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Abstract 

An interpretative synthesis of all factors that have been shown to influence erythrocyte 

deformability and aggregation leads to postulate several regulatory axes in which blood 

rheology appears to be involved. One important regulatory loop involves ’viscoregulation’ by 

erythropoietin, which governs the balance between red cell mass and blood fluidity and is a 

regulator of metabolism. Erythrocytes are also local regulators of water osmolality via the 

water-conducting channel aquaporin-1, so that when hyper or hypo-osmolality appears in a 

microvascular segment, red cell transit velocity decreases as a consequence of increased RBC 

rigidity, allowing this AQP1-driven exchange to completely restore iso-osmolality. 

Erythrocyte energy status is a major determinant of their rheologic properties, involving the 

release of ADP and ATP. Increasing values of glucose, cholesterol and triglycerides are 

associated with a decrease in red cell deformability while hormones regulating the flux of 

those substrates rather improve red cell rheology. Increase in circulating levels of GH and 

IGF1 are reported to be associated with moderately increased red cell rigidity and 

aggregation, while IGFBP1 may improve viscosity factors, modulating tissue supply of 

substrates needed for anabolism. An effect of sex hormones on red cell rheology may be 

involved in the regulation of fertility. Catecholamines also regulate during stress RBC 

rheology via α- and β-adrenergic receptors. 
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1. Red cell rheology as an important physiological 

property of the Erythron 
 

Over the last decades, the rheological properties of blood have been the matter of extensive 

research [1]. Mechanism and physiological relevance of red cell deformability [2] and 

aggregation [3] have been extensively studied. The passage of RBCs through microvessels is 

obviously crucial for transfer to tissues of oxygen which is necessary for life [4] but also of 

various chemical mediators whose vasoactive and antiadhesive properties aim at optimizing 

blood flow in tissues as a function of need [5]. It has been shown that RBCs deform and 

offload oxygen in gradually narrower and more hypoxic microvessels, so that this 

deformation, associated to hemoglobin deoxygenation, triggers the release of ATP and NO 

that can in turn regulate microvascular tone.  

 

This integrated physiology of red cells which, put together, can be considered as a whole 

organ, has been termed the Erythron [6,7]. The Erythron comprises RBCs at all stages of 

development and is thus the organ responsible for oxygen (O2) transport, but also has a 

function of paracrine vasoregulation which adapts regional blood flow to O2 exchanges in 

both the lung and the periphery [8]. 

Classical studies on red cell deformability led to the concept that mammalian erythrocytes 

behave like fluid droplets, so that they undergo continuous deformation by deformation 

orientation, membrane tank treading, and cytoplasmic eddy flow, and that the red cell 

membrane behaves as a two dimensional elastoviscous fluid film [9]. Microscopic flow 

visualization of the process of red cell adaptation to flow shows that this fluid drop-like 

adaptation primarily depends on cytoplasm fluidity and surface-area-to-volume ratio, so that 

an excess of surface area allows strong deformations without an increase in surface area 

[10].However, red cell deformation has recently been shown to be far more complex than 

previously assumed. Lanotte and coworkers [11] showed that RBCs undergo a wide variety of 

shape modifications during their deformation. As the shear rate increases, RBCs were first 

shown to tumble, then to roll, then they adopted the form of a tumbling stomatocyte, and 

finally above a threshold value of the viscosity contrast between plasma and cytosol they 

exhibited a variety of polylobed morphologies.  

 

We recently pointed out another important aspect of this issue: the links between red cell 

rigidity and eryptosis [12]. As shown on Fig. 1 some cases of red cell stiffening occur during 

the process of programmed erythrocyte death (termed eryptosis) which is hardly reversible 

while other ones are physiological adaptations that are likely to be most of the time reversible.  

Classical experiments using artificially stiffened RBCs demonstrate that a decrease in RBC 

deformability can markedly impair tissue perfusion [13]. Examples of very rigid RBCs, that 

are close to this experimental model, exist in human pathology in sickle cell disease [14]. In 

this case stiffened RBCs are able to induce vessel occlusion. However, most of the time, 

modifications of RBC 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. Thus, beside “overtly 

abnormal blood rheology” (e.g. sickle cell crisis), there are many situations of “covertly 

abnormal” blood rheology [15], which do not result into vessel occlusion but are likely to 

induce alterations in tissue perfusion [16].  



 
Fig. 1. Simplified cartoon summing up the effects of hemorheologic alterations on circulation. 

 

 

Red blood cell (RBC) aggregation is also a complex phenomenon [17]. It clearly exerts 

hemodynamic effects. Some of them (plasma skimming, Fåhraeus Effect, microvascular 

hematocrit) that may improve rather than impede vascular blood flow [18], but via its effect 

on the intravascular velocity profile of red cells, its rise has been shown to decrease flow-

related vasodilation and thus to impair blood flow [19]. 

A very important advance in our understanding of the circulatory effects of blood viscosity 

factors comes from the seminal works of the team of Marcos Intaglietta [20] which show that 

small increases in blood viscosity in healthy individuals actually improve (and not impair!) 

cardiovascular function, due to the shear-induced release in vasodilatory molecules such as 

NO. These changes occur within the physiological range of variations of viscosity in the 

healthy population. This regulatory phenomenon may be impaired when endothelial function 

is deficient, and of course reaches a limit when increases in viscosity exceed the physiological 

range. This has led Sandro Forconi to propose a new important paradigm for hemorheology: 

As this investigator wrote, “While the traditional view postulates that an increased blood 

viscosity has invariably a negative impact on tissue perfusion and therefore should be 

considered as a risk factor (when not as a true disease), a more recent hypothesis has been 

formulated based on the observation that small increases in viscosity actually have 

vasodilatory effects, potentially improving tissue perfusion” [21]. 



Via NO production by the red cell itself or by the endothelium under the influence of RBC-

induced shear, erythrocyte deformation may thus influence many important functions like 

blood distribution, but also angiogenesis, mitochondrial respiration, mitochondrial biogenesis, 

glucose uptake, muscle calcium homeostasis and thus muscle contractile properties and 

muscle force generation [22]. All this is likely to expand the range of functions regulated by 

red cell rheology. 

Put together, all this information clearly indicates that the Erythron via its hemorheological 

properties exerts complex but important effects on the distribution of blood flow (and thus 

oxygen) in the body. 

2. Erythrocytes as cells under influence 

 

An impressive number of factors have been shown to influence erythrocyte deformability and 

aggregation [23]. They include physicochemical properties of the surrounding milieu such as 

pH, osmolality [24], divalent cations and albumin, blood lipids, and many hormones. 

Recent reviews on this issue mention more than 30 factors and this number is surely 

underestimated [12,25]. 

 

Fig. 2. Relationships between hormones, metabolism and blood rheology showing that 

several regulatory loops are involved in these interactions.  



Changes in red cell deformability may be regulatory reversible alterations or irreversible 

processes leading to red cell programmed death (eryptosis). 

In this context we would emphasize the role of erythropoietin (EPO), a hormone released by 

the juxtaglomerular apparatus in the kidney’s nephrons, in response to hypoxia and which is 

inhibited by increases in plasma viscosity. EPO stimulates erythrocyte development in the 

bone marrow. The team of W. Reinhardt has shown that a rise in plasma viscosity inhibits 

EPO and results in a decrease in RBC mass and hematocrit, thus representing a major 

mechanism of viscoregulation [26]. EPO also increases red cell deformability and decreases 

red cell aggregation [27] and exhibits antieryptotic properties [28]. Undoubtedly, EPO is one 

of the major regulators of blood rheology, involved in an important homeostatic loop which 

governs a very fine tuning of the balance between red cell mass and blood fluidity. 

Interestingly, EPO is not only a regulator of red cell volume and blood viscosity, but is also a 

regulator of metabolism which enhances fat utilization and lowers the oxidation of 

carbohydrates during exercise [29]. Erythropoietin has been reported to increase in human’s 

mitochondrial fatty acid oxidation capacity and myoglobin concentration in muscles [30] but 

this effect is not found by all authors [31]. On the whole we can conclude that this hormone 

improves the transport of oxygen and substrates to tissues via its erythropoietic and 

hemorheological effects, and also improves the oxidation, via the tricarboxylic acid cycle, of 

the fuels it delivers by the oxygen it also delivers. 

3. Erythrocytes as local regulators of water osmolality 

 

A recent study by Sugie and coworkers pointed out that the water-conducting channel 

aquaporin-1 (AQP1), which is expressed on the red cell membrane, may drive a rapid water 

exchange between the red cell and the surrounding milieu resulting into an important volume 

change (up to 39%) [32]. Therefore erythrocytes can be compared to “micropumps” that 

regulate in situ local osmolarity. 

Since red cell deformability is strongly influenced by the osmolality of the surrounding milieu 

and dramatically decreases in both hyper or hypoosmolar ambience [12], it is likely that when 

hyper or hypoosmolality appears in a microvascular segment, red cell transit velocity 

decreases as a consequence of increased RBC rigidity, allowing this AQP1-driven exchange 

to completely restore isosomolality. 

This novel property of the red cell is thus another homeostatic loop involving red cell 

rheology. 

 

 



4. Erythrocyte rheologic properties as regulators of energy 

metabolism: how many homeostatic loops? 

 

4.1. Overall energy status 

Since erythrocytes need energy to undergo deformation, their energy status is a major 

determinant of their rheologic properties, as demonstrated by the gradual increase in the RBC 

rigidity which occurs during in vitro storage parallel to a decrease in intracellular ATP. 

This energy status of the red cell is regulated by two homeostatic loops that involve purinergic 

signaling. 

The first loop is the loop of stiffening. A decrease in RBC deformability inhibits the release of 

ATP [12] while stiffened erythrocytes release ADP, and ADP inhibits ATP release. This 

mechanism probably aims at maintaining RBC energy stores, but it is also likely to induce a 

self-potentiating loop resulting in RBC rigidification. 

The second loop is the loop of deformability. When red cells become more deformable ATP 

release increases, and these well-deformable ATP-producing erythrocytes induce more NO 

production by the vessel wall, resulting into vasodilation and increased RBC deformability 

[33]. 

4.2. Carbohydrate metabolism 

The relationships between erythrocyte rheologic properties and carbohydrate metabolism are 

complex. While initial studies did not evidence a clear effect of hyperglycemia on blood 

rheology, chronic hyperglycemia actually increases red cell rigidity above a threshold value of 

9.05% glycated hemoglobin, indicating that the average blood glucose levels should remain 

above 200 mg/dL to result in a measurable decrease in red cell deformability [34]. 

Erythrocytes from diabetic patients incubated in high glucose concentrations became more 

aggregable and less deformable, due a change in the shape RBCs whose perimeter-to-area 

ratio was increased [35]. This effect was observed in the RBCs from diabetic patients but not 

in the RBCs from healthy subjects. This question was also investigated by Shin [36], who 

observed significant hemorheological changes in red cells incubated with glucose. Both the 

deformability and aggregation of the erythrocytes decreased in a dose- and time-dependent 

manner. These authors interpreted these hemorheological modifications as a consequence of 

the glucose-induced (auto)oxidation and glycation of the erythrocytes. 

RBC rigidity is also positively correlated with carbohydrate intake in trained athletes, in 

whom positive correlations are evidenced between caloric (and CHO) intake and both RBC 

rigidity and aggregability [37].  

 

Lactate generated by carbohydrate metabolism upstream in the tricarboxylic acid cycle and 

released in blood during hypoxia or exercise, decreases in erythrocyte deformability. above a 



threshold concentration of 4 mmol/L, but in highly trained endurance athletes, it has the 

opposite effect and improves erythrocyte deformability [38].  

 

Ketone bodies, an alternative fuel used by tissues in some physiological situations like 

starvation, or ketogenetic diets, are in vivo associated with a decrease in red cell deformability 

[39].  

 

4.3. Glucoregulatory hormones  

 

The main hormone of glucose homeostasis, insulin, has receptors on the red cell membrane 

and its binding to these receptors activates intracellular pathways. Insulin’s effects on 

erythrocyte deformability have been reported for 40 years and are well confirmed and 

described today [12]. The influence of insulin on erythrocyte rheology seems to be mediated 

by an effect on the molecular composition of the lipid membrane bilayer and its 

microviscosity, together with modifications of the function of membrane Na/K ATPase. 

Insulin improves erythrocyte deformability below a threshold value of supraphysiological 

levels which, on the opposite, decrease in RBC deformability. These effects of insulin are 

probably also related to a regulatory effect of insulin on RBC intracellular ATP 

concentrations [40].  

 

The pancreatic hormone C-peptide co-secreted with insulin by the beta cell has 

vasoregulatory effects due to a stimulatory action of eNOS in diabetics, and increases RBC 

membrane fluidity [41]. Using laser-diffractoscopie a huge improvement in erythrocyte 

deformability could be observed after C-peptide administration in erythrocytes of type 1 

diabetic patients. Inhibition of the Na+K+ATPase completely abolished the effect of C-

peptide on erythrocyte deformability [42].  

 

Another important hormone involved in the regulation of fuel metabolism, glucagon, which 

exerts an action opposite to that of insulin, was first reported to in vitro decrease RBC 

deformability [43] and then to in vivo increase it, resulting in a decrease in blood viscosity and 

an increase in the blood flow [44]. This issue remains conflictual [12].  

 

Somatostatin is also a regulatory hormone tant acts within the pancreas and is also released 

into the general circulation. It has been shown to improve red cell deformability [45].  

 

Actually, all those pancreatic hormones: insulin [46] C-peptide [42], somatostatin [47] and 

glucagon [48] are vasodilator substances that decrease vascular resistance and modify blood 

flow distribution. Their hemorheologic action can be one of the mechanisms of their flow-

regulating effect. 

4.4. Adipose stores and fat metabolism  

 

It is well established that circulating lipids are associated with impaired erythrocyte rheology. 

Increased levels of either LDL cholesterol and triglycerides are associated with an impairment 

in RBC deformability while HDL-cholesterol is positively associated with red cell 

deformability [49]. By contrast omega-3 fatty acids decrease blood viscosity, fibrinogen; and 

erythrocyte rigidity [50]. 



 

Fig. 3. An attempt to interpret the relationship between blood rheology and factors of 

energetic metabolism.  

On the whole, increasing values of glucose, cholesterol and triglycerides are associated with a 

decrease in red cell deformability while hormones regulating the flux of energetic substrates 

improve red cell rheology. 

Erythrocyte aggregation is increased in obesity [51] and a decrease in adipose stores induced 

by bariatric surgery reverses this hyperaggregation [52]. Actually, fatness by its own is 

associated with increased red cell aggregation, while abdominal fat increases blood viscosity 

due to a rise in hematocrit, and overall body size is associated with increased plasma viscosity 

and red cell rigidity [53]. In obesity, the increase in RBC aggregation seems to be to some 

extent related to low grade inflammation [54] but it is important to point out that RBC 

aggregation is correlated to fat mass even in normal weight individuals and not only in obesity 

[55]. This leads to think that the mass of adipose stores even within a physiological range is a 

determinant of the extent of RBC aggregation.  

 

In elite athletes, lipid intake (g/kg/day) is negatively correlated with the RBC disaggregability 

threshold while low calorie intake is associated with lower RBC disaggregability [56]. In fact, 

the relationships between nutrition and blood rheology seem to be not exactly similar in 

sedentary and in physically active individuals and this relationship is no longer found in 

sedentary subjects [37].  

 

The ability to oxidize at exercise more lipids during exercise is found to be associated with 

improved RBC deformability [57]. It has been assumed that this relationship can be explained 

by the effects of endurance training on lipid oxidation which may in turn modify both lipid 

metabolism and free radical generation, thus influencing RBC rheology.  



An important fuel-regulating hormone, leptin, which is released by the adipose tissue, 

improves red cell deformability via a NO- and cGMP-dependent mechanism [58]. We 

recently reported that it is not only associated with increased red cell deformability but also 

with increased aggregation [12]. Whether leptin mediates the relationship between fat mass 

and RBC aggregation remains to be evaluated but it is important to point out that this 

hormone related to the volume fat stores has an impact on RBC rheology. The major 

physiological function of leptin is to signal states of negative energy balance and decreased 

energy stores. but in the context of obesity, a defective thermoregulatory response is 

associated with impaired leptin signaling within the hypothalamus, leading to the concept of a 

role of leptin in the regulation of adaptive thermogenesis. Therefore, leptin can be considered 

as a thermolipokine [59]. Leptin can stimulate thermogenesis in brown adipose tissue and the 

browning of white adipose tissue [60].  

 

There is strong evidence that leptin is able to dilate blood vessels via both nitric oxide-

dependent and nitric oxide-independent mechanisms [61]. Under physiological conditions 

leptin induces endothelium-dependent vasorelaxation by stimulating nitric oxide (NO) and 

endothelium-derived hyperpolarizing factor (EDHF). Leptin activates endothelial NO 

synthase (eNOS) through a mechanism involving AMP-activated protein kinase (AMPK) and 

protein kinase B/Akt. Actually, while the effect of leptin in healthy subjects is mostly to 

promote vasodilation, hyperleptinemia in obese subjects seems to gradually dysregulate blood 

pressure control by deteriorating endothelial functions. When metabolic syndrome develops, 

the contribution of EDHF to the haemodynamic effect of leptin becomes inefficient. 

Resistance to the vasodilatory effects of leptin may contribute to the development of arterial 

hypertension owing to unopposed stimulation of the sympathetic nervous system by this 

hormone [62].  

 

4.5. Hemorheologic effects of energetic substrates vs their regulating hormones  

 

To sum up the literature reviewed in this chapter, it appears that increasing circulating levels 

of both carbohydrates and fat impair erythrocyte rheology, and more precisely increase red 

cell rigidity and red cell aggregation.  

 

By contrast the effects of insulin, C peptide, leptin, and presumably glucagon, are to improve 

blood fluidity and all those hormones have vasodilatory properties. When supraphysiological 

levels of some of these hormones are reached, there may be a reversal of this effect and they 

may impair blood rheology, as reported with insulin. This is logic since the function of those 

hormones is to increase the flux of energetic substrates, either inward or outward the tissues. 

In this context, beside the impact of those hormones on the endothelium, their hemorheologic 

effects are likely to participate to the fine tuning of this homeostasis. 

5. Erythrocyte rheology and anabolic functions 

 

The growth hormone (GH) - insulin-like growth factor I (IGF-I) axis is the major hormonal 

system positively controlling anabolism and cell growth in mammals. 



Short term administration of recombinant human growth hormone induces a increase in red 

cell aggregation. In thirty young healthy males 7 days administration of human rhGH 

(compared to placebo) resulted in a significant increase in erythrocytes aggregation index post 

injection (day 8), parallel to an increase in serum IGF-I [63]. Hemorheologic effects of 

growth hormone may be at least in part mediated by their effects on lipid metabolism and 

fluid homeostasis. For example, the GH response to exercise is correlated with extracellular 

water volume [64]. 

By contrast in growth hormone deficient (GHD) adults results there is no evidence for an 

impairment of blood rheology other than that related to increased fat mass. There is only a 

nonsignificant tendency for plasma viscosity to be higher in female but not male GHDs [65]. 

Insulin-like growth factor I (IGF-I) has been associated with increased blood viscosity. When 

IGF-I values are within the upper quintile (>340 ng/ml) IGF-I appears to unfavourably affect 

blood rheology. Crude IGF-I levels exhibit a borderline correlation with red cell rigidity index 

"Tk" [64]. This relationship was confirmed in another study reporting correlations between 

IGF-I and both whole blood viscosity and red cell rigidity "Tk" [66]. The ratio IGF1/IGFBP3 

which reflects free circulating IGF-I is correlated with red cell aggregability measured with 

the Myrenne "M" and the SEFAM-AFFIBIO aggregometer index S60. 

Therefore, 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. 

Another potential candidate for such a rheologic effect of the GH-IGF axis is insulin-like 

growth factor binding protein-1 (IGF-BP1) which is increased in trained people and correlated 

to fitness: IGF-BP1 is elevated in patients with polycythemia vera and stimulates erythroid 

burst formation in vitro. In professional soccer players, IGF BP1 was negatively correlated 

with blood viscosity at high shear rate and positively correlated with the percentage of 

extracellular water in total body water. Therefore, beside GH and IGF-I, IGF-BP1, which is 

reported to act on erythroid progenitors, also exhibits statistical relationships with blood 

fluidity and erythrocyte flexibility that may suggest a possible physiological role in improving 

blood rheology [66]. 

Therefore, on the whole, increase in circulating levels of GH and IGF1 are reported to be 

associated with moderately increased red cell rigidity and aggregation, while IGFBP1 may 

improve viscosity factors. The physiological meaning of these findings is not clear. 

6. Erythrocyte rheology and reproductive functions 

 

Sex Hormones appear to modify red cell rheologic properties. Estradiol levels have been 

reported to be correlated with RBC rigidity, while progesterone is associated with increased 

RBC deformability, so that RBC deformability is lower during the follicular phase compared 

than in the luteal phase. Hormonal treatment by estrogens impairs erythrocyte deformability 



by increasing membrane rigidity and decreases RBC aggregation. This should be interpreted 

under the light of other recent works which show that estrogens increase NO synthesis and 

release by endothelial cells. Isosorbid monoitrate as nitric oxide (NO) donors has been shown 

to improve ovulation and pregnancy rates in an ovulatory woman with polycystic ovary 

syndrome [67]. Actually, this issue of vasodilatory factors improving ovulation remains 

controversial [68]. On the other hand, estrogen and progesterone are also associated with 

increased eryptosis. Another sex hormone, dehydroepiandrosterone sulfate, also decreases red 

cell deformability [12]. 

Which could be the physiological relevance of these findings? The physiological rise in 

estradiol during follicular phase is well known to be the hormonal evet that triggers ovulation. 

It is known that estradiol increase triggers a midcycle surge of LH inducing interconnected 

networks of signaling cascades aiming at the rupture of the follicle and the release of the 

oocyte. During this event granulosa and theca cells release not only steroids, but also 

prostaglandins, chemokines, and cytokines, which are also mediators of inflammation [69]. 

Follicular hyperaemia was observed 30 min after the LH surge and then vasomotion can be 

observed. A gradual decline in the apical blood flow results in the appearance of an avascular 

area over the top of the apex [70]. Capillary permeability of the ovarian blood-follicle barrier 

is modulated by gonadotropin, mainly through increased numbers of large pores, similar to a 

classical inflammatory response [71]. 

In this context a moderate decrease in RBC deformability associated with a lower red cell 

aggregation and an increased NO release may play a role in the alterations in microcirculatory 

blood flow in the ovary. 

After ovulation, the follicle undergoes rapid angiogenesis and functional differentiation of 

granulosa and theca cells [69]. Whether an improvement in red cell deformability induced by 

progesterone can participate to this process is not clear. 

Thus, the effect of sex hormones on red cell rheology may be involved in the very complex 

mechanism of ovulation and thus play a role in the regulation of fertility. 

7. Blood rheology and stress 

 

In 1936 Hans Selye [1907 – 1982] introduced the concept of a "General Adaptation 

Syndrome", as a neuro-hormonal response (“fight or flight response”) aiming at maintaining 

the homeostasis in the body submitted to an unusual situation. In addition Selye discovered 

was that even if one’s body wants to control or reduce the stress, it may reach a limit, even 

more if the body is exposed to the stressor continuously. More than eighty years later this 

concept remains fully valid. Psychological and physiological stressors have been shown to 

stimulate biological stress responses including cortisol release via the hypothalamus–

pituitary–adrenal (HPA) axis [72]. 



Not surprisingly, stress induces heorheological modifications. A pioneering study was 

presented by A. Ehrly [73] evidencing a rise in blood and plasma viscosity after a videofilm-

induced emotional stress. In this case hematocrit remained unchanged during the experiment. 

The authors concluded that "these observations could lead to new aspects of the 

pathophysiology of acute myocardial infarction initiated by severe emotional stress". 

More recently, as a consequence of the Fukushima disaster (11 March 2011), a hyperviscosity 

syndrome was evidenced among evacuees who survived this earthquake and tsunami followed 

by massive nuclear irradiation, that resulted into approximately 18,500 deaths. A chronic 

increase in RBC, Hb levels and hematocrit levels was reported 4 years after the earthquake 

[74]. Other reported effects of this evacuation after a major disaster were hypertension, 

diabetes, atrial fibrillation, hypo-high-density lipoprotein cholesterolemia, and obesity. 

An increased incidence of cardiovascular events was also observed following another similar 

event, the Hanshin-Awaji earthquake qand was previously reported to be associated with the 

elevated hematocrit [75]. It was assumed that stress-induced increase in red blood cell 

concentration and hematocrit leads to thrombosis [76]. 

On the whole, both acute and chronic stress situations induce a syndrome of blood 

hyperviscosity which seems to be associated with a higher risk of thrombotic events. 

 

Fig. 4. Role of norepinephrine via alpha-1 signaling in stress-induced hyperviscosity. 

 



 

Fig. 5. Effects of catecholamines on erythrocyte rheology 

 

Fig. 6. Different stages of stress-induced hyperviscosity interpreted according to 

Dabhar’s “stress spectrum model”. 



An important regulator axis acting on RBC rheology may be catecholamines, which circulate 

in blood and act on RBCs via specific α- and β-adrenergic receptors for regulating cell 

volume and ion transport. The first studies in the late eighties by Pfafferott and Volger 

indicated that in vitro norepinephrine and isoprenaline reduced RBCs deformability [77]. 

More recently, a more complicated picture emerged from the works of Hilario, Saldanha and 

Martins-Silva who demonstrated in human RBCs that although epinephrine is able to induce 

the formation of echinocytes, it also improves RBC deformability [78]. This is in line with the 

reported anti-eryptotic effect of catecholamines and with the role of those hormones which are 

beneficial on the short term for body’s adaptation to an unusual stress. In trouts where RBCs 

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, cyclic AMP-

dependent Na+-H+ exchanger allowing Na+ to enter in exchange for internal H+. At the same 

time RBC deformability is improved (despite the increase in cell volume). Both RBC 

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 RBCs. Literature, however 

suggests that that epinephrine may improve RBC deformability [79]. presumably via β-

adrenergic receptors while there is apparently no effect of either α1- and α2-receptor agonists 

[80]. It was also shown that RBCs incubated 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 β-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 RBC, showing that the effect of these hormones on RBC deformability are 

mostly under the control of intracellular Ca2+ regulating pathways. In contrast with this 

positive effect of catecholamines in physiological conditions on RBC deformability, increased 

viscosity and decreased RBC deformability were observed in untreated pheochromocytoma 

[12]. 

Dabhar recently proposed “the stress spectrum model” which describes stress as a 

constellation of events, in response to a stimulus (stressor), that activates the fight-or-flight 

systems in the body. The duration of a physiological response to stress is the critical 

determinant of its effects on immune function and health. Acute stress generally results in 

activation of mechanisms that include enhancement of immune function while chronic stress 

results in health-aversive conditions that result in dysregulation or suppression of immune 

function. [72,81]. 

8. Conclusion 

 

 
The aim of this paper is to propose an interpretative synthesis of the very wide body of 

literature on the interactions between metabolism, hormones, and hemorheology, that we 

reviewed previously several times [12,23,25]. Clearly, this chapter of physiology despite the 

number of papers evidencing interactions remains poorly understood, and we would want to 

stimulate research in this area.  
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