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Introduction

Autonomic dysfunction is a risk factor for cardiovascular diseases
(CVDs), however, the exact mechanism linking autonomic dysfunction
to CVDs is not known [1]. Cardiac autonomic dysfunction is a well-
established risk factor for cardiovascular morbidity and all-cause and
cardiovascular mortality. Decreased heart rate variability (HRV) and
low baroreflex sensitivity (BRS) are considered to be early markers
of cardiac autonomic dysfunction [2-5]. Cardiovascular autonomic
neuropathy (CAN) is a major risk factor for cardiovascular injury
resulting in heart attack, congestive heart failure (HF), stroke as well
as sudden arrhythmic death. The latter is associated with myocardial
structural remodelling that follows hypertension (HT), such as
hypertrophy and fibrosis. This remodelling accompanies changes in
expression, distribution, and function of cell membrane ion channels,
intercellular gap junction connexin-43 channels, Ca2+-cycling proteins,
and extracellular matrix composition [4,5].

Recently, the possibility of using a new CVDs risk factor, which could
be more promising in terms of prognosis than metabolic syndrome
(MetS), namely, “syndrome of vascular aging’, is actively discussed. The
processes of increasing the rigidity of the arteries due to the decrease
in the content of elastin and the increase in the concentration of
collagen in the walls of the vessels. as well as qualitative changes in the
arterial wall due to the violation of endothelial-mediated vasodilation,
are known in physiological aging, but a number of factors are able to
accelerate this process [6-9].

Since aortic stiffness determines its damping function and pulse
wave velocity (PWV), and also affects the level of aortic pulse pressure
(PPao) and aortic augmentation index (IAxao), these indices may
be recommended for its evaluation. Central systolic blood pressure
(SBPao) more reflects the blood flow in the coronary and cerebral
vessels compared with central diastolic BP (SBPbr) and is a more
significant predictor of CVDs. Therefore, measurements of PPao and
IAxao may be more important for the characterization of the state of
the cardiovascular system than just the evaluation of the rigidity of the
vessel wall in terms of PWV [7-9].

Several epidemiological studies reported that increased arterial
stiffness (AS) predicts mortality and morbidity, independently of other
cardiovascular (CV) risk factors. AS measured through carotid-femoral
PWYV, a gold standard method has been associated with subclinical
CVDs. Furthermore, clinical studies have shown that the AS increases
with aging or various pathological processes associated with HT, MetS,
chronic renal disease, and diabetes mellitus (DM) [10]. Diabetes may
enhance AS through pathological changes in the vascular bed, such
as reduced nitric oxide (NO) bioavailability, increased oxidative stress
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(OS), chronic low-grade inflammation, increased sympathetic tone and
changes in type or structure of elastin and/or collagen in the arterial
wall [10-12].

Many of the pathophysiological mechanisms responsible for
vascular dysfunction in DM are determined by hyperglycemia, which
is associated with the activation of pro-inflammatory transcription
factors and increased OS, leading to vasculopathy. Increased advanced
glycation end-product (AGEs) levels may alter the important matrix of
molecules in the vessel wall. In addition, some studies show endothelial
and vascular smooth muscle cell (VSMCs) dysfunction in diabetic
individuals compared to controls indicating that T2DM may both
reduce the bioavailability of endothelial NO and attenuate sensitivity
of the VSMCs to NO. All these pathways appear to be involved in
mediating the hyperglycemia-associated AS. Patients without DM but
with primary autonomic failure have stiffer aortas when compared with
healthy age- and sex-matched control individuals. These findings imply
that there is a pathophysiological link between cardiac autonomic
dysfunction and AS and that the preservation of the elastic properties of
the arteries strongly depends on the integrity of the autonomic nervous
system (ANS) [10,13-14].

The pathophysiological link between aortic stiffness and autonomic
dysfunction and whether impaired cardiac autonomic function induces
AS or whether increased AS leads to the impairment of the autonomic
function remains obscure. Both AS and cardiac autonomic dysfunction
share common pathogenetic pathways including chronic hyperglycemia
and hyperinsulinemia (HI), formation of AGEs and protein kinase C
(PKC) activation, low grade-inflammation and endothelial dysfunction
(ED) [14].

Hyperglycemia

The hyperglycemia in diabetes leads to vascular and neuronal
damages by causing nonenzymatic glycosylation, increased OS and
activation of polyol and protein kinase C pathways. The mechanisms
triggered by hyperglycemia result in ED and AS, which are responsible
for the microvascular and macrovascular complications of diabetes
[15].
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Hyperglycemia has been shown to trigger ED through decrease
in NO synthesis, increase in free radicals levels, and deterioration of
antioxidant defence mechanisms. Chronic glycemic exposure also
induces VSMCs proliferation and chronic inflammation, increases
generation of AGEs and enhances collagen cross-linking within the
arterial wall, up-regulates matrix metalloproteinase-2 and -9 expression
(enzymes degrading elastin), augments the generation of angiotensin-2
in vascular tissue and increases endothelial permeability [16]. ED is
considered a key event in the initiation of the atherosclerotic process,
yet it also leads to “functional” stiffening of arteries, as a continuous
NO release by endothelium contributes to the functional regulation of
arterial elasticity, aimed to adapt peripheral conduit artery mechanics
to changes in blood flow [17].

Insulin resistance

Several prospective studies have demonstrated that insulin
resistance (IR), as assessed by various techniques, is related to CVDs in
both non-diabetic and diabetic subjects, independently of established
risk factors. The risk of CVDs events increased across quintiles of the
homeostasis model assessment of insulin resistance (HOMA-IR); the
association between HOMA-IR index and CVDs was demonstrated.
IR has been shown to be associated with decreased synthesis/release
of NO and enhanced generation of reactive oxygen species, as well as
with an excessive free fatty acids (FFAs) release from adipose tissue.
Increased circulating levels of FFAs may impair endothelial function
and induce a low-grade inflammation (through activation of nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-kB) [17,18].
Hyperinsulinemia augments hepatic very-low-density lipoproteins
synthesis, increases cholesterol transport/synthesis in cultured arterial
SMCs, stimulates the proliferation of arterial SMCs, augments collagen
synthesis and turns on multiple genes involved in inflammation [17].
In subjects with type 2 (T2) DM (T2DM), IR and the use of alcohol
were associated with increased AS which supports the hypothesis that
increased AS can act as a mediating factor in the association between
T2DM and increased risk of atherothrombotic disease [19].

It has been shown that fasting insulin levels were associated to
mean carotid intima-media thickness (CIMT); insulin sensitivity was
negatively associated with CIMT, and this effect was partly explained
by traditional CV risk factors, glucose tolerance and adiposity; the
association between HOMA-IR index and CIMT in non-diabetic
subjects was fully explained by established CV risk factors, above
all by HT; the relationship between HOMA-IR index and carotid
atherosclerosis was mostly dependent on the clustered expression of
the components of the MetS; the association between lower insulin
sensitivity was mediated by circulating FFAs and adipocytokines.
These results imply that IR per se has no strong influence on carotid
atherosclerosis, and that its effect on carotid wall is mediated by other
metabolic, cellular and hemodynamic abnormalities related to the IR
syndrome and DM, like dyslipidemia (DLP), FFAs adipocytokines,
chronic inflammation and HT [17].

Moreover, a novel relationship between AS, HI and CAN in a T2DM
population has been shown in a study which signifies their pathogenic
roles in the development of CVDs in diabetic patients [7].

Inflammation

The mechanisms linking the autonomic imbalance to
atherosclerosis are still elusive. Recent studies suggest an association
between autonomic function and inflammation in patients with CVDs,
showing an inverse relationship between autonomic activity, measured
by HRV, and plasma levels of inflammatory markers [1].
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Inflammation is a key mediator in the pathophysiology of
atherosclerosis involving both the innate and the adaptive immune
system. Diabetes mellitus course represents a spectrum, so drawing
clear lines between these stages may be inaccurate, and probably the
endothelial inflammation and microcirculatory dysfunction starts
with the first rises in blood glucose levels [1,20,21]. Tumor necrosis
factor-alpha (TNF-alpha), interleukin (IL) (IL-1), and some bacterial
components like lipopolysaccharides trigger the transcription of a
molecule of the selectin family (CD62E) in an NF-kB-dependent signal
cascade. CD62E is associated with endothelium of the blood vessel in
different different inflammatory situations. Previously published data
have demonstrated that E-selectin (CD62) is a proatherogenic and
proinflammatory cytokine associated with IR, obesity, and CVDs [22].
It has been suggested that circulating CD62 concentration may be a
biomarker for indicating the subsequent development of metabolic
diseases and in particular CVDs from a healthy state [23]. Prediabetes
patients have higher E-selectin levels as their serum glucose rise, and
it looks as they get highest with the DM diagnosis. This is compatible
with a hypothesis of rising endothelial inflammation with progression
to DM [21].

Previous studies suggest a relationship between autonomic
dysfunction and inflammation, as well as between inflammation and
atherosclerosis. These findings made us hypothesize that inflammation
mediates the atherogenic effects of autonomic dysfunction. Few
studies have investigated the whole pathway (autonomic function-
inflammation-atherosclerosis) in the same population or carotid
atherosclerosis as the primary end-point. Intima media thickness
(IMT), a marker of preclinical atherosclerosis, was recently associated
with increased C-reactive protein (CRP) and reduced HRV in patients
suffering from depression [1]. Ulleryd MA et al. (2017) hypothesize
that inflammation can be a mediator in the link between autonomic
dysfunction and atherosclerosis, leading to CVDs like stroke and
myocardial infarction; reduced autonomic function will increase
low-grade inflammation, subsequently worsening the progression of
atherosclerosis [1].

Increased CIMT reflects very early atherosclerotic changes,
whereas plaque presence indicates a more advanced atherosclerotic
process. T2DM patients have higher CIMT (on average by 130 um),
higher prevalence of carotid plaques and higher plaque volume as
compared to controls, and CIMT and carotid plaque prevalence have
been shown to be associated with fasting plasma glucose levels, glucose
fluctuation or glycated HbAlc (HbAlc), both in non-diabetic and in
diabetic populations [17].

Endothelial dysfunction

ED and atherosclerosis play an important role in the pathogenesis
of end-organ damage. The endothelial layer has many functions, such
as homeostasis, vascular permeability, vasoregulation, angiogenesis
and inflammatory response. It is widely accepted that ED is the
atherosclerosis precursor [24]. DM candidates have an increasing
ED and inflammation with rising blood glucose levels, through the
diagnosis of T2DM. ED is a mostly recognized part of macrovascular
and microvascular disease complications in diabetes. ED may also
precede diabetes onset and may promote IR and glucose dysregulation
leading to DM, but there is still controversy about the exact role of ED
in patients with prediabetes and DM [21].

In diabetic patients, impaired endothelial functions and increased
arterial wall thickness potentially lead to diabetic micro- and
macrovascular complications. DM leads to AS by causing functional
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and structural changes in large vessels. Therefore, it is crucial to
maintain ED and arterial elasticity by means of intensive diabetes
treatment and improved glycemic control. Additionally, management
of ED and AS with certain experimental drugs and/or some medication
used in clinical practice is promising regarding prevention of diabetic
complications. Furthermore, management of ED and AS is likely to
decrease the incidence of cardiovascular disease, which is an important
cause of mortality in DM [15].

Heart rate variability

In T2DMs cardiac autonomic dysfunction, expressed as reduced
vagal activity, leads to heart rate (HR) acceleration and thus to diastole
shortening, but it seems that cardiac autonomic dysfunction may
shorten diastole duration (DD) per se, independently of the effect on
HR. Since DD influences strongly subendocardial myocardial viability
(SVI), cardiac autonomic dysfunction plays a primary role in addition
to AS in the impairment of SVI and may thus worsen cardiovascular
prognosis [25].

Chorepsima S et al. (2017) showed that beyond BP, impaired cardiac
autonomic function assessed by determination of HRV was a significant
determinant of abnormal PWYV in patients with T2DM. Furthermore,
lower values of the frequency-dependent domains of the HRV were
independently associated with higher odds of abnormal PWV [14]. It
has been shown that low HRV is associated with increased mortality
in patients with ischemic heart disease or DM. HRV is also a sensitive
indicator of BRS control, specifically the vagal control. Therefore, AS
may affect BRS and thereby, HRV. Increased AS evaluated by PWV
and/or AISA has been associated with the presence of coronary
atherosclerosis and worse cardiovascular prognosis both in general
population and specific disease groups, including DM. Decreased
HRV in the uncomplicated diabetes patients highlights the obscure
process of CAN in diabetic patients that begins even before clinical
atherosclerotic CVDs becomes apparent [7]. It has also been shown
that surrogate atherosclerosis markers were associated with lower HRV,
and increased CIMT in T2DM participants was significantly associated
with decreased HRV, independent from conventional CV risk factors.
Therefore, the presence of CAN should be considered much earlier
in the course of DM, rather than after the development of clinical
CVDs [7].

Arterial stiffness

Increased AS is a common indicator for the atherosclerotic
involvement of the vascular system and is known to occur as a result of
atherosclerotic risk factors, such as DM, smoking, HT, DLP, and aging.
Increased AS is also associated with coronary artery disease (CAD),
cerebrovascular disease and peripheral arterial disease [21,24]. These
data provide an evidence that diabetes candidates have an increasing
ED and inflammation with rising blood glucose levels, through the
diagnosis of T2DM. ED is a mostly recognized part of macrovascular
and microvascular disease complications in DM. ED may also precede
DM onset and may promote IR and glucose dysregulation leading to
DM, but there is still controversy about the exact role of ED in patients
with prediabetes and DM [21]. PWYV is the gold-standard method for
the assessment of AS and is an independent predictor of CV morbidity
and mortality [26]. A number of studies have shown that AS is increased
in people with DM and that PWV independently predicts mortality
in this group of patients [14]. Reported that, mean IAxao was similar
among T2DM patients and non-diabetes controls; however, IAxao
was related to diabetes status after multiple adjustments of several risk
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factors in the regression model. Other studies have reported that IAxao,
which was similar between DM and non-diabetes subjects, increased
in diabetes patients after adjustment of HR [27]. Yeboah K et al (2016)
hypothesize that, compared to age- and gender-match controls,
nonhypertensive, nonobese T2DM patients would have higher levels
of AS [27]. Blood pressure and impaired cardiac autonomic function
are the main determinants of abnormal PWV in people with T2DM,
while the association between impaired cardiac autonomic function
and AS is not mediated by low BRS or increased HR. Chorepsima S
et al (2017) shown that CAN activity influences AS and it should be
monitored and reported in studies examining factors affecting PWV
[14]. DM was associated with a lower peripheral AS, opposite from
the associations seen for carotid-femoral (cfPWV) and brachial-ankle
PWV (baPWV) [26].

Despite such stability, in the sixth ten human life, there is a gradual
fragmentation of elastin fibers and plates, which is accompanied by
changes in the extracellular matrix in the form of overproduction of
collagen and deposition of Ca2+. This diffuse degenerative process
leads to increased stiffness of the vessels of the elastic type and the
growth of PP [28]. The relationship between the effects of age and
hypertonic changes on the vascular wall is extremely complicated.
This is due to the fact that a number of pathophysiological changes are
unidirectional (increase in the content of collagen), while others have
multidirectional effects, which complicates the interpretation of the
results of the examination of patients. In particular, vascular ductility
may increase with HT and decreases with age. In addition to HT, many
traditional risk factors may contribute to the increased rigidity of the
vessels, including DLP, smoking, hyperglycemia, etc [28]. Loehr LR etal.
(2016) hypothesize that the arterial wall tissue remodeling that occurs
with DM may differ pathophysiologically in muscular versus elastic
large arteries and that loss of elasticity and recoil does not necessarily
translate into stiffening of the muscular arteries [26]. Tsuchikura S et
al. (2010) found opposing directions of effect for the association of
peripheral and central stiffness with CAD [29] including in a subset of
participants with T2DM. Similarly, a recent publication from the ARIC-
study reported that the cfPWV and baPWV were positively associated
with age and with HbA1c, whereas femoral-ankle PWV was not. These
studies support the observation that peripheral stiffness does not have
the same associations with CAD, or its risk factors, that are observed
for central AS [26,30].

One hypothesis is that impaired cardiac autonomic function
results in increased AS. An explanation could be that patients with
CAN present more often with calcification of the tunica media of the
arterial wall. It is noteworthy that the main determinant of the extent of
arterial calcification is the severity of diabetic CAN. On the other hand,
arterial calcification has been suggested as an important determinant
of AS according to findings in humans and experimental models
[14]. These data reveal that calcification of the arterial wall may be an
additional common pathophysiological pathway that could explain the
relationship between impaired cardiac autonomic function and AS.
High sympathetic activity has been associated with AS in hypertensive
patients with and without T2DM, as well as in healthy individuals.
Increases in HR per se may lead to AS independently of changes in
activity of the ANS [14].

The other hypothesis is that AS may lead to CAN via impairment
of baroreceptor function induced by stiffening of the arterial wall.
Several studies have found a significant association between low BRS
and increased AS in patients with congestive HR, in older subjects.
However, no difference in central BRS was observed among participants
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with abnormal and normal PWYV. This finding may imply that DM per
se is a strong factor affecting BRS and outweighs the potential effect of
other factors on BRS [14].

Some data indicate that increased large AS appears already in
prediabetic conditions. In a treatment-naive and mostly “healthy”
population from the ADDITION-Leicester cohort, cfPWV was
increased in individuals with impaired fasting glucose or impaired
glucose tolerance as compared to those with normal glucose
metabolism, and the increase was identical to that of individuals
with newly diagnosed T2DM. Indices of carotid stiffness increased
with fasting plasma glucose, insulin and HbAlc; cfPWV increased
with HbAlc; fasting glucose, HOMA-IR index and HbAlc, together
with waist circumference, triglycerides and HDL-cholesterol were all
predictors of cfPWV after a follow-up of 17 yrs. Finally, a recent study
in middle-aged subjects free of CVD demonstrated the relationships of
cfPWV with HOMA-IR index (direct) and telomere length (inverse)
and suggested that IR linked with chronic inflammation can enhance
telomere shortening (a marker of cellular senescence), and thus induce
accelerated vascular aging [17].

Conclusion

It is reported that reduction of elasticity of large arteries and
dysfunction of ANS appear already at the time of verification of DM.
Questions arise: 1). What is the primary: vegetative dysfunction or
increased rigidity of large arteries? 2). What cause-effect relationship
exists between the dysfunction of the ANS and the rigidity of large
arteries? Two hypotheses are proposed: AS of the arteries can lead to
dysfunction of the myocardium, or, conversely, diabetic CAN promotes
attachment and/or progression of the rigidity of the wall of the large
arteries. In addition, the processes of reducing the elasticity of large
arteries and CAN develop in parallel, taking into account the effects of
aging and “toxic” effects of hyperglycemia [28].

One of the possible mechanisms that can explain the first hypothesis
is the violation of the BRS, which are induced by increased AS. On the
other hand, dysfunction of the cardiac ANS can change the elasticity of
the artery wall, affecting the vascular tone of large arteries. In particular,
animal experiments have shown that the integrity of the ANS plays an
important role in preserving the elastic properties of the aorta [31].
However, it is known that experimental studies are accompanied by
acute modulation of changes in the state of the ANS, while in patients
with DM, a chronic, gradual, cumulative effect is observed. Another
mechanism that may be involved in the processes of induction of
AS and the development of autonomic dysfunction is the increase in
HR. Indeed, an increase in HR per se, regardless of the changes in the
activity of the ANS, contributes to the AS development. However, it
was found that the normalization of HR in patients with TIDM does
not affect the correlation between of left ventricular diastolic function
and PWV. Consequently, the association between parasympathetic
dysfunction and AS is not mediated by an increase in HR. Finally,
changes in vegetative tone can increase the AS due to trophic effects,
which contributes to changes in the structure of the vessels [28,31].

A great amount of data demonstrates that hyperglycemia and IR
activate number of mechanisms triggering the structural and functional
changes in the arterial wall, which are likely to contribute to accelerated
vascular aging and increased CV risk in T2DM [32-35]. Moreover, the
stiffness gradient between the proximal elastic arteries and more distal
muscular arteries decreases, and therefore, increases the transmission
of pressure to the microcirculation that may be already damaged by
diabetic microvascular disease. Moreover, T2DM is associated with
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other metabolic and systemic abnormalities, like atherogenic DLP, HT
and obesity that may cause atherosclerosis, AS or both [17].

However, future work is needed to further clarify whether large AS
and the pulsatile hemodynamic changes that accompany it are involved
in the pathogenesis of DM, and whether interventions targeting AS are
associated with improved clinical outcomes in diabetes mellitus.
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