J Physiol 594.8 (2016) pp 2297-2305 2297

SYMPOSIUM REVIEW

Reduced blood flow to contracting skeletal muscle
in ageing humans: is it all an effect of sand through
the hourglass?

Michael Nyberg and Ylva Hellsten

Department of Nutrition, Exercise and Sports, University of Copenhagen, Denmark

Abstract The ability to sustain a given absolute submaximal workload declines with advancing
age, likely to be due to a lower level of blood flow and O, delivery to the exercising muscles.
Given that physical inactivity mimics many of the physiological changes associated with ageing,
separating the physiological consequences of ageing and physical inactivity can be challenging;
yet, observations from cross-sectional and longitudinal studies on the effects of physical activity
have provided some insight. Physical activity has the potential to offset the age-related decline
in blood flow to contracting skeletal muscle during exercise where systemic blood flow is not
limited by cardiac output, thereby improving O, delivery and allowing for an enhanced energy
production from oxidative metabolism. The mechanisms underlying the increase in blood flow
with regular physical activity include improved endothelial function and the ability for functional
sympatholysis — an attenuation of the vasoconstrictor effect of sympathetic nervous activity.
These vascular adaptations with physical activity are likely to be an effect of improved nitric oxide
and ATP signalling. Collectively, precise matching of blood flow and O, delivery to meet the O,
demand of the active skeletal muscle of aged individuals during conditions where systemic blood
flow is not limited by cardiac output seems to a large extent to be related to the level of physical
activity.
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Introduction Furthermore, during knee-extensor exercise, perfusion

of skeletal muscle can increase from resting values of
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Blood flow through skeletal muscle at rest and
during contraction, and the mechanisms underlying this
regulation, have been subjects of great interest since the
early experiments by Sadler in 1869 and Gaskell in 1877
demonstrating an increase in blood flow in response to
skeletal muscle contraction (Sadler, 1869; Gaskell, 1877).
Oxidative metabolism is the dominant source of energy for
skeletal muscle, and blood flow and O, delivery to skeletal
muscle are closely related to workload and the O, demand
of the contracting muscles (Andersen & Saltin, 1985;
Gonzalez-Alonso et al. 2002, 2008; Mortensen et al. 2008).
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~4 to ~250 ml min~! (100 g)~! in sedentary humans
and ~400 ml min~! (100 g)~! in endurance-trained
individuals (Andersen & Saltin, 1985; Richardson et al.
1993; Saltin, 2007). This precise matching of blood flow
and metabolism and enormous vasodilator capacity is
essential for physical performance as it ensures that any
increase in muscle work is precisely matched by increases
in O, delivery.

An association between ageing and reduced blood flow
to the exercising lower limb was first documented in 1974
(Wahren et al. 1974), and later studies have confirmed a
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reduction in blood flow and O, delivery to the exercising
upper and lower extremity in aged subjects (Proctor ef al.
1998b; Lawrenson et al. 2003; Poole et al. 2003; Kirby
et al. 2012; Nyberg et al. 2012a). The mechanisms under-
lying the reduction in exercise hyperaemia in ageing have
not been resolved but may include structural alterations
in the vasculature, reductions in skeletal muscle mass
and/or quality, increased skeletal muscle sympathetic
neural outflow, and alterations in the balance of locally
formed vasodilators and vasoconstrictors (Proctor &
Parker, 2006). In addition, maximal cardiac output is
decreased with advancing age (Ogawa et al. 1992; Proctor
et al. 1998a; Beere et al. 1999) and this decrement
in central capacity is likely to affect peripheral blood
flow. Importantly, many biological changes associated
with advancing age are due to complex and integrated
alterations in physiological systems that are influenced by
genetic and life-style factors. One important lifestyle factor
is the level of physical activity, as physical inactivity mimics
many of the cardiovascular changes associated with ageing
(Saltin et al. 1968; McGuire et al. 2001). Moreover, it has
been proposed that being physically active is the default
requirement for maintaining health and physiological
function throughout the life span (Lazarus & Harridge,
2010). Hence, it may be that the reduced blood flow to
the exercising limb with advancing age is not merely an
effect of sand running through the hourglass; could the
magnitude of exercise hyperaemia be more dependent on
the level of physical activity than age?

The close relationship between cardiac output and
systemic O, uptake has been shown to be unaffected by
ageing and training status (Ogawa et al. 1992; Proctor
etal. 1998a). Thus, as an effect of the decrease in maximal
cardiac output with advancing age (Ogawa et al. 1992;
Proctor et al. 1998a; Beere et al. 1999), peripheral blood
flow during intense exercise engaging a large muscle mass
is expected to be compromised in even well-trained older
individuals. This central limitation to skeletal muscle
blood flow in ageing is important to bear in mind for whole
body performance. The focus of this review is, however,
the control of blood flow and O, delivery to contracting
skeletal muscle in ageing during exercise where systemic
blood flow is not limited by cardiac output.

Role of physical activity on the hyperaemic response
to exercise in aged individuals

In a recent study from our lab, the role of lifelong physical
activity on peripheral haemodynamic and metabolic
responses to exercise was addressed (Nyberg et al. 20124;
Mortensen et al. 2012b) (Fig. 1). Here it was shown
that a lifelong sedentary lifestyle was associated with a
reduced leg blood flow and O, uptake during submaximal
knee-extensor exercise compared to young sedentary sub-
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jects. In parallel with the reduced O, uptake, release
of lactate from the leg was increased in the older
sedentary subjects, indicating that anaerobic metabolism
was increased to compensate for the lower oxidative
metabolism. In the lifelong physically active older sub-
jects, blood flow was not different from the older sedentary
group; however, due to a higher O, extraction, O, uptake
of the leg was maintained in the active older subjects so
that it was not different from that of young sedentary
subjects. Exercise training has been shown to lower blood
flow to the exercising leg in both young and middle-aged
subjects (Kiens et al. 1993; Proctor et al. 2001; Nyberg
et al. 2012b), which is thought to be due to training
adaptations within skeletal muscle such as increased
capillarization that results in an optimized blood flow
distribution and conditions for O, diffusion (Saltin et al.
1976; Kalliokoski et al. 2001; Proctor et al. 2001). These
training-induced adaptations are in line with the higher
O, extraction in the physically active subjects. Notably,
impaired mitochondrial and contractile efficiency has
been documented in the human quadriceps muscle of
aged subjects (Conley et al. 2013; Layec et al. 2015)
and a higher oxidative cost of cycling has also been
reported (Conley et al. 2013). The similar O, uptake
in the young sedentary and lifelong physically active
subjects could, therefore, indicate that O, delivery was
inadequate; however, the contribution from anaerobic
metabolism appeared to be similar, as evidenced by uptake
rather than release of lactate by the exercising leg of
the older active subjects. This suggests that well-trained
aged individuals have a similar cost of contraction as
young, which could be explained by a training-induced
improvement in mechanical efficiency (Hopker efal. 2013)
that counteracts the age-related decline in mitochondrial
and contractile efficiency (Conley et al. 2013; Layec et al.
2015). This effect of lifelong physical activity may be
related to fibre type distribution, as the vastus lateralis
muscle of these subject consisted of ~75% type I fibres
(M. Nyberg, S. P. Mortensen and Y. Hellsten, unpublished
observation), which have been suggested to be more
efficient than type II fibres (Coyle et al. 1992; Krustrup
et al. 2004; Krustrup et al. 2008).

In a study by Proctor and co-workers, it was shown
that blood flow to the legs during cycling exercise at
the same absolute workload was similar between young
and older subjects who were recreationally active (Proctor
et al. 2003). In a more recent study, measurements of
skeletal muscle blood flow in the knee-extensor muscles
with the use of positron emission tomography revealed
that blood flow per unit of muscle mass was higher in
moderately active older subjects compared to young sub-
jects matched for physical activity (Rudroff et al. 2014).
When interpreting these findings two factors need to be
taken into account. Firstly, ageing is associated with a
decline in haemoglobin levels and arterial O, content
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(Ershler et al. 2005), as also reported in the study by
Proctor and co-workers (Proctor et al. 2003). Secondly, as
mentioned above, a greater metabolic cost of contraction
with ageing has also been shown. These haemodynamic
and metabolic changes associated with aging suggest that
blood flow would need to be higher to compensate for
the lower arterial O, content and also in order to meet
the increased metabolic cost of contraction. To what
extent the higher blood flow in the study by Rudroff and
co-workers (Rudroff et al. 2014) was sufficient to deliver an
amount of O, that matched the O, demand is uncertain as
skeletal muscle O, uptake was not reported. Furthermore,
although the precise O, uptake of the leg was not reported
in the subjects performing cycling exercise (Proctor et al.
2003), blood flow and a-vO, values seem to indicate a
higher O, uptake of the leg in the aged subjects at the
same absolute workload. Whether this was sufficient to
meet the O, demand is unclear, but quantification of both
oxidative and anaerobic metabolism could have provided
more insight into this.

In agreement with the cross-sectional studies showing
an association between physical activity level and the
magnitude of blood flow, a 3 month period of exercise
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training increased leg blood flow and O, uptake
during submaximal cycling exercise in older previously
sedentary subjects (Beere et al. 1999). This increase in
the haemodynamic and metabolic response to exercise
was evident despite no differences in these variables
being detected between the young and older subjects
before training. These findings are in agreement with
an age-related decline in mitochondrial and contra-
ctile efficiency with advancing age (Conley et al. 2013;
Layec et al. 2015) as it suggest that the increase in O,
uptake of the leg with exercise training in the older
subjects was a consequence of a compromised oxidative
metabolism before training due to insufficient O, delivery
and potentially reduced mitochondrial function (Joseph
etal 2012).

Effect of physical activity on endothelial function in
ageing: implications for exercise hyperaemia

One hallmark of ageing is the development of
decreased endothelial function as evidenced by a
lowered vasodilator response to arterial infusion of the
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Figure 1. Femoral arterial blood flow (A), leg a-vO, difference (B), leg O, uptake (C) and leg lactate
release (D) in young sedentary, older lifelong sedentary and older lifelong physically active subjects
during submaximal knee-extensor exercise performed at the same absolute workload

Adapted from Nyberg et al. (2012a). Significant difference from young sedentary: *P < 0.05; significant difference

from resting conditions: #P < 0.05.
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endothelium-dependent vasodilator ACh along with an
unaltered responsiveness to the endothelium-independent
vasodilator sodium nitroprusside (Taddei et al. 1997;
Mortensen et al. 2012b). Physical activity has the potential
to improve endothelial function, and in older animals and
humans exercise training has been shown to increase the
vasodilator response to ACh (Taddei et al. 2000; Trott
et al. 2009; Mortensen et al. 2012b) (Fig. 2). This effect of
physical activity was in part suggested to be a result of an
increased nitric oxide (NO) bioavailability in the trained
state (Taddei et al. 2000; Trott et al. 2009). In line with this
finding, lifelong physical activity was shown to prevent a
reduction in arterial and skeletal muscle NO bioavailability
(Nyberg et al. 2012a). NO is important for vascular
tone at rest and during recovery from exercise in both
the leg (Radegran & Saltin, 1999; Heinonen et al. 2011)
and the forearm (Vallance et al. 1989; Panza et al. 1993;
Gilligan et al. 1994), and inhibition of NO synthesis during
forearm exercise reduces blood flow (Schrage et al. 2004,
2007). However, NO does not appear to be obligatory
for exercise hyperaemia in the exercising leg (Frandsen
et al. 1996; Radegran & Saltin, 1999; Bradley et al. 1999;
Kingwell et al. 2002; Schrage et al. 2010; Heinonen et al.
2011). Although NO may not be essential for exercise
hyperaemia in the leg, the finding that simultaneous
inhibition of NO and prostanoid (Mortensen et al.
2007) formation reduces blood flow to the exercising leg
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suggests a redundancy between these two systems where a
compensatory formation of one vasodilator ensures that
adequate blood flow is achieved when the function of
the other is reduced. Accordingly, the function of the
prostanoid system appears to decline with advancing age
(Schrage et al. 2007; Barnes et al. 2012), indicating that
the reduced blood flow to the exercising leg could be a
result of impairments in both the NO and the prostanoid
systems. In this scenario, improved NO signalling would
be likely to increase blood flow and O, delivery to the
contracting skeletal muscles and this mechanism of action
could, at least in part, explain an improved perfusion of
active skeletal muscle with physical exercise training.

Functional sympatholysis, physical activity
and ageing

During exercise, sympathetic nervous activity increases
(Alam & Smirk, 1937; Seals & Victor, 1991) in both
resting and contracting skeletal muscle (Hansen et al. 1994;
Ray & Mark, 1995; Strange, 1999). In inactive tissues,
the increase in sympathetic drive during exercise causes
vasoconstriction (Bevegard & Shepherd, 1966; Rowell,
1993). However, in young healthy individuals the vaso-
constrictor effect of an increase in sympathetic nervous
activity or pharmacologically induced noradrenaline
release can be attenuated or even abolished in active
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Figure 2. Association between age and ACh-induced change in leg vascular conductance in sedentary

and active healthy subjects

ACh was infused at a rate of 100 g min~" (kg leg mass)~!. Adapted from Nyberg et al. (2012b) and Mortensen

etal. (2012b).
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skeletal muscle (Hansen et al. 1996; Tschakovsky et al.
2002; Rosenmeier et al. 2004; Mortensen et al. 2012a),
termed functional sympatholysis (Remensnyder et al.
1962). Data obtained from both longitudinal (Mortensen
et al. 2012a, 2014; Jendzjowsky & DeLorey, 2013) and
cross-sectional (Mortensen et al. 2012b) studies have
provided strong evidence that the ability for functional
sympatholysis is related to the training status of the
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skeletal muscle. This effect of physical activity appears
to be independent of age as the vasoconstriction caused
by pharmacologically induced noradrenaline release from
sympathetic nerves during exercise has been shown to be
abolished in lifelong physically active subjects (Mortensen
et al. 2012b) (Fig. 3). Since functional sympatholysis is
thought to allow for adequate perfusion and O, delivery
to the contracting fibres (Saltin & Mortensen, 2012),

I Young recreationally active
[ Older lifelong sedentary

I Older recreationally active
[ Older lifelong physically active

Figure 3. Tyramine-induced change in femoral arterial blood flow during submaximal knee-extensor
exercise in sedentary and active healthy young (~20 years) and older subjects (~65 years)
Adapted from Mortensen et al. (2012b) and unpublished observations by M. Nyberg, S. P. Mortensen and Y.

Hellsten.

Effects of sedentary lifestyle
in the ageing individual

Effects of physical activity in
the ageing individual

ATTENUATED DECLINE
IN ENDOTHELIAL

FUNCTION
IMPROVED
Improved MITOCHONDRIAL
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Figure 4. Observed effects of a sedentary and physically active lifestyle on the matching of blood flow
and oxidative metabolism in active skeletal muscle of ageing individuals
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improved ability for functional sympatholysis may be an
important mechanism underlying the effect of physical
activity on the precise matching of blood flow and O,
delivery to oxidative metabolism in aged individuals.

The mechanisms underlying the effect of physical
activity on functional sympatholysis are still largely
unresolved, but several compounds have been suggested
to play a role. It has been suggested that NO mediates
functional sympatholysis in rat skeletal muscle (Thomas
& Victor, 1998), and data from rodents also indicate
that functional sympatholysis is augmented through a
NO-dependent mechanism (Jendzjowsky & DeLorey,
2013). In humans, NO has also been suggested to be
important for functional sympatholysis in the forearm
(Sander et al. 2000; Chavoshan et al. 2002). Ageing has
been proposed to be associated with increased levels of
reactive oxygen species (ROS) that scavenge NO, thereby
decreasing its bioavailability (Taddei et al. 2001). Inter-
estingly, oxidative stress impairs functional sympatholysis
in skeletal muscle of rat hindlimb and human forearm
(Fadel et al. 2012), and as exercise training effectively
up-regulates antioxidant systems in both blood and
skeletal muscle (Gomez-Cabrera et al. 2008; Gliemann
et al. 2013a,2013b; Nyberg et al. 2012a, 2014), which
allows for a greater removal of ROS, this adaptation
to physical activity may contribute to the improved
functional sympatholysis in skeletal muscle. Despite these
findings in support of a role of NO, infusion of an NO
donor does not blunt sympathetic vasoconstriction in
the forearm of young men (Rosenmeier et al. 2003) and
increasing NO availability in older men with impaired
functional sympatholysis does not increase leg exercise
hyperaemia (Nyberg et al. 2012a; Mortensen et al
2012b). Hence, although improved ROS handling and NO
availability in aged individuals are attractive candidates
in the search for mechanisms involved in the improved
ability for functional sympatholysis in aged individuals
with physical activity, more evidence is needed to confirm
these mechanisms.

ATP increases in the plasma of the arterial
inflow and venous drainage of active skeletal muscle
(Gonzalez-Alonso et al. 2002; Mortensen et al. 2011), and
when infused, ATP can significantly blunt sympathetic
a-adrenergic vasoconstriction in both young (Rosenmeier
etal. 2004; Kirby e al. 2008) and older subjects (Mortensen
et al. 2012b). One important source of intravascular ATP
is thought to be the erythrocyte (Sprague & Ellsworth,
2012), and an attenuated release of ATP from erythrocytes
and local vasodilatation have been demonstrated in older
sedentary subjects (Kirby et al. 2012). Hence, an improved
release of ATP from erythrocytes may be one mechanism
by which functional sympatholysis is improved in aged
individuals with physical activity; however, as with NO,
direct evidence is needed to support this role of ATP in
humans.
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Future directions

Ageing has consistently been shown to be associated with
a reduced blood flow to the exercising limb. However,
when accounting for physical activity level, it appears
that physical activity has the potential to offset the
age-related decline in blood flow during conditions where
systemic blood flow is not limited by cardiac output.
More importantly, precise matching of blood flow and
O, delivery to meet the O, demand of the active skeletal
muscle of aged individuals seems to a large extent to
be related to the level of physical activity (see Fig. 4).
An important physiological aspect to consider is the
age-related decline in arterial O, content and mechanical
efficiency. Hence, future studies on the effects of physical
activity should focus less on blood flow and more on
whether the O, delivery is sufficient to meet the O,
demand of the exercising muscles. Accordingly, methods
that accurately quantify both oxidative and anaerobic
metabolism will provide valuable insight into whether
regular physical activity in aged individuals will allow for
adequate O, delivery to meet the O, demand of the contra-
cting skeletal muscle fibres. Furthermore, interventions
that increase or decrease O, delivery to contracting skeletal
muscle in older individuals will also be very useful for
establishing the extent to which O, delivery is limiting
oxidative metabolism in skeletal muscle.
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