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Vasodilatory responsiveness to adenosine triphosphate
in ageing humans
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Endothelium-dependent vasodilatation is reduced with advancing age in humans, as
evidenced by blunted vasodilator responsiveness to acetylcholine (ACh). Circulating adenosine
triphosphate (ATP) has been implicated in the control of skeletal muscle vascular tone during
mismatches in oxygen delivery and demand (e.g. exercise) via binding to purinergic receptors
(P2Y ) on the endothelium evoking subsequent vasodilatation, and ageing is typically associated
with reductions in muscle blood flow under such conditions. Therefore, we tested the hypothesis
that ATP-mediated vasodilatation is impaired with age in healthy humans. We measured forearm
blood flow (venous occlusion plethysmography) and calculated vascular conductance (FVC)
responses to local intra-arterial infusions of ACh, ATP, and sodium nitroprusside (SNP) before
and during ascorbic acid (AA) infusion in 13 young and 13 older adults. The peak increase in
FVC to ACh was significantly impaired in older compared with young adults (262 ± 71% vs.
618 ± 97%; P < 0.05), and this difference was abolished during AA infusion (510 ± 82% vs.
556 ± 71%; not significant, NS). In contrast, peak FVC responses were not different between
older and young adults to either ATP (675 ± 105% vs. 734 ± 126%) or SNP (1116 ± 111% vs.
1138 ± 148%) and AA infusion did not alter these responses in either age group (both NS). In
another group of six young and six older adults, we determined whether vasodilator responses to
adenosine and ATP were influenced by P1 -receptor blockade via aminophylline. The peak FVC
responses to adenosine were not different in young (350 ± 65%) versus older adults (360 ± 80%),
and aminophylline blunted these responses by ∼50% in both groups. The peak FVC responses
to ATP were again not different in young and older adults, and aminophylline did not impact the
vasodilatation in either group. Thus, in contrast to the observed impairments in ACh responses,
the vasodilatory response to exogenous ATP is not reduced with age in healthy humans. Further,
our data also indicate that adenosine mediated vasodilatation is not reduced with age, and that
ATP-mediated vasodilatation is independent of P1 -receptor stimulation in both young and older
adults.
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Introduction
Human ageing is associated with a number of changes
in cardiovascular structure and function that lead to
declines in overall cardiovascular health, and therefore
is the predominant uncontrollable risk factor for the
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development of cardiovascular disease (Lloyd-Jones et al.
2009). One such change that has received much
attention relates to the progressive decline in endothelial
function that occurs with human ageing (Celermajer
et al. 1994; Taddei et al. 2001). A normal, healthy
endothelium functions to regulate cardiovascular
DOI: 10.1113/jphysiol.2010.197814
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homeostasis by inhibiting platelet and monocyte
adhesion, and thus is considered vasoprotective and
thromboresistant. Further, the endothelium is an
important regulator of local vascular tone by producing
vasodilator and vasoconstrictor substances (Wu &
Thiagarajan, 1996). In humans, endothelium-dependent
vasodilatation (as determined via local vascular responses
to shear stress or acetylcholine (ACh) infusions) is
significantly impaired in older healthy compared with
young adults, highlighting the independent effect of age
per se on vasomotor control (Yasue et al. 1990; Vanhoutte,
1997; Shimokawa, 1999; DeSouza et al. 2000; Taddei
et al. 2001). Thus, given the important functions of
the endothelium in maintaining cardiovascular homeostasis, understanding how endothelial dysfunction with
advancing age impacts vascular control is of both physiological and clinical interest.
With respect to metabolic stress, older adults
typically have an attenuated hyperaemic response to
exercise, which may be mediated via reductions in
endothelium-dependent vasodilatation (Poole et al.
2003; Proctor & Parker, 2006). As such, we recently
demonstrated that acute improvements in endothelial
function is associated with significant increases in muscle
blood flow during dynamic exercise in ageing humans
(Kirby et al. 2009). Further, ageing is associated with an
impaired ability to blunt sympathetic vasoconstriction
within the active muscle (Koch et al. 2003; Dinenno et al.
2005), which may involve endothelial derived vasodilating
factors (Dinenno & Joyner, 2004; Schrage et al. 2007).
Collectively, the control of vascular tone and thus oxygen
delivery during exercise is impaired in older adults, and
may be related to decrements in overall endothelial health
and function.
Recently, circulating adenosine triphosphate (ATP) has
been implicated in the control of skeletal muscle vascular
tone during exercise via binding to purinergic receptors
(P2Y ) on the endothelium facilitating blood flow and
oxygen delivery to contracting muscles (Gonzalez-Alonso
et al. 2002; Kirby et al. 2008). The potential source(s)
and mechanisms of the increase in circulating ATP
during exercise include the deoxygenated red blood cell
(which could be augmented during concomitant hypercapnia and acidosis) (Bergfeld & Forrester, 1992; Ellsworth
et al. 1995; Gonzalez-Alonso et al. 2002), endothelial
cells subjected to elevations in shear stress (a known
endothelium-dependent stimulus) (Bodin & Burnstock,
1995), and mechanical influences on the red blood cell
or vasculature (Sprague et al. 1998; Crecelius et al. 2010).
Once bound to the P2Y receptors, ATP evokes ‘spreading’
or ‘ascending’ vasodilatation that is primarily endothelium
dependent (Winter & Dora, 2007), and such a conducted
dilatory response is believed to be requisite for the full
expression of exercise hyperaemia (Segal, 1994; Segal
& Kurjiaka, 1995). Further, circulating ATP is capable
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of attenuating sympathetic vasoconstriction in a graded
fashion, an observation consistent with what is observed
in contracting muscle (Tschakovsky et al. 2002; Kirby
et al. 2008). Finally, exogenous ATP infusions can increase
muscle blood flow to a similar extent as observed in
maximally exercising muscle (Rosenmeier et al. 2004).
These are some unique vasomotor properties of ATP that
highlight the potential importance for understanding its
role in vascular control during physiological stressors in
humans such as exercise. To date, the effects of human
ageing on endothelium-dependent ATP-mediated vasodilatation are unclear.
Once in circulation, ATP can be rapidly hydrolysed
and degraded to ADP, AMP and eventually adenosine by
ecto-enzymes (Yegutkin, 2008). Despite this, data obtained
from young healthy adults indicate that exogenous ATP
infusions are not influenced by adenosine receptor
(P1 -receptor) blockade, and this is consistent with the
differential control of vascular tone in humans whereby
ATP clearly blunts sympathetic vasoconstriction and
adenosine does not (Kirby et al. 2008; Rosenmeier et al.
2008). However, circulating ectonucleotidases (which
hydrolyse and break down ATP toward adenosine) have
been suggested to be elevated in disease states that are
increased with age and these patients exhibit endothelial
dysfunction (Duarte et al. 2007; Schetinger et al. 2007;
Lunkes et al. 2008). Thus, it is possible that in older adults
ATP is degraded to adenosine and is evoking vasodilatation
via P1 -receptor stimulation, as opposed to P2Y receptors in
young adults. This could have significant implications for
the regulation of blood flow and oxygen delivery during
physiological stressors that result in competing influences
of local vasodilatation and sympathetic vasoconstriction.
In the present study, we tested the hypothesis
that ATP-mediated vasodilatation is impaired in older
compared with young healthy humans. Given that
ATP-mediated vasodilatation is endothelium dependent,
we also determined whether infusion of ascorbic acid
would improve or restore ATP-mediated vasodilatation as
has been shown for the classic endothelium-dependent
vasodilator ACh (Taddei et al. 2001; Kirby et al.
2009). Finally, since ATP can be rapidly degraded
to its downstream by-products via interaction with
endothelial ectonucleotidases and that these enzymes
have been suggested to be elevated in disease states
that are increased with advancing age, in a subgroup
of subjects we determined ATP-mediated vasodilatation
during P1 -receptor blockade via aminophylline.
Methods
Subjects

With Institutional Review Board approval and after
written informed consent, a total of 19 young and 19
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older healthy adult men and women participated in the
present study. All subjects were normotensive and free
from overt cardiovascular disease as assessed from casual
blood pressure measurements and a medical history. Older
subjects were further evaluated for clinical evidence of
cardiopulmonary disease with a physical examination
and resting and maximal exercise electrocardiograms. All
subjects were sedentary to moderately active, non-smokers
and not taking any medications including antioxidants,
and studies were performed after a minimum of a 4 h
fast. Subjects provided written, informed consent after
all potential risks and procedures were explained. The
study was approved by the Human Research Committee of
Colorado State University and was performed according
to the Declaration of Helsinki.
Arterial catheterization

A 20-gauge, 7.6 cm catheter was placed in the
brachial artery of the non-dominant arm under aseptic
conditions after local anaesthesia (2% lidocaine) for local
administration of study drugs. The catheter was connected
to a three-port connector as well as a pressure transducer for mean arterial pressure (MAP) measurement and
continuously flushed at 3 ml h−1 with heparinized saline.
The two side ports were used for infusions of vasoactive
drugs (Kirby et al. 2008, 2009).
Blood samples

Measures of total cholesterol, low- and high-density
lipoproteins (LDL and HDL), and triglycerides were
performed via conventional methods by the clinical
laboratory of the Poudre Valley Hospital (Fort Collins,
CO, USA). Oxidized LDL was measured via standard
enzyme-linked immunosorbent assay (ELISA) (Mercodia,
Inc., Uppsala, Sweden) as a marker of circulating oxidative
stress by the General Clinical Research Center of the Milton
S. Hershey Medical Center (Hershey, PA, USA).
Body composition and forearm volume

Body composition was determined by dual-energy X-ray
absorptiometry (DEXA; Hologic, Inc.; Bedford, MA,
USA). Total forearm volume was calculated from regional
analysis of the experimental forearm (from the proximal
to distal radioulnar joint) from whole-body DEXA scans
with QDR series software for normalization of individual
drug doses. Body mass index was calculated as bodyweight
(kg) divided by height (meters) squared.
Forearm blood flow and vascular conductance

Forearm blood flow (FBF) was measured via venous
occlusion plethysmography using mercury-in-Salistic
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strain gauges (Greenfield et al. 1963; Dinenno et al. 2002).
A paediatric blood pressure cuff was placed around the
wrist of the experimental arm and inflated to suprasystolic
pressure (∼200 mmHg) to arrest the hand circulation.
Additionally, a venous occlusion cuff was placed around
the upper portion of the experimental arm and cycled
between rapid inflation at ∼50 mmHg (7 s) and deflation
(8 s) yielding one blood flow measurement every 15 s. FBF
was expressed as millilitres per 100 ml of tissue per minute
(ml (100 ml)−1 min−1 ). As an index of forearm vasodilatation and to account for individual differences in baseline vascular tone, forearm vascular conductance (FVC)
was calculated as (FBF/MAP) × 100 expressed as ml min−1
(100 mmHg)−1 . In an effort to minimize the contribution
of cutaneous blood flow to FBF measurements, a fan
was directed at the experimental arm throughout the
experimental protocol.
Vasoactive drug administration

As a standard test of endothelium-dependent vasodilatation, the muscarinic receptor agonist acetylcholine
(ACh; Miochol-E, Novartis Inc.) was infused via a
brachial artery catheter at 1, 4, 8 and 16 μg (100 ml
forearm volume)−1 min−1 for 4 min each. Additionally,
endothelium-independent vasodilatation was assessed via
intra-arterial infusion of sodium nitroprusside (SNP;
Nitropress, Hospira Inc., Lake Forest, IL, USA) at 0.25, 0.5,
1 and 2 μg (100 ml forearm volume)−1 min−1 for 4 min
each (Taddei et al. 2001; DeSouza et al. 2002). To test our
primary hypothesis, the P2Y receptor agonist ATP (Sigma
A7699) was infused at 1.25, 2.5, 5 and 10 μg (100 ml
forearm volume)−1 min−1 for 4 min each (Rongen et al.
1994; Kirby et al. 2008). ATP was confirmed sterile and free
of fungus/endotoxin with a standard microbiology report
(JCB-Analytical Research Labs, Witchita, KS, USA) prior
to use (Kirby et al. 2008). As a method of acutely improving
endothelium-dependent vasodilatation, the potent antioxidant ascorbic acid (AA; vitamin C; American Regent
Inc., Shirley, NY, USA) was infused at 8 mg (100 ml
forearm volume)−1 min−1 for 10 min as a loading dose (see
Experimental protocol below), and at 40% of this loading
dose for maintenance infusion throughout the remainder
of the experiment (Taddei et al. 2001; Kirby et al. 2009).
In a second group of subjects, adenosine (Sicor, Irvine,
CA, USA) was infused at 3.125, 6.25 and 12.5 μg (100 ml
forearm volume)−1 min−1 for 4 min as described by
Martin et al. (2006). In an effort to produce vasodilatation
of a similar magnitude to adenosine, the doses of ATP
were estimated to be 1.25, 2.5 and 5 μg (100 ml forearm
volume)−1 min−1 for 4 min based on data from the first
group of subjects. The P1 -receptor blocker, aminophylline
(American Reagent, Shirley, NY, USA), was infused
for 20 min at 100 μg (100 ml forearm volume)−1 min−1
prior to experimental trials and continued through the
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remainder of the study (Leuenberger et al. 1999; Martin
et al. 2006). Pilot data in our laboratory indicated this dose
of aminophylline markedly decreases adenosine-mediated
vasodilatation without affecting basal forearm vascular
tone.
Experimental protocol

The primary purpose of the main experimental protocol
was to determine whether ATP-mediated vasodilatation
is impaired in older compared with young adults. A
secondary purpose of this protocol was to determine
whether ATP-mediated vasodilatation would be improved
in older adults by acute antioxidant administration
of AA similar to that observed previously to ACh
(Taddei et al. 2001; Kirby et al. 2009). Thirteen young
(eight men; five women) and 13 older (eight men; five
women) people were studied in the supine position with
the experimental (non-dominant) arm abducted 90 deg
laterally at heart level. The most distal portion of the arm
was slightly elevated in order to facilitate venous return
during blood flow measurements with venous occlusion
plethysmography. After a minimum of 30 min following
catheterization and experimental set-up, the first of three
vasoactive drugs (ACh, SNP, or ATP) was infused for
4 min at each dose totalling 16 min of infusion time. Four
minutes of quiet rest preceded all vasodilator trials where
baseline measurements were performed and saline was
infused. Twenty minutes of quiet rest was allotted between
all trials and the order of vasodilator drug infusion was
randomized and counterbalanced across subjects. After
completion of these initial trials, ascorbic acid was infused
at the loading dose for 10 min, then reduced to 40% of
this dose for the remainder of the study. The infusions of
ACh, SNP, and ACh were then repeated in the same order
as before AA for each subject.
In a second experimental protocol in an additional six
young (4 men; 2 women) and six older (3 men; 3 women)
subjects, we determined whether adenosine-mediated
vasodilatation was impaired with age and whether any
age-associated differences in ATP-mediated vasodilatation
could be attributed to greater breakdown to adenosine
and subsequent P1 -receptor stimulation. Therefore, in
randomized and counterbalanced fashion, adenosine and
ATP were infused before and after local P1 -receptor
inhibition via aminophylline. The timeline for this
protocol was similar to that described above for the
primary experimental protocol.
Data acquisition and analysis

Data were collected and stored on computer at 250 Hz
and analysed off-line with signal-processing software
(WinDaq, DATAQ Instruments, Akron, OH, USA). FBF
was determined from the derivative of the forearm
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plethysmogram. Mean arterial pressure (MAP) was
determined from the arterial pressure waveform and heart
rate (HR) was determined via standard three-lead ECG.
Baseline FBF, FVC, HR and MAP represent an average
of the last minute of the resting time period prior to
all pharmacological vasodilatory tests. In addition, all
haemodynamic responses from drug infusions represent
an average of the last minute of data from that specific
dose of infusion. The percentage change in FBF and FVC
during drug infusions was calculated as: ((FBF drug − FBF
baseline)/(FBF baseline)) × 100. Changes in FVC were
calculated in a similar fashion.
Statistics

All values are reported as means ± S.E.M. Comparison
of subject characteristics and the haemodynamic values
at specific time points between groups were made with
Student’s unpaired t test, and the within group values
for each hyperaemic condition with a paired t test.
Specific hypothesis testing within trials was performed
to assess mean group differences between young and
older adults using two-way repeated measures analysis of
variance. Post hoc analysis was performed using Tukey’s
test when significance was observed. Significance was set
at P < 0.05.
Results
Subject characteristics

The mean age difference between young and older
subjects was ∼45 years (Table 1). There were no significant
differences between young and older adults in forearm
volume, HDL-cholesterol, or triglycerides. Older adults
had a greater BMI, body fat percentage, total cholesterol
and LDL-cholesterol (all P < 0.05), although these values
were within normal levels. Baseline FBF, FVC, and HR
for all trials were not different between young and older
adults. Although normotensive, MAP was elevated in older
compared with young adults (P < 0.05).
Vasodilator drug administration: effect of age

The vasodilatory responses expressed as the percentage
increase in FVC from baseline during all doses of ACh,
ATP and SNP are shown in Fig. 1A–C. As expected,
older adults demonstrated an impaired vasodilatory
response to ACh compared to that observed in young
adults (Fig. 1A; P < 0.05). The vasodilatory response to
the endothelium-independent vasodilator, SNP, was not
affected by age (Fig. 1C). In contrast to our hypothesis,
older adults had a preserved vasodilator response to
ATP infusion (Fig. 1B). FBF responses followed a similar
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Table 1. Subject characteristics and baseline haemodynamics
Variable

Young
(18–31 yrs)

Older
(57–86 yrs)

Male:female
Age (years)
Body mass index (kg m−2 )
Body fat (%)
Forearm volume (ml)
Total cholesterol (mmol l−1 )
LDL cholesterol (mmol l−1 )
HDL cholesterol (mmol l−1 )
Triglycerides (mmol l−1 )
Mean arterial pressure (mmHg)
Heart rate (beats min−1 )
Forearm blood flow
(ml (dl FAV)−1 min−1 )
Forearm vascular conductance
(ml (dl FAV) min−1 (100 mmHg)−1 )

8:5
21 ±
22.0 ±
17.4 ±
931 ±
3.4 ±
2.0 ±
1.2 ±
0.7 ±
85 ±
56 ±
2.2 ±

66
24.4
28.1
876
4.4
2.9
1.1
0.9
97
57
2.0

1
0.5
2.1
77
0.2
0.1
0.1
0.1
2
2
0.3

2.7 ± 0.4

8:5
± 3∗
± 0.9∗
± 2.2∗
± 59
± 0.2∗
± 0.2∗
± 0.1
± 0.1
± 2∗
± 1
± 0.2
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ATP infusion was again not different between young
and older adults (Fig. 2B). P1 -receptor blockade via
aminophylline blunted peak adenosine-mediated vasodilatation in both young (∼47%) and older (∼44%)

2.0 ± 0.2

Data presented as mean ± S.E.M. LDL, low density lipoprotein;
HDL, high density lipoprotein; FAV, forearm volume. ∗ P < 0.05
vs. younger.

pattern to that of FVC for all conditions (Table 2). Within
both age groups, MAP was unchanged during ACh and
ATP; however at the highest two doses of SNP, MAP
was significantly lower than baseline (P < 0.05; Table 2).
Similarly, HR was not different between or within ACh and
ATP infusion, yet the two highest doses of SNP resulted
in elevated HR compared to baseline for both age groups
(P < 0.05; Table 2).
Vasodilator drug administration: effect
of ascorbic acid

Acute infusion of AA restored endothelium-dependent
vasodilatation to ACh in older adults but had no effect
on the dilatory response in young adults (Fig. 1A). In
contrast, concurrent AA administration during ATP and
SNP infusion did not impact the vasodilatory responses
in either young or older adults (Fig. 1B–C). FBF responses
followed a similar pattern to that of FVC for all conditions
(Table 2). Neither MAP nor HR was significantly affected
by administration of AA within any drug condition (not
significant, NS; Table 2).
Effect of P1 -receptor blockade on adenosineand ATP-mediated vasodilatation

The vasodilatory responses expressed as the percentage
increase in FVC from baseline during all doses of adenosine
and ATP are shown in Fig. 2A and B. Adenosine-mediated
vasodilatation was not different between young and older
adults at any dose (Fig. 2A). Similar to subjects from
the primary experiment, vasodilatory responsiveness to
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Figure 1. Forearm vasodilatory responses to acetylcholine, ATP
and sodium nitroprusside infusion
Vasodilatation was significantly impaired in older adults during
muscarinic receptor agonist infusion (A; ACh) and this was abolished
during simultaneous AA administration. There was no significant
age-related impairment in vasodilatation to the purinergic receptor
agonist ATP (B) or to the NO donor SNP (C), and these responses were
unaffected by AA. ∗ P < 0.05 vs. young within condition; †P < 0.05 vs.
without AA in older adults.
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Table 2. Forearm and systemic haemodynamics for subjects in primary experimental protocol
Baseline
FBF
ACh Young
Young +
AA
Older
Older +
AA

2.1 ± 0.3
2.1 ± 0.2

ATP

2.1 ± 0.2
2.0 ± 0.2

SNP

Young
Young +
AA
Older
Older +
AA
Young
Young +
AA
Older
Older +
AA

MAP

Dose 1
HR

FBF

86 ± 2 55 ± 1 6.7 ± 1.0
89 ± 2 54 ± 2 6.3 ± 0.7

MAP

Dose 2
HR

86 ± 2 57 ± 3
89 ± 2 54 ± 1

1.9 ± 0.1 98 ± 2 56 ± 1 3.5 ± 0.4∗†
99 ± 2 57 ± 1
1.9 ± 0.1 101 ± 2 56 ± 2 6.8 ± 1.1
102 ± 3 55 ± 2

FBF

MAP

7.4 ± 1.0
8.2 ± 1.0

86 ± 2
89 ± 2

87 ± 2 55 ± 2 11.6 ± 1.5
91 ± 2 54 ± 2 10.1 ± 1.2

2.0 ± 0.2 98 ± 2 56 ± 1 7.9 ± 0.9
1.9 ± 0.1 100 ± 3 56 ± 2 8.1 ± 0.1

99 ± 2 57 ± 2 9.8 ± 1.0
101 ± 3 56 ± 1 10.7 ± 1.4

86 ± 2 55 ± 2 8.2 ± 1.2
89 ± 2 55 ± 2 8.4 ± 1.0

87 ± 2 56 ± 2 11.7 ± 1.4
92 ± 2 56 ± 2 11.8 ± 1.3

1.8 ± 0.1 98 ± 3 57 ± 1 7.8 ± 0.5
2.0 ± 0.2 101 ± 3 56 ± 2 8.8 ± 1.1

99 ± 3 57 ± 1 11.1 ± 1.2
103 ± 3 56 ± 2 12.0 ± 1.6

88 ± 2
91 ± 2

FBF

55 ± 2 9.6 ± 1.0
55 ± 2 10.1 ± 1.1

4.6 ± 0.3∗† 100 ± 2 58 ± 2
7.7 ± 1.1
103 ± 2 57 ± 2

86 ± 2 53 ± 3 8.2 ± 1.0
90 ± 2 54 ± 2 7.5 ± 1.0

2.1 ± 0.3
2.1 ± 0.2

Dose 3
HR

MAP

Dose 4
HR

FBF

87 ± 2 55 ± 2 14.4 ± 1.9
89 ± 2 54 ± 2 13.6 ± 1.5

MAP

HR

86 ± 2 55 ± 2
89 ± 2 57 ± 2

5.3 ± 0.6∗†
99 ± 2 58 ± 2 6.3 ± 0.9∗† 100 ± 2 58 ± 2
9.4 ± 1.2
103 ± 2 57 ± 2 12.2 ± 1.9
103 ± 2 57 ± 1

56 ± 2 14.2 ± 1.7
55 ± 2 12.5 ± 1.9

87 ± 2 56 ± 2 15.7 ± 2.1
90 ± 2 56 ± 1 15.1 ± 2.5

87 ± 2 55 ± 2
91 ± 2 57 ± 2

98 ± 2 58 ± 2 11.6 ± 1.6
102 ± 2 57 ± 2 12.9 ± 1.3

98 ± 2 58 ± 2 13.9 ± 1.7
101 ± 2 58 ± 2 16.4 ± 1.7

98 ± 2 58 ± 2
102 ± 3 58 ± 2

56 ± 2 17.7 ± 1.9
55 ± 2 17.9 ± 1.8

83 ± 2 61 ± 2 21.3 ± 2.1
87 ± 2 57 ± 2 21.5 ± 2.0

82 ± 2 62 ± 2
85 ± 2 60 ± 2

96 ± 3 58 ± 1 15.6 ± 1.2
101 ± 2 57 ± 2 17.0 ± 1.6

94 ± 2 59 ± 2 19.4 ± 1.8
96 ± 2 58 ± 2 20.6 ±1.9

89 ± 2 61 ± 2
93 ± 2 61 ± 2

85 ± 2
90 ± 2

FBF, forearm blood flow (ml (100 ml)−1 min−1 ); MAP, mean arterial pressure (mmHg); HR, heart rate (beats min−1 ); ∗ P < 0.05 vs. young; †P < 0.05 vs. with AA; note,
all absolute MAP values for older adults are significantly greater than young.

adults (both P < 0.05 vs. zero); however it had little
to no impact on ATP-mediated vasodilatation (∼10%
vs. ∼10%; both NS vs. zero). Importantly, the effect of
aminophylline during either adenosine or ATP infusion
was not different between age groups (adenosine: P = 0.8;
ATP: P = 0.9, Fig. 2A–B). FBF responses followed a similar
pattern to that of FVC in both age groups and within
all drug conditions (Table 3). Neither MAP nor HR was
significantly affected during ATP or adenosine infusions
before or during aminophylline administration (NS;
Table 3).
Plasma markers of oxidative stress

At baseline, plasma oxidized-LDL was greater in the older
compared with young subjects (53 ± 3 vs. 39 ± 3 U l−1 ;
P < 0.05). Infusion of ascorbic acid did not affect these
plasma levels in either young (38 ± 3 U l−1 ) or older
adults (54 ± 3 U l−1 ), which most likely reflects that
the ascorbic acid was administered locally via brachial
artery catheter and was dose-adjusted to forearm volume.
Importantly, the improvement in acetylcholine-mediated
vasodilatation (see above) in older subjects is consistent
with prior studies and provides evidence that ascorbic acid
was effective at the level of the forearm vasculature (Taddei
et al. 2001; Kirby et al. 2009).
Discussion
Circulating ATP has been implicated in the control
of skeletal muscle vascular tone during mismatches in
oxygen delivery and demand (e.g. exercise) via binding
to purinergic receptors on the endothelium, and ageing is
typically associated with reductions in muscle blood flow

under such conditions. Further, diminished endothelial
function is observed in aged humans and has been closely
related to oxidative stress (Taddei et al. 2001; Forstermann
& Munzel, 2006; Ashfaq et al. 2008). The key finding of
the present investigation is that vasodilator responsiveness
to exogenous ATP in ageing humans is preserved despite
the presence of local endothelial dysfunction as evidenced
by impaired vasodilatation to ACh infusion. Additionally,
the presence of the antioxidant AA reversed the observed
impairments to ACh, but had no impact on the vasodilatory response to exogenous ATP. Importantly, the vasodilatory response to exogenous ATP was unaffected under
conditions of P1 -receptor blockade (with aminophylline),
negating the possibility that adenosine-mediated vasodilatation is, in part, masking a genuine diminished vasodilatory response to exogenous ATP. Collectively, our
findings demonstrate that older adults with endothelial
dysfunction respond with a similar vasodilatory response
to ATP and adenosine to that observed in young adults.

Ageing and endothelium-dependent vasodilatation

In older adults, endothelium-dependent vasodilatation
in response to ACh infusion is attenuated compared to
young adults, and this impaired vasodilatory response is
classically referred to as ‘endothelial dysfunction’ (Yasue
et al. 1990). Despite the preponderance of evidence
supporting blunted ACh-mediated vasodilatation in older
adults, data suggest that not all endothelium-dependent
agonists demonstrate reduced vasodilator responsiveness
in aged humans (DeSouza et al. 2002). Recently, ATP
has become more recognized as a significant endogenous
circulating modulator of vascular tone that affects
oxygen delivery to meet the metabolic demand of active
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tissue (Ellsworth, 2004; Gonzalez-Alonso, 2008). Further,
isolated vessels studies clearly indicate that vasodilatation
to ATP is largely dependent on the presence of a healthy
endothelium (Busse et al. 1988; Winter & Dora, 2007).
Therefore, the primary purpose of the present experiment
was to test the hypothesis that the vasodilatory response
to exogenous infusion of ATP is impaired in ageing
humans. As expected, healthy older adults demonstrated
obvious blunted endothelium-dependent vasodilatation
in response to the muscarinic agonist, ACh, and unaltered
vasodilatation to the endothelium-independent dilator,
SNP, compared with young adults. However, in contrast
to our hypothesis, no age-associated decrement in
ATP-mediated vasodilatation (in the same subjects that
demonstrated blunted ACh responses) was observed.
To the best of our knowledge, only one other group
has attempted to determine ATP-mediated vasodilatory
responsiveness in healthy older adults (Imaizumi et al.
1990). Similar to the present study, ATP-mediated vasodilatation was not attenuated in older subjects (age
57 ± 1 years). However, the findings from this previous
study were difficult to interpret given that vasodilatation
to ACh was not impaired with age (i.e. endothelial
dysfunction was not present). Although there is limited
direct information in healthy ageing humans, there
appears to be a fairly robust vasodilator response to
intra-coronary artery infusion of ATP in coronary artery
diseased patients, a population which typically exhibits
endothelial dysfunction (Takase et al. 1998). Interestingly,
ACh infusion in this population often results in vasoconstriction or profoundly weak vasodilatation further
supporting different vasodilator responses between the
endothelium-dependent agonists ACh and ATP (Vita et al.
1990; Yasue et al. 1990). Nonetheless, the present findings
clearly indicate that vasodilatory responsiveness to ATP
is not impaired in older adults demonstrating typical
‘endothelial dysfunction’ as evidenced by substantially
blunted responses to ACh.
Our laboratory and others have demonstrated that
acute intra-arterial administration of AA can abolish
age-associated impairments in endothelium-dependent
vasodilatation to ACh (Taddei et al. 2001; Kirby et al.
2009). Thus, in the present study we used intra-arterial AA
as a research tool to acutely improve endothelial function
in older adults, and we hypothesized that ATP-mediated
vasodilatation would be impaired in older adults and
that AA would acutely restore ATP responsiveness as has
been observed with ACh. In contrast to our hypothesis,
ATP-mediated vasodilatation was not impaired with age,
and thus it follows that AA had no effect on ATP vasodilator responsiveness. Although not directly determined
in this study, the majority of studies examining the
mechanism by which AA can modulate vascular function
indicate an ability of AA to scavenge superoxide or
stabilize tetrahydrobiopterin (cofactor for nitric oxide
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(NO) synthesis), both of which would preserve the
bioavailability of NO (Forstermann & Munzel, 2006).
Consequently, the contribution of NO to ACh-mediated
vasodilatation in aged humans has been shown to be
greatly enhanced following AA administration (Taddei
et al. 1998, 2001). Further, in vitro experiments indicate
that antioxidant treatment to endothelial cells can acutely
increase vasodilatory prostaglandin (PG) production (Wu
et al. 2004). With respect to ATP-mediated vasodilatation,
the underlying signalling mechanisms are at present
unclear as some in vitro studies and one human study
suggest a role for both NO and PGs (Burnstock, 1990;
Hammer et al. 2001; Mortensen et al. 2009), whereas
a number of studies in humans (including unpublished
observations from our laboratory) indicate that ATP
evokes vasodilatation independent of NO and PGs

Figure 2. Forearm vasodilatory responses to ATP and adenosine
infusion
Vasodilatation to P1 -receptor agonist adenosine infusion was not
significantly impaired in older adults (A). Aminophylline significantly
reduced vasodilatation to adenosine at all drug doses in both young
and older adults. No significant age-related impairment in
vasodilatation to the purinergic receptor agonist ATP was observed
and this vasodilatation was unaffected during aminophylline infusion
regardless of age (B). †P < 0.05 vs. without aminophylline.
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Table 3. Forearm and systemic haemodynamics for subjects in aminophylline protocol
Baseline

ADO

ATP

Young
Young
+ APH
Older
Older +
APH
Young
Young
+ APH
Older
Older +
APH

Dose 1

Dose 2

Dose 3

FBF

MAP

HR

FBF

MAP

HR

FBF

MAP

HR

FBF

MAP

HR

1.7 ± 0.3
2.0 ± 0.5

91 ± 3
93 ± 4

60 ± 5
57 ± 5

4.5 ± 0.9
4.1 ± 0.9

94 ± 4
98 ± 5

58 ± 4
58 ± 4

6.2 ± 0.9
4.8 ± 1.0

95 ± 4
97 ± 5

59 ± 4
57 ± 4

7.0 ± 0.8
5.6 ± 1.2

95 ± 5
98 ± 6

58 ± 5
58 ± 4

1.2 ± 0.2
1.2 ± 0.3

98 ± 5
102 ± 6

57 ± 2
56 ± 2

3.6 ± 0.8
2.9 ± 1.1

99 ± 5
102 ± 6

58 ± 2
56 ± 2

4.8 ± 0.9
3.5 ± 1.4†

99 ± 5
101 ± 6

57 ± 2
56 ± 2

5.6 ± 1.1
3.9 ± 1.5

100 ± 4
102 ± 7

58 ± 2
58 ± 2

1.8 ± 0.3
2.0 ± 0.3

92 ± 5
92 ± 5

59 ± 5
58 ± 5

5.8 ± 1.2
6.2 ± 1.0

93 ± 4
98 ± 5

59 ± 5
57 ± 4

7.5 ± 1.5
7.3 ± 1.1

93 ± 5
96 ± 5

58 ± 5
59 ± 4

9.1 ± 1.7
8.6 ± 1.2

93 ± 5
97 ± 5

59 ± 5
58 ± 4

1.3 ± 0.2
1.3 ± 0.2

98 ± 3
98 ± 5

58 ± 2
56 ± 1

4.7 ± 0.9
4.6 ± 1.0

98 ± 4
102 ± 5

58 ± 1
56 ± 2

5.8 ± 1.4
5.4 ± 1.1

102 ± 5
102 ± 5

57 ± 2
56 ± 2

7.4 ± 1.1
6.5 ± 1.0

99 ± 4
101 ± 6

57 ± 2
57 ± 2

APH, aminophylline; ADO, adenosine; FBF, forearm blood flow (ml (100 ml)−1 min−1 ); MAP, mean arterial pressure (mmHg); HR, heart rate
(beats min−1 ).

(Rongen et al. 1994; Shiramoto et al. 1997; Hrafnkelsdottir
et al. 2001; van Ginneken et al. 2004). Collectively, our
observations of preserved vasodilatation to exogenous
ATP which was unaffected by AA administration in older
adults with endothelial dysfunction indirectly supports
these previous studies, indicating a minor contribution of
NO and PGs to ATP-mediated vasodilatation in humans.

1994; Mortensen et al. 2009). Although ectonucleotidase
activity in older adults under these conditions is not
directly known, our observations clearly indicate that
adenosine-mediated vasodilatation does not appear to
mask a true decrement in vasodilatory responsiveness to
ATP administration in ageing humans.

Ageing and adenosine-mediated vasodilatation

Experimental considerations

The finding that vasodilatation to ATP was not different
between groups was unexpected given the endothelium
dependence of ATP and current knowledge of ACh
responses in this population. In this context, we
questioned whether ectonucleotidases that assist in the
breakdown of ATP towards adenosine are elevated in older
individuals thereby allowing adenosine-mediated vasodilatation to mask any true impairment to ATP. There is
evidence for increases in ATP-degrading ectonucleotidases
in a variety of diseased populations that demonstrate
endothelial dysfunction, presumably as a means to
offset inflammatory mediated platelet aggregation by
ADP (Schetinger et al. 2007; Lunkes et al. 2008). In
particular, ATP hydrolysis is closely related to ox-LDL,
and older adults typically have elevated levels of ox-LDL
compared to younger adults as was observed in the present
study (Duarte et al. 2007). Therefore, in a subgroup of
subjects we determined adenosine-mediated vasodilatation in older adults before and after P1 -receptor
blockade via aminophylline. We observed that vasodilatation to adenosine infusion was not different in older
adults and that the contribution of adenosine-mediated
vasodilatation during ATP infusion was not significant
in both young and older adults. Our findings in older
adults are similar to other observations in young adults
using adenosine receptor blocking agents (Rongen et al.

Since we observed that the vasodilatation to ATP was
not different between age groups and evidence suggests
that this population may have increased ectonucleotidase
activity (Duarte et al. 2007), we aimed to test in a
subgroup of adults whether vasodilatation to adenosine
was masking a true vasodilatory responsiveness to ATP
in older adults. Therefore, we infused a P1 -receptor
antagonist during both adenosine and ATP infusions
and observed ∼50% reduction to adenosine-mediated
vasodilatation in both age groups but a non-significant
reduction in vasodilatation during ATP infusions. Despite
our attempts to uncover extraneous vasodilatation via
the ATP-breakdown product adenosine, ADP as well as
AMP also results in vasodilatation (Rosenmeier et al.
2008). Whether the balance of nucleotide-mediated vasodilatation is shifted in older adults is difficult to address
since ATP, ADP and AMP all have the potential to
bind to P2 receptors on the endothelium and specific
pharmacological antagonists are currently unavailable for
human use (Ralevic & Burnstock, 1998). Hence, we were
unable to determine the contribution of ADP and AMP
to exogenous ATP infusion. Regardless, our data are the
first clear evidence that adenosine-mediated forearm vasodilatation is not impaired in older adults and that vasodilatation via adenosine binding to P1 receptors during
ATP infusion is minimal in both young and older adults.
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Physiological perspectives

The data from the present investigation are consistent
with previous findings in humans indicating that the
responsiveness to endothelium-dependent vasodilators
are not always impaired, and that the most common
impairment observed is in response to the muscarinic
receptor agonist ACh (DeSouza et al. 2002). Why this is
the case is not clearly known but it most likely indicates
that downstream signalling from muscarinic receptor
and the dependence on NO in mediating the
vasodilatation is the most prominent age-associated
impairment (Taddei et al. 2001; DeSouza et al. 2002). Our
interest in the vasoactive purine ATP has stemmed from
accumulating evidence that it is released during a variety
of physiological stressors and can clearly contribute to
the regulation of tissue blood flow and oxygen delivery
(Gonzalez-Alonso et al. 2002; Farias et al. 2005; Ellsworth
et al. 2009). The potential insight gained from our
observations of preserved ATP responsiveness with age and
the lack of effect of AA on this response in older adults
points towards a NO-independent vasodilator property
of ATP. This is consistent with the majority of studies
in humans (Rongen et al. 1994; Shiramoto et al. 1997;
Hrafnkelsdottir et al. 2001; van Ginneken et al. 2004), and
we believe highlights the need for future studies designed
to further understand the mechanisms by which ATP
evokes vasodilatation in humans.
Exogenous ATP administration can modulate vascular
tone in a multifaceted manner as a result of evoking both
profound dilatation as well as having the ability to blunt
sympathetic vasoconstriction (Rosenmeier et al. 2004;
Gonzalez-Alonso, 2008; Kirby et al. 2008). Thus, from
a physiological standpoint, the extent to which ATP is
present and acts in circulation is of considerable interest. For many years nucleotides have been identified in
circulation (Forrester, 1969); however only more recently
have investigators begun to determine the stimuli that
increase [ATP] in blood. In view of this, plasma [ATP]
elevate during exercise (Gonzalez-Alonso et al. 2002),
and specific red blood cell release of ATP is enhanced
under conditions of hypoxia, hypercapnia, acidosis and
mechanical deformation (Sprague et al. 1996; Ellsworth
et al. 2009). Despite this understanding in young adults,
whether an age-associated impairment in circulating
[ATP] exists at rest or during various stimuli is uncertain.
Corroborating this perspective is the fact that older adults
typically demonstrate reduced exercise and hypoxic vasodilatation compared to younger individuals in conditions
where ATP would be presumed to be high in concentration
and result in active vasodilatation (Kravec et al. 1972;
Proctor & Parker, 2006; Kirby et al. 2009). Building upon
the present observations that vasodilatory responsiveness
to exogenous ATP infusion appears intact in ageing
humans, future work should be aimed at determining
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whether circulating ATP is hampered with age and how
this may contribute to altered haemodynamic regulation.
Conclusions

The findings from the present investigation indicate
that vasodilatory responsiveness to exogenous ATP
is not impaired in ageing humans despite the
presence of endothelial dysfunction as evidenced
by attenuated ACh-mediated vasodilatation. Further,
adenosine-mediated vasodilatation is intact in older
adults and the degradation of ATP to adenosine
does not appear to ‘mask’ a genuine impairment in
endothelium-dependent vasodilatation to ATP. Given the
potential significance of circulating ATP in regulating
vascular tone during physiological stressors which are
often impaired in older individuals, it is plausible that
advancing age has little impact on P2Y receptor sensitivity
but results in diminished endogenous release of ATP in
circulation.
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