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1 | INTRODUCTION

Abstract

The paradigmatic relationship between aging and atherosclerotic cardiovascular
events does not apply to all patient populations. Though trisomy 21 (T21) and its
phenotypic expression, Down syndrome (DS), are conditions that involve premature
aging, the cardiovascular system of adults with DS appears to be particularly spared
from this early senescence. Despite a higher prevalence of some classic cardiovas-
cular risk factors in adults with DS than in the general population, such as dyslipi-
demia, obesity, or sedentarism, these individuals do not develop hypertension or
suffer major cardiovascular events as they age. The protective factors that prevent
the development of hypertension in T21 are not well established. Genes like RCAN1
and DYRK1A, both on chromosome 21 and over-expressed in adults with DS, ap-
pear to play a major role in cardiovascular prevention. Their regulation of the renin-
angiotensin-aldosterone system (RAAS) and neprilysin synthesis could underlie the
constitutive protection against arterial hypertension in adults with DS and explain
the absence of increased arterial stiffness in this population. A better understanding
of these molecular pathways could have enormous implications for the clinical man-
agement of adults with DS and might foster the development of novel therapeutic

targets in cardiovascular prevention for the general population.

Although people with trisomy of chromosome 21 (T21), or Down
syndrome (DS),! present premature aging in most of their organs and

Atherosclerotic cardiovascular disease is the leading cause of mor-
tality in Western countries and is one of the most important causes
of morbidity worldwide.! Its clinical impact grows as the population
ages and the prevalence of classic cardiovascular risk factors in-
creases.? A pro-inflammatory state occurs in the aging endothelium
and in the arterial extracellular matrix leading to an increase in the
stiffness of the vascular wall and finally, to the development of hy-
pertension.® However, the paradigmatic association between aging,
hypertension, and increased cardiovascular risk does not occur in all

patient populations.

tissues,* these individuals do not develop atherosclerosis with age.5
In fact, despite having a higher prevalence than individuals without
DS of some cardiovascular risk factors, the appearance of athero-
sclerotic cardiovascular events in this population is anecdotal.® It has
been postulated that this cardiovascular protection is mediated by
low constitutional blood pressure (BP). Understanding the molecular

mechanisms underlying this phenomenon would allow a more

Although they are not exactly equivalent, we will use the terms T21, which refers to a
genotype, and DS, its phenotypic expression, interchangeably throughout this review.
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accurate estimation of the real cardiovascular risk of individuals with
DS and thus improve their clinical management. Equally important, it
could also open the door to the study of novel therapeutic targets of
great impact for the general population. This article reviews the par-
ticular relationship between T21 and cardiovascular disease, placing
special emphasis on the possible molecular mechanisms that could
regulate BP in subjects with DS.

2 | THE AGING PROCESS IN DOWN
SYNDROME

T21 is the most frequent chromosomal anomaly in live newborns
and the most frequent cause of congenital intellectual disability,
with a global incidence of approximately 1/1000 live newborns.”8 In
recent decades, there has been a considerable, progressive increase
in the life expectancy of people with DS.” However, there is still a
significant knowledge gap about the aging process of these individu-
als as adults with DS.

This gradual increase in life expectancy occurs in a genetic
context that promotes premature tissue aging through several
mechanisms. An increase in tissular oxidative stress mediated by
the enzymes superoxide dismutase and cystathionine-p synthase,
whose genes are located on chromosome 21, has been described.°
Their over-expression has been associated with elevated levels of
pro-inflammatory cytokines, such as leptin, interleukin-6, and tumor
necrosis factor alpha (TN F-o).1

As a consequence of tissue aging and the increase in life expec-
tancy, a growing number of individuals face a life-stage unbeknownst
to previous generations of adults with DS. The studies carried out to
date agree that these subjects present specific clinical problems that
differ from those of the general population.? Although the devel-
opment of premature Alzheimer's disease, early onset of cataracts,
skin aging, immune system deterioration, or degenerative joint in-
volvement are characteristic of this population, not all body systems
exhibit signs of early senescence. In fact, these individuals have, for
example, a remarkably lower incidence in the majority of the of solid
tumors, hypertension, and atherosclerotic cardiovascular disease

than the general population.*®

3 | AN ATYPICAL MODEL OF
CARDIOVASCULAR PROTECTION

In 1977, a team led by JC Murdoch described the differences in
the cardiovascular risk factors profile of 70 institutionalized sub-
jects with DS compared to 70 institutionalized controls with intel-
lectual disability without DS matched by age and gender.’ During
the study period, necropsies were performed in 5 individuals who
died in each group. The most striking finding of this work was the
complete absence of histological changes suggestive of atheroscle-
rosis in any of the main branches of the arterial system of the sub-

jects with DS, while the controls presented atherosclerotic plaques

in variable degrees. These results were replicated a decade later by
Yl4-Herttuala and colleagues,14 which compared the postmortem
findings of adults with DS with those of subjects with intellectual
disability without DS and with controls without intellectual disabil-
ity. Since then, DS has been considered an atheroma-free biological
model.

The absence of atheromatous plaques in necropsies and the low
prevalence of cardiovascular events in this population with a mo-
lecular milieu of increased oxidative stress and premature tissular
aging are striking. Moreover, studies show that adults with DS have
a different, but not improved, cardiovascular risk factor profile, than
the general population.lS Two of the most relevant risk factors in this
population are weight disorders and sedentary lifestyle 13 (Table 1).
It is estimated that approximately 25%-40% of adults with DS are
overweight and an additional 25%-45% are obese according to the
usual body mass index cutoff values.'® However, using the waist-hip
ratio as a measure of abdominal obesity, up to 90% of the individuals
in a Spanish cohort of adults with DS were diagnosed with abdom-
inal obesity.}” On the other hand, the prevalence of metabolic syn-
drome is surprisingly low in subjects with DS and oscillates around
10% even in the group with abdominal obesity.*”

However, there is yet another significant difference in the car-
diovascular profile of adults with DS compared to the general pop-
ulation that could explain the low prevalence of atherosclerotic
events: the absence of arterial hypertension. In a study conducted
on 144 outpatient adults with DS, Real de Asua et al did not find any
individual with high blood pressure (HBP).2® This finding, also ob-
served by Murdoch et al,> has been replicated in other cohorts.'® The
absence of arterial hypertension could explain why the prevalence
of asymptomatic organ damage as measured by carotid intima-media
thickness or by pulse wave velocity is basically absent in the popula-
tion with DS regardless of the presence of other risk factors. To this
particular, Draheim et al showed significantly lower values of systolic
BP, diastolic BP, and carotid intima-media thickness in adults with DS
compared to age-and-sex-matched controls.* Similarly, Rodrigues
et al'® Roy-Vallejo et al®® and Parra et al** observed significantly
lower peripheral and central BP values, in the DS population than
in age-matched controls without DS (Figure 1). Altogether the evi-
dence points to a central role of the absence of hypertension in the
cardiovascular protection of adults with DS. Since arterial hyperten-
sion is considered the main risk factor for cardiovascular mortality
and morbidity in developed countries, the study of the mechanisms
that regulate BP in DS could have enormous clinical and epidemio-
logical relevance.

4 | MOLECULAR MECHANISMS OF BLOOD
PRESSURE CONTROL IN DOWN SYNDROME

The molecular mechanisms underlying BP control in the gen-
eral population are polygenic and of complex characterization.
Nonetheless, two genes located on chromosome 21 and over-

expressed in DS seem to play an essential role. These genes are
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TABLE 1 Cardiovascular risk factor distribution in a population of adults with Down syndrome

Total Under 30 ( 30-39

Risk factor (n = 144) n = 54) (n=44)
Weight (Kg) 65 + 14 62+ 13 72 +13
Height (cm) 152 + 10 152 + 10 155+ 9
BMI (Kg/m?) 292+ 6.4 274+ 6.5 31.3+6.1
Systolic BP (mm Hg) 104 + 13 107 + 10 104 + 10
Diastolic BP (mm Hg) 63+ 16 65+ 6 57 +22
Heart rate (Ipm) 67 + 12 68 +12 68 +9
Family history of 12 (8%) 3 (6%) 5(11%)

cardiovascular

disease
Arterial hypertension 0 - -
Dyslipidemia 14 (10%) 1(2%) 6 (14%)
Diabetes mellitus 2 (1%) 1(2%) 0
Metabolic syndrome 7 (5%) 2 (4%) 2 (5%)
Hyperuricemia 3 (2%) 1(2%) 0
Physical activity (h/ 29+22 34+1.6 29+26

semana)
Tobacco/Alcohol 0/0 ° =

abuse

(Reproduced with permission from Real de Asua et al Ref. 13).
BMI, body mass index; BP, blood pressure; ns, non significant.

m/s
10 PWV (m/s)
10,0 p<0.01
8,0
6,0
4,0 |
2,0

1 1
DS adults Controls

FIGURE 1 Differences in pulse wave velocity between subject
with and without Down syndrome. (Reproduced with permission
from Parra et al Ref. 21)

dual specificity Yak1-related kinase 1A (DYRK1A) and regulator of
calcineurin 1 (RCAN1, formerly known as Down syndrome critical
region 1 or DSCR1), which are also responsible for many of the phe-
notypic characteristics of people with DS.?2 There are three isoforms
of RCAN1 (RCAN1.1L, RCAN1.1S, and RCAN1.4), which all act in a

concentration-dependent manner, albeit with a variable effect and

40-49 Over 50

(n=23) (n=23) Fa, 140 Pearson P

62 +11 60 +12 7,22 <.001
143 + 15 146 + 9 8,33 <.001
31.0+3.6 28.7 + 6.8 4,03 <.01
107 + 26 98 + 11 2,51 Ns
7117 64 + 14 4,58 <.01
67 + 23 64 +9 0,57 Ns
3(13%) 1(4%) 2,22 Ns

2 (9%) 5(21%) 8,39 <.05
0 1 (4%) 2,5 Ns
1(4%) 2 (9%) 0,91 Ns

2 (9%) 0 6,37 Ns
27+25 0.5+0.6 11,38 <.001

possible differing actions, on the transcription factor nuclear factor
of activated T cells (NFAT).2® DYRK1A participates in the regulation
of cell proliferation and is known for its crucial role in neuronal de-
velopment and the onset of Alzheimer's disease in people with DS.?*
Through complementary pathways, both genes have a key influence
in the regulation of the three main systems involved in the devel-
opment of arterial hypertension: the renin-angiotensin-aldosterone
system (RAAS), the sympathetic autonomic nervous system, and the

endothelial function (Figure 2).

4.1 | Influence on the renin-angiotensin-
aldosterone system

RAAS is the widest-studied BP-regulating system. Angiotensin Il
(Angll), the main effector of RAAS, exerts its function through AT1R
and AT2R receptors, triggering the contraction or relaxation, respec-
tively, of vascular smooth muscle cells (VSMCs).?® In addition, the intra-
cellular signaling produced by Angll-AT1R interaction is implicated not
only in the pathogenesis of hypertension, but also in vascular remod-
eling and the development of atherosclerosis.?® The relationship be-
tween an over-expressed RCAN1 and the control of Angll-dependent
BP is still unclear. While some authors have shown in cellular models
that RCAN1-mediated inhibition of NFAT decreases the appearance
of Angll-dependent cardiac hypertrophy,?” others have reported that
Angll, through NFAT, promotes the expression of RCAN1.4, which,
in turn, is necessary for VSMCs migration and vascular remodeling in

models of vascular restenosis and aortic aneurysm.?® RCAN1.4 has
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FIGURE 2 Molecular mechanisms of blood pressure control in subjects with Down syndrome ACE, angiotensin-converting enzyme;
Bk, bradykinin; B2, bradykinin receptor B2; NO, nitric oxide; NOS, nitric oxide syntase; L-Arg, L-arginine. Yellow square: genes in the
chromosome 21; Blue circle: their action affect blood pressure and atherosclerosis; Red line: inhibition; Black line: activation; Dashed line:

relation

also been implicated in the development of atheromatous plaques, en-
dothelial activation, and angiogenesis.29

DYRK1A is also an NFAT inhibitor,?? although its role in the reg-
ulation of RAAS has not been well characterized. However, DYRK1A
has recently been postulated to decrease in neprilysin levels in fibro-
blasts of subjects with DS.3° Neprilysin is an endopeptidase respon-
sible for the degradation of natriuretic peptides and vasodilators,
whose inhibition is related to beta-amyloid accumulation and the
development of Alzheimer's disease in adults with DS.3! Therefore,
the inhibition of neprilysin in DS subjects could be one putative link
between Alzheimer's disease and cardiovascular protection in this
population. So far, the function of RAAS has not been evaluated in
subjects with DS, but these clinical parallels suggests that a deeper
analysis of the influence of the different RCAN1 and DYRK1A iso-
forms on the regulation of Angll and neprilysin may be an essential
starting point.

4.2 | Influence on the sympathetic autonomic
nervous system

The sympathetic nervous system regulates vascular tone by control-
ling cardiac output and peripheral vascular resistances. Different

clinical findings have led to suggest that people with DS have defects

in their peripheral sympathetic innervation. First, people with DS
have a lower baseline heart rate than the general population.®? In
addition, several studies have shown a poorer adaptation of heart
rate and BP to moderate efforts in subjects with DS.3%34

This sympathetic dysautonomy also seems to be mediated by
RCAN1 and DYRK1A, through their inhibition of neural growth fac-
tor (NGF). NGF is one of the factors involved in the development of
the nervous system and its inhibition leads to a decrease in periph-
eral sympathetic innervation and loss of sympathetic neurons.®> A
recent work by Patel et al®® showed that individuals with DS have a
lower sympathetic innervation of some organs than controls without
DS and that over-expression of RCAN1 would be able to block the
development of sympathetic neurons through the inhibition of NGF
in a murine model of DS. Likewise, Stefos et al®’ demonstrated that
both RCAN1 and DYRKZ1A inhibit NGF function in the brain. In sum,
these results point to a hypertensive role of NGF mediated through
the sympathetic system that would be reduced by the over-expres-

sion of RCAN1 and DYRK1A in the population with DS.

4.3 | Influence on endothelial function

The third determinant that regulates blood pressure and can

contribute to the development of hypertension is endothelial
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function. RCAN1 and DYRK1A might critically regulate endothe-
lial function exerting their influence on three interrelated path-
ways: the plasminogen activator inhibitor-1 (PAI-1) pathway, the
balance between leptin and adiponectin, and the oxidation of LDL
cholesterol.

Plasminogen activator inhibitor-1 (PAI-1) is a crucial factor in
the progression of endothelial damage, and its concentration cor-
relates with the development of arterial hypertension and with
an increase in cardiovascular mortality.*® This factor may be also
involved in endothelial senescence and increased arterial stiff-
ness.>? Stefos et al demonstrated that RCAN1 and DYRK1A neg-
atively regulate PAI-1, whose circulating levels are decreased in
people with DS.374° Likewise, DYRK1A activates sirtuin-1 (SIRT-1),
an enzyme that inhibits the deleterious effects of PAI-1 through
epigenetic changes.*

Additionally, adiponectin exerts its beneficial effect on endo-
thelial function through nitric oxide-dependent arterial vasodilation,
by increasing the expression of endothelial nitric oxide synthase*?
and decreasing the expression of adhesion molecules.*® Conversely,
leptin is related to VSMCs hypertrophy and, therefore, to arterial
hypertension.** Kim et al*® observed that NFAT negatively regulates
the expression of adiponectin, and Soudani et al** showed that the
synthesis and secretion of leptin is activated by NFAT. There are no
studies that directly link RCAN1 or DYRK1A to the regulation of
the leptin/ adiponectin balance, but taking into account that both
genes inhibit NFAT, it seems plausible to suggest that this might be
another mechanism by which adults with DS have a more favorable
adiponectin/leptin ratio.**

The oxidation of LDL cholesterol molecules (oxLDL) occurs
early in the process of atherogenesis. A paradoxical increase in
both circulating oxLDL and anti-LDL antibodies has been observed
in the DS population,*® which, however, do not cause an increased
risk of atherosclerosis in these people. Although elevated levels
of oxLDL produce an increase in RCAN1.4 that promotes VSMCs
migration,*” it seems that the key to the absence of atherosclerotic
plaque formation in subjects with DS could be the inhibition of
macrophage-mediated migration by adiponectin,’* which further
increases the interest in clarifying the role of RCAN1 and DYRK1A

in atherogenesis.

5 | POTENTIAL PATHWAYS FOR THE
PREVENTION OF ARTERIAL STIFFNESS AND
ATHEROSCLEROSIS IN DOWN SYNDROME

As mentioned above, subjects with DS have lower wave pulse ve-
locity and carotid intima-media thickness than controls without
DS. These findings could mean that DS entails a special protection
against the development of arterial stiffness and atherosclero-
sis, too. However, there is an absolute paucity of data on whether
the absence of arterial hypertension in individuals with DS is suf-
ficient to avoid the development of arterial stiffness or atheroscle-

rosis. Indeed, some mechanisms proposed such as the regulation of

WILEY-

endothelial function (adiponectin/leptin balance, oxLDL, etc) may
play equally relevant roles.

6 | LIMITATIONS OF THIS PROPOSAL

Many of the mechanisms put forth in this review are based on cel-
lular and murine models. The evidence to support the possible
mechanisms leading to the low prevalence of hypertension in DS
patients is indirect and most of these findings have not yet been
accurately translated to the clinical field, our conclusions may need
to be taken cautiously. Additionally, many of the clinical studies on
this topic in adults with DS are small in sample size and their findings
might not be generalizable. There is a significant paucity of data on
whether our key argument (arterial hypertension is absent in indi-
viduals with DS) is sufficient to avoid the development of vascular
damage. Indeed, we propose other concomitant mechanisms, such
as an altered adiponectin/ leptin balance, or differences in oxLDL
metabolism that may play equally relevant roles in the prevention of
hypertension and atherosclerosis.

7 | CONCLUSIONS

Adults with DS show a constitutional cardiovascular protection, by
virtue of which they do not seem to develop arterial hypertension
or arterial stiffness despite the early tissular aging and the increased
prevalence of important classic vascular risk factors, such as obe-
sity, a sedentary lifestyle, or dyslipidemia. RCAN1 and DYRK1A, two
genes located on chromosome 21 and over-expressed in DS, are
probably involved in the regulation of RAAS, the autonomic nervous
system, and endothelial function, and seem to be responsible for this
protection. A deeper understanding of these two genes and their
signaling pathways could help improve both the management of car-
diovascular risk in adults with DS and have an enormous impact on
cardiovascular health for the general population, which could lead to
the investigation of new potential therapeutic targets.
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