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Endothelium and haemorheology
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Summary. The vascular endothelium has been recognized to have a central importance in maintaining
vascular homeostasis and in preventing cardiovascular disease. The mechanisms underlying the regula-
tion of its function are extremely complex, and are principally determined by physical forces imposed
on the endothelium by the flowing blood. In the present paper, we describe the interactions between the
rheological properties of blood and the vascular endothelium. The role of shear stress, viscosity, cell-cell
interactions, as well as the molecular mechanisms that are important for the transduction of these signals
are discussed both in physiology and in pathology, with a particular attention to the role of reactive oxy-
gen species. In the final conclusions, we propose an hypothesis regarding the implications of changes in
blood viscosity, and particularly on the significance of secondary hyperviscosity syndromes.
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Riassunto ( Endotelio ed emoreologia). All’endotelio vascolare ¢ stato recentemente riconosciuto un
ruolo cruciale nel mantenere I’omeostasi vascolare e nel prevenire la genesi delle patologie cardio-
vascolari. I meccanismi alla base della regolazione della cosiddetta funzione endoteliale sono estre-
mamente complessi, e sono principalmente legati alla interazione tra endotelio e lo stress meccanico
imposto dal flusso ematico. In questo articolo, descriviamo i meccanismi di questa interazione tra le
proprieta fisiche e reologiche del sangue e I’endotelio. Il ruolo di shear stress, viscosita, interazioni
cellula-cellula, ed i meccanismi molecolari di questi fenomeni sono discussi in condizioni fisiologi-
che e patologiche, con un’attenzione particolare al ruolo dei radicali liberi dell’ossigeno. Nelle con-
clusioni finali, proponiamo un’ipotesi riguardo alle implicazioni delle modificazioni nella viscosita

ematica, particolarmente per quello che riguarda le sindromi da iperviscosita secondaria.

Parole chiave: endotelio, emoreologia, viscosita.

INTRODUCTION

The endothelium layer covers the inner surface of
the whole vascular system. This monocellular layer
separates all tissues from the circulating blood [1].
While in the past it as been considered to be an inert
physical barrier, acting only as a selective sieve to fa-
cilitate bidirectional passage of macromolecules and
blood gases between tissues and blood, research lines
in the ‘80ies and ‘90ies have clearly demonstrated that
the endothelium is a dynamic organ which holds a
leading role in regulating vascular homeostasis.

Because its peculiar location allows it to sense changes
in haemodynamic forces and blood-borne signals, the
endothelium exerts its function in maintaining vascular
homeostasis through the balanced release of a number
of autocrine and paracrine substances in response to
physical, biological and chemical stimuli. Substances
released from the endothelium regulate thrombosis,
thrombolysis, platelet adherence, vascular tone, lipid
metabolism and inflammation (Figure 1). Given the
critical role of these mechanisms, the disruption of the
endothelial balance, a phenomenon called endothelial
dysfunction, is a precursor of the pathogenesis of many
diseases including atherosclerosis, hypertension, sepsis
and some inflammatory syndromes [2].

In the following paragraphs, we will describe the
relation between endothelium and hemorheology,
and how a dysfunction in this relationship can in-
terfere with the production of endothelial autacoids
and vascular flow.

NOTIONS OF ANATOMY,
PHYSIOLOGY AND PATHOPHYSIOLOGY
OF THE VASCULAR ENDOTHELIUM

While its anatomical structure is extremely simple,
composed as it is by a single layer of mesenchymal
cells, the endothelium is an extremely complex tissue
from the metabolic point of view. Of interest, while
endothelial cells are (at rest) flat, most of the thickness
of the endothelium (up to several hundred nms) is de-
termined by a dynamic structure lying on its luminal
surface. This structure, denominated the endothelial
surface layer (ESL, Figure 2) is composed of proteins,
glycolipids, glycoproteins and glycosaminoglycans.
The molecular domains hosted in this glycocalyx func-
tion as receptors for adhesion molecules, components
of the coagulation/fibrinolysis system, transporter for
oxygen and macromolecules, and, most importantly,
as mechanical transducers of the physical stress deter-
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mined by the flowing blood on the surface of the en-
dothelium. With its thickness, the ESL occupies a large
fraction of the lumen in capillaries and arterioles, and
it has been shown that vascular resistance measured at
the level of microvessels (where the ratio of ESL thick-
ness to vascular lumen is highest) is much higher as
compared to the resistance measured in glass capillar-
ies having the same diameter [3]. This increase in vas-
cular resistance determined by the ESL depends on: 1)
physical reduction of the vascular lumen by the ESL
2) electrochemical interaction between ESL and blood
components, which increases friction forces [4].

As said, the ESL functions as a transducer of me-
chanical forces: the modifications imposed by shear
stress, i.e., the friction force determined by the flow-
ing blood that acts tangentially on the ESL, de-
termine mechanical modifications of the intracel-
lular cytoskeleton, which is, on one side, structur-
ally bound to the ESL, and, on the other, to several
stretch-activated sensors, mostly protein G systems
and ion channels. It seems that, in this molecular
cascade, activation of MAP kinases plays a cen-
tral role. Indeed, these ubiquitously expressed ser-
ine/threonine protein kinases (which are involved in
the regulation of cell growth, transformation and
differentiation), and in particular the extracellular
signal-regulated kinases (ERK1/2)), activate sev-
eral enzymes which include protein kinases (p90rsk,
MAPKAP, Raf-1, MEK), transcription factors (c-
myc, c-jun, c-fos, p62TCF), and cell surface proteins
(EGF receptor) [5]. The cascade of molecular events
that follows these reactions regulates the production
of endothelial autacoids, and in particular the syn-
thesis of nitric oxide (NO) [6], as discussed below.

Thanks to these mechanisms, early upon detection
of increases in shear stress, rapid changes in ionic
conductance, inositol triphosphate production and
cytosolic Ca?" concentrations can be observed in the

Density Lipoprotein.

endothelial cell. Opening of K* channels facilitates
membrane hyperpolarization, which provides an
electrochemical gradient for Ca* entry. The plasma
membrane thickens and starts to form invaginations
that are named caveolae [7], where the synthesis of
NO occurs, stimulated by the increased Ca?* avail-
ability. NO is a highly reactive free radical [8] with
a number of effects, among which a potent influ-
ence on haemorheology [9]. Indeed, NO increases
red blood cell and platelet deformability, reduces
platelet adhesion and aggregation [10], reduces leu-
kocyte adhesion [11], reduces endothelial expression
of adhesion molecules (which, although not being
an intrinsic characteristic of blood, is an important
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Fig. 2 | Endothelial production of nitric oxide (NO) is stimu-
lated by oscillatory shear stress, transmitted by the endothelial
surface layer to the endothelial cells.
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determinant of blood-vessel interactions) [12] and,
most importantly, it causes vasodilation [13].

While these changes are induced acutely by shear
stress, and in particular by oscillatory shear stress [14],
in cases where this physical stimulus is maintained for
prolonged periods, genomic induction ensues, prob-
ably mediated by activation of the nuclear factor
kB (NFkB) transcriptional factor. Because NFkB
binding sites are found in the promoter regions of a
variety of genes, this system might have a particular
importance in altering gene expression in response to
sustained variations in shear stress. In particular, the
increased expression of the endothelial enzymes NO
synthase, one of the effects of sustained increases in
shear stress, explains the parallel sustained increase in
the production of this free radical [15]. Considering
the beneficial effects of NO in vascular physiology,
one can safely assume that the benefit associated with
physical exercise (i.e., chronic increase in oscillatory
shear stress) in cardiovascular patients is indeed me-
diated by the above described mechanisms [16].

In this scenario, a particular importance has been
given to other free radicals, the reactive oxygen spe-
cies [17] (ROS). The ROS are free radicals normally
produced in low concentrations by the mitochondrial
respiratory chain and normally scavenged by multiple
intra- and extracellular mechanisms, including the en-
zyme superoxide dismutase, glutathione and vitamin
C. When produced in supranormal concentrations,
ROS can overcome these scavenging mechanisms
and rapidly react with NO to form the highly toxic
peroxynitrite [18]. This may reduce the bioavailability
of endothelium-derived NO, impairing its vasodila-
tor activity, and, possibly, directly counteract NO-in-
duced protective effects, as ROS cause vasoconstric-
tion and vascular damage [19]. Therefore, these high
concentrations of ROS and peroxynitrite are potent
toxics for cellular structures, due to their capacity to
oxidize and damage or inactivate a variety of cellular
structures. Interestingly, the redox state of endothelial
cells was found to be dependent on the type of the
shear stress applied, an observation which provides
an interesting mechanistic clue to the phenomena de-
scribed until now: it has been shown that oscillatory
and steady (low-grade) laminar shear stress differen-
tially affect human endothelial redox state, the latter
causing induction of ROS-producing NADH oxidase
[14]. Downstream to reduced NO bioavailability and
(corresponding) increased ROS bioavailability, poten-
tial mechanisms that have been proposed to explain
the REDOX-dependency of vascular homeostasis
include increased LDL uptake, accumulation of in-
flammatory cells (a process that could be emphasized
by the increased expression of ligands such as ICAM
and VCAM). Finally, pulsatile shear stress downregu-
lates the expression of the gene encoding for endothe-
lin-1, a potent vasoconstrictor and a trigger (in a feed-
forward mechanism) of ROS formation [20]. In sum,
steady, low-grade shear stress (and/or disruptions in
the transduction mechanism of shear stress, i.e the
ESL) cause increased ROS production. In this appar-

ently simple mechanism lies the pathophysiology of
most cardiovascular syndromes, and the importance
of ROS production as the common pathway of vas-
cular pathobiology cannot be overstated, as discussed
in more detail elsewhere [17, 21].

Physiological shear stress levels have been demon-
strated to induce, in vitro, atheroprotective endothe-
lial gene expression patterns, while a low-grade shear
stress level was associated with the expression of an
atherogenic phenotype [22]. To this regard, several
studies, a few decades ago, have shown that changes
in the “quantity” (i.e., both increases and decreases)
as well as in the “quality” (from oscillatory, lami-
nar to steady, turbulent) of shear stress are the most
likely explanation for the evidence that atherosclero-
sis tends to develop preferentially at vascular bifur-
cations [23, 24]. Taken together, these phenomena
provide a background rationale to why atheroscle-
rotic lesions preferentially originate in areas of dis-
turbed flow associated with low — non oscillatory,
non laminar — shear stress [25].

WHAT DETERMINES SHEAR STRESS

The mechanical forces determined by vascular hemo-
dynamics on the vasculature act along two gradients: a
circumferential one, associated with variations in pulse
pressure in the vascular lumen, and a longitudinal
one, i.e. shear stress, which is the force that contrasts
the friction applied to the blood by the vascular wall.
Blood flow in arteries, arterioles and capillaries causes
a degree of shear stresses in the range of 0-50 dyn/cm?,
according to the site and the anatomy of the vessel [26].
Obviously, important determinants of shear stress are
geometrical (bifurcations, aneurysms, tortuosity of
the vessel), biological (mainly NO release) and sys-
temic (blood pressure) factors. In less plain terms, the
two components of shear stress are wall shear rate and
blood viscosity, where shear rate is the rate at which
adjacent layers of fluid move with respect to each oth-
er. When one considers the fundamental assumption
of fluid mechanics that the velocity of a fluid upon
a surface nears zero, shear rate can be understood as
the gradient of blood flow velocity between the vas-
cular wall and the peak velocity located somewhere
close to the middle of the vessel (in cylindrical vessels).
The second component of shear rate is blood viscosity.
While viscosity is normally understood as an intrin-
sic property of a fluid (essentially its capacity to of-
fer resistance to flow), blood viscosity is influenced by
several factors, among which of obvious importance
are blood cell deformability [27], expression of adhe-
sion molecules etc. As said above, while endothelium-
derived autacoids modify both shear rate (by modu-
lating vascular tone) and blood viscosity, in turn, the
interaction between shear rate and blood viscosity is a
critical modulator of endothelial function, and, conse-
quently, of vascular homeostasis. For instance, studies
employing blood substitutes have clearly shown that
an elevated viscosity elicits a vasodilatory response
due to increased shear stresses [28].



In sum, shear rate, (hematocrit) and viscosity con-
cur to determine shear stress and, through the en-
dothelial cell’s biochemical apparatus, regulate vas-
cular homeostasis. The next paragraph will discuss
how changes in viscosity alter this equilibrium.

BLOOD HYPERVISCOSITY AND ITS
EFFECTS ON ENDOTHELIAL FUNCTION

According to the 1970 Wells’ classification, hyper-
viscosity syndromes are divided into three forms:

- polycytemic syndromes, which are the resultant of
an increase in the number of circulating blood cells,
which can be demonstrated by changes in hemat-
ocrit counts;

- sclerocytemic syndromes, where an altered deform-
ability of cellular membranes determines the de-
creased fluidity of the blood;

- syndromes associated with an increased serum vis-
cosity. In these syndromes, an altered concentra-
tion and/or specific properties of an abnormally
produced plasma protein (for instance, parapro-
teinemias) determine increased blood viscosity.

In order to make some examples, syndromes associ-
ated with “primary hyperviscosity” include polycythae-
mias, acute and chronic leukemias, reactive leukocytosis,
thrombocytosis, thrombocythaemia and platelet hyper-
activity, cryoglobulinemia as well as hyperfibrinogenae-
mia and myeloma.

In terms of the effects of these changes in blood viscos-
ity on endothelial function, several lines of evidence dem-
onstrate that hyperviscosity causes, as discussed above, a
worsened endothelial function and patient prognosis. For
instance, in the case of sickle cell disease, vasoocclusive
crises due to enhanced adhesion of blood cells to the vas-
cular endothelium as well as abnormal vasomotor tone
regulation are a characteristic manifestation and a very
common cause of morbidity and mortality. Confirming
a deleterious effect of pathologically increased viscosity
on endothelial function, despite the increased wall shear
stress (due to the increase in flow and in viscosity), patients
with sickle cell disease have normal resting brachial artery
diameters and a markedly blunted flow-mediated dilation
(a parameter of endothelial function) [29]. In sum, prima-
ry hyperviscosity syndromes compromise the mechanisms
responsible for the transduction of the endothelium-de-
pendent vasodilator signal, causing impaired endothelial
responsiveness to changes in shear stress due to the chron-
ically increased wall shear stress in these patients [29].
Taken together, these considerations provide a mechanis-
tic insight for the observation that abnormal blood viscos-
ity is associated with markers of systemic atherogenesis
such as intima-media thickness [30].

THE CASE OF SECONDARY

BLOOD HYPERVISCOSITY

SYNDROMES - NOT SO BAD?

Along with the primary hyperviscosity syndromes,
several other conditions have been shown to be as-
sociated with an increased plasma viscosity. Among

ENDOTHELIUM AND HAEMORHEOLOGY

these, are cardiac, peripheral and cerebral ischemia
[31], as shown in Raynaud’s syndrome (in which the
viscosity of the blood refluent from ischemic territo-
ries is higher than that in the contralateral arm) [32],
peripheral arterial disease (where blood viscosity ap-
pears to be linearly correlated with Fontaine stage),
carotid atherosclerosis [33], cardiac ischemia, where
our group showed that blood viscosity increases in
patients who develop ischemia during exercise testing
and during atrial pacing [34]. More in general, blood
viscosity is increased in the presence of cardiovas-
cular risk factors [35]. Based on these observations,
one can classify hyperviscosity in primary forms,
where hyperviscosity is the mechanism of disease
(Wells® classification), and secondary forms, where
hyperviscosity is actually caused by (or at least as-
sociated with), ischemia. Since this subclassification
was introduced [36], and based on the considerations
made above, it is now known that activation of the
ischemic endothelium leads to a series of molecular
events that cause changes in blood viscosity [37]. In
an example of the importance of endothelial func-
tion, blood viscosity was observed to be significantly
increased in the morning hours (i.e.,, when ischemic
events are most likely to occur) in patients with risk
factors for and/or chronic cardiovascular disease,
even in the absence of ongoing ischemia [38-40].
Several lines of evidence confirm this association be-
tween ischemia and determinants of blood viscosity:
for instance, patients with myocardial infarction show a
decreased erythrocyte filtration and an increased blood
viscosity, which are accompanied by an increased rigid-
ity of the erythrocyte membrane [41]; in animals, these
changes are associated with an increased production of
ROS by membrane NADH oxidase [42]. In sum, red
blood cell deformability and blood viscosity appear to
be particularly REDOX sensitive [43], an observation
that confirms the critical importance of ROS in vascular
pathophysiology. In sum, there are conditions where hy-
perviscosity is a consequence (not a cause, as in the pri-
mary syndromes) of vascular disease. The significance
of ischemia-induced hyperviscosity is described below.
While it is commonly accepted that sustained (pri-
mary or secondary) hyperviscosity is a source of further
ischemia [44, 45], in an effort to understand the true
“meaning” of ischemia-induced hyperviscosity an im-
portant consideration needs to be done. The increased
viscosity observed in coronary artery disease and/or pe-
ripheral arteriopathy has been traditionally interpreted
as a consequence or ROS-mediated damage to blood
cells and endothelial membranes. However, one has to
see the other side of the coin: an increased viscosity,
might, at the beginning, act to increase shear stress in
the endothelial microenvironment (Figure 3). As dis-
cussed above, this might increase NO release, triggering
the antiatherosclerothic genotype described above (par-
agraphs 1 and 2). As well, a reduced deformability of
red blood cells might increase their permanence within
microvessels, favouring oxygen extraction and tissue
perfusion. In other words, haemorheological changes
of secondary syndromes might be an important com-
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pensatory mechanisms aimed at normalizing vascular
homeostasis. An excess of this compensatory mecha-
nism might produce the opposite effects, as persistent
hyperviscosity will lead to impaired perfusion and fur-
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