreased 4 weeks after PLA whereas the carotid
ACE2 expression started rising 1 week after PLA (Figures 1, 2).
This finding suggested that H2S seems to play a part in regulating
ACE2 expression in the advanced stage of atherosclerosis (4
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FIGURE 2 | Alterations in ACE2 expression during PLA induced atherosclerosis in high-fat fed apoE−/− mice. (A) Representative immunohistochemical images of

LCA cross sections were taken from high-fat fed apoE−/− mice 1 or 4 weeks after PLA or sham operation. Scale bar for histological images = 50µm. (B) LCA

sections from mice 1 or 4 weeks after PLA or sham operation were quantified immunohistochemically for ACE2 positive staining. Levels of Ang-(1-7) (C) and Ang II (D)

in LCA were assayed by ELISA at indicated time points (1 or 4 weeks after PLA or sham operation). Results shown are the mean ± SEM (n = 6 animals in each

group). Arrowheads represented positive staining for ACE2 in endothelial cells. *P < 0.05 for the comparison between mice 1 week after sham operation and mice 1

week after PLA. **P < 0.05 for the comparison between mice 4 weeks after sham operation and mice 4 weeks after PLA. #P < 0.05 for the comparison between

mice 1 week after PLA and mice 4 weeks after PLA.

weeks after PLA) but not in the early phase of atherosclerosis
(1 week after PLA). In addition to H2S, there are some other
factors contributing to ACE2 expression in different stages of
atherosclerosis. Here, we investigated the effect of H2S on carotid
ACE2 expression 4 weeks after PLA.

NaHS (1 mg/kg/day, i.p.), DL-propargylglycine (PAG, 10
mg/kg/day, i.p.) or saline was randomly given to mice after
partial ligation. After 4 weeks, the extent of atherosclerotic
lesions was assessed by histological analysis (Figure 3A).
Histological analysis showed that NaHS treatment significantly
impeded the plaque development, as characterized by alleviated
neointimal hyperplasia and less atherosclerotic lesions in LCA
(Figures 3B,C). On the other hand, inhibition of H2S formation
by PAG induced advanced atherosclerosis, as evidenced by more
severe neointimal hyperplasia and more obvious narrowness
in LCA (Figures 3B,C). Masson’s staining revealed that NaHS
reduced the amount of collagen deposits whereas PAG
enhanced hyperplasia of collagen fibers in neointimal lesions
(Figures 3D,E). In addition, NaHS or PAG had negligible effect

on body weight, plasma lipid profiles, and blood pressure
(Table 2).

Effect of H2S on ACE2-Ang-(1-7)

Expression in Atherosclerosis
Immunohistochemistry revealed that supplement with NaHS
enhanced the expression of ACE2 in endothelial cells whereas
PAG inhibited it in atherosclerotic lesions (Figures 4A,B).
Then, we used Western blot to quantify the ACE2 expression
level in LCA. Consistent with the findings obtained by
immunostaining, NaHS significantly upregulated carotid ACE2
expression while PAG downregulated it (Figure 4C). As a result,
NaHS notably promoted the local production of Ang (1-7)
in LCA but PAG inhibited it (Figure 4D). The carotid level
of Ang II was blunted by NaHS while it was raised by PAG
(Figure 4E).

In order to reinforce the influence of H2S on ACE2-Ang-(1-
7), MLN-4760, a selective and potent inhibitor against mouse
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FIGURE 3 | Effect of NaHS or PAG on PLA-induced atherosclerosis in LCA. Representative light microscopy images of hematoxylin and eosin-stained (A) or Masson

trichrome-stained (D) LCA cross sections were taken from sham-operated mice with saline, PLA mice with NaHS, PLA mice with PAG, or PLA mice with NaHS and

MLN (intervention with MLN-4760 for 14 days). Scale bar for histological images = 100µm. Lesion area of intima (B), intima/media ratio (C) and collagen deposits (E)

in the neointimal hyperplasia in LCA were measured as described in Materials and Methods. Results shown are the mean ± SEM (n = 6 animals in each group). *P <

0.05 for the comparison between sham+saline and PLA+saline. **P < 0.05 for the comparison between PLA+saline and PLA+NaHS. ***P < 0.05 for the

comparison between PLA+saline and PLA+PAG. #P < 0.05 for the comparison between PLA+NaHS and PLA+NaHS+MLN.

ACE2 was applied (Ye et al., 2012). As shown in Figures 4D,E,
blockage of ACE2 activity by MLN-4760 significantly reversed
the elevation of carotid Ang-(1-7) level and the decline of carotid
Ang II level induced by NaHS. The anti-atherosclerotic property
of NaHS was also significantly abolished by treatment withMLN-
4760 (Figures 3A,D).

Effect of H2S on ACE2 in Endothelial Cells
Since ACE2 is highly expressed in carotid endothelium,
we sought to examine the effect of H2S on ACE2-Ang-
(1-7) in HUVECs. We found that NaHS time-dependently
(Figures 5A–C) and dose-dependently (Figures 5D–F) increased
the mRNA and protein expression of ACE2 in HUVECs.
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TABLE 2 | Effects of treatment with NaHS on blood pressure and plasma lipids.

Body Weight

(g)

Systolic Blood

Pressure (mmHg)

Total Cholesterol

(mmol/L)

Triglycerides

(mmol/L)

High-density

Lipoprotein (mmol/L)

Low-density

Lipoprotein (mmol/L)

sham +saline 33.11 ± 5.61 128.74 ± 17.27 10.21 ± 2.51 1.87 ± 0.66 1.97 ± 0.71 7.21 ± 2.05

PLA+saline 31.65 ± 3.27 125.86 ± 15.26 11.43 ± 3.45 1.90 ± 0.67 2.02 ± 0.63 7.32 ± 3.68

PLA+NaHS 30.56 ± 3.36 109.23 ± 25.26 10.78 ± 2.96 2.01 ± 0.85 1.84 ± 0.77 8.10 ± 3.18

PLA+PAG 29.06 ± 4.85 134.45 ± 21.88 11.19 ± 3.09 2.14 ± 0.99 2.16 ± 0.63 7.65 ± 2.77

PLA+NaHS+MLN 28.75 ± 5.86 112.06 ± 23.32 11.52 ± 3.18 2.34 ± 1.04 2.08 ± 0.69 8.19 ± 2.74

Subsequently, NaHS enhanced the production of Ang-(1-7)
(Figures 5G,I) but decreased the level of Ang II (Figures 5H,J)
in a time-dependent and dose-dependent manner. Moreover,
similar effect of NaHS was observed in LPS-stimulated HUVECs
(Figure 6). LPS at a concentration of 100 ng/ml significantly
downregulated the expression of ACE2 and Ang-(1-7) but
increased the level of Ang II in HUVECs. The inhibition of
endothelial ACE2-Ang-(1-7) expression induced by LPS was
reversed by NaHS in a dose dependent manner (Figure 6).
NaHS also dose-dependently reduced the level of Ang II in
LPS-stimulated HUVECs (Figure 6E). As Mas receptor is a
functional receptor for Ang-(1-7) (Santos et al., 2003), we
evaluated the effect of NaHS on the mRNA expression of Mas
in HUVECs. NaHS did not alter the mRNA expression of
Mas in unstimulated or LPS-stimulated HUVECs (Figure S2A).
In addition, we examined the effect of H2S on ACE, the
classical component of RAS in HUVECs. After treatment
with NaHS, the mRNA expression level of ACE remained
unchangeable in unstimulated or LPS-stimulated HUVECs
(Figure S2B).

H2S Inhibits the Production of Cytokines

and Chemokine in Endothelial Cells by an

ACE2 Dependent Mechanism
As shown in Figure 7, the production of TNF-α, IL-6, and
MCP-1 was dose-dependently repressed by NaHS in either
unstimulated or LPS-stimulated HUVECs. The inhibitory effect
of NaHS was significantly blunted by DX600, a selective ACE2
inhibitor (Nam et al., 2009), suggesting that H2S may inhibit
endothelial activation through an ACE2-dependent mechanism
(Figure 8).

In addition to endothelial cells, positive immunostaining
for ACE2 in atherosclerotic plaques was also present in foam
cells and macrophages (Figure 4A). H2S has been shown to
be a potent regulator of monocyte/ macrophage activation
(Zhi et al., 2007; Zhang et al., 2012), which is central to the
pathogenesis of atherosclerosis. Therefore, we explored whether
H2S would affect the activation of macrophages via ACE2-
Ang-(1-7). As shown in Figure S3, NaHS significantly inhibited
the production of TNF-α and MCP-1 in unstimulated or LPS-
stimulated RAW264.7 cells. The anti-inflammatory property of
NaHS was not reversed by pretreatment with DX 600, suggesting
that H2S likely modulates macrophage functions through other
pathways but not ACE2.

DISCUSSION

It is well established that atherosclerosis develops preferentially
at particular sites in branched or curved arteries, which expose
endothelial cells to disturbed flow characterized by low and
oscillatory wall shear stress, even if there are various risk factors
such as smoking, hyperlipidemia, diabetes and hypertension (Ku
et al., 1985; VanderLaan et al., 2004). The present study utilized
partial carotid ligation in high-fat fed apoE−/− mice as an animal
model of acutely disturbed flow-induced atherosclerosis and then
investigated the role of H2S in it. To the best of our knowledge,
this is the first study to explore the alterations of H2S biosynthesis
in disturbed flow-induced atherosclerosis. We found that partial
carotid ligation inhibited local CSE expression and CSE activity,
thus resulting in an evident decline in endogenous production of
H2S. Consistent with our findings, deficit of H2S synthesis was
also obtained in fat-fed apoE−/− mice or balloon injury induced
neointimal hyperplasis (Meng et al., 2007; Wang et al., 2009;
Zhang et al., 2012; Mani et al., 2013).

The biological importance of H2S in disturbed flow-induced
atherosclerosis is further underlined by application of NaHS
to manipulate endogenous H2S deficiency. NaHS treatment
significantly reduced LCA atherosclerotic burden and impeded
the progression of atherosclerosis. Furthermore, abolishing
systemic H2S by PAG aggravated the extent of atherosclerosis in
carotid arteries. These interesting findings highlight the potential
role of H2S in the pathogenesis of atherosclerosis induced by low
and oscillatory shear stress.

It is well documented that ACE2 plays a permissive role
in reducing atherosclerosis. ACE2 is thought to counterbalance
ACE by degrading pro-atherosclerotic Ang II to the putative
protective peptide, Ang-(1-7) (Oudit et al., 2003; Dong et al.,
2008; Lovren et al., 2008; Thomas et al., 2010; Thatcher et al.,
2011). The anti-atherosclerotic properties of ACE2 were also
evaluated in disturbed flow induced-atherosclerosis. We found
that ACE2 was predominantly expressed in carotid endothelial
cells in normal mice and that the expression of ACE2 significantly
increased 1 week after partial ligation. With the progression
of atherosclerosis, the expression level of ACE2 dramatically
decreased. As a result, the level of Ang-(1-7) in LCA gradually
reduced in a time dependent manner although it was high at
the beginning of ligation. The level of Ang II in LCA changed
oppositely. These data suggest that disturbed flow in carotid
arteries initially upregulated the expression of ACE2 in an
attempt to inhibit the initiation of atherosclerosis. However,
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FIGURE 4 | Effect of NaHS or PAG on ACE2 expression in LCA from mice with PLA-induced atherosclerosis. (A) Representative immunohistochemical images of LCA

cross sections were taken from sham-operated mice with saline, PLA mice with NaHS, PLA mice with PAG, or PLA mice with NaHS and MLN (intervention with

MLN-4760 for 14 days). Scale bar for histological images = 50µm. (B) LCA sections were quantified immunohistochemically for ACE2 positive staining. (C) ACE2

expression in LCA was measured by Western blot as described in Materials and Methods. Levels of Ang (1-7) (D) and Ang II (E) in LCA were assayed by ELISA.

Results shown are the mean ± SEM (n = 6 animals in each group). Arrowheads represented positive staining for ACE2 in endothelial cells. *P < 0.05 for the

comparison between sham+saline and PLA+saline. **P < 0.05 for the comparison between PLA+saline and PLA+NaHS. ***P < 0.05 for the comparison between

PLA+saline and PLA+PAG. #P < 0.05 for the comparison between PLA+NaHS and PLA+NaHS+MLN.

with the development and progression of atherosclerosis,
ACE2 expression decreased, thus shifting the balance from
anti-atherosclerotic Ang-(1-7) to pro-atherosclerotic Ang II
microenvironment. Consistent with our findings, expression
of ACE2 mRNA and protein was observed in early and
advanced human carotid atherosclerotic lesions (Sluimer et al.,
2008). Overexpression of ACE2 by gene transfer attenuated
the progression of atherosclerotic lesions in a rabbit model of

atherosclerosis or mouse studies (Dong et al., 2008; Lovren et al.,
2008). Knockout ACE2 gene in LDLR−/− or apoE−/− mice
increased the development of atherosclerosis in aortic arch and
sinus (Thomas et al., 2010; Thatcher et al., 2011). A meta-analysis
involving 11,051 subjects suggests that genetic variants in ACE2
gene might have a potential effect on ACE2 activity, ACE2 level
or Ang-(1-7) production and that ACE2 gene polymorphismmay
be a genetic risk factor for essential hypertension (Lu et al., 2012).
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FIGURE 5 | Effect of NaHS on ACE2 and Ang-(1-7) expression in HUVECs. In the time course study, cells were pre-incubated with saline or NaHS (100µM) for 0, 6,

24 or 48 h (A–C,G,H). In the dose ranging study, cells were pre-incubated with saline or NaHS (50, 100, and 200µM) for 24 h (D–F,I,J). ACE2 mRNA (A,C,D,F) and

protein expression (B,C,E,F) were analyzed by real time PCR and Western blot respectively. Levels of Ang (1-7) (G,I) and Ang II (H,J) in culture medium were assayed

by ELISA. The data are means ± SEM of at least three independent experiments. *P < 0.05 for the comparison between control at baseline and HUVECs treated with

NaHS for 24 h. **P < 0.05 for the comparison between control at baseline and HUVECs treated with NaHS for 48 h. #P < 0.05 for the comparison between HUVECs

treated with NaHS for 6 h and HUVECs treated with NaHS for 24 h. §P < 0.05 for the comparison between HUVECs treated with NaHS for 6 h and HUVECs treated

with NaHS for 48 h. &P < 0.05 for the comparison between control at baseline and HUVECs treated with NaHS at a concentration of 100µM. †P < 0.05 for the

(Continued)
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FIGURE 5 | Continued

comparison between HUVECs treated with NaHS at a concentration of 50µM and HUVECs treated with NaHS at a concentration of 100µM. ‡P < 0.05 for the

comparison between control at baseline and HUVECs treated with NaHS at a concentration of 200µM. $P < 0.05 for the comparison between HUVECs treated with

NaHS at a concentration of 50µM and HUVECs treated with NaHS at a concentration of 200µM.

FIGURE 6 | Effect of NaHS on ACE2 and Ang-(1-7) expression in HUVECs stimulated with LPS (100 ng/ml). HUVECs were pre-incubated with saline or NaHS (50,

100, and 200µM) for 24 h and subsequently stimulated with saline or LPS (100 ng/ml) for 24 h. ACE2 mRNA (A,C) and protein (B,C) expression were analyzed by real

time PCR and Western blot respectively. Levels of Ang (1-7) (D) and Ang II (E) in culture medium were assayed by ELISA. The data are means ± SEM of at least three

independent experiments. *P < 0.05 for the comparison between control at baseline and LPS-stimulated HUVECs treated with saline. #P < 0.05 for the comparison

between LPS-stimulated HUVECs treated with saline and LPS-stimulated HUVECs treated with NaHS at a concentration of 100µM. &P < 0.05 for

the comparison between LPS-stimulated HUVECs treated with saline and LPS-stimulated HUVECs treated with NaHS at a concentration of 200µM. **P < 0.05 for

the comparison between LPS-stimulated HUVECs treated with NaHS at a concentration of 50µM and LPS-stimulated HUVECs treated with NaHS at a concentration

of 200µM.

Furthermore, the association between H2S and ACE2 in
atherosclerosis was explored in the present study. We found
that application of exogenous H2S reversed partial ligation
induced downregulation of ACE2 and Ang-(1-7) in LCA while
blockage of H2S synthesis by PAG significantly aggravated it.
The local level of Ang II was reduced by NaHS, but raised by
PAG. Similar observations were obtained in cellular experiments.
NaHS dose-dependently and time-dependently increased the
expression of ACE2 in unstimulated or LPS-stimulatedHUVECs.
As a result, NaHS enhanced the production of Ang-(1-7) but
decreased the level of Ang II. On the other hand, NaHS
significantly inhibited the production of TNF-α, IL-6 and
MCP-1 in unstimulated or LPS-stimulated HUVECs. The anti-
inflammatory effect of NaHS in HUVECs was blunted by DX600.
The anti-atherosclerotic benefit of NaHS was also abrogated
by treatment with MLN-4760. Taken together, our findings

provide solid evidences proposing that H2S plays a critical role
in modulating endothelial ACE2 expression and promoting the
cleavage of pro-atherosclerotic Ang II to anti-atherosclerotic
Ang-(1-7), thereby impeding the development and progression
of atherosclerosis. However, the precise mechanism by which
H2S regulates the expression of ACE2 in endothelia cells
during the initiation and progression of atherosclerosis remains
elusive.

Peroxisome proliferator-activated receptors (PPAR) are
nuclear receptors and function as transcription factors. PPARα

has been suggested to affect the signaling pathway of RAS
(Banks and Oyekan, 2008; Ibarra-Lara et al., 2010). Stimulation
of PPARα with clofibrate favored ACE2/Ang-(1–7)/ATR2 axis
in aortic coarctation-induced hypertensive rats as evidenced
by enhancing Ang-(1-7) and ACE2 expression in the heart
(Ibarra-Lara et al., 2016). Recent studies found that H2S
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FIGURE 7 | Effect of NaHS on cytokine and chemokine production in unstimulated or LPS-stimulated HUVECs. HUVECs were pre-incubated with saline or NaHS (50,

100, and 200µM) for 24 h and subsequently stimulated with saline or LPS (100 ng/ml) for 24 h. Production of cytokines (TNF-α, IL-6) (A,B) and chemokine (MCP-1)

(C) was assayed by ELISA. The data are means ± SEM of at least three independent experiments. *P < 0.05 for the comparison between unstimulated HUVECs

treated with saline and unstimulated HUVECs treated with NaHS at a concentration of 100µM. #P < 0.05 for the comparison between unstimulated HUVECs

treated with NaHS at a concentration of 50µM and unstimulated HUVECs treated with NaHS at a concentration of 100µM. †P < 0.05 for the comparison between

unstimulated HUVECs treated with saline and unstimulated HUVECs treated with NaHS at a concentration of 200µM. **P < 0.05 for the comparison between

unstimulated HUVECs treated with saline and LPS-stimulated HUVECs treated with saline. &P < 0.05 for the comparison between LPS-stimulated HUVECs treated

with saline and LPS-stimulated HUVECs treated with NaHS at a concentration of 100µM. §P < 0.05 for the comparison between LPS-stimulated HUVECs treated

with saline and LPS-stimulated HUVECs treated with NaHS at a concentration of 200µM.

promoted the activation of PPARγ in macrophages (Zhang
et al., 2012) and facilitated the nuclear translocation of PPARα

in fat-fed apoE−/− mice, thus exerting beneficial effect on
atherogenesis (Li et al., 2016). Therefore, it offers an original
possibility that H2S might induce the expression of ACE2
in endothelial cells via modulating the activation of PPARα.
Moreover, latest studies reported that H2S participated in
regulating the expression of microRNAs (miR-129, miR-299b,
and miR-369) in Ang II-induced hypertensive kidney (Weber
et al., 2017). Na2S, an H2S donor alleviated ischemic and
inflammatory injury in cardiomyocytes through upregulation of
miR-21 (Toldo et al., 2014). Epigenetic modulation of miRNAs
raises another possible way that H2S may post-transcriptionally
regulate ACE2 expression through miRNAs in atherosclerosis.
To further prove these assumptions and elucidate the precise
mechanism for the induction of ACE2 expression by H2S, more
research is warranted.

In addition to endothelial cells, macrophages are the main
source of proinflammatory mediators and contribute to the
initiation and development of atherosclerosis. Previous studies

have implied the regulatory role of H2S inmonocyte/macrophage
activation (Zhi et al., 2007; Zhang et al., 2012). Here, we further
investigated whether H2S affected the function of macrophages
involving the pathway of ACE2-Ang-(1-7). It was found that
NaHS significantly suppressed the production of TNF-α and
MCP-1 in RAW264.7 cells. The anti-inflammatory property of
NaHS was not reversed by pretreatment with DX 600. These
findings indicate that H2S possibly inhibited the activation of
macrophages through other pathways, but not ACE2 dependent
pathway. Clearly, further studies are needed to elucidate the
correlation between H2S and RAS in macrophages. In contrast
to the anti-inflammatory effect of H2S observed in the present
study, some researchers demonstrate that H2S acts as a pro-
inflammatory mediator in sepsis and acute pancreatitis (Bhatia
et al., 2005; Zhang et al., 2006). H2S stimulated the synthesis of
pro-inflammatory cytokines in human monocyte cell line (Zhi
et al., 2007). The discrepancy suggests that H2S plays various
roles in different inflammatory conditions. Different cell types
and animal models used in these studies may contribute to this
divergence.
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FIGURE 8 | Effect of pretreatment with DX600, a selective ACE2 antagonist on suppressing the production of cytokines and chemokine induced by NaHS in

unstimulated or LPS-stimulated HUVECs. Before pre-incubation with NaHS (100µM) for 24 h, HUVECs were pre-treated with DX600 (1µM) for 2 h. Then the cells

were stimulated with saline or LPS (100 ng/ml) for 24 h. Production of cytokines (TNF-α, IL-6) (A,B) and chemokine (MCP-1) (C) was assayed by ELISA. The data are

means ± SEM of at least three independent experiments. *P < 0.05 for the comparison between control at baseline and unstimulated HUVECs treated with NaHS.
#P < 0.05 for the comparison between unstimulated HUVECs treated with NaHS and unstimulated HUVECs treated with NaHS and DX600. §P< 0.05 for the

comparison between control at baseline and LPS-stimulated HUVECs treated with saline. **P < 0.05 for the comparison between LPS-stimulated HUVECs treated

with saline and LPS-stimulated HUVECs treated with NaHS. &P < 0.05 for the comparison between LPS-stimulated HUVECs treated with NaHS and LPS-stimulated

HUVECs treated with NaHS and DX600.

ACE is known to assist the conversion from Ang I to
Ang II while ACE2 is a major enzyme to degrade Ang II
to Ang-(1-7). Here, H2S was found to have negligible effect
on the mRNA expression of ACE in endothelial cells. Thus,
H2S regulated the carotid level of Ang II mainly by local
ACE2. However, some studies proposed the role of H2S in
regulating ACE-Ang II-AT1R axis. H2S inhibited Ang II/AT1R
pathway and improved endothelial function and myocardial
remodeling in renovascular hypertensive rats (Xue et al., 2015;
Liu et al., 2017). NaHS also inhibited hyperglycemia-induced
ACE-Ang II-AT1R activation in cultured renal mesangial
cells and kidneys from diabetic rats (Xue et al., 2013). The
discrepancy about the role of H2S in regulating ACE may
be due to different animal models and cell lines utilized in
experiments. Future work is needed to clarify this divergence
and expand the understanding of the effect of H2S on
RAS.

In conclusion, our findings propose deficiency of endogenous
H2S formation as well as downregulation of ACE2 in carotid
atherosclerosis induced by disturbed flow and high fat diet.
Supplement of H2S promotes ACE2 expression and production
of Ang-(1-7) in endothelial cells, resulting in attenuation of
atherosclerosis.

AUTHOR CONTRIBUTIONS

HZh and CW supervised the whole project. YL, HZe, and LG
performed the major experiments. TG provided the technical
support.

ACKNOWLEDGMENTS

This work was supported by the National Natural Science
Foundation of China (Grant No. 81570037), the Shanghai
Municipal Natural Science Foundation (Grant No.
13ZR1424200) and the Shanghai Ninth People’s Hospital
Integration Foundation.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphys.
2017.00782/full#supplementary-material

Figure S1 | Representative sections used for morphometric analysis. Sections

were measured by image analysis stained with hematoxylin and eosin (H&E) and

Masson’s trichrome. Arrowheads indicated external elastic lamina (EEL). Small

arrows indicated internal elastic lamina (IEL).
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Figure S2 | Effect of NaHS on Mas, a functional receptor for Ang-1-7 and ACE

expression in unstimulated HUVECs or HUVECs stimulated with LPS (100 ng/ml).

HUVECs were pre-incubated with saline or NaHS (100µM) for 24 and then

stimulated with saline or LPS (100 ng/ml) for 24 h. Mas (A) and ACE (B) mRNA

expression were analyzed by RT-PCR.

Figure S3 | Effect of pretreatment with DX600, a selective ACE2 antagonist on

suppressing the production of TNF-α nd MCP-1 induced by NaHS in unstimulated

or LPS-stimulated murine macrophage cell line (RAW264.7). Before

pre-incubation with NaHS (100µM) for 24 h, RAW264.7 cells were pre-treated

with DX600 (1µM) for 2 h. Then the cells were stimulated with saline or LPS

(100 ng/ml) for 6 h. Production of TNF-α (A) and MCP-1 (B) was assayed by

ELISA. The data are means ± SEM of at least three independent experiments. ∗P

< 0.05 for the comparison between control at baseline and unstimulated HUVECs

treated with NaHS. #P < 0.05 for the comparison between control at baseline

and LPS-stimulated HUVECs treated with saline. ∗∗P < 0.05 for the comparison

between LPS-stimulated HUVECs treated with saline and LPS-stimulated

HUVECs treated with NaHS.
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Apelin is the endogenous ligand of APJ, the orphan G protein-coupled receptor. The

apelin–APJ signal transduction pathway is widely expressed in the cardiovascular system

and is an important factor in cardiovascular homeostasis. This signal transduction

pathway has long been related to diseases with high morbidity in the elderly, such as

atherosclerosis, coronary atherosclerotic heart disease, hypertension, calcific aortic valve

disease, heart failure and atrial fibrillation. In this review, we discuss the apelin–APJ signal

transduction pathway related to age-associated cardiovascular diseases.

Keywords: Apelin, cardiovascular diseases, aging, RAAS, Atherosclerosis/CAD

INTRODUCTION

Apelin was discovered in 1998 as the endogenous ligand of APJ, the orphan G protein-coupled
receptor (O’Dowd et al., 1993; Tatemoto et al., 1998). The gene for the APJ receptor has high
sequence homology to the angiotensin receptor ATR (O’Dowd et al., 1993; Tatemoto et al.,
1998). The preprotein of apelin is a 77-amino acid that is sequentially decomposed by an
angiotensin-converting enzyme into four active peptides, i.e., apelin-13, apelin-12, apelin-17,
and apelin-36 (Tatemoto et al., 1998; Habata et al., 1999; Hosoya et al., 2000; Lee et al., 2000);
among these, the most potent peptide that has the primary active biological function is apelin-13
(Kawamata et al., 2001; Tatemoto et al., 2001).

Aging is one of the primary risk factors in cardiovascular diseases (CVDs) (Dai et al., 2012).
Studies have found that the renin-angiotensin system was related to cardiovascular aging. The
renin-angiotensin system is one of the major signaling pathways related to the progress of
the chronic proinflammatory profile within aged arteries (Wang et al., 2014). Ang II increased
markedly in the thickened intima of rats, nonhuman and human primates (Wang et al., 2003, 2005,
2007; Fu et al., 2009). The Ang II receptor, AT1, is upregulated in aged arterial walls (Wang et al.,
2005, 2007, 2010).

Ang II was also found to be related to structural, functional, and molecular changes that
were found in the hearts of aged animals (Groban et al., 2006; Dai et al., 2009). Ang II levels
increased significantly with age in myocardial tissue. Inhibition of Ang II signaling by either
angiotensin-converting enzyme inhibitor or angiotensin receptor type II inhibitor was found to
slow the progress of age-related cardiovascular changes, providing evidence for the role of Ang
II and the effect of RAAS inhibitor in cardiovascular disease in aged people (Basso et al., 2007).
Angiotensin-converting enzyme inhibitor and angiotensin receptor type II inhibitor have been
shown to inhibit myocardial fibrosis and fibrosis-related arrhythmias in aged mice (Stein et al.,
2010).

Because the gene for the APJ receptor has high sequence homology to the angiotensin
receptor ATR, many studies concerning apelin–APJ in age-related cardiovascular diseases have
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been performed. Diseases that are prominent in the elderly,
such as atherosclerosis, hypertension, coronary atherosclerotic
heart diseases, heart failure, atrial fibrillation and calcific aortic
valve disease (CAVD), have been associated with the apelin–
APJ signaling system. This review will focus on the apelin–
APJ signaling system related to age-associated cardiovascular
diseases.

APELIN/APJ CELLULAR SIGNALING

PATHWAYS IN THE CARDIOVASCULAR

SYSTEM

A number of studies have indicated that the apelin–APJ
system is a powerful factor in the cardiovascular system in
addition to Angiotension II and ATR. In the cardiovascular
system, apelin binds to the APJ receptor on endothelial
cells, vascular smooth muscle cells, and cardiac myocytes.
As a result, vasodilatation (Reaux et al., 2001) and cardiac
inotropic effect are performed (Dai et al., 2006; Yu et al.,
2014). Previous studies showed that apelin could inhibit
cardiac fibrosis via the prevention of cardiac fibroblast
activation and collagen production (Pchejetski et al.,
2012).

ENDOTHELIAL CELLS

It was found that apelin could act as a vasodilator in the presence
of NO and endothelium (Tatemoto et al., 2001). In vitro studies
showed that apelin caused NO-dependent vasodilation in human
mesenteric arteries (Jia et al., 2007). However, apelin-13 may
conduct vasoconstriction and deteriorate hypertension in rats
after harming the vascular endothelium (Han et al., 2013).

VASCULAR SMOOTH MUSCLE CELLS

Recent studies showed that apelin-13 could induce vascular
smooth muscle cell (VSMC) proliferation by upregulating the
expression of Cyclin D1 (Li et al., 2013a). Cui et al. found
that apelin prominently reduces apoptosis of human VSMCs;
apoptosis was induced by serum deprivation (Cui et al., 2010).
Wang et al. determined that apelin promotes VSMC migration
through a PI3K/Akt/FoxO3a/MMP-2 pathway (Wang et al.,
2015).

CARDIOMYOCYTES

The cardiac inotropic effect of apelin has been found in recent
studies. Apelin showed direct effects on the contractility of
cardiomyocytes. Apelin significantly improved sarcomere
shortening in normal and failing cardiomyocytes. One
of the mechanisms may be an increased myofilament
sensitivity to Ca(2+), because apelin enhanced the activity
of the Na(+)/H(+) exchanger with consequent intracellular
alkalinization (Farkasfalvi et al., 2007). Isolated left ventricular
cardiomyocytes lacking either apelin or APJ show less sarcomeric
shortening and a decreased velocity of contraction (Charo et al.,
2009).

APELIN AND AGING-RELATED

CARDIOVASCULAR DISEASES

Apelin and Atherosclerosis
The most important part in atherosclerotic progress is
atherosclerotic plaque formation. Angiotensin had been
proved to be an atherosclerosis inducer, so it is hypothesized that
apelin is also a critical factor in the progress of atherosclerosis (Li
et al., 2010). Pitkin SL et al. found that apelin was upregulated
in human atherosclerotic coronary arteries and is also localized
to the plaque, co-localizing with markers for macrophages and
smooth muscle cells (Pitkin et al., 2010). Chun et al. (2008) found
that apelin downregulated AS formation by inhibiting AngII
actions in mice. However, Hashimoto et al. (2007) found that
apelin can promote AS by mediating oxidative stress-related AS
in vascular tissue. Although it is clear that apelin is an important
factor for AS, it is still difficult to define whether apelin/APJ has
a beneficial or harmful role in atherosclerosis. The contribution
of apelin in the development of AS remains to be determined.

Apelin and Cardiac Atherosclerotic

Diseases
Angiogenesis is one of the most important mechanisms of
myocardial repair for cardiac atherosclerotic diseases, such as
myocardial infarctions (MI) and ischemic heart diseases. The
effect of apelin in angiogenesis in animal models of AMI and
ischemic heart disease have been demonstrated with positive
results (Li et al., 2007; Mao et al., 2011). It was reported that
apelin decreased in patients with MI, and a lower apelin level
was associated with downregulated myocardial angiogenesis (Li
et al., 2010). Injection of apelin into the ischemic myocardium
stimulated neovascularization in the peri-infarct area through
paracrine activity (Tempel et al., 2012). Li et al. (2008)
found that apelin-13 could promote myocardial angiogenesis,
inhibit cardiac fibrosis, attenuate cardiac hypertrophy, and
improve cardiac function at 14 days after myocardial infarction.
Regarding the mechanism for apelin-13 promoting angiogenesis
after myocardial infarction, studies explored that apelin could
upregulate the expression of SDF-1a/CXCR-4 and the homing
of vascular progenitor cells (Wang et al., 2013). To confirm the
angiogenesis effect of apelin in the heart, a further study was
performed in which murine bone marrow cells were pretreated
by apelin and later delivered into myocardium. As a result,
myocardial angiogenesis increased and cardiac fibrosis was
attenuated (Kidoya et al., 2010).

Because myocardial angiogenesis plays an important role in
cardiac function in cardiac atherosclerotic diseases, the positive
effect of apelin indicates that it could be used as a myocardial
protecting factor after myocardial infarction. Further clinical
studies are needed to confirm this effect of apelin.

Apelin and Hypertension
Hypertension is highly related to endothelial dysfunction and
arterial stiffness. In healthy individuals, age is an essential factor
in arterial structure and function alteration (Azizi et al., 2013).
Increases in arterial stiffness are mostly attributed to aging-
induced endothelial dysfunction (Arnett et al., 1994; Blacher
et al., 1999; Li et al., 2012, 2013b). NO plays an important role
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in vasodilation (Laurent et al., 2001). Aging is associated with
the impairment of arterial eNOS mRNA and protein expression,
which contribute to increased arterial stiffness and elevated blood
pressure (Csiszar et al., 2002; LeBlanc et al., 2008; Donato et al.,
2009; Novella et al., 2013).

Apelin administration caused a powerful antihypertensive
effect in normal and hypertensive animal models (Rowe,
1987; Katugampola et al., 2001; Napoli and Ignarro, 2001).
Administration of apelin to patients causes NO-mediated arterial
vasodilation with no significant effect on peripheral venous tonus
(Japp et al., 2008; Quazi et al., 2009). This antihypertensive effect
was blocked in the co-presence of NOS inhibitor, indicating that
apelin leads to vasodilation through amechanism associated with
NO (Szokodi et al., 2002). The antihypertensive effect of apelin
was inhibited, and at the same time, the eNOS phosphorylation
in the endothelial cells was downregulated in APJ-deficient mice
(Zhang et al., 2006). Therefore, reductions of NO expression
may be associated with reduced plasma apelin levels in the
elderly and may result in endothelial dysfunction and arterial
stiffness. Moreover, the concentration-dependent vasodilatation
effect of apelin was normal in endothelium-intact mammary
arteries but disappeared after endothelial removal, indicating that
the antihypertensive effect of apelin is endothelium-dependent
(Charles et al., 2006; Maguire et al., 2009).

Future research about the effect of apelin in patients with
hypertension should focus on the mechanism in addition to the
NO pathway in order to find hidden side effects of apelin in
patients with hypertension in further clinical studies.

Apelin and Heart Failure
Because it was demonstrated that apelin had a potent inotropic
effect in myocardial cells, further in vivo studies were performed
to find the effect of apelin in heart failure. Both myocardial
and plasma apelin levels of heart failure patients decreased
simultaneously, suggesting that the heart is a major source of
circulating apelin; it plays an essential role in the maintenance
of myocardial systolic function (Dalzell et al., 2015). Several
studies focused on aged animals and humans with heart failure.
Compared with control aged mice, apelin−/− mice have an
increased risk of progressive left ventricular systolic dysfunction
with age (Lee et al., 2005). Infusion of apelin-13 in aged apelin−/−

mice could improve left ventricular systolic dysfunction (Ishida
et al., 2004). In humans, plasma apelin levels decreased in
advanced heart failure in most studies, but the studies that
focused on the early stages of heart failure demonstrated that
apelin levels remained normal or even increased in early stages
(Chen et al., 2003; Kuba et al., 2007; Miettinen et al., 2007;
Japp et al., 2010). A study from Pitkin SL et al. may explain
this phenomenon. They found that apelin receptor APJ’s density
significantly decreased in the left ventricle of patients with dilated
cardiomyopathy or ischemic heart disease compared with that
in the left ventricle of control patients, but apelin peptide levels
remained unchanged. The decrease in receptor density in heart
failure may limit the positive inotropic actions of apelin, resulting
in an initial compensatory mechanism by increasing apelin to
improve myocardial contractility (Pitkin et al., 2010). Serum
apelin levels were upregulated after cardiac resynchronization
therapy together with an improvement in myocardial systolic

function (Földes et al., 2003). The administration of apelin in
patients with heart failure led to the improvement of cardiac
output and vasodilatation (Chong et al., 2006).

Thus, apelin could be used as a factor that has both a
cardiotonic and afterload lowering effect in heart failure patients.
It seems that apelin has a similar effect to that of BNP in heart
failure, so future clinical studies could be designed to compare
these two factors, because Nesiritide’s effect has been confirmed.

Apelin and Atrial Fibrillation (AF)
The expression of apelin in normal atrial myocardium of humans
is extremely high (Miettinen et al., 2007). Compared with control
subjects with sinus rhythm, patients with atrial fibrillation had
significantly lower plasma apelin levels (Francia et al., 2007).
Another study showed that if patients could remain in sinus
rhythm, the circulating apelin level would rise subsequently as
a result (Ellinor et al., 2006). Atrial fibrillation will lead to the
loss of atrial systolic function and atrial tissue remodeling. It
may be deduced that downregulation of atrial apelin synthesis is
a result of increased atrial diastolic filling pressures in patients
with atrial fibrillation. Moreover, it has been shown that apelin
significantly changes atrial electrophysiology with a shortening
of action potential duration that may be caused by its effects on
multiple ionic currents (Cheng et al., 2013).

The morbidity of atrial fibrillation increases with age in
humans. Based on the existing studies concerning apelin and
atrial fibrillation, the level of apelin in patients with AF may
reflect the systolic function of the atrium. Further studies could
focus on the predictive effect of apelin in the morbidity of atrial
fibrillation and the possibility of maintaining a sinus rhythm.

Apelin and Calcific Aortic Valve Disease
Aortic stenosis and calcific aortic valve disease (CAVD) are
leading valvular heart diseases in the elderly (Kallergis et al.,
2010). The prevalence of aortic stenosis is only approximately
0.2% in adults over 50 years of age but increases to 9.8% for adults
over 80 years of age (Otto and Prendergast, 2014). In tissues
of stenotic aortic valves, the expression levels of both mRNA
and protein of apelin increased (Nishimura et al., 2014). The
levels of apelin and its receptor APJ are upregulated in patients
with calcified aortic valve stenosis (Peltonen et al., 2009). Apelin
may be upregulated compensatorily in the development of aortic
valve stenosis. APJ receptor antagonists might be beneficial in the
treatment of aortic valve stenosis by suppressing angiogenesis,
osteoblast activity and collagen synthesis (Peltonen et al., 2009).

CONCLUSION

CVDs are the most common causes of death in most countries
of the world, and old age is a risk factor for CVDs. Studies
have found that RAAS plays an important role in cardiac
aging. As the newest member in the RAAS system, it has been
shown that apelin can increase cardiac contractility, lower blood
pressure, increase atherosclerotic plaque stability and ameliorate
the harmful effects of AT1 receptor activation in the progression
of aortic valve stenosis. Further clinical trials are necessary to
study the application of apelin in the treatment of cardiac aging,
hypertensive cardiomyopathy, and heart failure.
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Chronic exercise training is known to protect the vasculature; however, the

underlying mechanisms remain obscure. The present study hypothesized that

exercise may improve aortic endothelial and mitochondrial function through an

adenosine monophosphate-activated protein kinase α2 (AMPKα2)-dependent manner.

Ten-week-old AMPKα2 knockout (AMPKα2−/−) mice and age-matched wild-type (WT)

mice were subjected to daily treadmill running for 6 weeks, and the thoracic aorta

from these mice were used for further examination. Our results showed that exercise

significantly promoted vasodilatation and increased expression and phosphorylation

of endothelial nitric oxide synthase (eNOS), concomitant with increased AMPKα2

expression in WT mice. These effects were not observed in AMPKα2−/− mice.

Furthermore, exercise training increased thoracic aortic mitochondrial content as

indicated by increased Complex I and mitochondrial DNA (mtDNA) in WT mice but

not in AMPKα2−/− mice. This may be caused by decreased mitochondrial autophagy

since the expression of BH3 domain-containing BCL2 family members BNIP3-like

(BNIP3L) and LC3B were decreased in WT mice with exercise. And these changes were

absent with AMPKα2 deletion in mice. Importantly, exercise increased the expression of

manganous superoxide dismutase (MnSOD) and catalase, suggesting that mitochondrial

antioxidative capacity was increased. Notably, the improved antioxidative capacity was

lost in AMPKα2−/− mice with exercise. In conclusion, this study illustrated that AMPKα2

plays a critical role in exercise-related vascular protection via increasing endothelial and

mitochondrial function in the artery.

Keywords: AMPK, exercise, vascular, endothelial function, mitochondrial function

INTRODUCTION

It is well documented that exercise training can effectively prevent cardiovascular risk factors
such as obesity, hypertension, and diabetes in the long term (Stewart, 2002). For example, it has
been shown that exercise improved vascular endothelial function in hypertensive animal models
(Kumral et al., 2016) and patients with coronary artery disease (Hambrecht et al., 2000). In vessel
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samples from animals with exercise, the expression and Ser1177

phosphorylation of endothelial nitric oxide synthase (eNOS)
were increased, whereas the oxidative stress was decreased.
These changes lead to increased NO availability and improved
vascular function (Kojda et al., 2001; Hambrecht et al., 2003;
Adams et al., 2005). However, the mechanisms by which
exercise exerts these beneficial effects on the vasculature are little
known.

Adenosine monophosphate-activated protein kinase (AMPK)
is a serine/threonine kinase consisting of α, β, and γ subunits.
The β and γ regulatory subunits maintain the stability of the
kinase, and the α subunit possesses catalytic activity (Steinberg
and Kemp, 2009). In particular, two isoforms of AMPKα,
AMPKα1, and AMPKα2 are both expressed in endothelial
cells and in smooth muscle cells (Goirand et al., 2007).
Furthermore, it has been shown that AMPKα2 is increased
during exercise in skeletal muscle cells (Magnoni et al., 2014),
and the increased AMPKα2 can regulate gene and protein
expression through direct interaction with the nucleus (McGee
et al., 2003; Jørgensen et al., 2006). Recent studies suggest that
AMPK has a much more important role in the vasculature
as it activates and phosphorylates endothelial nitric oxide
synthase (eNOS) (Morrow et al., 2003), protects endothelial
cells against oxidative stress (Schulz et al., 2008) and prevents
vascular smooth muscle proliferation (Nagata et al., 2004). These
results may suggest a protective role of AMPK in the vascular
system.

Mitochondria are mobile organelles that exist in dynamic
networks. To maintain a healthy population of mitochondria,
the content of mitochondria is critically regulated by biogenesis,
fusion-fission, and autophagy. These regulations ultimately
determine the quantity, quality, and function of mitochondria,
thereby contributing to cell function (Yan et al., 2012).
It has been shown that maintaining mitochondrial content
and functional network is crucially important for proper
function of both endothelial cells and vascular smooth muscle
cells (Salabei and Hill, 2013; Szewczyk et al., 2015). As
expected, the abnormal content and network regulation of
mitochondria lead to various cardiovascular diseases, such
as diabetic vascular dysfunction (Pangare and Makino, 2012)
and hypertension (Jin et al., 2011). It has been shown that
exercise can increase mitochondrial content and function in
skeletal muscle (Russell et al., 2014). In addition, mitochondrial
antioxidant enzymes can reduce the damaging effects of
reactive oxygen species (ROS, Tang et al., 2014). For example,
mitochondrial manganese superoxide dismutase (MnSOD)
deficiency aggravated age-dependent vascular dysfunction and
increased mitochondrial oxidative stress (Wenzel et al., 2008).
Over-expressing mitochondria MnSOD in mice attenuated
angiotensin II (Ang-II) induced hypertension (Dikalova et al.,
2010). However, whether exercise training could improve
mitochondrial function in the vasculature remains unclear. In
the present study, we hypothesize that chronic exercise training
may improve endothelial function and mitochondrial function
in aortas and that AMPKα2 may contribute these protective
effects by mediating the expression of the corresponding
proteins.

MATERIALS AND METHODS

Animals and Exercise Protocol
All animal treatment complied with the Guide for the Care
and Use of Laboratory Animals published by the US National
Institutes of Health (NIH Publication No. 85–23, revised 1996).
All animal procedures were approved in accordance with the
institutional guidelines established by the Committee of Ethics on
Animal Experiments at the Chinese Academy of Sciences. Wild
type (WT) mice were provided by the Institute of Laboratory
Animal Science of Peking Union Medical College. AMPKα2-
knockout (AMPKα2−/−) mice were kindly provided by Dr.
Benoit Viollet (Department of Endocrinology, Metabolism and
Cancer, Institute Cochin, University Paris Descartes, Paris,
France) and bred in a specific pathogen-free environment. Male
AMPKα2−/− and WT mice were both with C57BL/6J genetic
background. All mice were 2 months old with a mean body
weight of 18± 2 g at the start of the experiment.

After allowing acclimatization to their housing and the
treadmill, WT mice (n = 20), and AMPKα2−/− mice (n =

20) were randomly divided into two groups: the control group
and the training group, with 10 mice in each group. Mice in
the training group ran on the treadmill for 90min/day at 9.0
meters/min (0% grade), 5 days/week for 6 weeks (Fernando
et al., 1993). Body weight, heart rate and systolic/diastolic blood
pressure were assessed in all animals. After 12 h of the last
training, mice were anesthetized of pentobarbital (5mg/100 g)
with an intraperitoneal injection and sacrificed.

Western Blot Analysis
The thoracic aortas were dissected out and immersed in
liquid nitrogen immediately. Then the frozen tissues were
lysed in RIPA (Radio Immunoprecipitation Assay) buffer
containing 150mM NaCl, 50mM Tris (pH 7.4), 1% sodium
deoxycholate, 1% Triton X-10, 0.1% SDS, protease inhibitor
(sodium fluoride, sodium orthovanadate, leupeptin, EDTA)
(Beyotime, Haimen, China). After sonication on ice for 30min
and centrifugation at 12 000 rpm for 20min at 4◦C, the
supernatant was collected for Western blotting as previously
described (Li et al., 2012). The primary antibodies were as
follows: anti-MnSOD (ABclonal, MA, USA), anti-AMPKα2
(Abcam, Cambridge, England), anti-phospho-AMPKα1/α2
(Thr172), anti-BNIP3L (BH3 domain-containing BCL2 family
members BNIP3-like) (Bioworld, St. Louis, Park, USA), anti-
eNOS, anti-phospho-eNOS (Ser1177) (BD Biosciences, NJ, UK),
anti-Complex I, anti-PGC-1α (peroxisome proliferator-activated
receptor gamma coactivator 1 alpha), anti-Drp1(dynamin related
protein 1), anti-Mfn1 (mitofusin 1), anti-LC3, anti-catalase, anti-
GAPDH (Santa Cruz, CA, USA), anti-mTOR (mammalian target
of rapamycin), anti-phospho-mTOR (Ser2448) (Sigma-Aldrich,
St. Louis, MO, USA). Immunoreactive bands were highlighted
by electrochemiluminescence (ECL) technology and quantified
by densitometry using imaging software (Image Jversion 1.46,
NIH, Maryland, USA). The individual values were originally
expressed as a percentage of a target protein and an internal
protein standard (GAPDH) (target protein content/GAPDH
content) and then expressed as a fold change of the normal
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WT control group (target protein content/GAPDH content)
value.

Immunofluorescence
The paraffin sections were deparaffinized by dimethylbenzene
and rehydrated by graded alcohol. Antigen retrieval was
processed by citric acid buffer (pH 6.0) for 5min at 100◦C.
Then the slides were incubated in hydrogen peroxide for 10min
and were blocked in TBST (tris-buffered saline and tween)
containing 5% Bovine Serum Albumin at room temperature for
30min. Some sections were subsequently incubated with 300 nM
MitoTracker Green (Invitrogen, CA, USA) at room temperature
for 30min. Other sections were incubated at 4◦C overnight
with antibodies against AMPKα2 (1:100, Abcam, Cambridge,
England), fluorescent anti-rabbit secondary antibody at a 1:400
dilution for 30min, and then nucleus dye 4,6-diamidino-2-
phenylindole (DAPI) for 3min. All images were taken by
using a Zeiss Pascal LSM 710 confocal microscope (Germany).
Fluorescence intensity was analyzed with Image Pro Plus in three
independent samples.

Mitochondrial DNA Copy Number
Genomic DNA of the thoracic aorta tissue was extracted
by using UniversalGen DNA Kit(Cwbiotech, Beijing, China).
The mitochondrial (mt) copy number was analyzed by real-
time PCR (ABI 7900 Real Time PCR System; Foster City,
CA) as previously described (Ray Hamidie et al., 2015),
through the relative value of mitochondrial and nuclear DNA
(mt:nuclear DNA) which reflects the amounts of mitochondria
per cell. The mitochondrial DNA (mtDNA) forward primer
was CCTAGGGATAACAGCGCAAT (5′-3′) and the reverse
primer was ATCGTTGAACAAACGAACCA. The nuclear DNA
(nDNA) forward primer was AGAGCTCTGCGGGTACATCT
and the reverse primer was CATCAGTGACGGTGCCTTAC. Q-
PCR were performed in a real time PCR system: the PCR began
with 95◦C denaturation for 30 s followed by 40 cycles of 95◦C
denaturation for 5 s, and annealing and elongation for 34 s at
60◦C. Samples were assayed in triplicate. Cycle threshold (CT)
was used for data analysis, and CT (nDNA)—CT (mtDNA) or
1CT was used to reflect the difference in CT values. Results were
expressed as the copy number of mtDNA per cell, 2× 2−1CT.

Thoracic Aorta Ring Assay
Mice thoracic aortas were separated, cleared of fat and connective
tissues, cut into 2–3mm rings, and fixed on isometric force
transducers (Danish Myo Technology Model 610M, Denmark)
in a 5ml organ bath, and aerated with 95% O2 and 5%
CO2 under an initial resting tension of 2.5mN (Zhou et al.,
2014). Force was recorded in a PowerLab/8sp data acquisition
system (A.D. Instruments, Castle Hill, Australia). After 1 h
of incubation in oxygenated Krebs’ medium (containing: KCl
4.7mmol/L, NaCl 118mmol/L, CaCl2 2.5mmol/L, KH2PO4 1.2
mmol/L, MgSO4 1.2 mmol/L, glucose 11mmol/L and NaHCO3

25mmol/L) at pH 7.4 and 37◦C, rings contractility was tested
3 times by high K+ mediums (60mM KCI) to stabilize the
contraction. Cumulative response curve of phenylephrine (10−8

to 10−4mol/L) was performed to assess the vasoconstriction

response and cumulative concentration-response curves of
acetylcholine (10−8 to 10−4mol/L) were constructed with a
phenylephrine pre-contraction (3 µmol/L).

Statistical Analysis
All values are reported as means ± SD. Comparison of groups
involved Student’s unpaired two tailed t-test or two-way ANOVA
with the Bonferroni test for post-hoc analysis (SigmaPlot
Software, San Jose, CA, USA). P < 0.05 was considered
statistically significant.

RESULTS

The Protein Expression and
Phosphorylation of AMPKα2 were
Increased in Mice Aorta with Chronic
Exercise
Firstly, there was no significant difference of body weight and
systolic blood pressure in WT and AMPKα2−/− mice pre and
post exercise as shown in Table S1. Table S1 also showed that
heart rate was decreased in the exercise group by 17.7%, which
was comparable in WT and AMPKα2−/− mice.

Next, we evaluated whether chronic exercise would have any
effect on AMPKα2 expression. As shown in Figure 1A, AMPKα2
expression was dramatically increased in the aorta after chronic
exercise training in immunofluorescence staining, although the
overall vascular architecture had no significant difference in
the four groups of mice in H&E staining (Figure S1). This
was consistent with western blot results showing that exercise
training induced a significant increase in aortic AMPKα2 protein
expression by 31% in WT mice (Figure 1B). Furthermore, it
was found that phosphor-AMPKα (p-AMPKα) (T172) was also
significantly increased in the aorta of exercised mice by using
phosphor-specific antibody against both α1 and α2 isoforms
of AMPK. In AMPKα2−/− mice, the protein of AMPKα2 was
not detectable due to gene knockout, and p-AMPKα (T172)
had similar basal levels to WT mice but showed no increase in
response to exercise. These results indicated that exercise induced
a significant increase in the expression and phosphorylaton of
AMPKα2 in the aorta.

AMPKα2 Deficiency Decreased
Vasodilation and eNOS of Aorta in Exercise
We then analyzed whether exercise would have any beneficial
effect on vasodilation. As shown in Figure 2A, the vascular
relaxation to acetylcholine was decreased in aorta rings from
AMPKα2−/− mice compared with age-matched wild type
mice, indicating that AMPKα2 was involved in NO-dependent
vasodilation. Importantly, the improvement of vasodilation was
significantly lower in AMPKα2−/− mice compared with WT
mice, although exercise increased the vasorelaxation ability of
the aorta in both WT and AMPKα2−/− mice (Figure 2A). These
results indicated that AMPKα2 played an important role in
exercise-related vasorelaxation. In contrast, the vasoconstriction
of aortas responding to phenylephrine was similar among the
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FIGURE 1 | Exercise training increased thoracic aortic AMPKα2 activity. (A) Representative immunofluorescence images and fluorescence intensity analysis

showing the expression of AMPKα2 in aorta, in which fluorescence-positive cells were stained in red (arrow) and nuclei were counterstained with DAPI (blue). (B)

Representative western blot images and summarized data showing the expression of p-AMPKα2 and AMPKα2 of aorta from WT and AMPKα2 knockout mice with or

without exercise. The protein levels of p-AMPKα2 and AMPKα2 were normalized to GAPDH. WT, wild type; Ex, exercise. Values are mean ± SD (n = 6 in each group).
*p < 0.05; **p < 0.01 versus WT. ***p < 0.001 vs. WT+Ex. I indicates intima; M, media; A, adventitia.

four groups (Figure 2B), suggesting that exercise might have no
effect on vasocontraction.

We then further investigated whether the difference in
vasodilation was due to changes in eNOS/p-eNOS and the
possible involvement of AMPKα2. As expected, WT mice
with exercise exhibited increased eNOS protein expression and
phosphorylation in aorta compared with WT mice without
exercise (Figure 2C). In contrast, AMPKα2−/− mice with
exercise did not show any increase in total eNOS level or p-
eNOS level in aorta compared with AMPKα2−/− mice without
exercise. These results indicated that the improved vasodilation
of aortas during exercise training in mice might be through an
AMPKα2-dependent mechanism.

AMPKα2 Deficiency Results in Loss of
Aortic Mitochondrial Content Increase with
Exercise
Accumulating studies indicated that mitochondrial content
plays a critical role in maintaining vascular function. We thus
evaluated whether exercise would have any effect on aortic
mitochondrial content and the possible involvement of AMPKα2
by assessing mitochondrial fluorescence intensity, mtDNA copy
number and Complex I protein expression.

As shown in Figure 3A, MitoTracker Green fluorescence
intensity increased significantly in WT mice with exercise
compared with WT mice without exercise. Consistently, the
mtDNA copy number was upregulated by 34% in WT mice
during exercise (Figure 3B). Meanwhile, Complex I protein
expression also showed an increase of 2-folds in WT exercise
mice compared to control mice (Figure 3C). In contrast,
AMPKα2−/− mice with exercise did not show any increase in
mitochondrial fluorescence intensity, mtDNA copy number and
Complex I protein compared with AMPKα2−/− mice without
exercise (Figure 3). These data suggested that exercise increased
aortic mitochondrial content, and this effect was dependent on
the presence of AMPKα2.

Effect of AMPKα2 Deficiency on Autophagy
of Aortic Mitochondria with Exercise
It has been reported that mitochondrial quantity and quality
were controlled by biogenesis, fusion-fission, and autophagy. We
therefore examined the effect of exercise on the expression of
these relative proteins and the possible role of AMPKα2−/−. We
found that the expression of LC3B, an indicator of autophagy,
and BNIP3L, a mitochondria-associated protein, were decreased
in WT mice with exercise compared with WT mice without
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FIGURE 2 | Exercise improved vasodilation and endothelial function in

an AMPKα2-dependent manner. (A) Dose-dependent vasorelaxation to

acetylcholine of aorta from WT and AMPKα2 knockout mice with or without

exercise. (B) Dose-dependent vasocontraction to phenylephrine of aorta from

WT and AMPKα2 knockout mice with or without exercise. (C) Representative

(Continued)

FIGURE 2 | Continued

western blot images and summarized data showing the expression of p-eNOS

and eNOS of aorta from WT and AMPKα2 knockout mice with or without

exercise. The protein levels of p-eNOS and eNOS were normalized to GAPDH.

WT, wild type; Ex, exercise. Values are mean ± SD (n = 6 in each group). *p <

0.05; ***p < 0.001 versus WT.

exercise (Figure 4B). Then we detected the protein expression
of mTOR, the major autophagy negative regulator, and its
phosphorylation at Ser2448. It was shown that WT exercise
mice showed increased mTOR protein content compared to
WT mice without exercise, but no significant alteration in
phosphorylation activity (Figure 4B). In contrast, there was no
significant difference in either LC3B/BNIP3L or mTOR protein
levels in AMPKα2−/− mice with exercise compared with these
knockout mice without exercise. These results indicated that
decreased autophagy may be responsible for exercise-related
increase of mitochondrial content, and this effect was dependent
on AMPKα2.

In contrast, there was no significant difference of PGC-1α
(peroxisome proliferator-activated receptor gamma coactivator 1
alpha) protein expression, the main regulator of mitochondrial
biogenesis, in the WT and AMPKα2−/− mice with exercise
compared with matched strain without exercise (Figure S2).
Similarly, the protein levels of Drp1 (dynamin related protein
1) and Mfn1 (mitofusin 1), fission and fusion markers, also
remained unchanged in the WT and AMPKα2−/− mice with
exercise compared with matched stains without exercise. (Figure
S2). These results indicated that mitochondrial biogenesis,
fission and fusion might not be involved in exercise-related
mitochondria content increase in the aorta.

AMPKα2 Deficiency Attenuates
Exercise-Mediated Increase in Aortic
Mitochondrial Antioxidant Capacity
Finally, we evaluated the effect of exercise on mitochondrial
antioxidant capacity and the possible involvement of AMPKα2.
MnSOD and catalase are both critical to mitochondrial specific
antioxidant defense. Figure 5A shows that the expression of
catalase protein was significantly increased in the WT mice
by 58% following exercise exposure, but not in AMPKα2−/−

mice. MnSOD protein content was significantly increased in WT
mice after exercise intervention. Conversely, a marked decrease
of MnSOD was observed in AMPKα2−/− mice with exercise
compared with those without exercise (Figure 5A). These results
indicated that exercise might increase mitochondrial antioxidant
response in the aorta, and this effect was dependent on AMPKα2.

DISCUSSION

In the present study, we provide strong evidence that exercise
promoted vasodilation, increased eNOS expression/S1177-
phosphorylation, and increased mitochondrial content and
mitochondrial antioxidant capacity, resulting in increased
vascular function. Importantly, these beneficial effects are
dependent on the presence of AMPKα2 (Figure 5B).
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FIGURE 3 | Exercise training increased aortic mitochondrial content connected with AMPKα2. (A) Representative MitoTracker Green immunofluorescent

images and fluorescence intensity analysis of aorta from WT and AMPKα2 knockout mice with or without exercise. Mitochondria were stained in green (arrow) and

nuclei were counterstained with DAPI (blue). (B) Summarized data showing the mitochondria DNA copy number of aorta from WT and AMPKα2 knockout mice with

or without exercise. (C) Representative western blot images and summarized data showing the expression of Complex I of aorta from WT and AMPKα2 knockout

mice with or without exercise. The mitochondria DNA copy numbers were normalized to nuclear DNA, and the protein levels of Complex I were normalized to GAPDH.

WT, wild type; Ex, exercise. Values are mean ± SD (n = 6 in each group). *p < 0.05; **p < 0.01 versus WT; ##p < 0.01; ###p < 0.001 versus WT+Ex. I indicates

intima; M, media; A, adventitia.

Previous studies show that acute and long-term exercise
training potently stimulate AMPK activity in skeletal muscles
(Richter and Ruderman, 2009). Goirand et al. and Musi et al.
have provided evidence that exercise training could activate
cardiac and vascular AMPK in mice (Musi et al., 2005; Goirand
et al., 2007). Consistent with these studies, the present study
shows that exercise training significantly increased AMPKα2
activity in the vasculature. Furthermore, the present study
shows that chronic exercise training increased vasodilation,
eNOS expression and phosphorylation in aorta from mice,
and these effects were lost in AMPKα2 knockout mice. It
has been reported in a previous study that the activation of
AMPKα1 was associated with increased vasodilatation and
eNOS activation in mouse aorta during exercise training
(Kröller-Schon et al., 2012). In this present study, we observed
that AMPKα2 activation in response to exercise-related
protection also occurs in the vasculature. Moreover, acute
exercise activated eNOS associated with the presence of
AMPK in mouse aorta (Cacicedo et al., 2011), which is

consistent with the present study showing that exercise
increased eNOS activity through an AMPKα2 dependent
manner.

Increasing evidence demonstrated that maintaining
mitochondrial content/function and stability is essential to
normal vascular systems (Dromparis and Michelakis, 2013;
Kröller-Schon et al., 2013), and that exercise can stimulate key
stress signals that control mitochondrial content and function
in skeletal muscles (Russell et al., 2014). In the current study,
we find that chronic exercise training induces an adaptive
increase of mitochondrial quantity in the aorta, including the
increased mtDNA and Complex I protein content. Further
study shows that the expression of autophagy markers LC3B
and BNIP3L (Zhu et al., 2013) was decreased, and that the
expression of autophagy inhibitor marker mTOR (Kim et al.,
2011) was increased in exercise training. These results indicate
that autophagy was decreased in exercise and that the decreased
autophagy might be responsible for the increased mitochondrial
content in exercise. Consistent with the present study, it has been
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FIGURE 4 | The changes of mitochondria autophagy-related protein LC3B, BNIP3L, and mTOR during exercise training were dependent on AMPKα2.

(A) Representative western blot images and summarized data showing the expression of LC3B and BNIP3L of aorta from WT and AMPKα2 knockout mice with or

without exercise. (B) Representative western blot images and summarized data showing the expression of mTOR and p-mTOR of aorta from WT and AMPKα2

knockout mice with or without exercise. The protein levels of LC3B, BNIP3L, p-Mtor, and mTOR were normalized to GAPDH. WT, wild type; Ex, exercise. Values are

mean ± SD (n = 6 in each group). *p < 0.05; **p < 0.01;***p < 0.001 versus WT. #p < 0.05 versus WT+Ex.

shown that autophagy is decreased in skeletal muscle cells after
exercise (Kim et al., 2012). Besides autophagy, mitochondria
content can also be regulated by biogenesis, fission, and fusion
(Youle and Narendra, 2011; Ding et al., 2013). In our study,
mitochondrial biogenesis and mitochondrial fusion and fission
may have no effect on the changes in aorta with exercise training,
since the expression of PGC-1α, Mfn1, and Drp1 was not
changed in exercised mice compared mice without exercise. In
contrast, previous studies suggest that AMPK works through
PGC-1α to promote mitochondrial biogenesis in acute exercise
in skeletal muscles (Kahn et al., 2005; Reznick and Shulman,
2006), and that endurance training increases Mfn1 content
to induce mitochondrial fusion in rat liver (Gonçalves et al.,
2016). These results suggest that mitochondrial content may be
regulated through different signaling pathways in different cells
in exercise training.

Furthermore, our study demonstrates that chronic exercise
training upregulated the protein expression of MnSOD and
catalase, and the increases are depended on the AMPKα2

isoform. Indeed, it has been reported that antioxidant enzymes
were activated by exercise training in rat brains (Marosi et al.,
2012; Marcelino et al., 2013), and chronic aerobic exercise
training increased aortic mitochondrial antioxidant enzyme
in aged rats (Gu et al., 2014). Consistent with our results,
AMPKα2 has been reported to be involved in the protective
effect of swimming training against isoproterenol-induced ROS
production and promote the expression of antioxidant enzymes
in mouse hearts (Ma et al., 2015). AMPK activity has been
reported to be associated with the redox reaction in different
tissues in the cardiovascular system (Ma et al., 2015). Activation
of AMPK by 5-aminoimidazole-4-carboxamide ribonucleotide
(AICAR) could significantly decrease ROS which was induced
by palmitic acid in human aortic endothelial cells and increased
expression of the antioxidant thioredoxin (Li et al., 2009). In
addition, AMPKα2 suppressed NADPH oxidase expression and
reduced ROS production in endothelial cells (Wang et al.,
2010) as well as induced manganese SOD (Kukidome et al.,
2006).
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FIGURE 5 | Exercise training enhanced aortic mitochondrial MnSOD

and catalase via AMPKα2. (A) Representative western blot images and

summarized data showing the expression of MnSOD and catalase of aorta

from WT and AMPKα2 knockout mice with or without exercise. (B) Scheme

illustrates that AMPKα2 plays a critical role in exercise-related vascular

protection via increasing endothelial and mitochondrial function in the artery.

AMPKα2 is activated after chronic exercise training and in turn, mediates

increased eNOS expression and activation, increased mitochondrial content

(mtDNA and Complex I) and mitochondrial antioxidant capacity (MnSOD and

catalase). These events contribute to the promoted vasodilation and

mitochondrial network function, resulting in improved vascular function. The

protein levels of MnSOD and catalase were normalized to GAPDH. WT, wild

type; Ex, exercise. Values are mean ± SD (n = 6 in each group). *p < 0.05;
***p < 0.001 versus WT. ##p < 0.01; ###p < 0.001 versus WT+Ex.

Finally, our results show that exercise-related increases of
eNOS expression/phosphorylation, mitochondrial content and
MnSOD/catalase expression were lost in AMPKα2 knockout
mice. As demonstrated in the present study, the increased
vasodilation and eNOS activation during exercise were decreased
in AMPKα2 deficient mice. This may be caused by the
finding that AMPK is able to phosphorylate eNOS, thereby
leading to eNOS activation and increased NO production
(Morrow et al., 2003), and that the loss of AMPKα2 may
prevent exercise-related eNOS activation. As for the increased
expression of eNOS, mitochondria content and increased
expression of MnSOD and catalase in aorta with exercise,
the increased AMPKα2 may induce the expression of these
proteins through direct interaction with the nucleus in WT
mice as previously reported (McGee et al., 2003; Jørgensen
et al., 2006). In AMPKα2 knockout mice, however, these
corresponding proteins were not increased due to the lack
of AMPKα2 to promote the expression of these proteins.
Indeed, a recent report showed that AMPK signaling is required
for the metabolic response to exercise in vivo, and AMPK
activationwas proposed as a regulatorymechanism that underlies
exercise-induced glucose uptake in muscles, thereby leading to
increased systemic insulin sensitivity (Steinberg and Jørgensen,
2007).

It has been shown that AMPK plays a protective role
in diabetes and hypertension. For example, Wang et al.
reported that AMPK activation was reduced in diabetic
mice, and that metformin, an AMPK activator, normalized
the acetylcholine-induced endothelial relaxation (Wang
et al., 2009). Sun et al. found that resveratrol, a compound
that activates AMPK, induced vasodilation and lowered
blood pressure in DOCA-hypertensive mice(Sun et al.,
2015). Metformin attenuated cytokine-induced expression
of proinflammatory factors via AMPK activation in human
umbilical vein endothelial cells (Hattori et al., 2006). The
present finding that exercise improved aortic endothelial
and mitochondrial function via AMPKα2 activation
suggests that AMPKα2 may play a critical role in exercise-
related improvement of vascular function in diabetes and
hypertension.

In summary, our study shows that chronic exercise training
mediates vascular protection through improving aortic
endothelial andmitochondrial function, and that vascular AMPK
isoform AMPKα2 is a key signaling molecule that mediates
the protective effects of exercise in the vasculature. These
findings may provide a novel mechanism in exercise-related
cardiovascular protection.
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Purpose: Having a low level of physical fitness, especially cardiorespiratory fitness,

appears to accelerate age-related aortic stiffening. Whereas, some studies have reported

that trunk flexibility is a component of physical fitness, it is also negatively associated

with arterial stiffening independent of cardiorespiratory fitness in cross-sectional studies.

However, no long-term longitudinal study has determined whether poor trunk flexibility

accelerates the progression of age-related aortic stiffening. We examined trunk flexibility

and aortic stiffness progression in a 5-year longitudinal study.

Methods and Results: A total of 305 apparently healthy men and women participated

in this study (49.6± 9.5 years of age). Trunk flexibility wasmeasured using a sit-and-reach

test. Aortic stiffness was assessed using carotid-femoral pulse wave velocity (cfPWV) at

baseline and after 5 years. Analysis of covariance (ANCOVA) was used to assess the

association of the annual rate of cfPWV across flexibility levels (low, middle, high). There

were no significant differences in baseline cfPWV among the three groups (835 ± 164,

853 ± 140, 855 ± 2.68 cm/s; P = 0.577). Annual 1cfPWV was significantly higher in

the low-flexibility group than in the high-flexibility group (P = 0.009). ANCOVA revealed

an inverse relationship between flexibility level and annual 1cfPWV (14.41 ± 2.73,

9.79 ± 2.59, 2.62 ± 2.68 cm/s/year; P for trend = 0.011). Multiple regression analysis

revealed that baseline sit and reach (β = −0.12, −0.70 to −0.01) was independently

correlated with 1cfPWV following adjustment for baseline peak oxygen uptake, age,

sex, body fat, heart rate, and cfPWV. The 5-year change in cfPWV was not significantly

correlated with 5-year change in sit-and-reach performance (P = 0.859).

Conclusion: Poor trunk flexibility is associated with greater progression of age-related

aortic stiffening in healthy adults. However, we failed to confirm a significant association

between 5-year change in aortic stiffness and 5-year change in trunk flexibility. The

association between increased age-related increase in aortic stiffness and deterioration

in flexibility due to age may require observation for more than 5 years.

Keywords: arteriosclerosis, aging, fitness, trunk flexibility, primary prevention
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INTRODUCTION

Aortic stiffness, as indexed based on pulse wave velocity (PWV),
increases progressively with advancing age (Lakatta, 2003) and
is a major risk factor for cardiovascular disease and all-cause
mortality (Vlachopoulos et al., 2010).

Having a high level of physical fitness, especially higher
cardiorespiratory fitness, is associated with the suppression of
age-related arterial stiffening (Vaitkevicius et al., 1993; Gando
et al., 2016). Recently, we and others have reported that
flexibility, a component of physical fitness (Cureton, 1941), is
also negatively associated with arterial stiffening independent of
cardiorespiratory fitness in cross-sectional studies (Yamamoto
et al., 2009; Nishiwaki et al., 2014). It was reported that
healthy children with stiffer skin and joints have higher blood
pressure and higher pulse pressure levels, independent of several
confounders (Uiterwaal et al., 2003). Moreover, the loss of trunk
flexibility with aging accelerates at the fourth or fifth decade
of life, based on 6,000 Flexitest results (Medeiros et al., 2013).
The same tendency is observed for age-related arterial stiffening.
However, no long-term longitudinal study has determined
whether poor trunk flexibility accelerates the progression of
age-related arterial stiffening.

Flexibility (body stiffness), which can be measured non-
invasively, easily, quickly, and safely, may represent the
phenotypic stiffness of various body parts. Flexibility is
determined by connective tissue in the tendons, muscles,
ligaments, and joint capsules (Alter, 2004). Increased aortic
PWV is linked to structural alterations in the arterial wall,
including increased connective tissue (Lakatta, 2003). Some
studies have reported that benign joint hypermobility syndrome
and Ehlers-Danlos syndrome, one of the most common heritable
disorders of connective tissue, are characterized by joint laxity
and associated with increased aortic compliance (Neil-Dwyer
et al., 1983; Handler et al., 1985), distensibility (Boutouyrie et al.,
2004), and lower aortic stiffness (Francois et al., 1986; Yazici
et al., 2004). It is possible that poor flexibility may accelerate
the progression of age-related arterial stiffening. Therefore, we
hypothesized that the age-related increases in aortic stiffness
were higher in individuals with low flexibility compared to those

with high flexibility. The aim of this study was to investigate
the association between flexibility and the progression of aortic
stiffening in a longitudinal study.

METHODS

Participants
The study population is part of the Nutrition and Exercise
Intervention Study (NEXIS) cohort, registered at Clinical
Trials.gov, identifier: NCT00926744. For the purpose of
this study, a total of 305 Japanese adults (80 men and 225
women; mean age, 49.6 ± 9.5 years; range, 27–66 years)

Abbreviations: ANCOVA, analysis of covariance; ANOVA, analysis of variance;

BMI, body mass index; cfPWV, carotid and femoral pulse wave velocity; HbA1c,

glycated hemoglobin; HDL, high-density lipoprotein; HR, heart rate; METs,

metabolic equivalents; PWV, pulse wave velocity; SBP, systolic blood pressure.

were selected from among 1,125 participants. Participants
underwent anthropometric measurements, physical fitness
testing (cardiorespiratory fitness and flexibility), physical
activity assessments, arterial stiffness measurement, and blood
examinations (baseline measurement). They underwent the same
tests (except for physical activity) at 5-year follow-up (follow-up
measurement). We excluded participants with a history of stroke,
cardiac disease, or chronic renal failure, and those undergoing
medical treatment for hypertension, dyslipidemia, or diabetes.
We also excluded current smokers. Participants in this sample
had an ankle-brachial pressure index between 0.9 and 1.3 at both
baseline and the follow-up visit (during the observation period).
All participants gave their written informed consent before
participating in the study. The study was approved by the ethical
committees of the National Institutes of Biomedical Innovation,
Health and Nutrition, and Okayama Health Foundation, and the
study was performed in accordance with the guidelines of the
Declaration of Helsinki.

Arterial Stiffness and Blood Pressure
We measured carotid and femoral PWV (cfPWV) as indicators
of aortic stiffness and blood pressure with a vascular test device
(form PWV/ABI; Omron Colin, Japan) as described previously
(Gando et al., 2016). Waveforms were measured by applanation
tonometry according to a standardized protocol. The standard
deviation of the difference for interobserver reproducibility was
62 cm/s in our laboratory (Gando et al., 2010). Heart rate
(HR) was simultaneously determined during the measurement
of cfPWV (form PWV/ABI; Omron Colin, Japan). Recordings
were made in triplicate, with participants in the supine position,
and conformed strictly to American Heart Association guidelines
(Pickering et al., 2005). The mean right and left brachial BPs were
used for analysis.

Flexibility
We measured sit-and-reach test performance as an indicator
of trunk flexibility with a trunk flexion meter (T.K.K.5112;
Takeikiki, Japan) as described previously (Yamamoto et al., 2009).
Participants sat on the floor with legs stretched out straight in
front of the body. They put both hands on the trunk flexionmeter
and flexed forward slowly. The device then displayed the distance
moved. The standard deviation of the difference for interobserver
reproducibility was 2.3 cm in our laboratory (Yamamoto et al.,
2009).

Participants were classified into low, moderate, or high trunk
flexibility categories according to the distribution of sex- and age
(20–29, 30–39, 40–49, 50–59, and 60–69 years) -specific sit and
reach test results: lowest tertile, poor flexibility; middle tertile,
mid-range flexibility; and highest tertile, high flexibility.

Cardiorespiratory Fitness
We measured peak oxygen uptake as an indicator of
cardiorespiratory fitness, which was measured according to
the protocol of a graded exercise load using a cycle ergometer
(Ergomedic 828E Test Cycle, Monark, Sweden, or Excalibur
V2.0, The Netherlands), as described previously (Gando et al.,
2016).
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Physical Activity
We assessed physical activity using triaxial accelerometry
(Actimarker EW4800; Panasonic Electric Works, Japan), as
described previously (Gando et al., 2010). Participants wore a
triaxial accelerometer for 28 days with habitual physical activity.
They were instructed to wear the accelerometer from the time
they woke up until they went to bed. We used the data for at least
14 days (2 weeks) and obtained daily physical activity durations
corresponding to 1.1 to 2.9 metabolic equivalents (METs) (light),
3.0 to 5.9 METs (moderate), or ≥6.0 METs (vigorous) (Haskell
et al., 2007).

Body Composition
We assessed body composition using dual-energy X-ray
absorptiometry (Hologic QDR-4500; Hologic, Waltham, MA).
We measured waist circumference using a tape measure.
Body mass index (BMI) was calculated as measured weight in
kilograms divided by the square of measured height in meters.

Blood Samples
Blood samples were obtained after at least 10 h of overnight
fasting. Fasting plasma glucose and glycated hemoglobin
(HbA1c) and serum levels of total cholesterol, high-density
lipoprotein (HDL) cholesterol, and triglycerides were measured.

Statistical Analyses
Means ± standard deviations were calculated for continuous
variables. Analysis of variance (ANOVA) was used to assess
the relationship of the continuous variables to categories
of flexibility levels. The differences between baseline and
follow-up measurements were assessed by paired t-test and
McNemar’s non-parametric test. In the ANOVA, Scheffe’s
method was used to identify significant differences among mean
values.

Pearson’s correlation coefficients were used to analyze the
relationships between the 5-year changes in cfPWV and baseline
values of factors known to influence vascular stiffness and 5-year
changes in these variables.

Analysis of covariance (ANCOVA) models were estimated
to test differences in the annual rate of cfPWV [annual
1cfPWV: (follow-up cfPWV—baseline cfPWV)/follow-up years]
across flexibility levels. The annual 1cfPWV was entered as a
dependent variable; the tertile flexibility category was entered
as a fixed factor; and baseline age, weight, body fat, systolic
blood pressure (SBP), HR, cfPWV, peak oxygen uptake, moderate
physical activity time, vigorous physical activity time, and
sex were entered as covariates for adjustment. Pairwise post-
hoc comparisons were examined using a Bonferroni test. In
ANCOVA, data were expressed as estimated marginal mean ±

standard error.
A multiple regression analysis was used to determine the

influences of baseline values of factors known to influence
vascular stiffness and changes in these variables (annual rate of
change) on the annual 1cfPWV.

P values < 0.05 were considered statistically significant.
Data were analyzed using SPSS software (IBM Japan v.20.0,
Japan).

RESULTS

Table 1 shows the baseline characteristics and changes in these
variables of the participants divided by flexibility levels. There
were no significant differences in baseline cfPWV among the
three groups (P = 0.577). The paired t-test demonstrated
that cfPWV increased significantly during the follow-up period
in low and middle flexibility groups. The body fat, HbA1c,
SBP increased significantly during the follow-up period in all
flexibility groups.

Pearson’s correlation coefficients between the 5-year change
in cfPWV and baseline and 5-year changes in other parameters
were as follows: the 5-year change in cfPWV was correlated
with baseline sit-and-reach (r = −0.16, P = 0.005); weight (r
= 0.15, P = 0.007); BMI (r = 0.15, P = 0.011); waist (r =

0.13, P = 0.029); cfPWV (r = −0.26, P < 0.001); peak oxygen
uptake (r = −0.12, P = 0.030); and 5-year changes in SBP (r
= 0.24, P < 0.001), diastolic blood pressure (DBP) (r = 0.24, P
< 0.001), and HR (r = 0.21, P < 0.001). The 5-year change in
cfPWV was not significantly correlated with the 5-year-change
in sit-and-reach. Moreover, univariate regression analyses were
used to assess the relationships between sit-and-reach values and
the 5-year changes of cfPWV in different age categories (young,
middle, old). The Pearson’s correlation coefficient was larger in
older subjects than in young and middle-aged subjects (young,
r = −0.13; middle-aged, r = −0.15; older, r = −0.26). These
results suggest that poor trunk flexibility is associated with greater
progression of age-related aortic stiffening, especially in older
adults.

Figure 1 shows the crude and adjusted values of the annual
1cfPWV across flexibility levels. ANCOVA revealed an inverse
relationship between flexibility level and the annual 1cfPWV
(14.41 ± 2.73, 9.79 ± 2.59, 2.62 ± 2.68 cm/s/year; P for trend =

0.011). The annual 1cfPWV was significantly higher in the low-
flexibility group than in the high-flexibility group (P = 0.009).
Moreover, we performed ANCOVA analyses by sex. In men,
ANCOVA revealed an inverse relationship between flexibility
level and the annual 1cfPWV (21.86± 6.65, 15.40± 5.46,−0.94
± 6.00 cm/s/year; P for trend = 0.044). In women, ANCOVA
revealed an inverse relationship (not statistically significant)

between flexibility level and annual 1cfPWV (11.23 ± 3.00, 7.68
± 2.95, 4.67± 3.01 cm/s/year; P for trend= 0.329).

As shown inTable 2, multiple regression analysis revealed that
baseline sit-and-reach and peak oxygen uptake were independent
correlates of annual 1cfPWV (Model 1). Upon further
adjustment including body fat, HR, and cfPWV (Model 2),
baseline sit-and-reach and peak oxygen uptake were independent
correlates of annual 1cfPWV. Annual 1HR was independently
correlated with annual 1cfPWV (Model 3). However, annual
1sit-and-reach, 1peak oxygen uptake, and 1body fat were not
independent correlates of annual 1cfPWV.

DISCUSSION

In this 5-year longitudinal study, the age-related increases
in aortic stiffness were higher in the low-flexibility groups
compared with those in the high-flexibility groups. Moreover,
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TABLE 1 | Changes in participants’ characteristics during the study period.

Variables Low Middle High

Baseline Follow-up Baseline Follow-up Baseline Follow-up

N (men/women) 99 (23/76) 104 (30/74) 102 (27/75)

Follow-up year, years 5.0 ± 0.1 5.0 ± 0.1 5.0 ± 0.1

Sit-and-reach, cm 30.2 ± 6.0 31.1 ± 7.8 40.0 ± 4.8 38.7 ± 7.7† 49.7 ± 5.5 48.7 ± 7.1†

Premenopausal Women, n (%) 31 (31) 19 (19)† 30 (29) 23 (22) 34 (33) 22 (22)†

Age, years 49.8 ± 9.4 54.8 ± 9.4† 49.4 ± 9.7 54.4 ± 9.7† 49.5 ± 9.5 54.6 ± 9.5†

Height, cm 159.7 ± 8.3 159.4 ± 8.3† 160.7 ± 7.5 160.4 ± 7.5† 162.6 ± 8.6* 162.2 ± 8.6*†

Weight, kg 57.3 ± 9.7 56.9 ± 9.4 58.2 ± 9.1 58.4 ± 8.9 58.1 ± 9.2 58.1 ± 9.6

BMI, kg/m2 22.3 ± 2.8 22.3 ± 2.8 22.4 ± 2.4 22.5 ± 2.3 21.9 ± 2.5 22.0 ± 2.8

Waist circumference, cm 81.0 ± 8.3 81.1 ± 7.7 80.2 ± 7.6 81.6 ± 7.6† 79.1 ± 8.4 79.3 ± 8.5

Body fat, % 27.4 ± 6.2 28.0 ± 6.6† 25.8 ± 6.3 27.0 ± 6.4† 24.1 ± 7.0* 25.9 ± 7.4†

Glucose, mg/dL 89.3 ± 8.1 86.7 ± 9.9† 90.6 ± 13.1 88.6 ± 19.3† 89.7 ± 10.3 85.4 ± 9.9 †

HbA1c, % 5.3 ± 0.3 5.4 ± 0.3† 5.3 ± 0.5 5.5 ± 0.7† 5.3 ± 0.4 5.4 ± 0.3†

Total cholesterol, mg/dL 212 ± 38 221 ± 36 † 213 ± 33 219 ± 35 208 ± 36 217 ± 35†

HDL cholesterol, mg/dL 67 ± 20 71 ± 20 † 65 ± 17 67 ± 20 68 ± 16 71 ± 17†

Triglycerides, mg/dL 88 ± 47 103 ± 182 97 ± 71 100 ± 69 81 ± 54 77 ± 38

SBP, mmHg 117 ± 14 120 ± 16 † 115 ± 12 117 ± 13† 118 ± 13 121 ± 15†

DBP, mmHg 71 ± 11 73 ± 11 † 70 ± 9 71 ± 10† 71 ± 10 72 ± 10

HR, beats per minute 62 ± 10 61 ± 9 62 ± 11 61 ± 9 62 ± 12 60 ± 10

cfPWV, cm/s 835 ± 164 913 ± 212† 853 ± 140 895 ± 167† 855 ± 140 871 ± 156

N (men/women) 99 (23/76) 94 (23/71) 104 (30/74) 95 (28/67) 102 (27/75) 94 (26/68)

Peak oxygen uptake, mL/kg/min 29.7 ± 5.9 30.0 ± 7.2 31.8 ± 7.8 31.5 ± 7.8 33.1 ± 7.3* 34.0 ± 9.0*

N (men/women) 99 (23/76) – 104 (30/74) – 102 (27/75) –

Daily time spent in physical activity

Light, min/day 586 ± 117 – 571 ± 115 – 587 ± 106 –

Moderate, min/day 55 ± 21 – 63 ± 25 – 64 ± 4* –

Vigorous, min/day 1.7 ± 6.3 – 2.8 ± 5.9 – 3.8 ± 7.7 –

Values are mean ± SD, or n (%).

*P < 0.05 vs. Low (assessed by 1-way analysis of variance with post-hoc multiple comparisons by Scheffe’s test).
†
P < 0.05 vs. Baseline (assessed by paired t-test for continuous variables, and by McNemar’s non-parametric test for premenopausal women).

BMI indicates body mass index; HbA1c, hemoglobin A1c; HDL cholesterol, high-density lipoprotein cholesterol; SBP, systolic blood pressure; DBP, diastolic blood pressure; and cfPWV,

carotid-femoral pulse wave velocity.

trunk flexibility was inversely associated with the annual rate of
change in cfPWV. This association was independent of other
confounders. These findings suggest that poor trunk flexibility is
associated with greater progression of age-related aortic stiffening
in healthy adults.

The current study has several strengths that set it apart
from previous studies. Previous cross-sectional studies indicated
that poor trunk flexibility was associated with arterial stiffening
(Yamamoto et al., 2009; Nishiwaki et al., 2014). However, to our
knowledge, there have been no long-term longitudinal studies
with repeated measures of cfPWV and assessment of other
risk factors regarding the relationships between flexibility and
the progression of aortic stiffness. Here, we determined the
relationship between flexibility and the 5-year change in cfPWV.
It is well-known that cardiorespiratory fitness is inversely related
to arterial stiffness (Vaitkevicius et al., 1993; Gando et al., 2016).
Similar to previous findings, the present study also confirmed
that arterial stiffness was significantly related to cardiorespiratory
fitness. More importantly, the present study demonstrated that
trunk flexibility, which has been identified as a component of

physical fitness (Cureton, 1941), was also inversely related with
arterial stiffening, independent of cardiorespiratory fitness and
other confounders. The present findings statistically support
the hypothesis that flexibility is a predictor of arterial stiffness,
independent of cardiorespiratory fitness and other confounders.
By contrast, the 5-year change in cfPWV was not significantly
correlated with the 5-year-change in sit-and-reach performance.
This result was unexpected, because some studies have suggested
that stretching (Nishiwaki et al., 2015) and yoga (Hunter et al.,
2013) exercise interventions significantly improved sit-and-
reach performance and arterial compliance and reduced arterial
stiffness. Our data indicate that the 5-year change in sit-and-
reach was small (mean 5-year change, −0.45 ± 5.44 cm), which
may be hardly detectable. A significant correlation between the
changes in cfPWV and sit-and-reach might be detectable over
a longer-term follow-up period. Further research is needed to
understand this association.

On the other hand, similar to a previous study (Tomiyama
et al., 2010), the present study also showed that the 5-year
changes in HR was independently correlated with 5-year change
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FIGURE 1 | The crude and adjusted values of the annual rate of change in

carotid-femoral pulse wave velocity (1cfPWV) across the flexibility levels. Data

(adjusted model) are adjusted for baseline age, weight, body fat, SBP, HR,

cfPWV, peak oxygen uptake, moderate physical activity time, vigorous physical

activity time, and sex. Data are presented as mean ± standard error.

*P < 0.05 vs. the high-flexibility group.

in cfPWV. Moreover, flexibility is influenced by age and
environmental and genetic factors. Age is associated with both
flexibility (Medeiros et al., 2013) and arterial stiffness (Lakatta,
2003). Environmental factors such as exercise habits or physical
activity levels are also associated with flexibility (Harvey et al.,
2002) and arterial stiffness (Gando et al., 2010). Our findings
demonstrate that flexibility is associated greater progression of
age-related aortic stiffening, independent of age or physical
activity level. Thus, flexibility might be an independent factor
of age-related arterial stiffening. Our recent study indicated that
ACTN3 R577X genotype could be an independent genetic factor
of trunk flexibility (Kikuchi et al., 2017). This study indicated that
RR genotype was associated with significantly lower flexibility
than XX. Moreover, Deschamps et al. (2015) reported that RR
genotype was associated with higher systolic and diastolic blood
pressure. Blood pressure is a strong determinant of arterial
stiffening. Therefore, this genetic factor might be related to the

TABLE 2 | Multiple regression analysis showing the influences of baseline and

changes in these variables (annual rate of change) on the annual 1cfPWV.

Non-

standardized

coefficient

95% CI Standardized

coefficient

P-value

1cfPWV Model 1 (R2 changes = 0.047)

Sit-and-reach, cm −0.37 −0.73 −0.01 −0.12 0.043

Peak oxygen

uptake, mL/kg/min

−0.72 −1.3 −0.13 −0.18 0.016

Age, years −0.12 −0.52 0.27 0.04 0.537

Sex, men = 0;

women = 1

−6.73 −15.51 2.06 −0.10 0.133

1cfPWV Model 2 (R2 changes = 0.151)

Sit-and-reach, cm −0.36 −0.70 −0.01 −0.12 0.043

Peak oxygen

uptake, mL/kg/min

−0.86 −1.52 −0.22 −0.21 0.010

Age, years 0.41 −0.02 0.84 0.13 0.063

Sex, men = 0;

women = 1

−12.0 −21.42 −2.50 −0.18 0.013

Body fat, % −0.35 −1.10 0.40 −0.08 0.361

HR, beats per

minute

0.02 −0.29 0.34 0.01 0.877

cfPWV, cm/s −0.07 −0.10 −0.05 −0.36 0.000

1cfPWV Model 3 (R2 changes = 0.083)

1Sit-and-reach,

cm

−0.33 −3.96 3.31 −0.01 0.859

1Peak oxygen

uptake, mL/kg/min

−2.14 −6.93 2.65 −0.07 0.380

1Body fat, % −4.03 −10.67 2.62 −0.10 0.233

1HR, beats per

minute

3.61 1.42 5.81 0.26 0.001

cfPWV indicates carotid-femoral pulse wave velocity; 95% CI, 95% confidence interval.

present findings. However, flexibility levels were not associated
with the 5-year progression of SBP (low: 3 ± 1, middle: 2 ± 1,
high: 3 ± 1 mmHg, P for trend = 0.495) in the present
study. Further research is necessary to determine the relationship
between R577X genotype and age-related arterial stiffening.
In general, there are gender differences in age-related arterial
stiffening (AlGhatrif et al., 2013). We performed ANCOVA
analyses by sex. Similar to previous findings (Nishiwaki et al.,
2014), our results seem to indicate a stronger correlation in
men. It is not clear why men show a stronger relationship
between flexibility and arterial stiffness. Estrogen may has a
key role in the relationship between body flexibility and arterial
stiffness. However, the effect of estrogen on arterial stiffness is
not consistent (Crews and Khalil, 1999; Rodriguez-Macias et al.,
2002; Tatchum-Talom et al., 2002). Aortic remodeling is related
to sex and women display less aortic dilation than men (Lam
et al., 2010). Therefore, age-related arterial wall remodeling may
be associated with our findings. Further research is necessary to
determine the gender differences.

We speculate on several possible reasons for the greater
progression of aortic stiffening in the low-flexibility group. First,
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flexibility and arterial wall stiffness at least partly interact through
connective tissue metabolism (Nichols and O’Rourke, 2005).
Age-related structural alterations in the arterial wall may show
a consistent link with age-related alterations in body flexibility
within the same individual. Second, aortic stiffness is functionally
influenced by vasomotor tone (Nichols and O’Rourke, 2005).
Passive muscle stretch leads to an increase in sympathetic nerve
activity via the central nervous system (Yamamoto et al., 2004).
Repetitive sympathoexcitation induced by habitual stretching
exercises may be related to the improvements in sympathetic
control of vasomotor tone (Wong and Figueroa, 2014). These
improvements in sympathetic nerve control may result in a
decrease in arterial stiffness (Sugawara et al., 2009). Third,
it is possible that physical inactivity also contributes to this
relationship. In the present study, we found that daily time
spent in moderate and vigorous physical activity was longer
in the high-flexibility group than in the low-flexibility group.
Previous studies have indicated that moderate-to-vigorous
physical activity is associated with age-related arterial stiffening
(Seals et al., 2009; Gando et al., 2010). However, the present
findings revealed a statistically significant inverse relationship
between trunk flexibility and aortic stiffening, independent
of moderate and vigorous physical activity. Fourth, PWV is
also affected by other physiologic factors, such as endothelial-
mediated vasodilation function and structural alterations in
the arterial wall. Further research is needed to understand the
association between flexibility levels and arterial function and
structure.

We believe that our findings have potentially important
implications for preventive and preemptive medicine. Trunk
flexibility can be non-invasively, easily, quickly, and safely
evaluated over all ages and in many settings. Thus, the
measurement of flexibility may be useful for the screening and
prevention of age-related arterial stiffening. Additional research
on the mechanisms underlying the relations between flexibility
and the progression of age-related arterial stiffening will help
to explain these associations. If research continues to confirm
causal links between flexibility and the progression of age-related
arterial stiffening, it may have a positive public health impact and
aid in the detection of preclinical markers of arterial stiffening.
Moreover, high flexibility can be achieved through stretching
or yoga, which need not be cardiorespiratory fitness-enhancing
exercise (e.g., aerobic exercise), and therefore may be a practical
and achievable preventive strategy in older people. Studies have
indicated that acute (Yamato et al., 2016) and chronic stretching
exercise (Cortez-Cooper et al., 2008; Nishiwaki et al., 2015) and
yoga (Patel and North, 1975; Patil et al., 2015) significantly
increased arterial compliance and reduced arterial stiffness and
blood pressure. Additional research is needed to determine
whether these practices may represent a new preventive and/or
treatment strategy for age-related arterial stiffening. Nonetheless,
we should emphasize that cardiorespiratory fitness-enhancing
exercise training is an important approach for preventing
aortic stiffening. In addition, the difference in 5-year change
in cfPWV data between the low- and high-flexibility groups
was 62 cm/s/5 years. A previous meta-analysis (Vlachopoulos
et al., 2010) suggested that an increase in aortic PWV by
100 cm/s was associated with increases of 14, 15, and 15% in

cardiovascular events, cardiovascular mortality, and all-cause
mortality, respectively. Therefore, our findings suggest that poor
flexibility exposure may be associated with future cardiovascular
health.

There are several limitations to the present study. First,
the sit-and-reach test used as an indicator of flexibility is a
multifactorial test, which may compromise the interpretation of
information. We did not evaluate the flexibility of other body
regions such as the elbow, shoulder, knee, or ankle. Further
studies are required to refine our understanding of the link
between flexibility and arterial stiffness. Second, arterial stiffness
is influenced by the phases of the menstrual cycle. We could
not control for the menstrual cycle in this study. However, the
number of premenopausal women was relatively low (32%), and
there were no significant differences among the three groups.
Therefore, we think that this factor had a small effect on
aortic stiffening. Third, there were no significant differences in
baseline cfPWV among the three groups (P = 0.577). Because
the present study included subjects with a broad age range (27–
66 years), our data may be less sensitive to cfPWV compared
with previous reports. Our previous study suggested that trunk
flexibility was correlated with arterial stiffness in older adults, but
not in young adults (Yamamoto et al., 2009). Nishiwaki et al.
(2014) observed a relationship between flexibility and arterial
stiffness in men and elderly women. Thus, we confirmed the
flexibility-arterial stiffness relationship according to age and sex.
Pearson’s correlation coefficients between baseline sit-and-reach
and cfPWV were, in men, r = −0.05 (young) and −0.32 (older)
and, in women, r = −0.02 (young) and −0.13 (older). These
results seem to show greater sensitivity to cfPWV in older men.
Therefore, there might be no significant differences in baseline
cfPWV among the three groups. Fourth, we carried out this study
as a sub-analysis of the NEXIS, which is an ongoing prospective
study. Therefore, we used an observational study design. More
research is needed to determine cause-and-effect relationships
between flexibility and arterial stiffness.

CONCLUSIONS

The present longitudinal study suggests that poor flexibility
is associated with greater progression of age-related aortic
stiffening. This association was independent of known
confounders including cardiorespiratory fitness. Therefore,
trunk flexibility may be an effective measure for preventing
age-related aortic stiffening.
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