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A number of mechanisms govern the rapid and precise
changes in blood flow which occur in skeletal muscle with
alterations in metabolic demand. Such mechanisms include
sympathetic activity, functional sympatholysis, conducted
vasodilation, flow mediated dilation, and compounds which
stimulate formation of endothelium derived vasodilators.
Compounds identified to be of importance in vasodilation
include nitric oxide, prostacyclin, potassium, and nucleotides.
In this review, we briefly describe some of the basic
mechanisms and present selected contemporary contributions
to the field. The main focus is on basic regulation of exercise
hyperemia but aspects of training, age and sex have also been
included.
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Introduction

The regulation of blood flow to skeletal muscle is tightly
coupled to the metabolic demand for oxygen with a
change in oxygen requirement leading to a proportional
change in blood flow. The precisely regulated control of
blood flow serves to minimize the work of the heart, while
ensuring adequate oxygen supply to the working muscle.
The necessity of a precise control of blood flow to the
muscle becomes evident when one considers that skeletal
muscle comprises around 40% of the body mass and that
muscle specific blood flow can increase almost 100-fold in
going from rest to intense exercise [1]. Given the limita-
tion in maximal cardiac output, the heart can only supply
a fraction of working muscles with maximal blood flow,
and during hard aerobic exercise involving larger muscle
mass, vascular conductance has to be well regulated or
blood pressure may fall [2].

The overall regulation of skeletal muscle blood flow is
achieved through a balance between, on one hand,
sympathetic vasoconstriction and circulating vasocon-
strictors, and on the other hand vasodilators derived
from cells in the skeletal muscle tissue, and functional
sympatholysis; a compound or mechanism which
reduces the vasoconstrictive effect of sympathetic
activity [3]. The precise regulation of skeletal muscle
blood flow is complex, involving a number of mecha-
nisms and vasoactive compounds with close interactions
(Figure 1). Although many of the separate mechanisms
have been well described, our understanding of how the
mechanisms interact and are integrated to allow for the
required rapid, large, and precise changes in oxygen
supply is limited. The integrative control of skeletal
muscle blood flow thus remains one of the intriguing,
yet unresolved aspects of exercise physiology.

In the present review, we focus on selected contemporary
advancements in research areas related to blood flow
regulation. This includes advancements in the under-
standing of functional sympatholysis, new findings with
regard to the involvement of potassium and its interaction
with other vasodilators, and new evidence for endothelial
mitochondria as an important source of reactive oxygen
species affecting blood vessel function. New insights into
the effect of training on vasodilator control are also
addressed and aspects of age and sex are included for
some of the topics. We wish to emphasize that, due to the
limited scope of the present review, not all new
references and areas have been covered.

Sympathetic activity and functional
sympatholysis

Sympathetic activity is increased at the onset of exercise
to enhance cardiac output while maintaining blood
pressure and redistributing blood flow to accommodate
the enhanced oxygen demand of the working muscles.
While the sympathetic outflow affects almost all vascular
beds throughout the body, blood vessels within the active
skeletal muscle are able to escape this sympathetic
vasoconstriction, in part, by a direct reduction of the
effect of noradrenaline [4], a mechanism termed
functional sympatholysis [3] (Figure 2).

Mechanisms involved in functional sympatholysis

Vasoconstriction induced by stimulation of a-adrenocep-
tors in resting skeletal muscle is blunted during exercise
in an intensity-dependent manner, but the underlying
mechanisms remain unclear [4]. ATP has previously been
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Overview over mechanisms of skeletal muscle blood flow regulation.

Blood flow is regulated by a balance between sympathetic vasoconstriction, locally formed or circulating vasoconstrictors and a number of
vasodilator mechanisms. One of the unresolved questions in skeletal muscle blood flow regulation is how the different mechanisms interact and to
what extent they are redundant.
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Microvessel
lumen

Endothelial
cell

T

Sympathetic nerve

Smooth
muscle
cell

Skeletal
muscle
cell

Current Opinion in Physiology

Mechanisms of sympatholysis.

During exercise, noradrenalin (NE) release from sympathetic nerve endings is increased and binds to adrenergic receptors (AR) on the smooth
muscle cell leading to vasoconstriction. At the same time, sympatholytic compounds originating from the contracting skeletal muscle and the
endothelial cell overrule the constrictor signal from the sympathetic nerves, so called functional sympatholysis. Emerging evidence suggests that
AR activation also causes opening of the Pannexin-1 channel (Pnx1) on the smooth muscle cell whereby ATP is released and acts as an autocrine
signal molecule by activating purinergic receptors (P,Y) on the smooth muscle cell [9,11°]. Upon unloading of oxygen (O.) the erythrocyte also
releases ATP which increases the nitric oxide (NO) release from the endothelial cell. The active skeletal muscle releases NO and since NO is able
to block the opening of Pnx1 this could be a mechanism of functional sympatholysis. It should however be noted that a role of NO in functional
sympatholysis in humans has been questioned. It was recently suggested that functional sympatholysis is dependent on endothelial-dependent
hyperpolarization via opening of calcium activated potassium channels (K.,) caused by ATP binding to P,Y whereby intracellular calcium levels are
increased [6]. Endothelial hyperpolarization conducts in both directions via gap junctions and may also by conducted directly to adjacent smooth
muscle cells via myoendothelial gap junctions (not shown). Recent findings in humans show that the functional sympatholytic ability is improved
after a period of exercise training in different populations [74-76].
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shown to have sympatholytic properties [5], and it was
recently shown that arterial infusion of ATP and acetyl-
choline during mild exercise attenuates the vasoconstric-
tion elicited by simultaneous phenylephrine (a;-agonist)
infusion [6]. The latter study also proposed a role for
endothelial derived hyperpolarization in functional sym-
patholysis based on their findings. They observed that the
effect of acetylcholine in attenuating the constriction to
phenylephrine during mild exercise was not reproduced
by infusion of a nitric oxide donor or potassium chloride
and persisted during combined blockade of nitric oxide
and prostaglandin formation [6]. Although there could be
other underlying mechanisms, these data are the first to
indicate a role of endothelial-dependent hyperpolariza-
tion in functional sympatholysis in humans, supporting
previous data from experiments in animals [7].

Role of the pannexin-1 channel in sympathetically
mediated vasoconstriction and sympatholysis

In rodents, NO has been shown to have sympatholytic
properties [8] and recently a novel sympatholytic mecha-
nism involving NO and the pannexin-1 channel was
proposed [9]. The background for this mechanism is
the finding that binding of norepinephrine to adrenergic
receptors activates the pannexin-1 channel on smooth
muscle cells, leading to release of ATP from the cell,
which in turn binds to constrictive purinergic receptors
[10]. This mechanism, which recently was supported by
data in humans [11°], potentiates the constrictive effect of
sympathetic activity and is potentially an important
mechanism in the regulation of vascular tone (Figure 2)
[12]. A sympatholytic role for NO through inhibition of
this mechanism has been proposed [9] based on the
finding that NO can close the pannexin-1 channel [13].
However, the role of NO in functional sympatholysis in
humans has been questioned [12,11°] and this mechanism
remains to be proven.

Age related alterations in functional sympatholysis

A number of studies have shown that ageing is associated
with lower exercise hyperemia [14—16], although it should
be mentioned that some studies contradict these findings
[17,18]. At the onset of exercise, rapid vasodilation occurs
at the arteriolar level to facilitate increased perfusion of
the skeletal muscle tissue. In the skeletal muscle of aged
mice, this rapid onset of vasodilation is impaired [19] and
recently, it was shown that the ability to overcome
a-adrenergic vasoconstriction differed along the arteriolar
network in young versus aged mice [20]. These findings
fit with observations in humans that the initial hyperemic
response to exercise is lower in aged than in young men
[21]. However, currently it is uncertain whether func-
tional sympatholysis is affected by aging per se since some
[22] but not all studies [21,23] report impaired functional
sympatholysis in aged men. One explanation for the
different findings could be related to the training status
of the aged subjects as the subjects in the studies differed

and it has been shown that very active older men have
fully preserved functional sympatholysis [24]. Moreover,
it has been suggested that functional sympatholysis is
related to the rate of oxidative metabolism, rather than to
age per se is [23]. Further studies are required to clarify
how age versus training status affects functional
sympatholysis.

Sex specific regulation of functional sympatholysis

In young women, regulation of hemodynamics via the
sympathetic nervous system differs from that of men and
while a-adrenergic tone dictates vascular tone in men,
B-adrenergic vasodilation offsets the vasoconstrictive
tone of the a-adrenergic receptors at rest [25,26°°]. More-
over, there is no linear relationship between sympathetic
activity and total peripheral resistance in young women
[27] and the response to sympathoexcitation is lower in
women compared to men [28]. While functional sym-
patholysis has not been compared in young men and
women, it was recently shown that functional sympatho-
lysis was more prominent in female rats compared to male
rats and that this was dependent on nitric oxide [29°]. As
mentioned above, there is evidence for a lack of effect of
NO in sympatholysis in humans [12]; however, nitrite
supplementation improves functional sympatholysis by
50% in hypertensive post-menopausal women [30], sug-
gesting that impaired functional sympatholysis could be
related to NO bioavailability in this group. Similar to what
has been observed in some studies in aged men, func-
tional sympatholysis is lower in post-menopausal women
compared to young women [31]. Moreover, it was also
recently reported that habitually active post-menopausal
women demonstrate a better ability for functional
sympatholysis compared to their untrained counterparts
[32] which is in line with findings in aged men [24].

Locally formed vasoactive compounds

Endothelial cells, which line the inside of all blood
vessels, are central in the formation of vasoactive
compounds. A number of chemical and mechanical
signals act on the surface of the endothelial cells leading
to the formation of vasodilators within the cells, which
diffuse to the smooth muscle cells and induce relaxation.
In addition, hyperpolarization of endothelial cells,
initiated via the opening of K+ channels, can be trans-
mitted between endothelial cells via gap junctions. The
hyperpolarization can then also be transmitted from
endothelial cells to smooth muscle cells through myoen-
dothelial gap junctions, leading to vasodilation [33,34].
During exercise, when blood flow to the muscle increases
substantially, a number of mechanical and chemical
signals of different cellular origin are thought to contrib-
ute to endothelial cell mediated vasodilation. These
include 1) release of ATP from skeletal muscle cells in
response to contraction; 2) release of ATP from erythro-
cytes in response to the off-loading of oxygen from the
hemoglobin molecule; 3) blood flow mediated increase in
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shear stress affecting endothelial mechanosensors; and 4)
propagation of dilation along the cells of the blood vessel
wall (conducted vasodilation) (Figures 1 and 3). For a
more detailed review on locally formed vasoactive
compounds, see Hellsten ez a/. [35].

Despite the identification of numerous putative vasodi-
lators, no single vasodilator has been proven critical for
exercise hyperemia. Studies, in which the formation of
two central vasodilators, NO and prostacyclin, inhibited
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Molecular mechanisms underlying endothelial cell dependent
vasodilation in skeletal muscle.

Endothelial cells are influenced by a number of chemical and
mechanical signals of which the majority induce vasodilation by
enhancing the formation of nitric oxide and prostacyclin. (1) Previous
observations in humans have indicated redundancy between
vasodilators and recently, the first direct evidence for a complex
interaction between potassium, adenosine and nitric oxide, both at the
arteriolar and capillary level, has been provided [47,48°°]. (2)
Acetylcholine (Ach) binds to receptors on the endothelium leading to
enhanced NO and prostacyclin formation and consequent vasodilation
yet its physiological role has been questioned. Novel support for flow
induced Ach formation in intact artery endothelial cells has been
provided where the flow induced vasodilation was shown to be
dependent on Ach and consequent NO formation [56]. (3) Conducted
vasodilation is initiated by compounds such as Ach and by muscle
contraction and occurs by propagation of endothelial hyperpolarization
between endothelial cells via gap junctions. In a recent study it was
demonstrated that whereas tetanic muscle contractions initiated rapid
ascending vasodilation via intracellular propagation, rhythmic muscle
contractions led to a slow vasodilatory effect via flow induced NO
release from the feed arteries [46°°]. (4) Enhanced presence of ROS
has long been thought to be a cause of reduced NO bioavailability
and endothelial dysfunction and recently, evidence has been provided
for the importance of vascular cell mitochondria for ROS formation
and for vascular dysfunction [62,64]. (5) The role of potassium in
skeletal muscle blood flow regulation through its role in endothelial cell
hyperpolarization and conducted vasodilation has been well
established in animal models. Now also, there are studies in humans
supporting involvement of potassium and endothelial hyperpolarization
in exercise hyperemia [49,51°].
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separately, have revealed a lack of effect on the magni-
tude of exercise hyperemia [36,37]. In contrast, combined
inhibition of NO and prostacyclin is found to reduce leg
exercise hyperemia by about 30% [38,39]. The underly-
ing reason for these findings is most likely that vasodila-
tors interact in a complex and redundant manner [40]
whereby the impairment of one vasodilator can be com-
pensated for by another. Such interaction may be the
result of a direct chemical interaction by NO and prosta-
cyclin [41] and NO and 11, 12 Eicosatrienoic acid [42] or
be due to a functional compensation, regulated by the
demand for oxygen (Figure 3).

Potassium is important in skeletal muscle vasodilation,
being responsible for hyperpolarization of endothelial and
smooth muscle cells and an essential component of
conducted vasodilation both in response to acetylcholine
[43] and to single [44] and sustained [45] muscle contrac-
tion. An interesting recent study showed that tetanic
muscle contractions initiated rapid ascending vasodilation
via conduction of endothelial hyperpolarization from the
arteriolar level to feed arteries whereas rhythmic muscle
contractions led to a slower (10-15s delay) vasodilatory
effect via shear stress induced release of NO from the
feed arteries, secondary to metabolic arteriolar vasodila-
tion [46°°]. These observations support the concept that
the mechanisms of rapid vasodilation in response to the
onset of muscle contraction differs from that of sustained
contractions.

New insight has also been provided into the involvement
of potassium in the mechanisms of redundancy between
vasodilators. In a model of iz situ blood perfused hamster
cremaster muscle, it was shown that potassium inhibited
arteriolar vasodilatation induced by NO and adenosine
[47], and that this inhibition involved inward rectifying
potassium channels (Kjg) and the sodium-—potassium
pump (Na*/K*-ATPase). Previous studies have demon-
strated that propagated responses also occur from the
level of capillaries [92,94] and in a follow-up study, Lamb
et al. assessed the physiological role of vasodilator redun-
dancy for vasodilation during muscle stimulation at the
level of capillaries [48°°]. The study identified multiple
redundancy between potassium, NO and adenosine and
revealed that NO and adenosine became critical for
contraction-induced vasodilation only when voltage-
gated potassium channels (Ky) were inhibited, [48°°].
These novel findings provide further support for propa-
gated signalling from capillaries and show that vasodilator
redundancies are physiologically important and contrib-
ute to the overall regulation of exercise hyperemia
(Figure 3).

Because of obvious technical limitations, conducted
vasodilation via endothelial cell hyperpolarization has
not been verified in human skeletal muscle
vivo. Nevertheless, intriguing indirect evidence for
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potassium induced endothelial hyperpolarization has
been provided in studies showing an involvement of
potassium and K;g channels in skeletal muscle blood
flow at onset of and during steady state exercise [49] but
also recently during hypoxia at rest [50]. Moreover,
novel experiments have demonstrated that muscle con-
traction amplifies endothelium-dependent vasodilator
signaling via Kig channel activation [51°]. Collectively,
these rodent and human data point at distinct regula-
tory mechanisms of potassium, including in interaction
with other vasodilator mechanisms, and emphasize the
importance of potassium in skeletal muscle blood flow
regulation.

Acetylcholine potently induces local and conducted [33]
vasodilation and has been used as gold standard for
assessing vascular function in isolated arteries and in
humans (e.g. in Refs. [52,53]). A longstanding question
has, nevertheless, been whether acetylcholine is formed
in the vasculature and whether it is a physiologically
relevant vasodilator 7z vive. Previous studies have pro-
vided evidence for formation of acetylcholine in cultured
endothelial cells [54] and a more recent study reported
acetylcholine release from isolated arterioles, but only in
hypertensive animals [55]. However, in an interesting
recent study, Wilson ez a/. provided convincing evidence
for acetylcholine formation from mitochondria derived
Acyl CoA in intact endothelial cells of mesenteric and
carotid arteries in parallel with determination of a
functional effect [56]. The study demonstrated a flow
activated release of acetylcholine and an acetylcholine
dependent shear stress induced increase in flow [56].
These findings add support for a physiological role for
acetylcholine in blood flow regulation and, although
attempts to prove a physiological role of acetylcholine
in human exercise hyperemia using inhibitors have failed
so far [57,58], this novel observation should spark interest
in assessing a potential role of acetylcholine in muscle
blood flow regulation.

Endothelial mitochondria as a source of ROS
formation

Although in young healthy individuals, NO availability is
unlikely to be a primary factor limiting blood flow, there is
good evidence that age related vascular dysfunction is
dependent on attenuated NO bioavailability. Factors
affecting an inadequate level of available NO include
reduced NO production and excessive ROS formation in
the endothelium, the latter leading to the removal of NO
by a reaction with superoxide. Enzymes such as NADPH
oxidase and xanthine oxidase are well documented
sources of ROS in vascular cells [91,93] but it is only
recently that evidence has been provided for ROS forma-
tion in their mitochondria.

Mitochondria are essential for energy production and
normal cellular function but can also be a major source

of ROS [59,60]. The energy expenditure in endothelial
cells is much lower than in cells such as myocytes and,
accordingly, mitochondrial content in endothelial cells is
relatively low, around 2-5% of cell volume compared to
around 36% of cell volume in cardiac myocytes [60].
Nevertheless, ROS formation via mitochondria in endo-
thelial cells is likely to be physiologically important and
contribute to endothelial dysfunction [61]. Accordingly,
recent studies have shown that mitochondrial respiratory
capacity of isolated skeletal muscle human feed arteries
declines with age [62] and in parallel, an enhanced
mitochondrial production of ROS is observed, as assessed
by measurements of superoxide production by isolated
arteries [63°]. Indirect proof for enhanced mitochondrial
ROS production in vascular cells with aging has, further-
more, been obtained by treatment with the mitochondrial
antioxidant mitoQ in rodents [63°] and of human muscle
feed arteries [64]. In both of the latter studies, treatment
with mitoQ also improved NO availability and vascular
function [63°,64]. Moreover, chronic oral intake of mitoQ
for six weeks in aged humans has been shown to reduce
oxidative stress and improve vascular function [65°].
Combined, these novel data suggest that mitochondria
is an important source of ROS in vascular cells and
constitute a contributing factor to the reduction in NO
bioavalability and consequently endothelial dysfunction
in aging.

Effects of exercise training on blood flow
regulation

It is well known that exercise training has a major impact
on cardiovascular health and leads to improvements in
blood vessel function [66]. On the functional side, aerobic
exercise training can improve maximal blood flow to
the muscle whereas submaximal blood flow remains
unaltered or decreases after a period of training, a
decrease thought to be due, at least in part, to an
improved capacity for oxygen extraction [67].

Training induced improvements in blood vessel function
have mainly focused on endothelial function and the
ability for sympatholysis and to a lesser extent on smooth
muscle cell function. Improvements in endothelial func-
tion with training has encompassed enhancements in the
prostacyclin system [68] and enhanced bioavailability of
NO, through upregulation of eNOS and downregulation
of NADPH oxidase [69]. On the vasoconstrictor side,
training reduces vasoconstriction via the endothelin-1
system [70,71] and via sympathetic activity by improving
functional sympatholysis [72,73].

Effect of training on sympatholysis

Functional sympatholysis can be assessed by the ability of
acute exercise to oppose the vasoconstriction induced
by infusion of tyramine, a compound which induces
release of noradrenalin from the nerve terminal. Recent
findings in humans show that the ability for functional
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sympatholysis is improved after a period of exercise
training in young healthy individuals [74] and in individ-
uals with cardiovascular disease [75,76]. Previous findings
have also shown that it is preserved with lifelong physical
activity in older adults [24]. The mechanisms underlying
the improvements are incompletely understood, but
ATP, which is a sympatholytic compound in humans
[5], has been shown to be higher in lifelong physically
active men than in sedentary individuals [24], and
lowered with a period of immobilization concomitant
with changes in the ability for functional sympatholysis
[77]. In addition, a lower constrictive effect of sympa-
thetic activity after training may also be explained by a
reduction in a-adrenergic responsiveness to noradrenalin
in trained muscle, as examined by infusion of tyramine at
rest [75]. In rodents, the improvement in functional
sympatholysis with training has been convincingly cou-
pled to NO [72,73].

Effect of training on endothelial mechanotransduction
Shear stress is a potent activator of eNOS and believed to
be central both for acute modulation of blood flow [78]
and for macrovascular [79] and microvascular [80] adapta-
tions in response to exercise training. Changes in vascular
function could be related to alterations in shear stress
sensing by the expression and sensitivity of mechanosen-
sory proteins located on the endothelial membrane,
thereby influencing the degree of activation of eNOS
[81]. This aspect was investigated in two recent studies
where in the first study, two weeks of very high glucose
intake was found to lower exercise hyperemia and the
flow response to passive movement, in parallel with
changes in both expression and phosphorylation status
of several mechanotransduction proteins, including
platelet adhesion molecule 1 (PECAM-1) [82°]. In the
second study the effect of training on endothelial
mechanosensors and eNOS were assessed in parallel with
hyperemia in response to passive leg movement in young
and old individuals [83]. Overall, shear stress sensing did
not appear to be greatly affected but an interesting
finding was again the apparent plasticity of PECAM-1
where both aging and exercise training had a marked
influence on both amount and phosphorylation state of
this protein. Given the central role of shear stress for
vascular function, mechanistic studies to elucidate the
identity and potential role of endothelial mechanosensors
in vivo are warranted.

The influence of physical activity on vascular aging

Aging is described to negatively influence both vascular
compliance and vasodilator capacity but although aging
clearly influences the cardiovascular system, much of the
observed aging effects are related to years of inactivity
rather than chronological age [84]. Studies comparing
masters athletes and their sedentary counterparts have
shown that regular physical activity through life opposes
the age induced detrimental changes in vascular function
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both in men [85] and women (L. Gliemann, A. Tamariz
Elleman, N. Rytter and Y. Hellsten, unpublished results).
One molecular mechanism underlying the effects of aging
on the vascular system is endothelial senescence which is
associated with a reduced capacity for NO formation [86],
but so far there has been little evidence for the influence
of aging and physical activity on endothelial cell
senescence in humans 77 vive. This aspect was addressed
by the parallel examination of vascular function and the
venous endothelial cell senescence markers p53, p16, and
p21 in young and old active and sedentary individuals
[87]. Endothelial cell senescence and vascular dysfunc-
tion were found to be more prominent in the older
sedentary group compared to the young and, importantly,
also more prominent than in the older active group.
Combined, these results clearly suggest that habitual
physical activity oppose the cardiovascular health decline
otherwise associated with age and suggest that the effect
of physical activity on endothelial cell senescence may be
an underlying mechanism.

A final aspect which should be mentioned with regard to
training and aging is that postmenopausal women may not
attain similar improvements in macrovascular or
microvascular function by aerobic training as age matched
men [88-90]. To what extent this blunted adaptation in
women can be overcome by aspects such as earlier
initiation of training after menopause or more intense
training [68] should be further evaluated.

Summary and conclusion

In the past few years, a large number of interesting novel
discoveries have been made in the area of skeletal muscle
blood flow regulation during exercise, clearly contributing
with important advancements in the field. Of note are the
significant new insights attained in the area of functional
sympatholysis and in vasodilator formation and interac-
tion where the previously well-known role of potassium in
propagated vasodilation, has been expanded with new
evidence for a role of potassium in vasodilator redundancy
and in endothelial hyperpolarization and sympatholysis in
humans. Of particular interest in the area of vasodilators is
also the new evidence for endothelial release of Ach and
its physiological role in flow induced vasodilation.

Several recent studies have addressed multiple aspects of
interactions between vasodilator mechanisms and vaso-
dilators highlighting the importance of integration of the
systems. Yet, despite the many valuable previous and
novel findings, we still have an incomplete understanding
of this essential area of interaction and integration of the
known vasodilator mechanisms. Studies such as that of
Sinkler and Segal [46°°], examining aspects of fast propa-
gated responses, flow mediated dilation and metabolically
driven vasodilation in the same model with two different
contraction stimuli are highly valuable in this regard.
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The importance of oxygen requirement in the control of
blood flow and, thus, the crucial aspect of how the
demand for oxygen is sensed should be emphasized.
To date we have a proposed mechanism for oxygen
sensing in muscle; the attractive theory of ATP release
from the red blood cell in response to oxygen desatura-
tion, but evidence for the physiological relevance of this
mechanism is lacking. One of the most groundbreaking
future contributions in the area of regulation of exercise
hyperemia would clearly be direct proof for how the
demand for oxygen is sensed at the skeletal muscle level,
whether it is through erythrocytes or through another
mechanism.

Finally, the novel discoveries in the area of how blood
flow regulating mechanisms are affected by aging and
exercise training are important, providing insight into the
essential role of physical activity to counteract the effects
of age and into some of the molecular mechanisms
underlying the beneficial effects of physical activity.
Future studies in this area should also focus on women
as most studies so far have been conducted in men and
distinct sex differences are apparent.
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