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Endotheliopathy in systemic sclerosis: 2
from endothelium-dependent vasodilation

to the dysfunction of the vascular reserve, is

the paradise lost?
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Abstract

Microvascular dysfunction is considered one of the main pathogenetic pathways in systemic sclerosis (55¢), and
endothelial cells plays a pivotal role even in the early phases of the disease. Endothelial dysfunction results in an
early incapacity to adapt the vascular tone and the blood flow under stress conditions, thus losing the important
adaptation mechanism that is the vascular reserve.

The loss of vascular tone control in systemic sclerosis is clinically evident as Raynaud’s phenomenon, one of
the earliest signs of the disease. An impairment of the vascular reserve has been described in the literature for the
main SSc target organs. An alteration of the coronary reserve was shown in SSc asymptomatic patients undergoing
a provocative cardiac stress tests. For what concerns the pulmonary circulation, in presence of normal resting
pulmonary pressure values in specific subsets of SSc patients subjected to a cycle ergometer test, an abnormal
elevation of pulmonary pressure has been showed. Regarding renal arterial circulation, in SSc patients with normal
baseline renal function, an absence of improved glomerular filtration after the infusion of a protein load has been
demonstrated. Finally, vascular reserve can be altered even in the gastrointestinal circulation as assessed by the
study of the splanchnic circulation after a balanced meal.

An early detection of an alteration of the physiologic protective mechanism of the vascular reserve could open a
"window of opportunity”in which SSc vasculopathy can be potentially reversible, and more responsive to targeted
therapeutic strategies.
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Systemic sclerosis (SSc) is a chronic and progressive sys-
temic autoimmune disease involving the skin and the
internal organs, characterized by a complex pathogenesis
[1]. One of the main pathogenetic pathways is the micro-
vascular dysfunction which, associated with an auto-
immune dysregulation and an uncontrolled fibroblast
activation, leads to abnormal collagen production result-
ing into skin and organ fibrosis. In the pathogenetic cas-
cade, the temporal dynamic of interactions between the
immune system, the endothelium, the fibroblasts and the
autonomic nervous system still remains to be elucidated.
However, endothelial cells (EC) are considered to play a
pivotal role as their dysfunction is considered a main event
in the very early phase of SSc [2]. The disruption of the
integrity of the EC layer is the underlying cause of several
critical diseases and it is well known that EC, covering the
subendothelial layer, are part of a system which is physi-
ologically adapting to several conditions that may jeopar-
dize the main function of keeping vessel patency. Indeed,
endothelial cells, which line the interior of blood vessels
and cover the subendothelial layer, form a dynamic and
adaptable system that, under physiological conditions,
adjusts to multiple stimuli or stressors in order to pre-
serve one of its main roles: maintaining vascular patency
and preventing occlusion. Therefore, the EC health is of
paramount relevance to maintain the homeostasis of the
vasoconstriction/vasodilating balance in the microvascu-
lar system. This unique ability is maintained by the “endo-
thelial reserve” which, upon any constrictive stimulation
or activation/damage, still keeps the vessel patency thus
maintaining the required blood flow. Thus, the concept
of “vascular reserve” is a fundamental physiological
mechanism of organ protection that, under conditions of
increased demand, allows to increase the vascular perfu-
sion at an ubiquitous level. In the vascular reserve, two
main mechanisms mantain the balance in the control of
the vascular tone, namely (i) the ability to adapt to oxi-
dative stress and (ii) the endothelium-dependent vasodi-
lation [3] which is mainly kept by endothelium-derived
substances like nitric oxide. In SSc, these functions have
been shown to be progressively lost, in particular due to
chronic oxidative stress [4, 5]. Therefore, in the pathoge-
netic cascade the endothelial dysfunction (ED) seems to
be the earliest event misbalancing vascular tone control,
[6, 7] and later substantially contributing to accelerated
atherosclerosis [7, 8]. The hallmark of ED is the impair-
ment of endothelium-dependent vasodilation which is the
mainstay of the vascular reserve. Early stage ED is termed
“Endotheliopathy” referring to the functional and/or ana-
tomical changes in EC [9]. These modifications may lead
to a wide molecular response which is clinically expressed
through a wide number of illnesses [10]. At the EC level,
two molecular pathways are predominantly activated,
the inflammatory and the microthrombotic ones. Actu-
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ally, SSc pathogenesis appears to follow a chronological
progression, with the inflammatory pathway being pre-
dominant in the early disease phase, while the micro-
thrombotic pathway takes the lead much later [11]. The
EC react both to continuous aggression by reactive oxy-
gen species and cytokines derived from inflammatory and
immune cells, leading not only to ED and damage but also
to the loss of EC adaptation and of the precious endothe-
lium-dependent vasodilation. The net effect is the loss of
vascular tone control, clinically evident as Raynaud’s phe-
nomenon (RP), which is considered the earliest sign, often
present long before the appearance of other clinical SSc
features. Moreover, it is widely believed that EC damage
and RP may also occur in internal organs (i.e. heart, lung,
kidney, and the gastrointestinal tract), leading to frequent
ischemia-reperfusion episodes that trigger the transi-
tion of fibroblasts, EC and pericytes into myofibroblasts
and the thickening of the vascular wall [12]. In practice,
the fight against this chain of pathogenetic events, which
originate from the microcirculation in all organs, should
start as early as possible, before functional alterations
become irreversible due to definitive structural modifica-
tions (Fig. 1).

In the literature, the earliest report on altered vascu-
lar reserve in SSc concerns the coronary circulation. A
clear alteration of the coronary reserve was shown in
SSc patients undergoing provocative physical or phar-
macologic testing who were completely asymptomatic
and with no instrumental and biohumoral alterations
that could be correlated with resting coronary ischemia
[9, 13]. In the following years, several studies confirmed
a specific and selective alteration of coronary reserve in
SSc [14, 15, 16, 17, 18, 19, 20].

In 2011, our group studied the vascular reserve of the
renal arterial circulation in SSc patients with normal
indices of renal function, assessed through the stan-
dard biohumoral parameters (i.e. creatinine and urea)
and through the calculation of glomerular filtrate using
the Cockroft formula. Our data showed that a subset of
patients were unable to achieve an appropriate arteriolar
vasodilation and a consequent increase in glomerular fil-
trate, after the infusion of a protein load [21]. These data
clearly demonstrated a significant alteration of renal vas-
cular reserve in SSc patients.

In SSc, data from the literature provide the evidence for
a progressive loss of the regulation of the mechanism of
vascular reserve also at the level of the pulmonary circu-
lation, which is crucial in determining patients survival as
pulmonary hypertension heavily impacts on patients’ life
expectancy [22]. For more than 20 years, the “exercise-
induced pulmonary hypertension” has been investigated
and an increase in the normal resting pulmonary pres-
sure values above the cut offs was found in SSc patients
subjected to a cycle ergometer test [23, 24, 25, 26]. In
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Fig. 1 Endothelium-dependent vasodilation and the loss of vascular reserve

fact, some authors have highlighted that SSc patients,
without any alteration of left heart function and no signs
of interstitial lung disease, showed values of pulmonary
pressure at peak exertion clearly out of threshold, when
subjected to physical exertion. These results clearly sug-
gest an intrinsic dysfunction of the vascular reserve in
SSc patients at the level of the pulmonary circulation [25,
26]. This behaviour was measured using both indirect
non-invasive (i.e. echocardiography) and direct (i.e. right
catheterization) measurements of pulmonary pressures
[27, 28]. The findings demonstrated that asymptomatic
SSc patients may have at rest normal pulmonary pressure
values that under conditions of increased demand, like
physical exertion, lack the capacity to adapt and main-
tain stable pulmonary pressure values. Thus, these data
provide the evidence that in SSc a dysfunction of the vas-
cular reserve may be detected also at the level of the pul-
monary circulation.

Moreover, also in the gastrointestinal system, an early
dysfunction of the splanchnic circulation, covering the
vascular flow requirements of the entire intestinal tract,
has been described [29]. Previously, we have shown that
in SSc patients the entire splanchnic circulation may be
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investigated with doppler ultrasound that may detect a
flow modification in both the superior and the inferior
mesenteric arteries [30]. In SSc, an impairment of the
splanchnic circulation compared to healthy controls was
detected in response to a balanced meal [31]. Moreover,
the failure of the increase of the splanchnic flow sug-
gested an early dysfunction of the vascular compensa-
tion mechanisms, physiologically activated in response to
food intake. This evidence has led to the hypothesis that
an early dysfunction of the vascular reserve may indicate
a vascular modification which precedes the clinical mani-
festations, arising much later due to the progression of
the SSc gastrointestinal involvement.

In the skin vessels, the involvement of the endothelium
as well as vessels’ wall thickening have been shown, but
no studies have functionally addressed the loss of endo-
thelial adaptation. However in the skin at the extremities,
the most prominent hallmark of vascular dysfunction is
Raynaud’s phenomenon which is characterized by a tri-
phasic expression (white, blue, red) according to the ves-
sel patency [32, 33]. These three colors clearly represent
the chain of events (closure of the vessels, ischemia and
reperfusion, respectively), but also the red phase testifies
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the capacity of the endothelium to adapt and counteract
the stimuli restoring the vessel patency. However, the
progression of endotheliopathy, the loss of endothelial
adaptation along with the vessel wall thickening eventu-
ally provoke, due to the lowering of blood flow, a chronic
blue cyanosis, definitively substituting the functional tri-
phasic phenomenon.

Collectively, these data highlight the fact that in SSc an
early pathophysiologic event is already activated, priming
a dysregulation of vascular adaptation with an impair-
ment of the compensatory mechanisms in the skin and
multiple internal organs that in basal conditions still
maintain a normal function. In this early SSc phase, it
might be hypothesized that the ED may be still revers-
ible in case a targeted therapeutic strategy is chosen to
obtain disease remission. This approach may protect the
endothelial homeostasis, the vascular tone control and,
in particular, the modulation of the balance between
vasoconstricting and vasodilating factors. Clearly, the
best efforts of SSc investigators are today focused on the
very early diagnosis of SSc (VEDOSS) patients, in whom,
being the vascular signs and symptoms predominant, the
modulation of the progression of vasculopathy may be
much easier.

Therefore, in a clinical setting the assessment of organ
vascular reserve in SSc could open a “window of time” in
which an ED-targeted therapy would have the potential
for greater long-term efficacy. The crucial capacity of EC
to keep the patency of blood vessels is such an important
function of protection that should not be overlooked by
physicians caring for SSc. The deterioration of the vas-
cular reserve can be compared to a ‘Paradise Lost’ as it
may clearly define the transition from reversible to irre-
versible ED. This condition should warn the clinician not
to overlook a crucial opportunity that the disease itself
offers in its pathophysiological course. In fact, in the early
SSc stage, characterized by microcirculatory EC damage,
the protective mechanism of the “endothelial reserve”
is already lost, before any signs or symptoms of organ
damage are clinically evident. Therefore, a “window of
opportunity” in the natural history of SSc may exist and
is characterized by ED (as pathogenetic item) and RP
(as clinical item) that may be potentially reversible and,
therefore, more responsive to targeted therapeutic strat-
egies. Hence, an early vascular screening should be per-
formed in SSc patients through non-invasive assessments
of vascular reserve in different organs. Likely, a prompt
therapy might attenuate ED and recover the main control
of the vascular tone, also in internal organs either with
vasodilatory or vasoactive drugs [34].

In the next future, studies on large SSc patients cohorts
in the pre-SSc and very early phase of the disease [35] are
warranted to understand the mechanisms of progression
of the vascular wall remodelling.
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