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Abstract

The flow properties of blood play significant roles in tissue perfusion by contributing to hydrodynamic resistance in blood vessels.
These properties are influenced by pathophysiological processes, thereby increasing the clinical relevance of blood rheology information.
There is well-established clinical evidence for impaired blood fluidity in humans of advanced age, including enhanced plasma and whole
blood viscosity, impaired red blood cell (RBC) deformability and enhanced RBC aggregation. Increased plasma fibrinogen concentration is a
common finding in many studies owing to the pro-inflammatory condition of aged individuals; this finding of increased fibrinogen concen-
tration explains the higher plasma viscosity and RBC aggregation in elderly subjects. Enhanced oxidant stress in advanced age is also known
to contribute to altered blood fluidity, with RBC deformability being an important determinant of blood viscosity. Several studies have
shown that physical activity may improve the hemorheological picture in elderly subjects, yet well-designed observational and mechanistic
studies are required to determine the specific effects of regular exercise on hemorheological parameters in healthy and older individuals.
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1 Introduction

Since the first half of the twentieth century, the contribu-
tion of the flow properties of blood to in vivo blood flow
and tissue perfusion has been the subject of extensive re-
search.!"! Experimental findings indicating the significant
impact of blood fluidity on tissue perfusion, especially in
organs with blood vessels affected by atherosclerosis, pro-
vide a firm basis for clinical evaluations.*! A vast number
of clinical studies also confirm the relationship between
blood fluidity and severity of circulatory problems, although
the cause-effect relationship may not always be very obvi-
ous. This uncertainty fuels the debate on the exact position
of blood fluidity alterations in chronic disease: sub-optimal
blood fluidity might contribute to the impairment of tissue
perfusion, or alternatively, result from such impairments,'*
thus creating a “chicken or egg” question.”! Although this
controversy places blood rheology onto slippery ground
from a clinical point of view, it does not reduce the clinical
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significance of findings indicating alterations in factors re-
lated to blood fluidity. This article reviews the experimental
and clinical data relevant to the role of blood rheology in
circulatory efficiency, with special emphasis on age-related
pathophysiological conditions.

2 Brief definition of flow properties of blood

From a physical point of view, blood can be defined as a
“non-Newtonian, shear thinning fluid,” reflecting its com-
position (i.e., a suspension of blood cells in plasma), and the
special behavior of red blood cells (RBC) that constitute
99.9% of the cellular elements.) As suggested by this
physical definition, the viscosity of blood decreases with
increasing shear forces (i.e., increasing flow rate in cylin-
drical tubes or blood vessels). The magnitude of the change
in blood viscosity may be on the order of 10'to 10* when
measured at flow rates corresponding to different parts of
the circulatory system (e.g., arterial vs. venous blood ves-
sels).”! This relationship explains why blood viscosity ap-
proaches a minimum at arterial flow rates in vivo, while it
reaches maximum levels in the venous circulation (Figure 1).

Two distinct properties of RBC contribute to blood vis-
cosity at high and low shear rates (i.e., the velocity
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Figure 1. The effect of shear rate on whole blood viscosity.
Shear rate is the velocity gradient between adjacent layers of blood,
is expressed as 1/s and is proportional to flow rate in a tube (e.g.,
blood vessel). The lower shear rates correspond to the circulatory
conditions in the venous circulation while higher shear rates char-
acterize the arterial vessels. The unit of viscosity is mPa.s, numeri-
cally equal to centiPoise (cP); water has a viscosity of about
1 mPa.s at 25°C and is independent of shear rate.

gradient during laminar flow which is a function of flow
rate in blood vessels): RBC deformability is the determinant
of blood viscosity at high shear rates, while low shear vis-
cosity reflects RBC aggregation.”™!

2.1 RBC deformability

RBC are the most “flexible” cells of the mammalian or-
ganism: they can change their shape to ellipsoidal structures
under the influence of external forces more easily compared
to other cells.”” Such alterations facilitate their orientation to
flow stream lines in blood vessels, resulting in decreased
blood viscosity. This change in shape and orientation is op-
timized at high shear rates.”™ The ability of RBC to change
shape and orientation when subjected to shear forces is
common for all mammalian species and reflects the early
evolutionary adaptations related to cell shape and composi-
tion."”! The biconcave-discoid shape and lack of nucleus
and organelles are the key features of RBC, which in addi-
tion to its specially-organized membrane skeleton, represent
the major determinants of the deformability of this cell. The
cell membrane skeleton is obviously intrinsically involved
in the active regulation of RBC deformability.!""!

2.2 RBC aggregation

In contrast to high-shear behavior, RBC regain their bi-
concave-discoid shape under low-shear conditions, or at
stasis and aggregate into specially-shaped structures resem-
bling a stack of coins (Figure 2). This reversible process is
known as rouleaux formation under which these aggregates
are dispersed into individual RBC upon increases of shear

forces. The aggregates tend to increase the frictional resis-
tance between flow-streamlines and thus elevate blood vis-
cosity under low-shear conditions.”) RBC aggregation is
induced by sufficiently large macromolecules (e.g., proteins,
such as fibrinogen), while cellular properties determine the
efficiency of a given concentration of such aggregating
macromolecules in inducing aggregation.'”! Collectively,
the contribution of cellular properties to rouleaux formation
defines the aggregability of RBC.!"*!

Figure 2. Red blood cell aggregates in autologous plasma.
Small round particles are blood platelets.

2.3 Influence of blood rheology on blood flow and tis-
sue perfusion

Earlier experimental studies indicated that the in vivo
flow behavior of blood might be quite different from that
studied in vitro."] Measurements based on in vivo flow re-
sistance indicated a limited influence of blood viscosity,
generating much controversy about the significance of
blood rheology alterations in terms of tissue perfusion.
There are a number of physiological mechanisms to explain
the lower apparent viscosity of blood in vivo, including
plasma skimming, reduced microvascular hematocrit, the
Fahraeus effect, all of which are related to the axial migra-
tion of RBC in tube flow, and also the Fahraeus-Lindqvist
effect (i.e., decreasing viscosity with decreasing tube di-
ameter). These hemodynamic factors are not discussed here
in detail, and further discussions of them can be found
elsewhere."* ' Another important factor that distinguishes
in vitro studies from those that are observed in living or-
gans/tissues is vasomotor control (i.e., in vivo changes of
vessel diameter), which is an efficient compensator for al-
terations in tissue perfusion due to pathophysiological al-
terations, including impaired blood fluidity. It has been
demonstrated that experimental abolishment of vasomotor
control may result in prominently increased sensitivity of
perfused organs/tissues to altered blood fluidity factors (e.g.,
RBC deformability or aggregation)."”!
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3 Blood rheology and disease processes

There is a large collection of data related to alterations of
RBC mechanical properties and the flow behavior of blood
during disease processes. Full coverage of pathophysiologi-
cal changes in blood rheology parameters can be found

1720
elsewhere,!!""

and thus only a brief discussion is presented
below.

Clinical conditions characterized by impaired blood flu-
idity are known as hyperviscosity syndromes."®*'! As the
two phases contributing to the composition of blood (i.e.,
plasma and RBC) are the main determinants of blood vis-
cosity, any changes in the flow properties of plasma and/or
RBC directly influence the flow properties of blood. The
relative contribution of the cellular content to blood volume
(i.e., hematocrit) is also a major determinant of blood vis-
cosity at both low and high shear rates."®!

3.1 Hematocrit change

Increased RBC mass or decreased plasma volume gener-
ally lead to higher levels of hematocrit with consequent
increases in whole blood viscosity. A major cause of en-
hanced RBC production relates to a myoproliferative dis-
ease known as polycythemia vera.””! Increased RBC pro-
duction may also be secondary to hypoxemia or tissue hy-
poxia resulting from various primary causes (e.g., cyanotic
heart diseases, pulmonary insufficiency)."! Hematocrit
increases occurring secondary to plasma volume changes
are known as relative polycythemia; conditions inducing
such alterations include endocrine disorders leading to water
and salt depletion, capillary leakage (e.g., allergic reactions,
anaphylaxis), acute contraction of vascular capacity due to
sudden release of vasoactive agents, and iatrogenic causes

(e.g., improper diuretic treatment).!"®*!

3.2 Alteration of plasma composition

The protein content of plasma determines its viscosity,
and consequently is a major determinant of blood viscos-
ity.™ A group of plasma proteins, including fibrinogen, are
known as acute phase reactants that are increased during
inflammatory reactions. Fibrinogen concentration in in-
flammatory conditions may rise five-fold, with significant
increases in plasma viscosity.** The fibrinogen concentra-
tion of plasma is also an important determinant of RBC
aggregation as discussed in the next section. Increased im-
munoglobulin concentrations in plasma cell dyscrasias (e.g.,
multiple myeloma) may reach to very high levels (e.g., 10
g/dL), resulting in serious hyperviscosity and intense RBC
aggregation.*

3.3 Blood cells

RBC are the dominant blood cells due to their relative
population in blood, while white blood cells (WBC) and
platelets have non-significant contributions to the fluidity of
blood under physiological conditions. WBC may only in-
fluence blood fluidity if their number per unit volume of
blood reaches extremes (e.g., in leukemic patients).*
Platelets have prominent influences on thrombotic processes,
which might include interference with blood rheology fac-
tors.””) Furthermore, RBC mechanical behavior, such as
cellular deformability, is significantly influenced by disease
processes.

3.3.1 Alterations of RBC deformability

Significant alterations of RBC deformability often ac-
company pathophysiological changes of RBC cytoplasmic
and membrane properties. Sickle cell disease is an illustra-
tive example of alterations in cytoplasmic viscosity due to a
genetic disorder causing a single amino acid change in the
B-globin chain and hemoglobin S is formed, which under-
goes sol-gel transformation under hypoxic conditions.””
Other hemoglobinopathies have milder influences on cyto-
plasmic properties, but may affect the overall biochemical
integrity of RBC."*® The second major group of factors af-
fecting RBC deformability is related to membrane protein
functions, including the special membrane skeleton and its
regulators, ion pumps and channels.” There is a
well-documented collection of genetic disorders which af-
fect membrane structure and properties and hence, mem-
brane mechanical properties.”>"’

RBC deformability is also affected during various ac-
quired disease processes, including infections, circulatory
disorders (e.g., ischemia and reperfusion), metabolic dis-
eases (e.g., diabetes), and pulmonary disorders.”™ Altera-
tions during disease processes may include one or more of
the following changes of the RBC:* (1) cytoplasmic he-
moglobin concentration and viscosity alterations, reflecting
either osmotic influences or metabolic challenges affecting
the water/electrolyte balance across the membrane; (2)
shape change from biconcave-discoid to a more spherical
morphology, thus reducing the relatively high surface area
advantage of a biconcave disc; (3) oxidative stress-induced
alterations in protein and lipid structures of the RBC mem-
brane (e.g., increased crosslinking among membrane skele-
tal and integral proteins and/or hemoglobin); (4) changes of
RBC membrane lipid composition, thereby affecting mem-
brane fluidity and protein function; and (5) interference with
intracellular signaling mechanisms that regulate pro-
tein-protein relations and the mechanical properties of the
membrane.”'**! Recent experimental evidence suggests that

http://www.jgc301.com; jgc@mail.sciencep.com | Journal of Geriatric Cardiology



294

Simmonds MJ, et al. Blood rheology and aging

RBC deformability may be actively regulated via the phos-
phorylation/dephosphorylation of various proteins contrib-
uting to the membrane skeletal network and its interactions
with the RBC membrane.”'*!

It should be noted that alterations of RBC deformability
may be a part of a hemorheological vicious cycle: impaired
deformability may result from disturbed tissue perfusion
which causes enhanced formation of oxygen free radicals
either by ischemia-reperfusion processes and/or activated
leukocytes, thereby reducing blood fluidity and further im-
pairing tissue perfusion.”*”’

3.3.2 Alterations of RBC aggregation

An inflammatory response is the major cause of en-
hanced RBC aggregation. This enhancement is related to
increased plasma concentrations of acute phase reactants,
fibrinogen being the most prominent (Figure 3), since these
plasma proteins are directly involved in the aggregation
process.””! RBC aggregation is the physical factor affecting
erythrocyte sedimentation,”* yet more detailed measures of
aggregation (e.g., microscopy, aggregate formation in a
fluid flow field) have been proposed as an alternative and
more appropriate method to monitor the course of inflam-
mation rather than measuring the erythrocyte sedimentation
rate (ESR)."> RBC aggregation has been reported to be
increased in infections, chronic inflammatory conditions,
malignant diseases and circulatory disorders,”**”! and hence,
aggregation mainly reflects the acute phase reactants under
such clinical conditions. It has been reported that RBC ag-
gregation indices may have a prognostic value in ischemic
diseases, with higher aggregation being related to a poor
clinical outcome."™™
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Figure 3. The relationship between plasma fibrinogen con-
centration and the half-time for red blood cell (RBC) aggrega-
tion. A decreased half-time means a faster rate of RBC aggregation.
Data are values determined with blood from 25 donors aged 23-79
years. The solid line represents linear regression and the dashed
lines indicate the associated 95% confidence intervals; the slope of
the line is highly significant (P = 0.003).

In addition to plasma factors that reflect acute phase re-
actions, RBC aggregation may also be influenced by cellu-
lar factors,!'? with these factors also affected during patho-
physiological processes. The importance of cellular factors
can be monitored by the assessment of RBC aggregation in
a standard aggregation medium;”” comparisons between
different cell populations obtained by such measurements
indicate the intrinsic ability of RBC to aggregate and is
termed RBC aggregability."” Note that RBC aggregation
reflects the effects of both cellular and suspending medium
factors, while RBC aggregability reflects solely cellular
factors. Clinical conditions with altered aggregability in-
clude circulatory disorders (e.g., stroke, myocardial ische-
mia/infarct, peripheral arterial diseases), metabolic disorder
(e.g., diabetes), hematological disorders (e.g., hemoglobi-
nopathies) and infections (e.g., sepsis).’**"! There is also
experimental evidence indicating that RBC aggregability
can be modulated, via intracellular signaling mechanisms,
by alterations of the surface exposure of phosphatidylser-
ine.l*”

4 Altered hemorheology in aging and related
mechanisms

Close associations between impaired hemorheology and
chronic diseases, and the increased incidence of the latter
with aging, have been an obvious stimulus for investigating
the role of aging in hemorheological health. It has been
well-documented that blood rheology factors are signifi-
cantly affected by aging.*” Feher, e al.,*") demonstrated
that hemorheological parameters, including whole blood
and plasma viscosity, RBC aggregation, hematocrit and
plasma fibrinogen concentration, were all strongly corre-
lated with age in a large group of patients with cardio- and
cerebro-vascular diseases. However, when the analysis was
repeated in a carefully selected group with matched disease
risk factors, there was no relationship between the hemor-
heological parameters and aging.!*"! They thus concluded,
that the reported age-related decline in hemorheological
health mainly reflects the influence of disease progression
rather than the aging process itself./**

4.1 Human aging increases blood viscosity

Whole blood viscosity has been reported to be increased
with aging. In most reports, the viscosity was measured at
relatively higher shear rates, and therefore, the reported
positive correlations indicate the influence of RBC deform-
ability!*'*! rather than the influence of RBC aggregation. It
has been suggested that increased blood viscosity can be
explained by increased plasma viscosity,***! particularly

Journal of Geriatric Cardiology | jgc@jgc301.com; http://www.jgc301.com



Simmonds MJ, et al. Blood rheology and aging

295

among woman.*! Most of the literature reports exploring
the relationship of aging and hemorheological parameters
are cross-sectional studies, comparing different populations
in various age ranges. Carallo, et al.,'"* provided insights
into the longitudinal changes that occur with aging — these
authors investigated a number of hemorheological parame-
ters in the same population over an 11.6 year period. Whole
blood viscosity at high shear rate and RBC rigidity were
found to be significantly increased, while plasma viscosity
was not altered.*”! It is not clear why these longitudinal
findings are incongruent with previous cross-sectional re-
ports demonstrating an age-related increase in plasma vis-
cosity.

4.2 Aging increases plasma viscosity via increased fi-
brinogen concentration

Plasma viscosity closely reflects the concentration of its
protein content, although certain proteins (e.g., fibrinogen)
have a more predominant influence due, in part, to their
relatively large molecular weight and fibrous structure.
Human aging does not appear to directly alter the molecular
properties of proteins, and thus, increased plasma viscosity
in advanced age cannot be attributed to the altered molecu-
lar properties of plasma proteins. Human aging does, how-
ever, increase the plasma concentration of fibrinogen, al-
though the possible causes that explain this phenomenon are
complex.

Data collected from large population studies indicate that
the increase in plasma fibrinogen is the most prominent
hemorheologically-relevant alteration with age.!*’*"
large scale epidemiological studies, increased plasma fi-
brinogen concentration was also identified as the most
powerful predictor of vascular problems (e.g., myocardial
infarction, stroke) which increase with age."” Two impor-
tant hemorheological variables — plasma viscosity and RBC
aggregation — are directly influenced by plasma fibrinogen
concentration, and therefore it is not surprising to observe
increased plasma viscosity and RBC aggregation with ag-
ing > Indeed, Avellone, ef al.,”*' reported a significant,
positive correlation between fibrinogen concentration and
plasma viscosity.

The plasma concentration of a given protein represents
the net balance between the rate of synthesis and rate of
degradation of the protein. Fu and Nair™ investigated the
synthesis rates of fibrinogen among young (~25 yrs), mid-
dle-aged (~50 yrs) and older (~70 yrs) adults, and reported
that the increased plasma concentration of fibrinogen could
not be explained by increased protein synthesis. Rather, the
fractional synthesis rate of fibrinogen actually decreased in
those aged > 50 years old. Whereas understanding the

In

age-related decline in the rate of synthesis of various
liver-produced proteins (e.g., fibrinogen) is relatively
straightforward, the multiple pathways involved in protein
degradation are complex and not completely understood.
Nevertheless, it is generally viewed that the rate of protein
degradation also declines with aging."® Higher rates of
turnover are considered to be a protective mechanism that
enables recently synthesized and functional proteins to re-
place those that are damaged and dysfunctional ™™ It is
plausible that the concomitant decrease in the rates of syn-
thesis and degradation of fibrinogen observed in aging may
lead to a prolonged halflife of this protein.”” While the
subsequent effects are not well investigated, a longer
half-life may enhance the likelihood of glycation, given that
protein half-life is one of the key determinants of glycation
at moderate glucose concentrations.”® Curiously, fibri-
nolytic activity of plasmin is impaired due to glycation of
fibrinogen.”™! Collectively, these results suggest that the
decreased rate of degradation observed in aging leads to a
prolonged half-life of fibrinogen, heightening the suscepti-
bility to glycation, which may further limit fibrinolytic ac-
tivity. The role of these age-related changes in pathogenesis
of chronic disease is not certain yet, although irrespective of
the mechanism, it is clear that increased fibrinogen concen-
tration has a direct and significant effect on hemorheology.

In addition to the prolonged half-life of plasma fibrino-
gen in older individuals,” fibrinogen synthesis is increased
due to tissue injury, inflammation and infection in certain
individuals, since this protein is an acute phase reactant.
Given that aging is associated with a subclinical
pro-inflammatory state in healthy older adults, even when
controlled for classic cardiovascular risk factors, the associ-
ated low-level inflammation may increase plasma fibrino-
gen concentration,**®!]

4.3 The effect of aging on hematocrit

It is not immediately clear whether aging significantly
alters hematocrit. The NHANES II cohort of > 15,000 indi-
viduals indicated that hematocrit was similar for all ages >
20 years.'””) More recent cross-sectional studies tend to re-
port a decrease in hematocrit by approximately 8-10 L/L
between the youngest (i.e., age 20-30 yrs) and oldest (i.e.,
age ~90 years) participants.® On the other hand, a longitu-
dinal study by Carallo, et al.*! observed no significant
change in hematocrit over an 11.6 years period. Possible
explanations for these dissimilar findings include the shorter
time period observed by Carallo, ez al.,'*”! that may not have
been long enough to observe the gradual decline in hema-
tocrit predicted over the human lifespan. Daily variations in
hematocrit may also diminish the likelihood of detecting
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associations given that simple postural changes and/or per-
forming relatively mild exercise, such as walking, signifi-
cantly influence hematocrit.*! Collectively, these findings
suggest that aging has a limited effect on hematocrit, and
may not be responsible for altered hemorheology in aging.

While the well-documented increase in plasma fibrino-
gen concentration clearly increases the fluid phase viscosity,
the possible reduction or even stable (i.e., unchanged) he-
matocrit seemingly introduces a paradox: if hematocrit-one
of the primary determinants of blood viscosity—does not
increase during human aging, what other factors might ex-
plain the age-related increase in blood viscosity over-and-
above that induced by elevated plasma viscosity?

4.4 Human aging, RBC lifespan, and functional con-
sequences

It is possible that human aging may decrease the RBC
lifespan. While it is difficult to systematically determine cell
age in vivo, the increase in cell density that occurs through-
out the 120 day lifespan of the human RBC allows for indi-
rect assessment of cell age (i.e., older cells are more dense).
Human aging skews the distribution of RBC density,
whereby older humans present with a larger fraction of
low-density RBC and circulating reticulocytes, and a
smaller fraction of higher-density RBC, when compared
with younger individuals./>* This shift towards lower-den-
sity RBC is generally considered to reflect a reduced life-
span of RBC in older adults.

The functional consequences of altered cell density dis-
tribution with aging appear to be varied and have a direct
effect on hemorheological properties. Yaari®! measured
RBC electrophoretic mobility, which indicates cell surface
charge density, of cells that had been separated using a den-
sity gradient technique. An inverse relationship was ob-
served between electrophoretic mobility and cell density;
those RBC which were most dense exhibited the lowest
mobility, whereas younger cells were significantly more
mobile. This apparent loss of electronegative surface charge
in older RBC has been attributed to decreased sialic acid
content, which is believed to be the primary source of the
RBC negative charge.” Throughout the RBC lifespan,
sialic acid may be lost from the cell membrane, leading to a
reduction of negative surface charge by ~30% for older
RBC.!In the first instance, these findings imply that older
humans that have an increased fraction of younger RBC and
thus a greater number of RBC with preserved negative sur-
face charge. However, Mazzanti, et al reported de-
creased sialic acid content in RBC membranes from older
individuals compared with younger controls. It appears that
human aging accelerates the rate of sialic acid loss from

RBC membranes, possibly contributing to the reduced RBC
lifespan in older adults via enhanced destruction by macro-
phages.!”” The reduction in cell surface charge has direct
implications for RBC aggregation, as discussed later.

4.5 Mechanisms for age-related decrease in RBC de-
formability

Most reports dealing with the increase of blood viscosity
with donor age have utilized moderate-to-high shear rate
viscometry methods and hence, are suggestive of decreased
RBC deformability. More specifically, Ward, et al.," in-
vestigated the elasticity modulus of RBC membranes in
smokers and non-smokers aged 20-60 years, and found that
while cigarette smoking had no effect on the dependent va-
riables, age was positively associated with an increased RBC
membrane elasticity modulus (i.e., decreased deformability).

The age-related decrease of RBC deformability appears
to be due to the cumulative effect of various intra- and ex-
tra-cellular factors. Perhaps the most investigated mecha-
nism for reduced RBC deformability is based on the oxidant
theory of aging. Reactive oxygen species have been consis-
tently demonstrated to impair the mechanical properties of
RBC,”" ™! with distinct mechanisms depending on whether
the radicals were generated inside or outside of the cell.[’”!
Several methods for inducing reactive oxygen species
within the RBC have been shown to decrease RBC de-
formability due to cross-linking of membrane proteins.”*"!
Although the interaction of various proteins favor the high
deformability of RBC while maintaining membrane stabil-
ity,” the spectrin-based network is of particular signifi-
cance given its central role in these functions. Treatment of
RBC with hydrogen peroxide, thereby producing intracellu-
lar superoxide, promoted formation of a hemoglo-
bin-spectrin complex which was associated with increased
cell membrane rigidity and decreased RBC deformability.””!
Superoxide produced outside the cell, similar to what may
occur in vivo due to systemic oxidative stress, also decreases
RBC deformability via lipid peroxidation.” Ultimately, to
connect the decreased RBC deformability observed in aging
with in vitro results for increased oxidative stress, there
must be evidence for an imbalance between oxidant produc-
tion and antioxidant defense in older humans. While it is
outside the scope of the present review, there is accumulat-
ing evidence that the oxidative stress theory of aging, while
not exhaustive, forms an important component of current
understanding of the aging process, and that there is indeed
an imbalance between oxidant production and clearance in
older adults.”” Importantly, age-related oxidative stress
may be observed specifically in RBC.!

Other age-related factors that appear to decrease RBC
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deformability include altered sialic acid content and the
Na'-K" ATPase activity of the cell membrane. While not
indicating causality, an interesting association between
sialic acid content and cell membrane rigidity has been ob-
served, whereby the membrane bending modulus increased
linearly with reduced negative cell surface charge.*” Al-
tered Na™-K" ATPase activity has also been observed in the
RBC of aged animals,*"! and older women.® Given the
central role of this protein in regulating RBC volume and
intracellular viscosity, it is not surprising that cell membrane

fluidity is decreased due to impaired Na™-K" ATPase activ-
ity'[82,83]

4.6 Mechanisms for age-related increase in RBC ag-
gregation

As indicated above, the relationship between plasma fi-
brinogen concentration, plasma viscosity and RBC aggrega-
tion with respect to aging is well documented.!*'”***,
Plasma fibrinogen strongly promotes RBC aggregate for-
mation, and hence, as plasma fibrinogen concentration in-
creases, RBC aggregation also increases. The rate of RBC
aggregate formation is also significantly increased with in-
creasing plasma fibrinogen concentration (Figure 3). The
expected positive correlation between plasma viscosity and
RBC aggregation has not always been detected,”” and even
an inverse relationship between plasma viscosity and RBC
aggregation was reported.”*”! This puzzling finding probably
reflects the contribution of cellular factors to RBC aggrega-
tion in addition to plasma fibrinogen concentration.'”!
However, most studies assessed RBC aggregation in
autologous plasma and therefore their data cannot be used to
interpret the cellular contribution to aggregate formation
(i.e., RBC aggregability). Christy, ef al.,”" measured RBC
aggregation both in autologous plasma and in a 3% solution
of dextran (MW = 70 kDa) in isotonic buffer in order to
estimate the contribution of cellular factors to the observed
alterations with age. They reported that RBC aggregation in
plasma was significantly higher in the age group of 50-59
years compared to the group of subjects at 2029 years of
age; no significant difference in aggregation measured in the
standard medium was observed,” indicating that the cellu-
lar factors that determine RBC aggregation were not altered
due to aging.

Aging is associated with several factors that decrease the
repulsive forces between RBC and thus promote RBC ag-
gregation. As discussed earlier, the primary source of the
negative cell surface charge of RBC is attributed to the
sialic acid content of the membrane. Consequently, the re-
duced sialic acid content of RBC associated with human
aging reduces the negative surface charge of RBC, enhanc-

ing the likelihood of RBC rouleaux formation. Collectively,
these findings suggest that age-related increased RBC ag-
gregation is the result of altered cellular (i.e., decreased cell
surface charge) and plasma (i.e., increased plasma fibrino-
gen concentration) factors, the consequence of which is
increased low-shear blood viscosity and elevated risk for
various chronic diseases.

S Physical activity improves hemorheological
health

Given the clear deterioration of hemorheological health
in aging, prevention and management of such impairments
are of clinical interest. Regular physical activity has been
demonstrated to be one of the most effective methods for
preventing impaired hemorheology, although a single period
of exercise is usually associated with increased plasma vis-
cosity, blood viscosity and decreased RBC deformabili-
ty. 2% 1t is intriguing therefore, that regular exercise
training is associated with improved hemorheological
health.

Cross-sectional studies indicate that plasma viscosity is
decreased in habitually active individuals. This finding may
be explained, in part, by the volume expansion of plasma
that occurs as a result of regular exercise.*® Plasma fi-
brinogen concentration is also lower among more active
individuals when compared with sedentary controls.™
Stratton, et al.,[go] demonstrated that six months of regular
exercise training that improved aerobic capacity signifi-
cantly decreased plasma fibrinogen concentration by 13% in
older men. These authors observed a shift towards increased
fibrinolytic activity: both an increased activity of plasmino-
gen activators and a decreased activity of plasminogen in-
hibitors were observed.™ It is also plausible that the
so-called “anti-oxidant effects” of aerobic exercise”'! may
diminish the age- and pro-inflammatory-related increase of
plasma fibrinogen concentration.

The reduction in plasma fibrinogen that occurs following
exercise training is supported by studies reporting decreased
RBC aggregation. Three months of resistance training by
younger adults significantly decreased RBC aggrega-
tion,’*>**) whereas eight weeks of aerobic training did not
alter RBC aggregation in overweight and middle-aged indi-
viduals.”™ There have been limited studies investigating the
effects of exercise training on RBC aggregation in older
individuals, although Simmonds, et al.”" demonstrated that
12 weeks of regular walking significantly decreased RBC
aggregation in women with Type 2 diabetes, aged 65-74
years. The mechanisms responsible for decreased RBC ag-
gregation following exercise training are not well under-
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stood, yet it seems quite logical that decreased plasma fi-
brinogen concentration may explain, in part, these findings.
Simmonds, et al.,”* provided evidence that intrinsic factors,
such as increased cell surface charge, may also improve due
to exercise training; this suggestion is based on their report
of decreased “aggregability” of RBC in a 3% solution of
dextran (MW = 70 kDa) in isotonic buffer. Collectively,
these findings suggest that exercise training may decrease
RBC aggregation due to both intrinsic and extrinsic factors,
although further studies are warranted to evaluate these
findings in healthy older individuals.

There is also very limited evidence supporting the con-
cept that regular exercise improves RBC deformability in
healthy individuals. While cross-sectional studies indicate
higher RBC deformability for elite athletes when compared
with sedentary controls,” few studies have investigated the
effects of regular exercise training on RBC deformability in
normal healthy individuals. The exercise training-induced
improvements of hemorheological profiles among patients
with age-related pathologies has been recently reviewed
elsewhere.”® Nevertheless, it is unclear as to what extent
aging, per se, contributes to the altered hemorheology in
these extreme cases. Ernst, et al,”*™ performed one of the
few relevant studies in healthy younger individuals and re-
ported that three months of exercise training increased RBC
deformability in healthy sedentary young males. It is inter-
esting to speculate that the improved anti-oxidant defense
systems observed in the trained state may limit the adverse
effects of oxidative stress, and thereby might improve RBC
membrane fluidity. Clearly, further observational and
mechanistic studies are required to investigate the effects of
regular exercise on RBC deformability.

In summary, exercise training appears to be a multifac-
eted “golden bullet” for improved hemorheological health.
There is strong evidence that plasma viscosity and whole
blood viscosity are improved following regular exercise as a
consequence of decreased plasma fibrinogen concentration.
There is also indirect evidence that the adverse effects of
aging on the intrinsic properties of the RBC may be dimin-
ished due to regular exercise. Well-designed observational
and mechanistic studies are required, however, to determine
the effects of regular exercise on hemorheological parame-
ters in otherwise healthy mid-age and older individuals.
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