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Abstract. The rheological properties of plasma and blood cells arc markedly influcnced by the surrounding miliew: physico-
chemical lactors, metabolism and hormones. Acid/base status, osmolality, lipid status and plasma protein pattern are well known
to exert a major influence. The oxidative stress induced by increased free radicals production decreases red cell deformability,
Ameong circulating substances. the divalent cations magnesium and zine improve red cell deformability probably via calcium an-
tagonistic cffcets, Some metabolites like lactate or ketone bodies decrease red cell deformability, although the former has appar-
ently the opposite ellect in highly rained individuals. Endothelium-derived factors such as nitric oxide (NO) and several arachi-
donic acid derivalives modulate both RBC and white cell mechanics. Endothelium regulates also bleod rheology via the release
of PAL-1 which governs plasma fibrinogen Ievels. Howcever, endothelium is not the only organ invelved in the regutation ol blood
theology: the kidney (by relcasing erythropoictin which is 4 major “viscoregulatory™ factor), the endocrine pancreas (via the ac-
tion of insulin and glucagon on ted cells), the adrenal pland (norepinephrine) and the endocrine hearl (atnial natriuretic peptide)
arc also likely 1o exert important effects. Recently, increasing cvidence is accumulating lor a role of two other endoerine Lissues
in the regulation of blood rheclogy: the adipose tissuc (free fatly acids, PAR-1, IL-6, leptin) and the pitvitary gland (growth
hormone—somatomedin axis, including the somatomedin carrier protein IGFBP1). Thesc organs provide a link belween body
composition and hemorheology, since GH and somatomedins are major regulators of the body content in fat and water while
the endocring activity of fal mass is apparenily proportional to its size. These mechanisms explain o some extent why many
sitmations, either physiological (diet, exercise) or pathological (diabetes, uremia) are associated with marked changes in blood
rheotogy that may in turn modify micro and macrocirculatory hemodynamics and the distribution of Oy and fuels to tissues.
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1. Introduction
There is increasing cvidence that modifications of blood theology are able to induce profound patho-

physiological disturbances [1-3] that may explains why some large scale epidemiological studies that
include viscosity and/or viscosity factors as potential explanatory variables evidence a strong statistical
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link belween rheology and both atherosclerosis and ischemia [4-7]. However, although a lot of informa-
lion is available about most of these influences, we are not aware of a synthetic review summing up all
the influences of physicochemical conditions, metabolism and hormones, on blood rheotogy. Therelore,
we aimed in this review at providing a synthesis on this important physiological and pathophysiological
18308,

A major biophysical background of blood rheology is the influence of physicochemical factors on
viscosity. For instance, the influence of pH which actually appears to be different according 1o the age -
of cclls, so that old ervthrocytes may have a greater dynamic response to acid environment {(e.g., spleen}
which may cause them to be selectively trapped and eliminated from the circulation. Both pH and osmo-
lality exert a biphasic influence described by a “u shaped curve” on red cell deformability the deforma-
bility being optimal in a physiological range and impaired beyond quite narrow physiological limits [8].
It is likely that most of this relationship is related to cell shape changes and surface/volume ratio alter-
ations, The same effect seems to be observed with red cell aggregation, as shown by Tikhomirova [9]
who studied aggregation after incubation at varions pH levels from 7.2 to 7.8, and showed that alcalosis
increases aggregability. A similar relationship is found with osmolality and aggregation [10].

On the whole, the best known humoral regulators of biood rheology are probably proteins [11,12] as
recently reviewed by Donner | 13|. Fibrinogen, as the major determinant of red cell aggregation, has been
widely investigated [14—17]. 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 {13].

Lipoproteins exhibit strong correlations with rheologic factors, as evidenced on a population sample
of 2211 subjects. Even after multivariate analysis, a rise of 100 mg/dl in serum cholesterol increases
on the average plasma viscosity by (105 mPa.s [18]. Tn fact, 28% of the variance of 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 [19]. The issue of lipids can be even more complex, since essential
polyunsaturated faity acids of the omega 3 tamily (w3PUFA) exert important physiological effects by im-
proving RBC flexibility either in healthy volunteers [20,21] or in patients [22]. Vitamin E also given one
month decreases RBC rigidity and improves microcirculation [23]. Finally, lipids and [ibrinogen may act
synergistically so that the effcct of large triglyceride-rich lipoproteins is potentiated by fibrinogen |24].

The tactor of viscosity which is the most clearly explained by these studies is plasma viscosity. Jung,
alter studying 2821 subjects included in the Aachen study, presented a formula predicting plasma vis-
cosity from plasma proteins and lipids;

plasma viscosity = 0.791 4 0.017 - 2 macroglobulin + 0.133 - fibrinogen 4 0.017 - IgM
+0.11 - cholesterol.
In this analysis the swrongest determinants are fibrinogen and cholesterol, while the effects of a2
macroglobulin and 1gM are markedly lower [25]. More recently another similar formula was proposed by
Etcrovic {26] on a smaller sample of 120 subjects including 30 controts. These authors give the following
equation:
plasma viscosity = 1.352 + 0.0167 - cholestero! (mmol) + 0.0285 - fibrinogen {(g/1)
+ 0.0054 - triglycerides (mmol} 4+ 0.00318 - hematocrit
—0.03 - HDL-cholesterol {mmeol).
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Yery interestingly, in this sample where all kinds of lipid disorders are well represented, the stanstical
wzight of cholesterel is threelold higher than the weight of cither fibrinogen and triglycerides.

Some studies have slso be devoled e divalent cations. For exampic, magnesium has beer shown
to proteet ervthroeytes from i vifro experimental rigidification by scveral procedures |27.28] Zine.
which in vitro Increases the deformability ol artificially hardered red celis [29]. is [requenly low in the
serum of sportsmen, (his situation rellecting some degree ol deficiency. Sportsmen with low serum zine
have a higher blood viscosity and an impaitment in erythrocyle deformability [30] which is associated
with a decrcase in performance. Experimentally, a double blind randomized wial ol cral zine supply in
heslthy volunteers improves blood viscosity |31] while the effects on performance are not significant.
Zine seems also to reduce ervthrocyte aggregation both in virro and in vive [32]. Iron is probably the
Mest studied and tic best known trace element, This interest is fargely expianined by the irequency of
von deficient states and by ihe pessibility of treating them with iron sappiementations. Almost 30 ic
J0% of the total bedy iron is stered under (he Torm of ferritin and hemesiderin, while a lower amount s
stored ay franslemin | 331 Thereiore, serum ferritin is a reliable marker of iron stores. Although a high
rerritin value camnotl rale oul the existence of an iron-deficicncy. i value is highly specilic
1 acficiency. Experimeantal studies in iron-delicient rats have cvicenced ¢ fower erythrocyie flexibility
‘hat seemed 10 be relaied at lzast in part 0 a lower hemoglobin conlent of erythrocyies {34,351 Athletes
with low plasma lerritin exhibit a higher blood viscosity, a higher plasma viscosity, and a hgher red
celi agaregabilitity when compared o sportsmen with normal plasma lerriiin. By contrast, we find no
dilference n either hematoerit or erythrocyte tigidity between these two subgroups [36]. it should be
noted ihat Te’~ deteriorates struciure ¢f RBC membranes [371 and thus induces more reuleaux petworks,

Short-term hyperglyveemia does not narkedly impair blood rheology 138} unless extremely high con-
centrations (hundreds of mmel/ly which are never found in human disease are apphicd [39]. However,
raised intraceliular sorbitol resulting from chronic hyperghyeemia may impair red cell deformability [40]
hut the experimental concentrations of sorbiol used in those stodics are unlikely to he relevant (o human
Ziscase.

Howcever, diabetes is clearly a situation in which hiood rheology is allered 4144 aithough these
alterations are quiie moderale when the discase is well cquilibrated [45.46].

Nevertheless. such situations of “covertly abnormual™ blood rheology [47] are likely to induce some
microchrculatery disturbiances. Moreover, trunsient hyperglycemic spikes [48] raising up to 156 mme!
induge allerstions in red cell aggregation, plasma viscosity. tibrinogen and albumin which are associaicd
with a measurable decrease in TCPOs,

The issue of biood lactate is also rather complicated. Whiie i vifro increased concentrations of this
metabolite decreases red ceil deformability [49], a rigidilication of red cells during exercise is only found
when hiood lactate concentrations are hugher than 4 mmol/l, e, the onsct of acidosis [50]. Tn fact. in
endurance trained athlees this effect is no Tonger found and. on the opposite, laclale may exert specilic
beneficial ellects on red cell deformability [51,52].

High concentrations ol ketone bodices are also likely to modily erythrocyte rheology, due to alteration
in membrane properties, as evidenced by Peyreigne [53] in the case of a short-term ketogenctic diet.

a low fer

2. Hormones snd auiacoids

Erythropoietin (EP() is an endogenous hormone that regulates RBC production in the bene marrow.
Recombinant human EPO is available and indicated for the treatment of anemia in a variety of medical
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illnesses. In athletics, this agent is now used as an alternative to blood doping. Blood doping refers to
the intravenous infusion of blood to increase oxygen-carrying capacity and thus to improve endurance
performance. Typically, athletes draw and freeze the RBCs from 2 units of their own blood several weeks
before a competition. This period allows the body to replace the RBC deficiency. The stored RBCs are
then infused back into the body 1 weck prior to competition. Controlled studies of this technique have
suggested a 3% to 30% improvement in measures of endurance [54].

The use of EPO offers an alternative method to increase the concentration of circulating RBCs, EPO
has advantages over blood doping in that it eliminates infusion risks (e.g., infection) and the need for
refrigerated RBC storage. Limited experimental data suggest EPO efficacy to be similar to that obtained
with blood doping [55]. Potential risks of EPO, as well as blood doping, are related to increased blood
viscosity from an elevated hematocrit, i.e., hypertension, headache, and an increased risk for clotting,
leading to coronary, pulmonary, or cerebral vascular occlusions [56,57].

One potential advantage of blood doping over EPO is that the “dose” of RBCs is known. The level of
RBC production obtained with EPO is dose dependent but highly variable, and may continue for several
days after the last administration. As a result, the hematocrit can be elevated to dangerous levels. It has
been suggested that misuse of EPO may have led to a series of mysterious deaths in competitive cyclists
between 1987 and 1990, in which 19 athletes died [58]. It seems clear that athletes are aware of the
adverse effects of EPO related to clotting and are trying to stay ahcad of the game. A raid of a cycling
team at the 1998 Tour de France revealed not only EPO, but anticoagulant drigs as well [59].

Barbas [60] has investigated the effects of recombinant human erythropoietin (thEPO) therapy on red
cell filterability and membrane lipid composition in patients treated by haemodialysis for a long pe-
riod (3, 9, and 18 months). At 9 months he observes a decrease in red cell filterabilily together with
a rise in membrane cholesterol and total phospholipids. After 18 months, there is an increase in phos-
phatidylcholine/phosphatidylethanolamine ratio in the membrane. Besides, he observes no effect on red
cell aggregation. A similar study has been conducted by Delamaire [61] in dialyzed chronic renal failure
(CRF) patients after thEPO versus renal transplantation. CRF patients have major disorders of blood rhe-
ology (red cells less deformable, increased plasma viscosity). Both thEPO and kidney transplant correct
these disturbances. In this case there are disorders of red cell aggregability which are not corrected by
the treatment. A further by Boemi [62] evidences under a high dose {150 Ufkg/wk) thEPO treatment an
increase in aggregability which is assumed to be potentially deleterious for patients,

2.1, Insulin

As soon as 1978, Juhan [63] reported that insulin improved hemorheologic abnormalities associated
o diabetes. A direct effect of insulin on red cell fluidity was thus hypothesized. Obviously most of the
hemorheologic improvement related to insulin treatment in vive may be indirectly mediated by metabolic
improvements. However, direct in virro incubation of diabetic red cells by insulin repeatedly demon-
strated a beneficial effect on deformability as measured by filtration yet this issue was challenged by
some investigators when working on washed red cells [64,65]. It seems now well established that insulin
really influences red cell theology [66], via direct effects on the membrane [67] that include alterations
of the lipid membrane bilayer composition and microviscosity, together with changes in membrane Na/K
ATPase function [68].

According to the situation, the effects ol insulin on red cell deformability may be different. For in-
stance, very high supraphysiological levels in vitro decreased red ccll deformability [66] as recently con-
firmed by Linde during insulin clamp experiments in which an increase in RBC rigidity in hypertensives
was observed [69].
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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 {70].

Somatostatin is a tetradecapeptide that circulates in the blood [71]. It may induce strong circulatory
changes as evidenced by a study showing an increase in peripheral blood flow in man [72]. In addition it
interferes with platelet functions [73]. We reported a strong beneficial cftect of this hormone on red cell
delormability assessed by several techniques [74].

Among the recently postulated hormonal effects of the pancreatic C-peptide co-secreted with insulin,
an increase in eNOS has been reported, resulting in diabetics in a [luidification of red cell membranes, an
incrcasc in renal function, blood flow redistributions and a reduction in Na/K ATPase pump function [75].

Calecholamines (norepinephrine and cpinephrine) were first studied by Pfafferott who reported that
in vitro norepinephrine and isoprenaline reduced erythrocyie delormability [76]. 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 [77].

2.2, Leukotrienes and prostaglandins

Among arachidonic acid derivatives, some leukotrienes bul not all [78,79] may impair red cell de-
formability. Prostaglandin E1 (and iloprost) improve red and white cell filterability in vivo [30,81]. PGE2
rigidifies red cells and increase their aggregability |81].

2.3. Nitric oxide (NQ)

Asg recently reviewed [82,83] NO might have opposite effects on coagulation and rheology. Synergis-
tically with prostacycline (PGI2), NO inhibits platclet aggregation and adhesion, reduces adhcsion and
migration of leukocytes, and exerl marked vasodilatory effccts in some territories. Atherosclerosis and
hyperlipidemia decrease this endothelium-dependent vasodilation effect, via shifts in the expression of
NO synthase (NOS) isoforms within the vessel wall. Tn fact, beside those well-established beneficial ef-
fects of vascular NO on circulation, there is on the opposite a strong deleteriouy effect of inllammatory
cells - derived NO on the vessel wall, with possible effects on cell apoptosis and plague fissuration [83].

Korbut [84,85] demonstrated that inhibiting NO production prevents the red cell rigidification resulting
from experimental white cell activation. The team ol Baskurt [86] studied experimental hypertension
induced by the NO-synthase inhibitor NG-nitro-L-arginine methyl ester {L-NAME). This procedure both
increases by 60% blood pressure and increases red cell rigidity and aggregation. If the NO-provider
sodinm nitroprusside SNP was added to those red cells it decreased on a dose-dependent manner RBC
aggregation, with only a marginal effect on RBC deformability. Thus, NO exerts on hemorheology the
sume dual effects reported on circulation and atherogenesis [83]. Presumably leukocyte NO produced in
inflammatory conditions (as studied by Korbut [84,85]) impairs red cell theology while endothelial NO
has the opposite effect. However, since blood rheclogy modifics cndothelial shear stress which is a major
regulator of NO secretion, caution is required in the interpretation of the relationships among NO and
hemorheology: NO is likely to aflfect blood rheology and to be also regulated by it [82].

Purines may act via purinergic receplors on red cell rheology, as reported in the early eighties by Juhan
et al. that ADP released by rigid red cells decreased the deformability of RBCs [63]. More recently it has
been established that red blood cells can release ATP in response to hypoxia and hypercapnia, This ATP
binds to purinergic P2 sites on endothelial cells leading to the relcase of NO and PGI2 |87].
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Red blood cells can also release endothelin-1 (ET-1) together with endothelial and smooth muscle
cells [87]. Despite its strong vasoregulatory effects, ET-1 seems, however, to have no measurable effect
on hlood viscosity and on red cell rheology [88].

Stmilarly, 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 [89].

There is a large body of literature on the hemorheological effects of sex hormones. Most of this liter-
ature is related to oral contraceptives (OC), a hot topic because of its thrombogenic effects. Alterations
of blood rheology in OC users have beea first reported in 1971 by Aronson [90] and thus most precisely
described in the early eighties by Lowe [91,92] and Buchan [93]. An elevation of fibrinogen levels [92-
95] has been repeatedly observed and is likely to explain a rise in aggregability. However, it 18 interesting
to compare the hemorheologic profile of the women of studies, taking contraceptives of the latc nineties,
with data reported two decades ago by the first autbors who investigated this question. As reviewed
in 1981 by Buchan [96], OC users in the late seventies were mostly characterized by a Jower 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 {92] but not atl [96]. The progestin corm-
ponent of the pill was assumed to be responsible for a rise in {ibrinogen which explained most of this
pattern. Actually, this finding on old progestin compounds of OC pills (mostly 19-nortestosteronc deriva-
tives), contrasts to some extent with the more recent physiological investigations {97] which evidenced in
normally cycling women that estradiol levels werc 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 finidity. On the opposite, progesterone in physiological
conditions had the opposite effect, decreasing both fibrinogen and blood viscosity, and increasing red
cell deformability [97]. These physiological findings are in disagreement with a study performed ten
years ago by Derham and Buchan, which demonstrated that pharmacologic intake of estrogens results
in increased hematocrit and fibrinogen, while synthetic progestogens increase hematocrit and decrease
red cell deformability [98]. Presumably, the modern evolution towards more physiofogical progestogens
at lower doses tends to suppress these deleterious effects and to fit more closely with the physiological
picture: this assumption is further supported by recent studies on bloed rheology in OC-users [99,100].
These modern studies suggest that the recent, low dose, compounds are almost devoid of hemorheo-
logical side-effects {99,100], in contrast to older preparations with higher doses [961. In a more recent
study [101] we fail to observe any differences in blood viscosity and red cell deformability between
OC-users and non users, suggesting that this evolution toward better-tolerated molecules and lower con-
centrations has been beneficial from an hemorheologist’s viewpoint. However, there is stilf a moderately
higher red cell aggregability. This finding suggests that the question ol the hemorheologic effects of OC,
although it has been investigated since 1971, still remains a potentially important field. Some recent lind-
ings on estrogen circulatory effects, such as their vasodilatory action which is mediated by NO synthesis
and release by endothelial cells [102], may offer new areas of research for hemorheologists. Estrogen-
response elements have been identified in the promoting region of the gene coding for the endothelial
nitric oxide synthase [102]. Moreover, estrogens have been suggested to act more rapidly via membrane
reccptors, resulting in an increase in cytosolic Ca?T in some cells [102]. Estrogens are also likely to
exhibit antioxidant properties which may delay NO clearing from blood | 102].

Ancther aspect of the relationships between sex hormones and theology that has been extensively stud-
* ied ts menopause. However, the hemorheological profile of sex hormone deficiency al menopause is not
clearly established. On the whole, there appears to be some degree of hemorheological disturbance, but
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plasma viscosity seems to be more affecied than red cetl rheology [1G3,104], Hermonal treaiment by es-
wogens {either transcutancous or oral) increasces RBC rigidity by increasing membrane rigidity | 105.106].
Actually, the purely physiological effects ol the menstrual cyeie are less known, despite some old
studics showing changes in blood viscesity factors throughout the cyele [106,107]. Recent investigations
wiih the cell transit analyzer evidence more deformable erythrocytes {shorter transit time) al ovulation
and in luteal phase. These resulis contrast with previous works performed with the classical filtration
methods, which actually are strongly nlluenced by the mean corpuscular volume of red cells [108].

3. Are they “hormonal axcs” involved in the regnfation of blood rheology

Litcrature surmmarized above indicates thal a host of circulaiing tactors (but not ally modify the rheo-

logic preperties of blood. in lact, many issues remain unelear at this time. However, given the number of

informations coilected, it could be speculated thart all these interactions have a physiological relevance
and can be classified as “regulatory axes”™. We make here-below an atiemnt (o present gil these axes.

3.4 the concept of viscoregularion

I'ne oldest homeostatic concepl in hemorheology is the concept of viscoregulation. Based upen his
large ciinical experience of hyperviscosily syndromes, Dintenfass [106] proposed that blood viscosity,
just like all other biological parameters, is regulated by homcostatic leops. This author postulated at least
two mechanisms by which any increase of a factor of hlood viscosity would be sensed by a “viscorecen-
tor” which will in tirn trigger a response resuiting in a compensatory decrcase in other facrors, the most
important in this regulation being probabiy hematoent {139,

in diabetes, the importance of this mechanism has been underlitied by two siudics [ 136,131, Tn this
disease. sitzations leading to hyperviscosily (i.c.. complications, even without nephropathy that can be a
conlusing factor 1171t icads o anemia) are associaled with a decrease in hematocril. In preeclampsia, the
samce has been obscrved | 132].

More recently. one of these viscoreguialory mechanisms has been elucidated and carefully deseribed
by the team of Reinhart [133.134]. In a first clinical study, (his team observed thal increased plasma
viscogity was associated with an inappropriate erythlopmetln formation {133]. Later, the same team
demonstrated that shear stress modulates eryliropoietin secretion and explains unexpectediy {ow ery-
thropowcun levels F1344, and further anaiyzed on rats the mechanism of this regulation at the leve! of
erythropoictin mRNA producion. On the whole, these studies demenstrate that viscosity of plasma, as
a lactor of wall shear stress. is a mujor regulator of EPO production by the kidney, so that one of Din-
tenfass’s “viscoreceptor”-mediated regulatory loops surcly involves EPG. Accordingly, any increase in
viscosity is likely to induce alicrations in ervihropoicests leading (¢ a reduction in hemartoerit.

3.2, The endoihelium-leukocvie-liver axis

The importance of this axis in hemorhcology has been largely reviewed in recent papers [115.11461
Given its complexity, we shall not deseribe 1t in detail here. Both polymorphonuclicar reutrophils and
monocyles are able to release a host of biologically aetive substarces that may mterlere at various levels
in the regulation of bleod viscosity. Via cytokines like TL-6 they may induce a rise in {ibrinogen which
increases plasma viseosity and red cell aggregation. Via free radicals and and arachidonic acid derivatives
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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. Several
cytokines released by monocytes trigger fibrinogen release by hepatocytes: 1L6, leukemia inhibitory
factor (LIF), and mostly oncostatine M (OSM) which induces a six-fold rise in fibrinogen production by
hepatocytes, Tt is thus not surprising to notice that leukocyte activation, which is associated with release
of such substances, is generally also characterized by a rise in plasma viscosity, red cell aggregability,
and red cell rigidity [117]. These interactions between white cell activation and red cell rheology are
currently being investigated extensively by the team of Baskurt {118-137,139]. On the whole, these
studies sirongly suggest that most of the hemorheologic profile of vascular or inflammatory diseases is
explained by these white cell-red cell interactions [116],

3.3. Stress and rheology

By many mechanisms, stress is able to modify blood rheology. However, the whole mechanism is
far to be clear. Fifteen vears ago, Ehrly reported an experiment of videofilm-induced emotional stress
in which the flow properties of blood were markedly modified by stress [120]. Some preliminary re-
ports in depression also evidence a decrease in red cell deformability, mostly in endogenous depressive
states [121]. As discussed above, there is not a complete agreement on the direct effects of norepinephrine
and epinephrine on red blood cell deformability [96,97]. In the most recent studies, rather than simply
reducing deformability, epinephrine appears to exert two opposite actions: it both induces formation of
echinocytes and improves RBC deformability [97]. In fact, indirect effects of catecholamines and cortisol
on circulating lipids may also explain an hemorheologic impairment during stress [121].

3.4. Fuel regulating hormones and the endocrine pancreas

It is interesting to notice that the pancreatic fuel-regulating hormones insulin [16,17,83-89],
glucagon |90, somatostatin [91-94] and C-peptide [95] have all been reported to exert direct effects
on red cell deformability. This suggests a physiological role of this hormonal axis in the regulation of
blood rheology, consistent with the previously demonstrated circulatory actions of these hormones, and
most particularly insulin which mediates vasodilation by direct stimulation of release of NO from en-
dothelium, an effect which plays an important role in its fuel-regulatory actions [122].

3.5. Body composition: the adipose tissue

The adipose tissue now appears to be a true “endocrine gland” which synthesizes and releases a host of
biologically active substances [123,124]. Several factors released by adipocytes may interfere with blood
rheology. The most obvious, of course, are free faity acids, but two important regulators of fibrinogen
circulating levels, namely PAI-1 [125] and interleukin 6 [126], are also produced in significant amounts
by adipocytes. This may explain why fibrinogen levels are positively correlated to fat mass [127], and
why red cell aggregability is proportional to fat mass even within a physiological range in athietes [128]).
This issue was recently studied by Yudkin {149| who performed a cross-sectional study in 107 nondia-
betic subjects and observed that levels of C-reactive protein, and concentrations of the proinflammatory
cytokines interleukin-6 and tumor necrosis factor-alpha, were related to all measures of obesity. These
data suggest that adipose tissue is an important determinant of a low level, chronic inflammatory state as
reflected by levels of interleukin-6, tumor necrosis factor-alpha, and C-reactive protein. Thus, in obesity
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there s a low-Tevel, chronic inflammatery stale may induce insulin resistance and endothelial dystunc-
Gon and thus link the iatier phenomena with obesity and cardiovagcuiar disease. Although these authors
did not measure sheologic parameterss, 1t is Bkely that they are medified preportional to the Infiammaicry
cviokines levels.

Another cytokine relcased by the adipose tissue is lepiin. This fucl-egulating hormone circuiates at
aigh concentrations in the plasma of obese patients [ 1307, This hormone &s been recently shown to stim-
alate proliferation and migration ol myocytes 1 the vessel wall, and has thus been suggested 1o be a
zossible pathogenetic factor for atherogencsis T131]. We recently reported positive corrclations between
leptin and both plasma viscosity and RBC purtial disaggregation threshold measured by luser backscat-
tering. 1lowever, multivariaic anaiysis indicated that the perceniuge of fat which is a major determinan:
of ail these parameters was likely 1o expiain all these correiations, so thar 2 possible invoiverent of ieptin
n blood rheolegy remains unclear [132].

3.8, The growth-hormone IGF axis

The GH-IGF-T axis has major ellecis on hody composition, tuel and flnid merabholism. which are
likely to inlluence blood viscosity and red cell theology [133]. Accordingly, in GH deficient adults the
shift in lean/fat mass resulting from the GH insufficiency induces high plasma fibrinogen levels [1344
and hemorheologic disturbances | 135 While GH deficiency 1s associated with impaired swealing, the
enhanced GH response (o exercise in trained athletes is correlated (o sweallng capacity and to the rise
i plasma viscosity that cecurs as a resuli ol the associated increase in water loss [136]. Thus, G
via 1ts cffects on body fivids and body compuosition, appears to be rather beneficial for blood fuidity.
By contrast, IGEF-1 which mediates most of GH anabolic actions and has receptors on crythirocytes has
been found to positively correiate with blood viscosily, sincs high values of TGE-T are assoclaled Lo
tower red cell deformability and increased red cell aggregability 1137 The IGF-Dinding protein 1GE-
BP{. which physiologically traps 1GF-I in order to moderate its action has a direct effect on erythrocyte
progenitors and is negatively correlated with blood viscosity and positively correlated with the percentage
ol extraccllular water in total body water. Since subjects in the upper tertiic of IGF-BP1 compared 1o
those in the lower had a higher erythrocyte deformability JGF-BPl may also be a regulater of red ccll
rncology [138].

4. Heimorheology as a mirror of the metabolic/hormanal/inflammatory status of plasma in
pathology

4.4, The case for cancer

Tn ovarian cancer there 15 a lower disaggregability of RBCs and a tendency 1o blood hyperviscosity
corpensated by a reduction of hematocrit [139-141], A similar picture has been described in a series
of 530 cancers of head and neck (compared to 80 controls) recently analyzed by Khan |141). This author
evidenced a rise in plasma viscosity, red cell uggregation, red cell rigidity and plasma fibrinogen. Another
teport by Ranade and coworkers {142] also evidenced abnormalities of blood rheology in head and neck
cancers and found that plasma viscosity beearne trankly non-Newtonian in critical patients, perhaps
related to alterations of plasma components by substances released by the cancer. Another study by
Karabanov and coworkers [143] examined blood rheology in 163 patients with gastric cancer and found
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abnormally high blood and plasma viscosity together with red blood cell hyperaggregation. Here again
these changes were associated with an abnormal protein patteri.

We recently reported [141] that the hyperaggregation alrcady described by previous investigators in
ovarian cancer [139,140] is associated with a lower ability to dissociate erythrocyte aggregates. Actu-
ally, the exact biochemical mechanism of RBC hyperaggregation in cancer patients is not clear. In the
paper of Khan [141], end-stage tumors were associated with a rise in whole blood viscosity which was
assumed to be due to a specific (unkaown) factor released by the tumor. This hypothesis of a specific
fumor factor is in agreement with the findings of von Tempelhoff [140} who observed higher RBC ag-
gregability in ovarian cancer compared to breast cancer. However, this investigator [140] observes that,
in ovarian cancers, the highest plasma viscosity values are mostly due to increased plasma protein con-
tent {D-dimer and fibrinogen). Another hypothesis can be made if we consider that this hemorheologic
pattern of an increased disaggregation threshold, associated io unchanged other aggregation parameters,
has been described after experimental exposure of RBCs to oxygen free radicals [119], Therefore, free
radical generation that may occur, during inflammatory processes, as a consequence of leukocyte activa-
tion, could provide an alternative explanation for our finding. Other studies including markers of oxidant
stress will be needed 1o clarify this point.

Regardless the mechanism which remains to be clarified, rheologic abnormalilies in cancer appear to
be related to the evolution and prognosis of the disease. There are several reports on Iarger series which
strongly suggest that blood rheclogy may be a fair marker of evolutivity in several cancers [144,143],
including the ovarian cancer {139]. Interestingly, treatment by chemotherapy improved this hemorheo-
logical pattern except when there were intercurrent thromboembolic events {146].

Rheologic alterations have also been reported to be predictive of deep venous thrombosis (DVT) in
ovartan cancer [139,146]. The value of plasma viscosity before operation is predictive of {urther DVT,
while the postoperatory value has no predictive value. Tt appears that, in ovarian cancer, a value of plasma
viscosity below 1.34 mPa.s almost excludes the occurrence of a latter DVT [139]. In lung cancer, an
algorithm including rheological parameters has been proposed by Skorniakov [145]. This algorithm for
predicting thrombotic complications based on the minimal set of informative criteria appeared to be
accurate in 75% of patients before surgery and 82.2% of patients on day 1 postoperation.

In women with ovarian cancer we also observed a correlation between hematoceril and corrected blood
viscosity [141]. This correlation indicates that hematocrit is decreased in subjects with high factors of
viscosity, so that apparent blood viscosity remains almost the same in controls and patients. This phe-
nomenon of low hematocrit compensating a tendency to high viscosity is surely related to the homeostatic
phenomenon of “viscoregulation” described above [109-114]. A reduction in hematocrit in most subjects
is thus likely to be a regulatory response preventing to some degree the occurrence of an overt hyper-
viscosity syndrome, Interestingly, some literature suggests that this pattern of high plasma viscosity-low
hematocrit is related to a higher risk of deep venous thrombosis {146].

4.2, The insulin resistance syndrome

Insulin resistance is a common metabelic abnormaligy that is associated with an increased risk of both
atherosclerosis and type 2 diabetes [1471. The phenotype of insulin resistance includes a dyslipidemia
characterized by an elevation of very low-density lipoprotein triglyceride, a reduction in high-density
lipoprotein cholesterol, and the presence of small, trigiyceride-enriched low-densily lipoproteins. The
underlying metabolic abnormaiity driving this dyslipidemia is an increased assembly and secretion of
very low-density lipoprotein particles, leading to an increased plasma level of triglyceride. Hypertriglyc-
eridemia, in furn, results in a reduction in the high-density lipoprotein level and the generation of small,
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dense low-density lipoprowins; these events are mediated by cholesteryl ester transfer protein [148].
Fasting and postprandial concentration ol triglycerides both depend on free (auty acids and insalincmia
which are two separae and statistically independent determinants, indicaiing that hypertrigiyceridemia
results from defects in the ability of insulin to nhibit adipose tssoe lipelysis | 149]. In addition, hyper-
wosion, obesity. and a prothrombotic state are also integral components of the insulin resistance syn-
crome [148]. As extensively studied in our laboratory, {ib

rinogen levels are closely conelaied o insulin
resistance | 150-152]. Not surprisingly, blood viscosity is also negatively correlated to insulin sensitiv-
ity [153-135]. A more precise analysis of this relaticnship indicates thal while hyperaggregability of
eivthrocytes 1s ratiter relaled o the hyperinsulinism associated 10 insulin resistance, plasma viscosity
i in fact directly related to the level of insulin sensitvity [136]. Accordingly, the rreatment ol msulin
resistance Dy exercise raining improves more specificaliy plasma viscosity, Le., the parameter which is
the most closely relared to insulin sensitivity in these subjects [157,158],

L1

7 Lnnelision

[

The mechanisms revicwed above explain why so many situations. eiiher physiological {diet, cxercise)
athological (diabetes. wremia} are associated swith marked changes i blood rheology that may in
i madify micro- and macro-circulatory hemodynamics and the distribution of Oz and luels te ussves.
Clearly, our knowledge of this question, despite the number of papers reviewed here, is far 10 be com-
plete and many points remain o be studied. We think that a more extensive research on the inflluences
of various humoral factors on blood rheology is needed in order (e beiler understand how factors of
blood rheology may represent a link berween metabolic alteration and circufatory modifications either in
pathology or in physiology.
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