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Abstract The purpose of this study was to investigate the
eVect of age on cardiovascular changes and plasma concen-
trations of adrenomedullin (ADM), catecholamines, endo-
thelin-1 (ET-1) and plasma renin activity (PRA) in healthy
men. A total of 15 young (21 § 0.3 years) and 15 older
(64 § 0.7 years) healthy men performed two 3-min bouts
of static handgrip at 30% of maximal voluntary contraction,
alternately with each hand without any break between the
bouts. During exercise heart rate (HR), blood pressure
(BP), stroke volume (SV) and pre-ejection period (PEP)
and left ventricle ejection time (LVET) were measured.
Blood samples were taken before exercise, at the end of
both exercise bouts and in the Wfth minute of the recovery
period. The handgrip-induced increases in HR and cardiac
output were signiWcantly smaller in older than in young
men (p < 0.01). SV decreased only in older men
(p < 0.001). There were no diVerences between groups in
BP increases. The baseline plasma ADM and catechola-
mines were higher in older man compared to young sub-
jects. Handgrip caused increases in plasma ADM, ET-1 and
PRA only in older men (p < 0.05). The increases in plasma
ADM correlated positively with those of noradrenaline
(NA), PRA, ET-1 and LVET and negatively with changes
in total peripheral resistance (TPR), SV, PEP and PEP/
LVET ratio. The increases in plasma ET-1 correlated

positively with those of NA, PRA, TPR, mean BP and SV.
These results revealed that ADM, ET-1 and angiotensin II
can contribute to maintain vascular tone during static exer-
cise in older but not in younger men.

Keywords Aging · Exercise · Catecholamines · 
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Introduction

Static exercise is known to increase heart rate (HR) and car-
diac output (CO) and raise systolic (SBP) and diastolic
(DBP) blood pressures. These responses are related mainly
to the neural eVects on the heart including changes in the
activities of both parasympathetic and sympathetic systems
elicited by central command and to ascending mechanore-
ceptor and metaboreceptor inputs that contribute to the
sympathetic response (Shepherd et al.1981; Markel et al.
2003; Lind 1970; Petrofsky and Lind 1975). Additionally,
these neural inXuences are modulated by arterial barorecep-
tors (Scherrer et al. 1990). Little is known about the role of
other factors in the cardiovascular response to static exer-
cise. There are few data showing increases in circulating
vasoconstrictor hormones during static exercise, but they
have been obtained in subjects varying in age and health
status. It was demonstrated, therefore, that static handgrip
caused an increase in plasma vasopressin in healthy young
men (Nazar et al. 1989), and endothelin-1 in hypertensive
patients (Cottone et al. 1998), young normotensive
oVspring of hypertensive parents (Mangieri et al. 1998) and
patients with congestive heart failure (Mangieri et al.
1997). On the other hand, we have recently demonstrated
that static handgrip caused also an increase in the plasma
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adrenomedullin (ADM), which is a potent vasorelaxant
probably involved in the Wne blood pressure control coun-
teracting the eVect of vasoconstrictors. The increase in
plasma ADM level was found in older healthy subjects and
patients with heart failure (Krzeminski et al. 2002, 2006,
2009).

The role of aging as a factor inXuencing cardiovascular
system function and vasoactive mechanisms has been
extensively studied in resting subjects (Ferrari 2002; Ferrari
et al. 2003; Lakatta 2002). Baseline activity of the sympa-
thetic nervous system was found to be greater and the
plasma endothelin-1 and ADM levels higher in older than
in young subjects (Seals and Esler 2000; Thijssen et al.
2007; Kato et al. 2002; Kita et al. 2003). Numerous studies
have addressed also the eVect of aging on cardiovascular
and sympathetic responses to sustained handgrip. It was
demonstrated that in older subjects, an increase in muscle
sympathetic nerve activity (MSNA) response to handgrip is
attenuated (Markel et al. 2003; Housiiere et al. 2006). Since
the diVerence was most pronounced during ischemic hand-
grip, it was suggested that reXex induced by metabolic
changes (metaboreXex) in muscles is attenuated with aging.
However, an increase in the plasma NA concentration dur-
ing reXex activation of the sympathetic nervous system has
been reported to be greater in older than in younger men
(Palmer et al. 1978; Sachs et al. 1985; Sowers et al. 1983;
Seals and Esler 2000). Esler et al. (1995) found that the
increase in cardiac spillover of NA during isometric exer-
cise in older men was two to three times larger than in the
younger men and concluded that this eVect was related to
reduced neuronal NA reuptake.

The data concerning the eVect of aging on BP and HR
responses to static exercise are equivocal. Blood pressure
responses in older men were found to be smaller (Markel
et al. 2003), larger (Boutcher and Stocker, 1999) or similar
(Taylor et al. 1991) to those in younger subjects. However,
in the majority of papers, increases in HR in older men
were reported to be smaller than those in younger subjects
(Kino et al. 1975; Taylor et al. 1991; Housiiere et al. 2006).
Since HR is an important determinant of cardiac output,
these latter data conWrm the concept of Lind et al. (1964)
who suggested that older men need greater peripheral vas-
cular resistance to achieve the rise of blood pressure during
static handgrip because they increase cardiac output less
than young men. The importance of peripheral vasocon-
striction in determination of BP response to static exercise
was supported by Haskell et al. (1981) and Martin et al.
(1974), who examined patients unable to increase heart rate
or stroke volume and found that the rise in BP during hand-
grip can be achieved by increased peripheral vascular resis-
tance alone.

Since our previous study performed in older healthy men
and in patients with heart failure (Krzeminski et al. 2002,

2006, 2009) showed interrelationships between changes in
plasma ADM, catecholamine and cardiovascular responses
to handgrip, it seemed of interest to extend these data to
healthy young persons. Our hypothesis is that in healthy
older subjects, the contribution of vasoactive hormones to
cardiovascular response to static handgrip is greater than in
young men. Thus, we measured simultaneously cardiovas-
cular indices including heart rate, blood pressure, stroke
volume, systolic time intervals and the endocrine variables
including plasma concentrations of ADM, catecholamines,
endothelin-1 and plasma renin activity during static handgrip
exercise in young (19–23 years) and older (61–67 years)
subjects.

Methods

Subjects

The study was performed with 15 young (mean age
21.3 § 0.3 years) and 15 older (mean age 64 § 0.7 years)
male volunteers. They were recruited from the general
community by advertisement and found to be in good
health. A comprehensive clinical evaluation was performed
on all subjects by a physician, with testing including exer-
cise electrocardiography, echocardiography, hematological
testing, and multipanel serum biochemistry screening. All
were normotensive, non-obese, non-smokers and were not
taking any medication.

All subjects gave their informed consent to participate in
the study. The investigation conformed with the principles
outlined in the Declaration of Helsinki and was approved
by the local ethics committee. The general characteristics of
the subjects are presented in Table 1.

Procedure

All the tests were carried out under similar environmental
conditions (23–24°C and 40–50% humidity) between 4:00
and 5:00 p.m. The subjects visited the laboratory two times
with 1 week interval between the tests. On the Wrst occa-
sion, the subjects were submitted to the incremental, graded

Table1 Subject characteristics (the values are mean § SEM)

BMI, body mass index; VO2max, maximal oxygen consumption

Age (years) Height 
(cm)

Weight 
(kg)

BMI 
(kg m¡2)

VO2max 
(ml kg¡1

min¡1)

21.3 § 0.3
(n = 15)

180.8 § 1.2 77.6 § 1.3 24.1 § 0.3 46.1 § 0.4

64.0 § 0.7
(n = 15)

178.2 § 1.7 80.1 § 2.2 25.2 § 0.5 30.2 § 0.6
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exercise test performed on a bicycle ergometer (EM 840,
Siemens, Germany) until volitional exhaustion to determine
their maximal oxygen uptake (VO2max). The workloads
were increased by 50 W every 3 min starting with 50 W.
Oxygen uptake, carbon dioxide production and heart rate
were continuously recorded using Vmax 29 (Sensormedics,
USA) analyzer. On the second occasion, the subjects were
submitted to the static handgrip exercise.

Each subject had maximal voluntary contraction (MVC)
of their right and left hand determined using a hand dyna-
mometer (Medipan, Poland). Afterward, a catheter was
inserted into the antecubital vein in one arm for sampling of
the plasma concentrations of adrenomedullin (ADM), nor-
adrenaline (NA), adrenaline (A), endothelin-1 (ET-1) and
plasma renin activity (PRA). After 30 min of rest period in
a sitting position, baseline blood sample was taken and sub-
jects performed two consecutive exercise bouts of 3-min
handgrip at 30% MVC with each hand, without any resting
interval between the bouts. Exercise was started with a
catheterized hand and the blood sample was taken after the
3rd minute of exercise immediately after beginning the
handgrip with the other hand, thus avoiding sample collec-
tion from the congested vein. The next blood sample was
collected at the end of exercise also from the unexercising
limb. The last blood sample was taken after 5 min of recov-
ery. The subjects were instructed not to hold their breath
during the handgrip to avoid a Valsalva maneuver and
observation of their respiratory pattern was maintained dur-
ing the experiment. The two exercise bout protocol was
applied to prolong the duration of the stimulus action. The
static handgrip at 30% MVC performed by one hand usu-
ally cannot be maintained longer than 3–4 min, which was
thought to be too short a time period for marked activation
of the endocrine system. A similar protocol was previously
used by Nazar et al. (1989).

Measurements

Indices of cardiac functions were recorded continuously
before and during the whole tests by the impedance cardi-
ography (ICG) technique. The system allows for the oV-
line, beat-to-beat automatic evaluation of stroke volume
(SV), heart rate (HR) and systolic time intervals (STI). The
following phases of the cardiac cycle were measured
directly and calculated automatically: (1) the total electro-
mechanical systolic interval (QS2), (2) the pre-ejection
period (PEP), (3) the left ventricular ejection time (LVET).
The system was able to store and print the results of STI,
R–R interval and HR as well as their mean values for each
5 s period. All intervals were calculated as a mean of the
values from 5-s periods with an accuracy of 5 ms. In addi-
tion, the PEP/LVET ratio was calculated. The detailed
description of the program for automatic determination of

STI and other hemodynamic parameters has been previ-
ously published (Cybulski 1988). The validity of STI auto-
matic measurements was checked earlier and veriWed in
various physiological tests (Cybulski et al. 1993). The pre-
exercise values of PEP, LVET and ratio PEP/LVET were
corrected for HR according to Weissler’s formulas (1972):
PEPI = (0.4 £ HR) + PEP, LVETI = (1.7 £ HR) + LVET,
PEP/LVETIndex = (0.0168 £ HR) + PEP/LVET. The exer-
cise values of STI were uncorrected for HR because these
corrections would mask the inotropic eVect. There was
evidence against this practice (Levi et al. 1982; Pigott et al.
1971; Spodick and Quarry-Pigott 1973; Whitsett and
Naughton 1971).

Cardiac output (CO) was calculated as a product of SV
and HR. Cardiac work (CW) was calculated as a product of
HR and mean arterial pressure (MAP).

Blood pressure (BP) was measured at rest, before exer-
cise, at the end of each 3-min bout and 5-min after termina-
tion of the test by auscultation on the non-exercising arm.
MAP was calculated as diastolic pressure plus one-third of
the pulse pressure. The total peripheral resistance (TPR)
was estimated as TPR = MAP £ 79.9/CO, where MAP is
expressed in mmHg, CO in l min¡1 and 79.9 is the conver-
sion factor to dynes £ s cm¡5.

Biochemical analyses

Before exercise, at the end of each 3-min exercise bout
and 5-min after termination of exercise, blood samples
were taken for determination of the plasma concentrations
of ADM, NA, A, ET-1 and PRA. The blood samples were
taken in ice-chilled tubes. For catecholamine determina-
tion, tubes contained EDTA and reduced glutathione,
while for ADM the tubes with 1.0 mg/ml of EDTA-2Na
and 500 kallikrein inhibitory units (KIU) ml¡1 of aproti-
nin were used. Plasma was obtained by centrifugation at
3,000 rpm for 10 min at 4°C and stored at ¡70°C until
assay. All plasma hormone determinations were per-
formed in duplicate. The plasma ADM concentrations
were determined using radioimmunoassay kit for human
ADM (Phoenix Pharmaceuticals, Inc.Belmont 94002 CA,
USA). Minimal detectable concentration for this assay is
0.5 pg per tube, and the half-maximal inhibition dose of
radiodinated ligand binding by ADM was 10 pg per tube.
The intra-assay coeYcient of variance was 5.3%. Plasma
catecholamines were also measured by radioimmunoas-
say using 2 CAT RIA kit (Bio Source Europe, Nivelle,
Belgium). The sensitivity of the assay was 37.5 and
7.5 pg ml¡1 for noradrenaline and adrenaline, respec-
tively; whereas the intra-assay coeYcients of variance
were 4.6 and 4.7%, respectively. For PRA determination
Angiotensin I (Immunotech Prague, Czech Republic) kit
was used. The sensitivity of the assay was 0.13 ng ml¡1;
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the intra-assay coeYcient of variance was 6.2%. The con-
centration of ET-1 in plasma was determined by ELISA
method using commercial test pack from Biomedica
(Vienna, Austria). The sensitivity of the assay was
0.1 fmol ml¡1; the intra-assay coeYcient of variation was
3.1%.

Statistics

The data are presented as means with standard errors
(SEM). Two-way analysis of variance for repeated mea-
sures was used for statistical evaluation of the results.
The two factors are the subjects group and repeated mea-
sures of plasma ADM, catecholamine, ET-1, PRA and
hemodynamic indices. When signiWcant F value was
obtained, a paired Student’s test was used to locate the
pairwise diVerences between means. A comparison
between groups was made using a nonparametric Whit-
ney–Mann test. In addition, correlation and linear regres-
sion coeYcients were calculated. P < 0.05 was accepted
as the level of signiWcance. For calculations, the Statis-
tica (2001) version 6. (Statsoft Inc., Tulsa, OK, USA)
was used.

Results

Subject characteristics

The characteristics of subjects are summarized in Table 1.
The aerobic capacities of the young and older men were
within the normal range for men of their respective ages.
The older men had a lower aerobic capacity compared with
the young men. The peak oxygen uptake of the older men
was smaller than that of the young men (P < 0.05).

Adrenomedullin, noradrenaline, adrenaline, endothelin-1 
and plasma renin activity (Fig. 1)

Baseline values of plasma ADM, NA and A concentrations
were signiWcantly higher in older than in the young men
(P < 0.05), while plasma ET-1 concentration and PRA did
not diVer between the groups.

The static handgrip caused signiWcant increases in
plasma ADM, ET-1 and PRA only in the older subjects
(P < 0.001). The exercise-induced increases in NA and A
were signiWcantly greater in the older subjects than in the
young subjects (P < 0.001).

Fig. 1 Plasma adrenomedullin, endothelin-1, noradrenaline and plas-
ma renin activity (circles) and adrenaline (triangles), concentrations at
rest, during handgrip (3’ and 6’) and at the Wfth minute of the recovery
period (rec.). Full symbols (closed circle, closed triangle) denote older
men; open symbols (open circle, open triangle) denote young men.

Values are mean § SEM. Asterisks denote signiWcant diVerences from
the resting values: *P < 0.05, **P < 0.01 or less. Crosses denote sig-
niWcant diVerences between the groups of subjects: xP < 0.05,
xxP < 0.01 or less
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At the Wfth minute of the recovery period, plasma ADM,
NA, A, ET-1 and PRA did not diVer signiWcantly from the
resting values.

A signiWcant positive relationships between baseline val-
ues of plasma ADM and plasma NA concentrations were
ascertained for older and younger groups of subjects
(r = 0.76, P < 0.001; r = 0.62, P < 0.01; respectively). The
exercise-evoked increases in plasma ADM concentrations
expressed as percentage of baseline values correlated with
those of plasma NA, ET-1 and PRA only in the older men
(r = 0.80, P < 0.001; r = 0.74, P < 0.001 and r = 0.84,
P < 0.001; respectively; Fig. 2). The exercise-evoked
increases in plasma ET-1 concentrations expressed as per-
centage of baseline values correlated with those of plasma
NA only in the older men (r = 0.56, P < 0.05).

SigniWcant positive relationships between baseline val-
ues of PRA and plasma ADM (r = 0.69; P < 0.01), and
between the exercise-evoked increases in PRA expressed as
percentage of baseline values and those of plasma NA and
ET-1 (Fig. 2) were ascertained in the older men (r = 0.55,
P < 0.05; r = 0.61, P < 0.001; respectively).

Heart rate, stroke volume and cardiac output (Fig. 3)

The resting values of HR, SV and CO did not diVer signiW-
cantly between the groups. Handgrip caused signiWcant
increases in HR and CO in both groups of subjects
(P < 0.001). Stroke volume decreased in older men
(P < 0.001), while in young men it was not aVected by
exercise. The handgrip-induced increases in HR and CO at
the end of exercise were signiWcantly lower in older men
than in the young men (P < 0.01).

At the Wfth minute of the recovery period, the HR, SV
and CO returned to the baseline values in both groups of
subjects.

A signiWcant inverse relationships between baseline val-
ues of SV and TPR (r = ¡0.54, P < 0.05), as well as
between the exercise-induced changes in SV expressed as
percentage of baseline values and those of plasma ADM
(r = ¡0.80, P < 0.001), TPR (r = ¡0.78, P < 0.001), PEP
(r = ¡0.76, P < 0.001), LVET (r = 0.65, P < 0.01) and
PEP/LVET (r = ¡0.60, P < 0.01) were ascertained in the
older subjects.

Fig. 2 The relationships between the changes in plasma adrenomedullin (�ADM) and those of: noradrenaline (�NA), endothellin-1 (�ET-1),
plasma renin activity (�PRA) as well as between �ET-1 and �PRA in older subjects. All variables are expressed as percentage of baseline values
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Blood pressure and total peripheral resistance (Fig. 3)

Baseline systolic (SBP), diastolic (DBP) and mean arterial
pressures (MAP) were similar in both groups of subjects.
Handgrip increased SBP and DBP in both groups of sub-
jects (P < 0.001). The magnitudes of the exercise-induced
increments in SBP, DBP and MAP did not diVer signiW-
cantly between the groups.

Baseline TPR tended to be higher in older men. At the
end of exercise, the absolute value of TPR was signiWcantly

higher in older than in the young men (P < 0.01). At the
Wfth minute of the recovery period, the values of SBP, DBP
and TPR returned to the resting level.

A signiWcant positive relationships between the exercise-
evoked increases in SBP, MAP and TPR expressed as
percentage of baseline values and those of ET-1 were ascer-
tained in the older men (r = 0.68, P < 0.001; r = 0.62,
P < 0.001; r = 0.57, P < 0.01; respectively; Fig. 4).

A signiWcant inverse relationship between the exercise-
induced increases in TPR expressed as a percentage of

Fig. 3 Heart rate, stroke vol-
ume (SV), cardiac output (CO), 
mean blood pressure (MAP), 
total peripheral resistance (TPR) 
as well as pre-ejection period 
(PEP), ejection period (LVET) 
and PEP/LVET ratio at rest, dur-
ing handgrip (3’ and 6’) and at 
the Wfth minute of the recovery 
period (rec.). Full points (closed 
circle) denote older men, and 
open points (open circle) denote 
young men. Values are 
mean § SEM. Asterisks denote 
signiWcant diVerences from the 
resting values: *P < 0.05, 
**P < 0.01 or less; Crosses 
denote signiWcant diVerences 
between the groups of subjects: 
xP < 0.05, xxP < 0.01 or less
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baseline values and those of plasma ADM were ascertained
in the older subjects (r = ¡0.62, P < 0.001).

Cardiac work

There was no diVerence in cardiac work at rest, during
handgrip or at the Wfth minute of the recovery period
between the two groups of subjects.

Systolic time intervals (Fig. 3)

The pre-exercise values of PEP, LVET, PEP/LVET ratio
and their indices (PEPI and LVETI calculated according to
Weissler) were similar in both groups of subjects.

Handgrip resulted in prolonged PEP, shortened LVET
and increased PEP/LVET ratio in older men (P < 0.001),
whereas in young men PEP and PEP/LVET ratio were not
aVected by exercise. Shortening of LVET during exercise
was more marked in the older subjects (P < 0.001).

After 5 min of the recovery period, the values of PEP,
LVET and PEP/LVET did not diVer from the resting values
(P < 0.05).

The exercise-induced changes in PEP, LVET and PEP/
LVET ratio expressed as percentage of baseline values cor-
related signiWcantly with those of plasma ADM in older
subjects (r = ¡0.70, P < 0.001; r = 0.81, P < 0.001;
r = ¡0.72, P < 0.001, (Fig. 5); respectively). The exercise-
induced changes in PEP and PEP/LVET ratio expressed as
percentage of baseline values, obtained in older subjects
correlated also with those of plasma NA, A and TPR
(r = ¡0.59, P < 0.01; r = ¡0.58, P < 0.01; r = 0.53,
P < 0.05 and r = ¡0.60, P < 0.01; r = ¡0.71, P < 0.001;
r = 0.69, P < 0.01; respectively).

Discussion

The new Wnding of this study is that despite similar
increases in BP during static handgrip in young and older
men, plasma ET-1, PRA and ADM increases were
observed only in the latter. Furthermore, signiWcant correla-
tions were found between exercise-induced changes in
cardiovascular indices and those in the hormone concentra-
tions: namely positive correlations were ascertained
between plasma �ET-1 and ���P, and �TPR; negative
relationships between �ADM and �SV, �TPR or �PEP/
LVET ratio. Also signiWcant correlations were found
between changes in the hormone concentrations: �ADM
correlated positively with �ET-1, �PRA and �NA and
there was correlation between �ET-1 and �PRA. Increases
in plasma catecholamine concentrations indicated that
static handgrip activated sympathetic adrenergic system in
both groups of subjects, but the increases in plasma NA

Fig. 4 The relationships between the changes in plasma endothellin-1
(�ET-1) and those of mean arterial pressure (�MAP) and total periph-
eral resistance (�TPR) in older subjects. All variables are expressed as
percentage of baseline values

Fig. 5 The relationships between the changes in plasma adrenomed-
ullin (�ADM) and those of: PEP/LVET ratio (�PEP/LVET) in older
subjects. All variables are expressed as percentage of baseline values
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concentrations were accompanied by increases in plasma
ET-1 and PRA only in the older men. Thus, a high level of
sympathetic activity combined with activation of circula-
tory ET-1 and PRA could provide a mechanism for blood
pressure increase during static exercise in older men.

The study showed also that a decrease in SV, prolonga-
tion of PEP, shortening of LVET, and an increase in TPR
occurred only in older men, but not in the young subjects.
In young men, cardiac output reached signiWcantly higher
values than in the older men, whereas changes in PEP, PEP/
LVET ratio and TPR were negligible. The alterations in
systolic time intervals during handgrip observed in this
study are consistent with the Wndings of Kino et al. (1975)
and Krzeminski et al. (2006) who reported increases in iso-
volumic contraction time (IVCT), PEP and PEP/LVET
ratio during static exercise both in patients with coronary
artery disease and in the older healthy subjects. The authors
concluded that increased PEP/LVET ratio may result from
a reduced velocity of myocardial Wber shortening during
the ejection period. It should be noted that PEP/LVET ratio
has been proposed as an inverse index of left ventricular
myocardial performance (Weissler et al. 1969; Weissler
1972; Martin et al. 1971. The prolongation of PEP during
handgrip in the older men might be explained by failure of
the heart to respond to acutely increased left ventricle after-
load. On the other hand, the lack of changes in PEP during
handgrip in young men may indicate that there is an
increase in myocardial contractility or in ventricular end-
diastolic Wber length, or both, to counterbalance the acute
increase of systemic arterial pressure. The rise of systolic
and diastolic blood pressures was similar in young and
older subjects. Thus, the present results are in agreement
with a number of studies indicating that vascular resistance
plays a minor role in the pressor response to exercise in
younger subjects, but is an important determinant of this
response in older men.

Among several players involved in the regulation of vas-
cular tone, the ET-1 and nitric oxide (NO) appears to be the
predominant members of the family generated by vascular
endothelial cells (Cardillo et al. 2000; Warner 1999). Endo-
thelin-1 contributes to maintenance of basal vascular tone
through activation of vascular smooth muscle ET-A spe-
ciWc receptors and acts through endothelial ET-B receptors
to stimulate production of NO to oppose vasoconstriction
(Haynes and Webb 1998; Cardillo et al. 2000, 2009).
Because aging is associated with reduced nitric oxide
action, the vasoconstriction eVect of ET-1 on smooth mus-
cle receptors may remain unopposed (Donato et al. 2009;
Padilla et al. 2011; Seals et al. 2011; Thorin and Webb
2010). Donato et al. (2009) found that changes in ET-1
expression, production and bioactivity contribute to vascu-
lar endothelial dysfunction with age. In addition to direct
action on vascular system, ET-1 alters central and periphe-

ral sympathetic activity (Bruno et al. 2011) and stimulates
the renin–agiotensin–aldosterone system (Miller
et al.1989). Mishima et al. (2001) found that ET-1 stimu-
lates ADM production from cultured rat cardiomyocytes
and augments intracellular cAMP accumulation with
upregulation of the RAMP3 mRNA expression. This sug-
gests the possibility of local interaction between ADM and
ET-1. The site and the stimulus for ADM secretion during
exercise remain unclear. The Wndings obtained in rats
showing that stress evoked by acute restraint (Khan et al.
1999) or cold exposure (Y:ksel et al. 2002), known to
increase markedly sympathetic nervous system activity,
stimulates also ADM secretion. This suggests that stimula-
tion of ADM release may depend on the eVect of catechola-
mines on the secretory cells. The present study showing the
correlations between exercise-induced changes in plasma
NA and ADM and between changes in plasma ET-1 and
those of ADM in older men supports both these mecha-
nisms. However, the plasma ADM release from vascular
endothelium during handgrip may be induced by acute BP
increase and subsequent shear stress.

The inverse relationships between exercise-induced
changes in PEP, PEP/LVET ratio, SV, TPR and those of
plasma ADM shown in this study conWrmed the data
obtained in our previous investigations performed in
patients with heart failure (Krzeminski et al. 2009). The
relationship between ADM and PEP/LVET ratio may be at
least partly associated with inotropic action of ADM on the
heart. Based on previous studies (Szokodi et al. 1998;
Evans 1986), it may be speculated that this inotropic action
is due to activation of adenylate cyclase and cyclic AMP
production in cardiomyocytes by ADM. Thus, it seems
likely that ADM acts to increase left ventricular function
during static exercise by both decrease in systemic vascular
resistance and an increase in myocardial contractility.
Charles et al. (1997, 2000, 2003) have reported signiWcant
hemodynamic and hormonal actions of ADM including
reduction of peripheral vascular resistance and arterial pres-
sure, attenuation of angiotensin II-induced rise in blood
pressure, as well as a direct inhibitory action on aldosterone
secretion from the adrenal glomerulosa. The authors found
that ADM acts rather as a functional antagonist to angioten-
sin II than to norepinephrine, and that the adrenoceptor-
mediated vasoconstriction fully overwhelms the vasodilator
eVects of ADM. It has been shown that ADM increases NO
production by stimulation of adenylate cyclase and induc-
ible endothelial NO syntase (eNOS) and potentiates inter-
leukin-1 (Hattori et al. 1999; Zhang and Hintze 2001).
Furthermore, in some tissues ADM can act by both NO-
dependent and K+ channel-dependent mechanisms (Terata
et al. 2000; Sabates et al. 1997). However, there is a variety
of mechanisms by which ADM may induce vascular relax-
ation, with the major pathway mediated by either calcitonin
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gene-related peptide (CGRP) or ADM-selective receptors
directly (Martínez-Alvarez et al. 2008; Fukai and Hirata
2004; Huang et al. 1999).

It should be noted that the values of plasma concentra-
tion of ADM achieved during static exercise by the older
subjects were within the normal resting range, which was
reported to be as wide as 1.1–10 pmol l¡1 (Hinson et al.
2000). We assumed, however, that ADM might play a role
in the cardiovascular responses to static exercise since the
signiWcant inverse relationships between �ADM and
�TPR, �SV or �PEP/LVET ratio were ascertained.

In the present study, after 5 min of the recovery period,
plasma ADM concentration returned to the pre-exercise
values. This does not corroborate the data of Meeran et al.
(1997), who demonstrated that the plasma half-life of ADM
was as long as 22 § 1.6 min. However, this value was
obtained when a high dose of the exogenous hormone was
given and the very high plasma concentration was
achieved. It is not certain whether the rate of disappearance
of ADM from plasma is similar with the relatively small
changes in the endogenous hormone concentration, espe-
cially in the presence of acute hemodynamic changes.

Additional Wnding of the present investigation is that in
older men the increase in PRA occurred at the end of static
exercise. This is in agreement with the previous data show-
ing that static handgrip at the 30% level of maximal volun-
tary contraction for 4 min induced a signiWcant increase in
PRA in both normotensive and hypertensive subjects
(Uchida et al. 1978). Since pretreatment with propranolol
abolished this response, it is concluded that isometric hand-
grip can induce an augmentation in renin release mainly by
stimulation of the sympathetic nervous system. The data
obtained by Jindra et al. (1990) in men exercising on bicy-
cle ergometer further emphasized the relationship between
the sympathetic adrenomedullary and renin–angiotensin
systems during acute stimulation. Also, our results on the
relationships between plasma catecholamine and PRA
increases in the group of older subjects indicate the role of
sympathetic activity on PRA response. It is, however,
unclear why PRA did not rise during handgrip in young
subjects. In this regard, it seems worth mentioning the
study of Laitinen et al. (1998), who have found that healthy
older men (>60 years old) had markedly depressed barore-
Xex sensitivity (BRS) and that there was a signiWcant posi-
tive correlation between BRS and PRA. On the other hand,
the increase in PRA may be related to ADM action as a
consequence of its renal vasodilatory eVect or by release of
cyclic AMP stimulating the juxtaglomerular cells.

One of the limitations of this study is that we have only
two age groups of subjects. A larger population incorporat-
ing a wide spectrum of age is needed to analyze the rela-
tionships between age and cardiovascular or hormonal
response to handgrip and to state the unique role of ADM in

maintaining the vascular tone in diVerent stages of the life.
Nitric oxide was not determined, although changes in its
availability and reactivity to its action occur with age
(Donato et al. 2009) and may play a role in blood pressure
response to exercise.

In summary, this study demonstrated that handgrip-
induced increases in HR and cardiac output were signiW-
cantly smaller in older than in young men. Stroke volume
decreased and PEP to LVET ratio increased during hand-
grip only in older men. Total peripheral resistance was
higher in older men, while increases in BP were similar in
both groups of subjects.

The most important Wnding is that handgrip caused
increases in plasma ADM, ET-1 and PRA only in the older
men. These results suggest that ADM, ET-1 and angioten-
sin II with their opposite vasoactive properties can contribute
to maintain vascular tone during static exercise in the older
men. The baseline plasma ADM and catecholamines con-
centrations were higher in older man compared to young
subjects.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution Noncommercial License which permits any
noncommercial use, distribution, and reproduction in any medium,
provided the original author(s) and source are credited.
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