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Abstract. Rheological properties of plasma and blood cells are markedly influenced by the surrounding milieu: physico-
chemical factors, metabolism and hormones. Acid/base status, osmolality, lipid status, plasma protein pattern, oxidative stress
induced by increased free radicals production, endothelium-derived factors such as nitric oxide (NO), achidonic acid deriva-
tives modulate both red blood cell (RBC) and white cell mechanics. Therefore, regulatory axes involving liver, endothelium,
kidney, pancreas, adrenal gland, endocrine heart, adipose tissue, pituitary gland, and surely other tissues play important roles
in the regulation of blood fluidity. A comprehensive picture of all this complex network of regulatory loops is still unavailable
but current progress of knowledge suggest that some attempts can currently be made.
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1. Introduction

The rheological properties of blood are classically assumed to be an important determinant of blood
flow and tissue oxygen delivery, according to the classical Poiseuille law [144, 148]. Over the last
decades, this issue has been the matter of extensive studies showing that the picture is more complex,
due to the non-linearity of the effects of blood viscosity factors on blood circulation and oxygen
supply. First of all, due to the ability of the normal vessel wall to release vasoactive substances, it
has been shown that moderate increases in blood viscosity as usually found in health and diseases
result in a vasodilation-driven increase of blood flow [121]. Further increases in viscosity, obviously,
result in a rise in resistance to flow and thus an impairment of tissue perfusion and oxygenation,
as evidenced in so-called «hyperviscosity syndromes» [135]. In addition, in some situations where
vasoactivity is impaired or immature, viscosity has also a deleterious effect on circulation, explaining
why viscosity factors are involved in the risk of cardiovascular atherothrombotic events [68, 99, 117,
118, 216].

On the other hand, the effect of blood viscosity factors on the structure of circulating blood is far
to be linear and is rather a transition between to opposite states: a situation of high-pressure and high
flow where blood is very fluid and behaves almost like a newtonian fluid [128], and a situation of
low-pressure and low flow where blood aggregates develop resulting in a situation of very low fluidity
[26, 30, 171]. H. Schmid-Schonbein has proposed to describe this heterophase transition effect with
the ‘percolation’” mathematical model [172].

All these developments of modern hemorheology have markedly modified the paradigms [8]. Clearly
a crude measurement of blood viscosity has little relevance and it is mandatory to separately take
into account plasma viscosity, hematocrit, red cell deformability and red cell aggregation. All these
parameters are in turn under the influence of many factors that have been extensively studied over the
last 30 years.

In 2002, we proposed a review of the various influences of metabolic and hormonal parameters on
the determinants of blood viscosity [24]. More than 15 years later it is interesting to tempt a new
overview of this vast area of knowledge. We remind to the preceding review paper for the literature
before 2001 and mostly emphasize the most recent findings examined under the light of the evolution of
our knowledge of interactions between viscosity factors and blood supply to tissues. A more complete
set of references can be provided to the reader by sending an email to the corresponding author of this
review.

2. Regulation of plasma viscosity

Plasma is generally described as a newtonian fluid [95]. The normal value of its viscosity is
1.10-1.30mPa s at 37°C. It has been assumed for a long time that it modulates the perfusion of
microvessels because the absolute capillary hematocrit is about 10-20%, so that blood viscosity in
capillaries approaches plasma viscosity [5]. More recent studies by the team of H. Lipowski [114]
are in agreement with this concept, as recently reviewed by F. Jung and M. Rampling [91]. A nor-
mal value of plasma viscosity is required, as demonstrated by an experiment in hamster window
chamber model associating extreme hemodilution and high-viscosity plasma resulting in a very low
hematocrit (11%), a final blood viscosity at 2.8 cP and a plasma viscosity at 2.2 cP. This experi-
ment significantly elevated mean arterial pressure and cardiac output but did not increase vascular
resistance [43]. This finding shows that there is a clear circulatory benefit to maintain blood rheolog-
ical properties during hemodilution by increasing plasma viscosity: this sustains capillary pressure,



increases microvascular flow, and increases the production of endothelium-mediated factors. Shear
stress exerted by a more viscous plasma moving near the endothelial surface influences vessel diam-
eter and modulates the release of autacoids (prostacyclin and nitric oxide). In a previous study using
the same model and protocol, Tsai et al. [199] showed that increased wall shear stress is associ-
ated with an increase in the measured concentration of perivascular nitric oxide, with concomitant
vasodilator effects. Therefore, the combination of vasodilation and increased flow due to higher
plasma viscosity leads to an increased capillary pressure which in turn increases the recruitment
of the capillary bed and tissue perfusion. However, this beneficial effect is likely to become ineffi-
cient if endothelial function is impaired, compromising the vasodilatory response. In that case, clearly,
raised plasma viscosity should be expected to only increase resistance, as classically described in rigid
tubes.

Accordingly, plasma viscosity has been demonstrated in prospective studies to be a predictor of vas-
cular events [100, 160]. It is likely that its newtonian behavior explains that it makes Poiseuille’s law
become true in atheromatous, poorly vasoactive vessels. In agreement with these assumptions, some
years ago we observed that type 2 diabetic patients whose plasma viscosity is higher than 1.45 mPa.s
exhibit a markedly higher blood pressure which did not appear to be explained by confounding
variables, and we suggested that it was due to high plasma viscosity [34].

As recently reviewed by Késmarky [95], plasma viscosity is dependent on two components of this
fluid: water and proteins.

Water content may be modified in physiological situations, resulting in concentration or dilution. A
first situation where this can be evidenced is pregnancy. During normal pregnancies plasma viscosity
decreased in the first trimester, but increased during the second and third trimester until term. At 37
weeks, the plasma viscosity value exceeded the non-pregnant value, the difference being statistically
significant. The increase in plasma viscosity during the second and third trimester of pregnancy was
determined by the rise in fibrinogen concentration, which overruled the plasma viscosity lowering
influence of the falling total serum protein concentration [24].

There are also physiological changes in plasma viscosity during exercise and training [38]. Plasma
viscosity increases during exercise due to both plasma concentration and enrichment in protein content,
and then decreases in post exercise due to hemodilution, and, in the case of regular exercise, further
decreases proportionally to the increase in aerobic working capacity. This training-induced decrease
in plasma viscosity may compensate for raised hematocrit in elite athletes trained in altitude [142].

Without any exercise, fluid shifts may be simply due to position changes from recumbent or sitting
to supine, and may often dramatically change plasma viscosity due to changes in water content of
plasma [30, 38].

Proteins are the other determinant of the viscosity of plasma. Proteins that markedly influence
plasma viscosity are less spheroid and have a higher molecular weight: fibrinogen, lipoproteins, o2
macroglobulin, and immunoglobulins. We report in our previous review two predictive equations for
plasma viscosity calculated from plasma protein content [24]. The first one was presented by Jung and
Kiesewetter at the VIIth European Conference on Clinical Haemorheology, Southampton (England)
in July 1991 [97]. After studying 2821 subjects included in the Aachen study, they found the following
formula:

plasma viscosity=0.791 + 0.017*a2 macroglobulin + 0.133*Fibrinogen + 0.017*IgM +
0.11*cholesterol.

Another was proposed by Eterovic and coworkers in 1995 [24] on a smaller sample of 120 subjects
including 30 controls. These authors give the following equation:

plasma viscosity =1.352 + 0.0167 CHOL(mmol) + 0.0285 Fib(g/L) + 0.0054 TG(mmol) + 0.00318
Hct — 0.03 HDL(mmol).



In both equations plasma cholesterol levels are one of the stronger determinants, and that could
lead to think that cholesterol plays an important role in plasma viscosity. Accordingly, an article on
blood rheology after menopause evidences a correlation between plasma viscosity and cholesterol
levels [24]. Even after multivariate analysis, a rise of 100 mg/dL in serum cholesterol increases on the
average plasma viscosity by 0.05 mPa.s. However, the contribution of LDL and HDL cholesterol to
plasma viscosity seems quite limited [85] and this effect is likely to be rather explained by lipoproteins
than cholesterol itself [112, 180]. This has been nicely demonstrated by experiments that increased
the cholesterol content of plasma, showing no effect of added cholesterol on plasma viscosity [132].
Similarly, adding to blood suspensions fat emulsion currently used for parenteral nutrition was shown
to have minimal effect on plasma viscosity at usual doses [24] although at much higher doses it resulted
in plasma hyperviscosity. As we will show later, triglycerides have a major effect on blood viscosity
with experimentally obvious circulatory effects [24] but this effect is explained by red cell aggregation
and is not due to changes in plasma viscosity.

Actually, fibrinogen having the largest molecular size (340kD) is in physiological conditions the
main determinant. Hormone replacement therapy in postmenopausal women decreases plasma viscos-
ity via a decrease in fibrinogen [24].

By contrast, albumin which has a low molecular size (65 kD) exerts minimal effect.

Alpha macroglobulins are plasma proteins whose main function is to inactivate proteinases, pro-
tecting the tissues from the action of these enzymes. They are an important determinant of plasma
viscosity has demonstrated by experimental infusion of monofluorophosphate to blood suspensions in
rats. This treatment induces a parallel increase in alpha macroglobulins and plasma viscosity, without
affecting red cell deformability [57].

Immunoglobulins increase plasma viscosity proportionally to their concentration in plasma [54,
105].

An autoregulatory loop for plasma viscosity, involving a control of protein synthesis by the liver
may be another viscoregulatory homeostatic loop, as reported by W Reinhart. Viscosity modulates
gene transcription for albumin and apolipoproteins in cultured hepatocytes [154].

In a pathologic situation with important metabolic disturbances such as type I diabetic nephropathy
plasma viscosity was positively correlated with plasma concentrations of fibrinogen and haptoglobin
[220].

Oxidative stress may also influence plasma viscosity, although the mechanism for this remains
unclear. In hypothyroidism, plasma viscosity was found to be increased parallel to increased markers
of oxidative stress. After L-thyroxine replacement therapy resulting into return to an euthyroid state,
plasma viscosity and thiobarbituric acid reactive substances (TBARS) decreased, and the authors
found a significant correlation between plasma cholesterol and viscosity. Increased plasma viscosity
in hypothyroidism thus seems to be related to a deleterious lipid profile, but also perhaps to oxidant
stress [24].

Obstructive sleep apnea syndrome (OSAS), a pathologic situation that markedly impairs endothelial
dysfunction and is at risk for atherosclerosis and cardiovascular disorders, is usually associated with
increased plasma viscosity [83].

In some clinical conditions plasma protein content is markedly disturbed, and plasma becomes
a non-newtonian fluid. This has been for example described in patients suffering from can-
cer at advanced stages [24]. Very high viscosity of plasma at low shear is such patients has
been reported to be associated with a poor prognosis. We discussed this issue in our previous
review [24].

Plasma viscosity is also a marker of insulin sensitivity, so that when this parameter is lowered it
increases [35]. The correction of insulin resistance with exercise training at low intensity targeted on
the level of maximal lipid oxidation reverses this abnormality [26, 38].



3. Regulation of hematocrit

Hematocrit is by far the major determinant of blood viscosity [46, 170]. It is classically said that
arterial hematocrit is lower than venous hematocrit, but this difference is not always evidenced in
recent studies, and interestingly the correlation between venous and arterials hematocrits is very high
(r=0.990) [4]. In microcirculation it is markedly decreased due to plasma skimming and to the Fahraeus
Effect (see below) and thus can be as low as 20% of venous hematocrit or even lower [115]. In addition,
changes in body position and exercise markedly modify hematocrit [205].

Despite classical literature showing that high hematocrit impairs blood flow [79, 130] and increases
the risk for hypertension [66, 86] and atherothrombotic events [75, 153, 218], the team of M. Intaglietta
has demonstrated over the last decade that moderate increases in hematocrit do exactly the opposite.
They induce vasodilation via shear-induced NO release by endothelial cells, resulting in decreased
resistance and increased flow [164, 165].

Notwithstanding this biphasic effect, hematocrit should not increase above an optimal value that
results into the optimal oxygen supply to tissue. This optimal hematocrit has been the subject of a large
literature that has been recently summarized by Walter Reinhart [155].

The most obvious mechanism governing hematocrit is the lifespan of red cells. Decreased red cell
lifespan resulting from eryptosis in various diseases may induce anemia [21]. Eryptotic erythrocytes
exhibit a host of morphological alterations including volume reduction, membrane blobbing and break-
down of the membrane phospholipid asymmetry resulting in phosphatidylserine externalization which,
in turn, mediates their phagocytic recognition and clearance from the circulation by the spleen, thus
shortening their lifespan, resulting into anemia [149].

The late Leopold Dintenfass (1921-1990), a pioneer of hemorheology, postulated in the middle of
the XXth century that there were « viscoreceptors » that triggered a hematocrit lowering mechanism in
response to an increase in blood viscosity [58]. This mechanism was further elucidated by the team of
Walter Reinhardt who demonstrated that plasma viscosity was able to inhibit erythropoietin release by
the kidney [184]. This mechanism is likely to explain lower values of hematocrit in situations where
one or several viscosity factors are increased, thus maintaining a normal value of whole blood viscosity
[193]. This very frequent situation has been termed “covertly” abnormal blood and is likely to have
pathophysiological relevance despite an apparently normal value of whole blood viscosity rheology
[174]. For example, we clearly evidenced this mechanism of viscoregulation in diabetes and in ovarian
cancer [24].

Another hormone that may modulate hematocrit via its effects on fluid homeostasis is endothelin-1.
This hormone is a potent vasoconstrictor that decreases cardiac output and increases hematocrit and
arterial pressure. Its effects on hematocrit are independent of splenic contraction or renal losses and
are due to an increased loss of plasma volume to the interstitial space without affecting RBC volume
[219].

There is an intriguing issue concerning hematocrit in obesity. Several teams have found that abdom-
inal fat increases blood viscosity due to a rise in hematocrit, even within a normal range of body weight
[39].

4. Red cell deformability and its regulation

In physiological conditions red bloods cells possess a remarkable ability to undergo large shape
modifications that allow them to pass through narrow capillaries, whose diameter is twofold or even
more smaller than their own one. This ability to get deformed allows also them to elongate in flow, and
this deformation is thus an important determinant of blood viscosity that at high rates of shear can be



modelized as the viscosity of a Newtonian fluid [128, 185]. This red cell deformation in flow has been
studied by microscopic flow visualization and was classically described as “fluid drop-like adaptation”
associated to a “tank treading” motion of the membrane around the cytoplasm [173]. However, this
evidence was obtained with experiments in nonphysiologic suspending media. Recently, new experi-
mental approaches [198] have shown that for normal values of plasma viscosity this deformation of red
cell in flow is not associated with tank treading and is characterized by a large variety of cell shape alter-
ations for any given flow condition [108]. More precisely, when the shear rate increases above 105~
erythrocytes which exhibited in resting conditions a shape of typical discocytes gradually adopted an
aspect of cup-shaped stomatocytes, and then, whith a further increase in shear rate, the form of highly
deformed polylobed cells. This variety of shapes is influenced by the surrounding milieu and by hemat-
ocrit. It is assumed that it can have an important physiological relevance [108]. Obviously, the classical
calculation of a parameter of shear-dependent red cell elongation such as Dintenfass’s “Tk” [58] or
Quemada’s “k” or syllectometric index of flexibility provided by the Laser-assisted Optical Rotational
Cell Analyzer (LORCA) gives only an average evaluation of a far more complex phenomenon whose
versatility requires further studies.

Presumably, the deformability of erythrocyte entering a narrow channel and the deformability of
erythrocyte deforming in flow in a large vessel are different, although closely related, properties and do
not rely on the same cellular mechanism. Some discrepancies according to the methods can be found
in the literature.

Classical experiments using artificially rigidified red cells demonstrate that a decrease in red cell
deformability can markedly impair tissue perfusion [47]. Examples of very rigid red cells that are close
to this experimental model exist in human pathology in sickle cell disease [51]. In this case stiffened
erythrocytes are able to induce vessel occlusion. However, most of the time, modifications of red cell
deformability are less important, and cells are still able to deform to some extent and to transit in the
microcirculation, but they are likely to pass only in the largest channels and thus to induce a capillary
maldistribution of flow [6, 109].

There is a large literature reporting the effects of many factors on red cell deformability, that was
mostly published in the last 20 years of the XXth century. Our preceding review gives an overview of
this research. However, all this literature was written before the emergence of the concept of eryptosis
and thus does not clearly separate reversible and irreversible red cell rigidification, the latter being
most of the time associated with eryptosis [147].

A host of pathophysiological situations have been shown to stimulate eryptosis, and they are all
situations where red cell deformability has been reported to be impaired: dehydration, hypoxia, iron
deficiency, malignancy, metabolic syndrome, diabetes mellitus, phosphate depletion, hemolytic ane-
mia, heart failure, renal insufficiency, hemolytic uremic syndrome, sepsis, mycoplasma infection,
malaria, sickle cell disease, etc.... On the opposite, there is a wide list of inhibitors of eryptosis includ-
ing adenosine, caffeine, catecholamines (isoproterenol), erythropoietin, resveratrol, urea, vitamin E,
etc. .. that are also acting on erythrocyte rheology [107].

Presumably all the classical literature on red cell deformability should be revisited under the light of
this important concept. For example, physiological reversible red cell rigidification during exercise [38]
has probably a completely different meaning compared to pathologic alterations of red cells observed
in metabolic diseases such as diabetes [90, 203].

Obviously, the major regulator of red cell deformability is the clearance of rigid red cells by the
spleen. During their lifespan, circulating RBC are frequently checked for their deformability. This
mechanical quality control operates essentially in the human spleen. RBC unable to squeeze though
narrow splenic slits are retained and cleared from blood circulation [60, 125].

Besides, there are many influences that can modify red cell deformability. We try to summarize them
below. Classically, the most important modifier of erythrocyte deformability was physicochemical



characteristics of the surrounding milieu [103]. Both pH and osmolality exerted a biphasic influence
that can be represented with an “u shaped curve”, the deformability being optimal in a physiological
range and impaired beyond quite narrow physiological limits. This effect was assumed to be associated
with decreased lifespan and accelerated trapping from the circulation [67]. An environment containing
proteins (albumin) was also required in order to avoid shape alterations of the red cells, since albumin
has the capacity to prevent and even to reverse echinocytosis [157].

Some studies have also been devoted to divalent cations. For example, magnesium has been shown to
protect erythrocytes from in vitro experimental rigidification by several procedures [61]. Zinc, which
in vitro increases the deformability of artificially hardened red cells [28], is frequently low in the serum
of sportsmen, this situation reflecting some degree of deficiency. Sportsmen with low serum zinc have a
higher blood viscosity and an impairment in erythrocyte deformability [24, 30, 38] which is associated
with a decrease in performance. Experimentally, a double blind randomized trial of oral zinc supply
in healthy volunteers improves blood viscosity [24, 30, 38] while the effects on performance are not
significant. Zinc seems also to reduce erythrocyte aggregation both in vitro and in vivo [24]. More
recently, in contrast with these findings, it was shown that zinc can promote eryptosis [96].

Iron is probably the most studied and the best-known trace element. This interest is largely explained
by the frequency of iron deficient states and by the possibility of treating them with iron supplemen-
tations. Almost 30 to 40% of the total body iron is stored under the form of ferritin and hemosiderin,
while a lower amount is stored as transferrin [53]. Therefore, serum ferritin is a reliable marker of iron
stores. Although a high ferritin value cannot rule out the existence of an iron-deficiency, a low ferritin
value is highly specific of a deficiency. Experimental studies in iron-deficient rats have evidenced a
lower erythrocyte flexibility that seemed to be related at least in part to a lower hemoglobin content of
erythrocytes [24]. Athletes with low plasma ferritin exhibit a higher blood viscosity, a higher plasma
viscosity, and a higher red cell aggregability when compared to sportsmen with normal plasma ferritin.
By contrast, there is no difference in either hematocrit or erythrocyte rigidity between these two sub-
groups [30]. In addition, it should be noted that Fe*™ deteriorates structure of RBC membranes [49]
and thus induces more rouleaux networks. It is now established that Fe*™ triggers eryptosis [147]. This
may explain why RBC deformability is significantly decreased in hemochromatosis [122]. However,
on the short term, the effect of Fe™* on RBC rigidity is not easy to evidence. No differences in RBC
deformability or RBC aggregation/aggregability were detected when healthy RBC were incubated in
vitro with varying dose of FeCls.

N-methyl D-aspartate (NMDA) receptors are important targets of divalent cations and explain most
of their effects in various tissues. Such receptors have been identified on the red cell membrane and
contribute to intracellular calcium regulation in erythrocytes [119] but their activation has no influence
on rheological properties of red cells [156]. This report suggests that the action of these various cations
on deformability is not primarily mediated by NMDA receptors. However, it has been shown that
RBC:s of sickle cell disease patients exhibit abnormally high abundance of NMDA receptors mediating
excessive calcium uptake, and probably the further cascade of cell-damaging events that include a red
cell rigidification [81]. In addition, Unal [202] recently reported that memantine, an NMDA receptor
antagonist altered the erythrocyte deformability in the rats. This may suggest that although activation
of NMDA receptors has no effect on the deformability of normal red cells, the inactivation of these
receptors has such an effect, whose relevance remains to be more precisely established.

Oxidant stress rigidifies the red cell [146] and is also known to induce eryptosis [147]. This can be
a typical example of the ambiguity of red cell deformability, which can be moderately and reversibly
impaired in some physiological situation and irreversibly damaged, according to the importance of
the stress. For example, during the early postburn period, Bekyarova and coworkers have evidenced a
reduced erythrocyte deformability related to activated lipid peroxidation [17]. Despite the paucity of
literature on eryptosis in burn, the host of red cell shape alterations described in that situation is very



likely to reflect an increase in programmed cell death [80]. Therefore, in this situation of major oxidant
stress red cell rigidification is likely to reflect eryptosis. This increased rate of eryptosis is perhaps
a protective mechanism against exposure to older RBCs which is now evidenced as independently
associated with an increased risk of death [93, 141].

Raised oxidant stress during exercise is a purely physiological event but can be very important and
become harmful, trained athletes being protected from its deleterious effects. Accordingly, both in
rats [178] and in humans [179] exercise-induced oxidative stress impairs erythrocyte deformability in
sedentary but not exercise-trained individuals.

The antioxidants Vitamin E [104, 138], alpha-tocopherol [217] alpha-tocotrienol [16], fish oil, as
well as dietary tea catechins [131] decrease RBC rigidity.

To undergo deformation, the red cell needs energy. Therefore, the depletion of its energetic stores has
a major effect on its deformability. It occurs when red cells are conserved in vitro, and is characterized
by a gradual temperature- and time-dependent decrease of glucose and ATP, while there is at the
same time an increase of lactate and lactate dehydrogenase. Meanwhile, an erythrocyte swelling and
echinocytic shape transformation, which was also time- and temperature-dependent, occurs, and is
correlated with an increase in red cell rigidity that can be measured with blood viscosity at high shear
rate. Echinocytosis is partially reversible when erythrocytes are suspended in buffer containing 0.2%
albumin [158]. However, it is clear that glucose depletion of erythrocytes triggers eryptosis [107].

The issue of hyperglycemia has been extensively studied. On the short-term hyperglycemia does not
markedly impair blood rheology unless extremely high concentrations (hundreds of mmol/l) which are
never found in human disease are applied [87]. However, raised intracellular sorbitol resulting from
chronic hyperglycemia may impair red cell deformability [162] but the experimental concentrations
of sorbitol used in those studies are unlikely to be relevant to human disease. In fact, diabetes is clearly
a situation in which blood rheology is altered [175, 186] although these alterations are quite moderate
when the disease is well equilibrated [24, 190]. Nevertheless, such situations of “covertly abnormal”
blood rheology [174] are likely to induce some microcirculatory disturbances. In addition, transient
hyperglycemic spikes [24] raising up to 15.6 mmol induce alterations in red cell aggregation, plasma
viscosity, fibrinogen and albumin which are associated with a measurable decrease in transcutaneous
oxygen partial pressure determination (TCPO,). Recently, Shin [181] carefully investigated the in vitro
effects of blood glucose levels on erythrocytes from diabetic patients. They observed that, when glucose
concentrations increase, erythrocytes aggregation also increases, and deformability is reduced. This
seems to occur in diabetic patients but not in healthy subjects. The shape of the red cells is modified,
with a significant increase in the perimeter to area ratio which explains at least in part the decrease in
deformability.

Interestingly, carbohydrate regular intake is also a determinant of red cell rigidity, as evidenced in a
study by Varlet-Marie and coworkers in trained athletes. In this study both caloric (and carbohydrate)
intake are correlated with increased RBC rigidity [206].

Blood lipid concentrations are strong statistical determinants of blood viscosity factors. Presumably,
lipid content of the red cell membrane can influence its fluidity. Correlations between serum cholesterol
and RBC rigidity have been found in many studies [27]. Reducing erythrocyte membrane cholesterol
and simvastatin both increase cell deformability resulting in increased ATP release [70]. On the oppo-
site polyunsaturated fatty acids of the omega 3 family (w3PUFA) exert important physiological effects
by improving RBC flexibility either in healthy volunteers [78, 98, 110] or in patients [196]. A study of
the hemorheological changes during postprandial lipemia shows that lipids and fibrinogen may act syn-
ergistically so that the effect of large triglyceride- rich lipoproteins is potentiated by fibrinogen [177].

Correlations found between improved RBC deformability and the ability to oxidize at exercise more
lipids may be due to effects of endurance training on lipid oxidation which may in turn modify both
lipid metabolism and free radical generation, thus influencing RBC rheology [36].



Another molecule that physiologically circulates in blood and has an effect on red cells is lactate
[38]. While in vitro increased concentrations of this metabolite decrease red cell deformability, a
rigidification of red cells during exercise is only found when blood lactate concentrations are higher
than 4 mmol/L, i.e., the onset of acidosis [29]. In fact, in endurance trained athletes this effect is no
longer found, and, on the opposite, lactate may exert specific beneficial effects on red cell deformability
[52]. This specific training-induced pattern of response to lactate may provide an alternative explanation
to the exercise-induced arterial hypoxemia that occurs in such athletes.

Ketone bodies are another fuel that is largely used by tissues in some situations like starvation.
Situations associated with high concentrations of ketone bodies are also likely to modify erythrocyte
rheology, due to alterations in membrane properties, as evidenced by Peyreigne [24] in the case of a
short-term ketogenetic diet.

One of the most important substances that interact with the red cell, and can be released by it, is
surely NO [183]. Although the major source of NO is the endothelium, NO can also be produced by
intraluminal sources, particularly erythrocytes, since they possess functional NO synthesizing mecha-
nisms [45]. It is well established nowadays that NOS (nitrous oxide system) activation and NO export
can be induced in the red cell by mechanical stress and NO is then released in very close proximity
to vessel walls [201]. NO protects erythrocytes from sub-hemolytic mechanical damage [12]. Even
more importantly, NO increases RBC deformability, as demonstrated by M Bor-Kugukatay [23] who
reported that NOS inhibitors significantly reduced RBC deformability above a threshold concentra-
tion, whereas NO donors increased deformability at optimal concentrations. This potent regulator of
vascular tone is also a major regulator of blood rheology. NO donors, as well as the NO precursor
l-arginine and the potassium blocker tetracthyl ammonium, were able to reverse the effects of NOS
inhibitors. This important paper provides a strong evidence of physiological regulatory role of NO
on RBC deformability. It has been also shown that nitric oxide from polymorphonuclear leukocytes
can directly activate red blood cell deformability [101]. Effects of NO on the red cell depend on the
concentration, as studied by Mesquita [166]. When blood was exposed to NO 10~7 M erythrocyte
deformability increases and in presence of NO 107> M lipid fluidity and p50 decrease. When blood
was exposed to NO 10~ M methemoglobin concentration increased erythrocyte deformability and
p50 decrease but membrane fluidity and lipid peroxidation were similar to control. SpermineNONOate
also increased erythrocyte deformability due to changes on RBC membrane, resulting in and oxygen
carrying properties [167]. Older RBC are characterized by diminished internal NO synthesis and are
also less sensitive to external NO, and this can of course explain at least in part why older erythro-
cytes become less deformable [124]. Interestingly, NO is a protector of the red cell via demonstrated
anti-eryptotic effects [133] that may further prevent a loss of deformability.

This involvement of NO in the regulation of red cell deformability has some interesting applications
in human pathology. For example, hypoargininemia during Plasmodium falciparum malaria has been
reported to impair NO production and reduce RBC deformability, particularly at febrile temperature
[161]. In sickle cell anemia the stimulating effect of NO on RBC deformability is blunted by oxidative
stress which appears to impair the effectiveness of RBC-NOS produced NO [76, 127]. In experimental
hypertension, an impairment of the NO effect on RBC deformability has been described [24].

A large body of evidence indicates important roles for purinergic receptors in RBCs. Purinergic
signaling involves the activation of cell surface P1 and P2 receptors by extracellular nucleosides and
nucleotides such as adenosine and adenosine triphosphate (ATP), respectively. P2 receptors comprise
P2X and P2Y receptors. P2 receptor activation stimulates a number of signaling pathways in progenitor
RBCs resulting in microparticle release, reactive oxygen species formation, and apoptosis. Likewise,
activation of P2 receptors in mature RBCs stimulates signaling pathways mediating volume regulation,
eicosanoid release, phosphatidylserine exposure, hemolysis, impaired ATP release, and susceptibility
or resistance to infection [187]. Adenosine protects against eryptosis by a mechanism presumably



effective downstream of protein kinase C. The effect may participate in the maintenance of microcir-
culation in ischemic tissue [134]. It is known since a long time that red cells are able to release ATP
and ADP [3]. ATP and ADP are apparently continuously released from red cells and then broken down
to adenosine which reenters the erythrocytes. More recently it has been established that RBCs can
release ATP in response to hypoxia and hypercapnia, but also exposure to mechanical deformation,
[3-adrenoceptor agonists, prostacyclin analogues, reduced O, tension, acidosis or swelling. Sprague et
al. [189] proposed that the increased shear stress inside narrower channels causes the RBCs to deform,
and that the deformation triggers release of ATP. This ATP binds to purinergic P2 sites on endothelial
cells leading to the release of NO and PGI2 [126]. Caffeine enhances ATP release from erythrocytes,
most likely due to its effect on intracellular levels of cyclic adenosine monophosphate (cAMP). The
level of intracellular ATP is crucial for maintaining the function and structural integrity of circulating
RBCs. ATP depletion, in turn, sensitize the erythrocytes for the eryptotic effects of Ca>* [147]. The A3
adenosine receptor antagonist reversine (2-(4-morpholinoanilino)-6-cyclohexylaminopurine) is known
to influence cellular differentiation, to inhibit cell proliferation, to induce cell-cycle arrest, to trigger
apoptosis, and to cause cell swelling. However, due to the fact that red cells are lacking mitochondria,
it has been shown to be a powerful inhibitor of cell membrane scrambling following energy depletion,
Ca’* loading and oxidative stress, and thus to prevent eryptosis [88]. It has been suggested that sensing
of low blood O, content may involve ATP release from RBCs, leading to stimulation of sensory aortic
body neurons via P2X2/3 receptors [143]. The ATP degradation product, ADP, inhibits ATP release
by a negative feedback pathway mediated by P2Y 13 receptors on human RBCs [211]. Of course, all
these interactions are likely to be reflected by alterations in red cell rheology but literature on this topic
is relatively scarce. It was reported in the early eighties by 1. Juhan et al. that ADP released by rigid red
cells decreased the deformability of RBCs [90]. ADP release from red cells is lower in middle-aged
than young healthy volunteers and if they are experimentally fed with fish oil red cell deformability
increases parallel to a decrease in ADP release by 50% [98].

Therefore, red cell deformability and purinergic signaling clearly appear to be closely connected
mechanisms. Rigidification of red cells inhibits ATP release, which is in turn increased when red cells
are made more deformable by hydroxyurea or the cholesterol-lowering drug simvastatin [41]. In turn,
rigid red cells release ADP which blunts ATP release (probably in order to maintain energy stores).
This mechanism is likely to induce a self-potenting loop increasing red cell rigidification. In addition,
when RBC are well deformable and release ATP, they induce more NO production by the vessel wall
which is likely to promote both vasodilation and enhanced RBC deformability [116].

There have been many reports of hormones and other chemical messengers that have specific
receptors on erythrocytes. These include immunoglobulins (IgG), complement [215], and lectins [192].

Hormones like insulin bind on the red cell membrane and activate intracellular pathways, with an
effect on red cell deformability that was evidenced in the eighties [40, 64, 90] and is still found in
recent studies [127]. It seems now well established that insulin really influences red cell rheology via
direct effects on the membrane [40] that include alterations of the lipid membrane bilayer composition
and microviscosity, together with changes in membrane Na/K ATPase function [151]. According to
the situation, the effects of insulin on red cell deformability may be different. For instance, very
high supraphysiological levels in vitro decreased red cell deformability [24] as recently confirmed by
Linde during insulin clamp experiments in which an increase in RBC rigidity in hypertensives was
observed [113]. Another important effect of insulin was reported by Aursnes who showed that ATP
concentrations in erythrocytes are fairly correlated with free insulin levels in plasma [24]. Given the
above reported effect of ATP on red cell deformability, this effect may have important implications.

The insulin like growth factor I (IGF-I) is an important hormone closely related to insulin, which can
bind on its receptors and share some activity with it. IGF-I receptors have been described on the red cell
membrane [44]. Relationships between blood viscosity and IGF-I status were therefore investigated



in athletes by Monnier who reported that values of IGF-I within the upper quintile are associated with
an impairment of blood fluidity, possibly due to a direct effect of IGF-I on red cell deformability and
aggregability. Among factors of blood viscosity, IGF-I is correlated with red cell rigidity measured
with viscometry at high shear rate [24].

Glucagon, a major stress hormone which is involved in the recovery from hypoglycemia and exerts
catabolic effects on body protein stores, has been shown to decrease red cell deformability [204].
The opposite was actually reported by Komatsu and coworkers, i.e., intravenously injected glucagon
improves red cell deformability (assessed by filterability) and decreases whole blood viscosity in vivo
[24]. This effect is associated to an increase in blood flow.

Somatostatin is a tetradecapeptide that circulates in blood [221]. It may induce strong circulatory
changes as evidenced by a study showing an increase in peripheral blood flow in man [169]. In addition,
it interferes with platelet functions [71]. We reported a strong beneficial effect of this hormone on red
cell deformability assessed by several techniques [33].

Among the recently postulated hormonal effects of C-peptide, a pancreatic peptide co-secreted with
insulin, an increase in eNOS has been reported, resulting in diabetics in a fluidification of red cell
membranes, an increase in renal function, blood flow redistributions and a reduction in NaK ATPase
pump function [69].

Actually, using viscometry W. Reinhart concluded that neither C-peptide, Insulin, or Glucagon had
any influence on deformability [24].

Thyroid hormones may also act on blood rheology. Receptors for L-triiodothyronine have been
evidenced on red cells [2], and impaired red cell deformability in hyperthyroidism (reversible after
successful treatment of the disease) has been reported [24].

Acetylcholine via muscarinic cholinergic receptors [194] and nicotinic cholinergic receptors [94]
can also bind on red cells and its actions have been recently studied by the team of X. Saldanha
who reported that in presence of acetylcholine there is an increase of erythrocyte deformability, and a
decrease of erythrocyte aggregation [167]. The team of Alexei Muravyov investigated more thoroughly
the signaling pathways involved in this process [129].

On the red cell membrane there are also receptors for the endogenous ligands of benzodiazepine
[136], corticotropin-releasing factor (CRF) [55], and prolactin [74]. Most of these chemical messengers
have been reported to modify in vitro or in vivo erythrocyte rheology, but, on the whole, data appear
to be rather uncomplete and to some extent conflicting.

Presumably, receptor-mediated changes in red cell deformability in response to substances physi-
ologically circulating in blood are likely to be reversible adaptative changes that do not trigger the
mechanisms of eryptosis. However, the list of eryptosis-inducing substances presented in the recent
review published on this topic by E. Pretorius [147] includes physiological factors (NO, anandamide,
iron, adenosine, retinoic acid, zinc), suggesting that eryptosis (and thus an irreversible modification of
the red cell leading to its premature death) can be triggered in many physiological conditions, outside
of any pathologic context, as an adaptation to a non-pathological situation.

In this respect it is interesting to notice that the endocannabinoid anandamide (Arachi-
donylethanolamide, AEA), which is known to induce apoptosis in many varieties of nucleated cells,
increases red cell cytosolic Ca?* activity, thus leading to cell shrinkage and cell membrane scrambling
of mature erythrocytes and subsequent eryptosis [18].

The pineal gland-derived hormone melatonin has been shown to experimentally decrease red cell
deformability, although pinealectomy by itself did not cause any statistically significant change in
erythrocyte deformability [24].

The kidney hormone erythropoietin (EPO) is a major regulator of red cell mass and turnover, and
for this reason it exerts major effects on several aspects of blood rheology. Some studies in the early
nineties described the follow-up of blood viscosity factor during the natural history of chronic renal



failure. Those studies by our Portuguese colleagues J. Martins-Silva and C. Saldanha and by M. Dela-
maire are thoroughly reviewed in our preceding paper [24]. Follow up over 18 months of patients
treated by hemodialysis evidences a decrease gradual in red cell deformability together with a rise in
membrane cholesterol and total phospholipids. After 18 months, there is an increase in phosphatidyl-
choline/phosphatidyl ethanolamine ratio in the membrane. Hemorheological disturbances (red cells
less deformable, increased plasma viscosity) are corrected by rhEPO and kidney transplant. These
old studies should be re-interpreted under the light of the current knowledge on eryptosis [107]. EPO
has anti-eryptotic properties, but it cannot completely counteract the induction of eryptosis due to its
effects on intracellular calcium influx [209].

Among arachidonic acid derivatives, some leukotrienes but not all [24] may impair red cell deforma-
bility. Prostaglandin E1 (and iloprost) improve red and white cell filterability in vivo [24, 65]. PGE2
rigidifies red cells and increase their aggregability [25].

RBCs can also release endothelin-1 (ET1) together with endothelial and smooth muscle cells. There
are conflicting results about the effects of ET1 on red cell deformability since Sakashita reported that
it improves the impaired filterability of RBCs through the activation of protein kinase C [163] while
Walter found no effect of it when deformability was assessed with viscometry [210].

Similarly, it is remarkable to notice that, despite the importance of intracellular calcium on red cell
rheology, neither parathormone, calcitonin nor Vitamin D3 has any influence of blood rheology [120].

There is a large body of literature on the hemorheological effects of sex hormones. Most of this
literature is related to oral contraceptives (OC), a hot topic because of their thrombogenic effects. We
previously reviewed it in our precedent review [24]. Briefly, OC users in the late seventies were mostly
characterized by a lower red cell deformability and a slightly higher whole blood viscosity despite
normal values of plasma viscosity. Hematocrit was also reported to be increased in some studies but not
all. The progestin component of the pill was assumed to be responsible for a rise in fibrinogen which
explained most of this pattern. Actually, this finding on old progestin compounds of OC pills (mostly 19-
nortestosterone derivatives), contrasts to some extent with the more recent physiological investigations
which evidenced in normally cycling women that estradiol levels were positively correlated to whole
blood viscosity, plasma viscosity and fibrinogen, and negatively correlated to red cell deformability.
In physiological conditions, therefore, estrogens were likely to impair blood fluidity. On the opposite,
progesterone in physiological conditions had the opposite effect, decreasing both fibrinogen and blood
viscosity, and increasing red cell deformability, as further indicated by higher values of deformability
in the luteal phase. More recent, low dose, compounds are almost devoid of hemorheological side-
effects in contrast to older preparations, but they still induce moderately higher red cell aggregability.
Estrogen are also known to increase NO synthesis and release by endothelial cells. Estrogens are likely
to be a physiological stimulus for NO since estrogen-response elements have been identified in the
promoting region of the gene coding for the endothelial nitric oxide synthase. Moreover, estrogens
have been suggested to act more rapidly via membrane receptors, resulting in an increase in cytosolic
Ca™™ in some cells, and to exhibit antioxidant properties which may delay NO clearing from blood
[24]. All these mechanisms are likely to improve red cell deformability via NO-mediated mechanisms.
However, the hormonal treatment by estrogens (either transcutaneous or oral) has been reported to
increase RBC rigidity by increasing membrane rigidity [24]. In vitro B-estradiol 10~ M decreased
erythrocyte aggregation in blood samples of postmenopausal women undergoing hormone therapy,
which could prevent high blood viscosity and, consequently, cardiovascular events [24].

Recently a newly discovered hormone, apelin, has also been studied in rats with diabetes and
ischemia-reperfusion injury of heart, thus exhibiting an impairment in erythrocyte deformability. It
was shown that apeline-13 reversed this loss of deformability [92].

An important regulator axis acting on red cell rheology may be catecholamines, which circulate
in blood and act on erythrocyte via specific a- and -adrenergic receptors [191] for regulating cell



volume and ion transport [22]. The first studies in the late eighties by Pfafferott and Volger indicated
that in vitro norepinephrine and isoprenaline reduced erythrocyte deformability [24]. More recently,
a more complicated picture emerged from the works of Hilario, Saldanha and Martins-Silva who
demonstrated in human erythrocytes that although epinephrine is able to induce the formation of
echinocytes, it also improves RBC deformability [82]. This is in line with the reported anti-eryptotic
effect of catecholamines [106] and with the role of those hormones which are beneficial on the short term
for body’s adaptation to an unusual stress. In trouts (whose red cells are nucleated) catecholamines
induce a dramatic increase in cell volume as a result of an accumulation of sodium and chloride
due to activation of an amiloride-sensitive, cAMP-dependent Nat-H* exchanger allowing Na™ to
enter in exchange for internal H*. At the same time, red cell deformability is improved (despite
the increase in cell volume). Both red cell fluidification and activation of this ionic exchange are
likely to be an adaptive response to hypoxia which results in an increased oxygen-carrying capacity
of erythrocytes [48]. It seems currently clear that epinephrine improves red cell deformability [82,
137, 197], presumably via [3-adrenergic receptors while there is apparently no effect of either al-
and a2-receptor agonists. RBC incubation with epinephrine and isoproterenol resulted in significant
changes of deformability, by 10 and 30%, respectively. This is consistent with the other classical
effects of catecholamines mediated by [3-adrenergic receptors (vasodilation, increased cardiac output,
etc.. .. that all lead to increase blood flow. The team of Alexei Muravyov has extensively studied the
effect of catecholamines on the rheological properties of the human red cell, showing that the effect of
these hormones on red cell deformability are mostly under the control of intracellular Ca’>*- regulating
pathways [129]. In contrast with this positive effect of catecholamines in physiological conditions on
red cell deformability, increased viscosity and decreased erythrocyte deformability were observed in
untreated pheochromocytoma [19].

There is a paucity of informations concerning the possible hemorheological effects of cortisol, a
major actor of the adaptation to stress. Ursula Windberger has reported that Cushing syndrome in dogs
is associated with increased plasma viscosity and erythrocyte aggregation [214].

There are situations associating a lot of disturbances of red cell functions, and the most impressive
example is perhaps septic shock. Sepsis is associated with altered metabolism and decreased 2,3-
bisphosphoglycerate, redistribution of membrane phospholipids, changes in RBC volume, metabolism
and hemoglobin’s affinity for oxygen, morphology, antioxidant status, intracellular Ca’* homeostasis,
membrane proteins, membrane phospholipid redistribution, clearance and RBC O,-dependent ATP
efflux. RBC autoxidation has been also assumed to worsen the disorder [14, 15]. Not surprisingly,
alterations in RBC rheology, including reduced deformability and increased aggregation, occur early
in septic patients and reductions in RBC deformability over time are associated with a poor outcome
[59, 145]. Erythrocyte deformability and NO releasing activity are both decreased as a result of the
inflammatory response [182].

Interestingly, there are reports of an effect of prostacyclin and nitric oxide on deformability of RBCs
in experimental septic shock in rats [102].

Another example where red cell rigidification is likely to be plurifactorial is the obstructive sleep
apnea syndrome (OSAS). This pathologic situation that markedly impairs endothelial dysfunction
due to recurrent tissue hypoxia and is at risk for atherosclerosis and cardiovascular disorders [139]
is associated with decreased erythrocyte deformability [83]. A decrease in NO bioavailability is
observed and may be both a consequence and a worsening factor of the defect in erythrocyte
deformability [84].

Inthis disease there is also increased plasma viscosity and erythrocyte hyperaggregation, as discussed
later. Interestingly, the opposite situation, hyperoxia, has no measurable effect on blood rheology, so
that its use for donor organ preservation before graft is not likely to induce hemorheologic disturbances
[200].



In physiology, there are therefore situations that transiently decrease red cell deformability, like acute
exercise [24] and also situations that increase it, like exercise training. Interestingly, in transgenic
mice overexpressing erythropoietin and thus exhibiting a higher hematocrit, there is an increase in
RBC flexibility, presumably linked to increased plasma NO levels, so that whole-blood viscosity
was maintained at a normal level [208]. This is another mechanism of “viscoregulation” beside the
above-reported regulation of EPO release by blood viscosity, which decreases hematocrit.

5. Red cell aggregation and its regulation

Another major aspect of blood rheology is red cell aggregation which has generated consider-
able interest over the last 25 years. This property is the ability of RBCs to aggregate and to form
two- and three-dimensional structures. Despite some remaining controversies, our knowledge of this
phenomenon has markedly improved.

In pathology, increased red cell aggregation is almost always associated with situations of impaired
blood flow and increased peripheral resistance, suggesting that this phenomenon is rather deleterious
for tissue perfusion. This can be explained by the effect of increased aggregation in the postcapillary
venules that results in an increase in postcapillary resistance and a slowing of capillary blood flow
[20, 42], and also by disturbed disaggregating mechanisms in pathological conditions, due to abnormal
plasma composition or RBC surface properties as discussed below. Accordingly, O, release from
RBCs is inhibited by RBC aggregation [24] and experimentally induced hyperaggregation of red
cells decreases in RBC arteriolar velocity and impairs flow distribution in a capillary network [207].
However, classical experiments evidenced other effects of aggregation that were likely to promote
rather than impede vascular blood flow. Red cell aggregation promotes the Fahraeus Effect, i.e. the
reduction of vessel hematocrit with reducing vessel diameter. It also promotes plasma skimming and
decreased microvascular hematocrit [72]. The Fahraeus-Lindqvist Effect (decrease of viscosity in
narrow vessels due to a longitudinal disposition of red cells that offer less resistance to flow) is another
important consequence of red cell aggregation [73]. In addition, red cell aggregation was shown to
promote the migration of white cells at the periphery of the vessel (Fahraeus-Vejlens Effect) and thus
facilitate their margination outside of the vessel lumina [1, 140].

An important contribution to our understanding of the circulatory effects of red cell aggregation is
due to the works of the late Oguz Baskurt who demonstrated that RBC aggregation can reduce frictional
resistance via lowering hematocrit and hence viscosity in the near-wall region, thereby resulting in
lower wall shear stress. This lower shear stress results in turn in a lower NO synthesis, and thus inhibits
vasodilatation and increases peripheral resistance [13].

Presumably, physiological increases in red cell aggregation like those observed during pregnancy
[150] have not the same meaning as those found in pathologic states. In peripheral occlusive arterial
disease there is a negative correlation between the extent of red cell aggregation and tissue oxygenation
as assessed with TCPO,, showing that aggregation is associated with lower oxygen supply to tissues
[61-63].

0. Baskurt and H.J. Meiselman, who have been the authors of most of the major research works on
red cell aggregation over the last years, have published several important reviews [7, 9, 10] that can
serve as references. Therefore, in this chapter we will mostly develop the regulatory aspects that are
the purpose of our review.

The exact mechanism of red cell aggregation is still controversial, since two opposite theories
are currently proposed: the bridging model and the depletion model. In the bridging model, RBC
aggregation is assumed to result from the binding of large macromolecules, such as plasma proteins,
sticking cells to each other. By contrast, the depletion model assumes that RBC aggregation occurs



because of a relative depletion near the cell surface leading to an osmotic gradient which induces an
attractive force. Those two theories are almost totally opposite and thus difficult to reconcile [124].
Notwithstanding, it is clear that what we know about the mechanisms of red cell aggregation can be
described in two separate chapters: the role of red cell factors and the role of plasma factors.

a) The cell-specific factors

Surface properties of the red cells can significantly influence the aggregation process: when washed
and re-suspended in a defined polymer or protein solution, differences between healthy donors and
between young and old RBC have been demonstrated. It has been shown that reducing the surface
charge density of RBC by enzymatic treatments increases their aggregation in standard aggregating
media [152].

The energetic status of the red cell is important for a physiological aggregation. Reinhart and
coworkers have reported that metabolic depletion for 48 h leads to RBC swelling and a reversible
echinocytic shape transformation, and that such ATP-depleted, but normally shaped RBCs had a
decreased aggregability [159].

RBC deformability is an important cellular property for aggregation since cells must change their
shape to form parallel membrane surfaces in rouleaux. The properties of the glycocalyx on the exterior
of the RBC membrane are also important determinants of aggregation behavior. In sickle cell disease
RBC aggregation and deformability are negatively correlated with each other [S1]. The same has been
observed in patients with hemoglobin C disease: low RBC aggregation index and high RBC aggregates
strength, with elevated blood viscosity and decreased RBC deformability [111]. Presumably morphol-
ogy and deformability of the cells can impair their interaction. In women taking oral contraceptives,
we observed that aspirin impaired red cell deformability and that this change was negatively correlated
with red cell aggregation [24].

Osmolality, another factor that markedly modifies the red cell shape, also increases red cell aggre-
gability [168].

Inflammatory status has a major role on red cell aggregation as mostly developed below when we
will discuss the role of plasma factors. However, it is clear that enhanced aggregation in cases of
inflammation or infection cannot solely be explained by increased levels of acute phase reactants,
since cellular properties of RBC are also altered in severe infectious and inflammatory diseases [212].

OSAS, a pathologic situation that markedly impairs endothelial dysfunction and is at risk for
atherosclerosis and cardiovascular disorders, is usually associated with increased erythrocyte aggre-
gation [195] together with increased oxidative damage to the red cell membrane proteins [83].

Nitric oxide, that is involved in RBC rigidity, also influences RBC aggregation. Incubation of RBC
from hypertensive and control animals with NO donor, sodium nitroprusside (10-1000 microM) for
60 minutes resulted in a dose-dependent decrease in RBC aggregation [24].

It is interesting to indicate that low-shear apparent viscosity and related indexes may not always
reflect changes of RBC aggregation associated to disturbed cellular properties. Therefore, in situations
associating alterations of RBC geometry and/or deformability, low-shear viscometry should not be the
sole measurement technique used to assess RBC aggregation [7].

b) The plasma factors

On the whole, the best known humoral regulators of red cell aggregation are probably proteins [24].
The plasma concentration of molecules characterized by a high-molecular weight plays a crucial role.
Fibrinogen, as the major determinant of red cell aggregation, has been widely investigated. There is
an almost linear relationship between aggregate size and plasma fibrinogen concentration. The plasma
substitution by physiological solution or albumin showed the role of albumin on dissociation shear
rates. This protective role of albumin is likely to result from its tertiary molecular structure, which
can result in a too little size for inducing bridging among red cells, while when albumin has been
heated it becomes polymeric and increases aggregation. Albumin properties were altered by heating



at 56—60°C. In presence of immunoglobulins, the role of albumin appeared to be complex, depending
on the albumin/globulin ratio.

Friederichs investigated the influence of “acute phase proteins” on increased erythrocyte aggregation
in infectious diseases in 208 blood samples obtained from 132 children with different pathologies [24].
Aggregate formation was shown to be correlated with the concentration of most of the acute phase
proteins of the plasma, mostly fibrinogen.

The aggregate formation of erythrocytes was more sensitively influenced by an increased concen-
tration of the most important acute phase proteins than the erythrocyte sedimentation rate. A distinct
correlation of red cell aggregation and the fibrinogen concentration was found.

We suggest, that the measurement of red cell aggregation is an appropriate method to describe the
increase in the concentrations of the most important acute phase proteins, especially fibrinogen, during
infectious diseases.

Lipoproteins also exhibit strong correlations with rheologic factors, as evidenced on some large
samples. In fact, 28% of the variance of blood viscosity at low shear rate is likely to be explained
by serum lipoprotein levels, with an opposite effect of low-density and high-density lipoprotein [24].
Postprandial plasma triglyceride levels correlated significantly with rouleaux formation rate [50]. L.
Cicha measured rouleaux formation rate in 70% autologous plasma (with 30% phosphate-buffered
saline, PBS) or 1 g/dL dextran T70 solution (with 4 g/dL bovine serum albumin) and observed a
significant increase in rouleaux formation rate of samples with high triglyceride levels, when measured
in 70% autologous plasma, which was no longer significant in dextran T70 containing medium. This
finding suggests that the alteration of plasma lipid levels as well as possible changes in the cell
membrane lipid composition lead to enhanced RBC aggregation [24]. However, in hyperlipidemic
patients the kinetics of rouleaux formation is correlated with markers of the phase (IgG, glycoprotein,
albumin) [213].

In many situations the importance of those proteins can be easily observed. Increased RBC
aggregation in myocardial ischemia and infarction, cerebral ischemia and infarction, peripheral
vascular diseases, hypertension, has been repeatedly reported and found to be correlated with fib-
rinogen. In type I diabetic nephropathy, erythrocyte aggregation was positively correlated with
plasma concentrations of fibrinogen and alpha 2-macroglobulin and negatively with plasma albu-
min concentration [220]. Chronic inflammation found in parodontopathic disorder has a similar
effect [24].

Decreasing protein concentrations in plasma also demonstrate their importance in aggregation.
Hemodilution in patients undergoing cardiopulmonary bypass surgery, has been shown to result in
a decrease by 44% of the aggregation in parallel to a decrease in plasma concentration of fibrinogen to
55%, of haptoglobin to 85%, ceruloplasmin to 55%, and albumin to 67%. During this study, at baseline,
aggregation was correlated only with fibrinogen. During hemodilution, aggregation was correlated to
fibrinogen, haptoglobin and ceruloplasmin [77].

Obesity is associated with moderately increased red cell aggregation [188] whose mechanism and
pathophysiological relevance remain incompletely understood. We repeatedly reported that fatness
by its own, regardless its localization, is associated with increased red cell aggregation [39]. Since
adipose tissue releases a lot of biologically active substances, circulating factors are likely to explain
this relationship which remains to be more precisely investigated.

Nutritional habits are by their own associated with modified hemorheologic profiles. For instance,
we observed in a sample of sedentary subjects a negative correlation between carbohydrate intake and
RBC aggregation [206].

Catecholamines seem to increase red cell aggregation, via both a- and [(3-adrenergic receptor
activation. The exposure of RBCs to epinephrine, and agonists of a- and [(3-adrenergic receptors
(phenylephrine, clonidine) increased red cell aggregation by 24 to 60% [129].



Prostaglandin E1 significantly decreased RBC aggregation, and prostaglandin E2 had a similar but
lesser effect. The drugs with phosphodiesterase inhibitory activity reduced red cell aggregation. It
seems likely that a decrease in aggregation is mainly induced by an activation of the adenylyl-cyclase-
cAMP system, while regulation of red cell deformability is more closely associated with Ca** control
mechanisms [129].

Studies with erythropoietin evidence a beneficial effect of this hormone which remarkably improves
red cell deformability [176] but increases red cell aggregation in chronic kidney disease patients [56].
The recently developed long acting analogue of erythropoietin methoxy polyethylene glycol-epoetin-3
(MIRCERA®) also induces a dramatic rise in RBC aggregation [89].

Acetylcholine increases red cell deformability and decreases erythrocyte aggregation associated to
changes on RBC membrane and oxygen carrying properties [129]. This action is related to an activation
of the adenylyl cyclase-cAMP system and a decrease in Ca>" entry into the RBC [167].

Insulin and glucagon may also modify RBC aggregation but this issue has not been extensively
studied [129]. In vitro insulin increases erythrocyte aggregability in rats [38]. Increased red cell aggre-
gability is also statistically associated with insulin resistance measured with a reference technique (the
minimal model), independent of insulin levels [35, 32].

6. Conclusive remarks

Since our preceding review [24] our knowledge of influences exerted by various factors on blood
viscosity has markedly expanded. Of course, many issues still remain unclear at this time. But more and
more a very complex picture emerges, that of an exquisitely organized system that is finely regulated
in connection with mechanisms governing blood flow and distribution.

Some viscoregulatory loops are now described [154] but the picture is probably even more complex,
and blood viscosity is able to be modified by a lot of various physiological or pathophysiological
conditions in order to generate an adapted response, that may sometimes become inappropriate.

The review above is only an attempt to put together this impressive mass of information, but it will
become important to understand the inner logic of these interactions that are complexly organized.

Considerable attention has been given to an endothelium — leukocyte- liver axis, involving poly-
morphonuclear neutrophils and monocytes that release a host of biologically active substances that
may interfere at various levels in the regulation of blood viscosity. Via cytokines like IL-6 they may
induce arise in fibrinogen which increases plasma viscosity and red cell aggregation. Via free radicals
and arachidonic acid derivatives they may alter red cell membrane properties and thus modify red cell
deformability. Free radicals increase both aggregability and rigidity of the red cells, while proteases
mostly increase aggregation. These interactions between white cell activation and red cell rheology
have been extensively investigated by the team of O. Baskurt [11], among others, showing that most
of the hemorheologic profile of vascular or inflammatory diseases is explained by these white cell —
red cell interactions. Even more, these processes are likely to be important in body’s response to an
inflammatory stimulation [1].

However, some integrated responses of the organism, like stress, regulation of energy stores, activa-
tion of the growth-hormone IGF axis, involve a hemorheologic response whose relevance is less well
understood. The relationship between the size of adipose stores and blood rheology even in normal
conditions is also an intriguing finding and some reports suggest that hormones released by the adipose
tissue (leptin and adiponectin) have circulatory effects [123]. Reports by several teams of differences
in blood rheology according to dietary habits is also an intriguing issue [30, 38].

We recently proposed a working hypothesis based on the “healthy primitive lifestyle paradigm”
which assumes that evolution has selected genetic polymorphisms leading to insulin resistance as an



adaptative strategy to cope with continuous low intensity physical activity and a special alimentation
based on lean meat and wild herbs (i.e., moderately high in protein, rich in low glycemic index
carbohydrates, and poor in saturated fat). We propose here that this model may help to explain on
an evolutionary perspective these apparently inconsistent findings. The pivotal explanation is that the
true physiological picture would be that of an individual whose exercise and nutritional habits are
close from this lifestyle, both sedentary subjects and trained athletes representing situations on the
edge of this model [31]. We recently presented data which suggest that this theoretical background
may explain most of the findings that seem difficult to integrate in a logic picture of hemorheologic
homeostasis [37]. Therefore, the underlying logic of this extremely complex interactions may be little
by little understood, opening new directions of research.
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