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Summary

In this study we have evaluated the effect of maximal
incremental cycling exercise (IE) on the systemic release of
(PGLy), 6-keto-PGF;,,
concentration in young healthy men. Eleven physically active —

prostacyclin assessed as plasma
untrained men (mean + S.D.) aged 22.7 + 2.1 years; body mass
76.3 = 9.1 kg; BMI 23.30 + 2.18 kg * m?, maximal oxygen
uptake (VOzmnay) 46.5 + 3.9 ml * kg™ * min, performed an IE test
until exhaustion. Plasma concentrations of 6-keto-PGF,,, lactate,
and cytokines were measured in venous blood samples taken prior
to the exercise and at the exhaustion. The net exercise-induced
increase in

6-keto-PGF,,, concentration, expressed as the

difference between the end-exercise minus pre-exercise
concentration positively correlated with VO,max (r=0.78, p=0.004)
as with the net VO,

(r=0.81, p=0.003), but not with other respiratory, cardiac,

as well increase at exhaustion
metabolic or inflammatory parameters of the exercise (minute
IL-6 or TNF-a
in  6-keto-
PGF,,, concentration was significantly higher (p=0.008) in a group

ventilation, heart rate, plasma lactate,

concentrations). The exercise-induced increase
of subjects (n=5) with the highest VO,m.x when compared to the
group of subjects with the lowest VO,max, in which no increase in
6-keto-PGF;,concentration was found. In conclusion, we
demonstrated, to our knowledge for the first time, that exercise-
induced release of PGI, in young healthy men correlates with
VO,max, Suggesting that vascular capacity to release PGI, in
response to physical exercise represents an important factor
characterizing exercise tolerance. Moreover, we postulate that
the impairment of exercise-induced release of PGI, leads to the

increased cardiovascular hazard of vigorous exercise.
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Introduction

Endothelial function is essential for maintenance
of health of the cardiovascular system, while endothelial
dysfunction leads to cardiovascular disease (Bonetti et al.
2003, Chlopicki and Gryglewski 2005). Physical exercise
has been shown, both in animal and humans studies, to be
an important factor affecting the endothelial function
(Green et al. 2004). In this respect the relationship
between physical exercise and nitric oxide (NO) has been
widely studied and it was repeatedly demonstrated that
exercise training augment endothelial NO-dependent
vasodilatation (Green et al. 2004). Importantly, exercise
improves endothelial function in subjects in whom
endothelial
improvement of endothelial NO-dependent function

dysfunction already exists and the
independent on changes in risk factors, may translate into
the better cardiovascular outcome of these patients
(Green et al. 2004). Although PGI, and NO seem to be
released from the endothelium in a coupled manner
(Gryglewski et al. 1986), it is NO-cGMP but not PGI,-
cAMP pathway that controls basal vascular tone.

Accordingly, in contrast to the abundant literature on the
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role of NO in the vascular adaptation to the exercise, far
less is known, regarding the changes in prostacyclin
(PGL,) production during physical exercise. Some reports
demonstrated that physical exercise was accompanied by
an increased concentration of prostacyclin metabolite
6-keto-PGF,in blood (Mehta et al. 1983, Feng et al.
1999, Frandsen et al 2000) as well as in muscle
interstitial fluid (Frandsen et al. 2000, Karamouzis ef al.
2001), but the significance of these findings remains
obscure. Interestingly, it was shown that exercise-induced
PGI, release was reduced in patients with coronary heart
disecase (Mehta ef al. 1983, Wennmalm et al. 1990,
Rasmanis et al. 1991, Kishi et al. 1992, Lang et al. 1997),
but again the cardiovascular consequences of the
impaired PGI, response in the exercise have not been
clearly described so far.

Taking into consideration that little is known, as
regards the relationship between physical exercise
capacity and the vascular PGI, release, the aim of this
study was to evaluate the effect of maximal incremental
exercise on the plasma PGI, concentration (assessed as
plasma 6-keto-PGF}, concentration) in relationship with
respiratory, cardiac, metabolic or inflammatory
parameters of the exercise in young healthy men. In
particular, we compared the exercise-induced increase in
PGI, concentration (APGI,) with the VO,,.x — that is
considered as an index of physical capacity. To our best
knowledge up to date there are no reports regarding the
relationship between exercise-induced PGI, production

and VOax.

Subjects and Methods

Subjects characteristics

Eleven non-smoking men (mean + S.D.: age
22.7 £ 2.1 years; body mass 76.3 + 9.1 kg; height 180.8 +
5.8 cm; BMI 23.30 + 2.18 kg - m'z; VO 46.5 £ 3.9 ml
- kg - min") participated in this study. All procedures
were approved by the Local Ethic Committee and
performed according to the declaration of Helsinki.
Subjects gave informed written consent and were aware
of the aims of the study.

Exercise protocol

The incremental exercise test was performed on
the cycloergometer Ergo-Line GmbH & Co KG 800s
(Bitz, Germany). Before the test, a 6-min resting period
was allowed to determine the resting stage of the cardio-
respiratory parameters, as well as to withdraw the blood

samples. The exercise test started at power output 30 W,
followed by gradual increase amounting to 30 W every
3min and it was continued until exhaustion. The

incremental test was performed at 60 rev - min" (for
details see Zoladz et al. 1998).
Gas exchange variables

Gas exchange variables were measured
continuously  breath-by-breath using the Oxycon

Champion (Mijnhardt BV, Bunnik, The Netherlands),
starting from 6™ minute prior to exercise until the test was
stopped. Before and after each test, gas analyzers were
calibrated with certificated calibration gases as previously
described by Zoladz et al. (1995).

Blood sampling

Blood samples were taken using an Abbot Int-
Catheter, Ireland (18G/1.2 x 45 mm), inserted into the
antecubital vein about 15 min prior to the onset of the
exercise. The catheter was connected to an extension set
using a “T” Adapter SL Abbot, Ireland (the tube 10 cm in
length). Immediately before taking each blood samples,
1 ml of blood volume was taken in order to eliminate blood
from the catheter and the T-set. Blood samples for plasma
lactate concentrations were taken prior to the exercise test,
at the end of each step of the incremental exercise (the last
15 s before increase power output) and at the moment of
ending the exercise protocol. Blood samples for
measurement of PGI, metabolite (6-keto-PGF,,) and
cytokines concentrations were taken prior to the exercise at
rest and at the end of the exercise protocol (at the
exhaustion). The magnitude of exercise-induced increase
in plasma 6-keto-PGF, defined as the difference between
the end-exercise minus pre-exercise plasma concentration
of 6-keto-PGF, (A6-keto-PGF,,) was considered to be a
reliable index of the exercise-induced PGI, release. On
theoretical ground, A6-keto-PGF, could be determined
not only by PGI, production but also by the rate of PGI,
degradation and the rate of 6-keto-PGF,, elimination.
However, it seems unlikely that an alteration in the rate of
degradation of PGI, orinthe elimination of 6-keto-
PGF,, was responsible for the increase in 6-keto-PGF,,
during a single exercise of maximal intensity as applied
in our experimental setting, so that the exercise-induced
increase in 6-keto-PGF;, concentration was attributed to
the exercise-induced PGI, release.

Plasma lactate measurements
The samples for plasma lactate concentration
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Table 1. The power output (PO), oxygen uptake (VO,), minute ventilation (Vg), respiratory quotient (RQ), heart rate (HR), plasma
concentration of lactate (La’), interleukin-6 (IL-6), interleukin-10 (IL-10), tumor necrosis factor (TNF-o.) and 6-keto-PGF;, at rest and at

the VO,max-
REST VO:zmax
min-max Mean + S.D. min-max Mean <+ S.D.

PO (W) - - 223-310 260 + 24
VO, (ml - min™) 318 - 452 374+ 4] 3178 - 4267 3527 + 350
Ve (1 min™) 10.0-13.0 11.9+12 96.0 - 150.0 1172+ 178
RO 0.82-1.01 0.93 +0.07 1.09 - 1.26 1.18 + 0.06
HR (I - min™) 62 - 98 77+ 11 178 - 205 1938
[La], (mmol - I') 13-2.7 20404 8.6-16.8 10.5+2.4
IL-6 (pg - ml) 0.45-1.79 0.93 +0.39 0.31-4.20 1.92 + 1.06
IL-10 (pg - ml™) 0.00 - 0.10 0.22+0.34 0.00 - 1.71 0.26+0.51
TNF-ot (pg - ml”) 0.24 - 2.06 0.85+0.55 0.65-5.31 1.46 +1.33
6-keto-PGF 1, (pg - ml’) 0.8-122.8 39.0 +35.0 16.4-101.8 53.3+26.6

The date are presented as mean % S.D., minimal and maximal values (min-max).

(0.5 ml each) were placed in 1.8 ml Eppendorf tubes
containing 1 mg ammonium oxalate and 5 mg sodium
fluoride and mixed for about 20 s and then centrifugated.
The obtained samples of  blood plasma
(200 ul) were stored at -32 °C for further analysis of lactate
concentration ([La],) using an automatic analyzer Vitros
250 Dry Chemistry System, Kodak (Rochester, NY,
USA).

Plasma 6-keto-PGF;,, measurements

For determination of 6-keto-PGF;, blood
samples were collected to Eppendorf tubes with
10 uM and EDTA 1 mM (final
concentrations), and immediately spun for 5 min at

indomethacin

2000 x g to obtain plasma. Plasma samples were stored at
-70 °C. The concentrations of 6-keto-PGF;, in plasma
prior to the exercise test, and at the end of the exercise
protocol were assayed using commercially available
enzyme immunoassay kits (Cayman Chemical Co., MI,
USA or R&D Systems, Inc., MN, USA) and expressed in

pg - ml™.

Plasma cytokines measurements

IL-6, IL-10 (R&D System, USA), (DSL, USA),
TNF-o (BioSource, Belgium) were measured by IRMA.
Analytical sensitivity for these measurements were 0.04
pg-ml', 0.05pg-ml',0.5ng -ml", 5pg-ml" and 1 pl -
ml', respectively. Intra- and interassay CV were < 8.0 %
and < 8.5 % for IL-6 and for IL-10, < 3.4 % and < 5.1 %
for IGFBP3, < 5.2 % and 6.8 % for TNF-a and < 2.4 %

and 6.8 % for insulin. For RIA and IRMA methods the
radioactivity of the samples were measured by using
gamma scintillation counter (Wallac, Finland).

Statistics

The presented results are expressed as mean t
S.D. as well as minimum (min) and maximum (max).
Statistical significance was tested using Wilcoxon-
signed-rank test (for paired samples) and Wilcoxon-
Mann-Whitney test (for two independent samples). Non-
asymptotic, exact, two-sided p-values are presented (see
the Results section). Correlation between two variables
was tested with Spearman’s correlation analysis. The
statistics was done using the statistical packet StatXact
6.1 and STATISTICA 7.1.

Results

Power output and maximal oxygen uptake
The mean power output at the end of the
incremental exercise test (PO at VO,y,,) was 260 £ 24 W,
The mean oxygen uptake at rest was 374 + 41 ml - min™
(Table 1). The maximal oxygen uptake (VOjypmax) in the
studied subjects was 3527 + 350 ml - min™' (46.5 + 3.9 ml
- kg - min™). Therefore the net VO, at the maximal
power output amounted to 3153 % 324 ml - min™.
Minute ventilation, plasma lactate, cytokines and
prostacylin concentrations at rest and at VO,
of minute ventilation

The values Vi),
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A B

Fig. 1. Exercise-induced changes in plasma 6-keto-PGFy,
concentration, expressed as the difference between the
end-exercise minus pre-exercise concentration (A6-keto-PGFy,) in
5 subjects with the lowest (A) and in 5 subjects (B) with the
highest VOymax. *** - significantly different from A (p=0.008).

respiratory quotient (RQ), heart rate (HR), plasma
concentration of lactate (La’), cytokines (interleukin-6;
IL-6,
TNF-a) as well as prostacyclin (PGI,) assessed as plasma

interleukin-10; IL-10, tumor necrosis factor;
6-keto-PGF,, concentration, measured at rest and at the
VOjmax are presented in Table 1.

Exercise-induced prostacyclin release (APGI,) in relation
t0 VO;pax and power output (PO).

Figure 1 illustrates the magnitude of exercise-
induced prostacyclin release assessed as the difference
between the end-exercise minus  pre-exercise
concentration of plasma 6-keto-PGF,, (A6-keto-PGF,)
in 5 subjects with the lowest (A) and in 5 subjects (B)
with the highest VO, .. In the group B (VO, = 3813 £
320 ml - min™) the exercise-induced increase in plasma 6-
keto-PGF,, concentration was significantly higher
(p=0.008) than in the group A (VOyx = 3251 £ 68 ml -

min™).

Correlations

A significant correlation (r=0.78, p=0.004)
between VO, and A6-keto-PGF,
(Fig. 2 A). We also found significant correlation (r=0.81,

was observed

p=0.003) between net VO, (expressed as the difference
between pre-exercise VO, and VO,y.,) and A6-keto-
PGF,, (Fig. 2 B).

Table 2. Non-parametric correlations between the exercise-
induced increase in minute ventilation (AVe), respiratory quotient
(ARQ), heart rate (AHR), plasma lactate concentration (ALa’) and
plasma cytokines concentrations (interleukin—6;  AIL-6),
interleukin—10; AIL-10, tumor necrosis factor; ATNF-0) and A6-
keto-PGFy,. The exercise-induced changes in those variables (A)
were expressed as the difference between the end-exercise
minus pre-exercise values.

Spearman rank

Correlation variables correlations
r P
A6-keto-PGF;, AVg 027 ~0.05
(vg - i) @-min) P
A6-keto-PGF
el e ARQ 021 p>0.05
(pg - ml")
A6-keto-PGF AHR
clom e “ 020 p>005
(pg-ml’) (1 - min”)
A6-keto-PGF;, ALa 0.08 ~0.05
(vg - ml") (mmol - ) P
A6-keto-PGF
0-keto-PGF AIL-6 0.29 >0.05
(g~ ml") P
A6-keto-PGF
et e AIL-10 030 p>0.05
(pg - ml’")
A6-keto-PGF
ot ia ATNF-o. 010  p>0.05
(pg - ml')

a) Correlation between power output at maximal oxygen
uptake (PO at VO;,.) and the A6-keto-PGF,,

A significant correlation (r=0.69, p=0.02)
between PO at VO,.« and the A6-keto-PGF, was found.

b) Correlations between the exercise-induced increase in
Ve, RO, HR, La, IL-6, IL-10, TNF-o and A6-keto-PGF,
concentrations

No significant correlation was found between
the exercise-induced increase in minute ventilation
(AVg), respiratory quotient (ARQ), heart rate (AHR),
plasma lactate concentration (ALa") and exercise-induced
expressed by A6-keto-PGF,
concentration. Similarly, no significant correlation was

prostacyclin release,
observed between the exercise-induced increase in
plasma concentrations of IL-6 (AIL-6), IL-10 (AIL-10),
TNF-o (ATNF-a) and A6-keto-PGF,,, (Table 2).

Discussion
In the present study we have evaluated the effect

of an incremental cycling exercise on the systemic release
of prostacyclin (PGI,) in young healthy men in relation to
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the maximal oxygen uptake (VOpax)-

The main and original finding of this study is
that the exercise-induced release of prostacyclin (APGI,).
detected as the difference between pre-exercise 6-keto-
PGF,, plasma concentration and its value reached at
VOsmax, displays significant positive correlations with the
maximal oxygen uptake, with the net VO, increase at
maximal power output (Figs 2A and 2B) as well as with
the power output reached at VOy,,, (the maximal power
output reached during the incremental exercise test)
(Fig. 3). Moreover, we have found that a substantial
increase in PGI, concentration at the end of the
incremental exercise test (p=0.06) was due to the increase
in PGI, metabolite in the group of subjects with the
highest VOy.x (Fig. 2A). No increase in 6-keto-PGF,
concentration was found in the group of subjects (n=5)
with the lowest VO, (Fig. 1 note the difference
(p=0.008) in APGI,).

The exercise-induced increase in PGI,
metabolites measured in urine (Koivisto ef al. 1989,
Wennmalm et al. 1990, Rasmanis et al. 1991, Ronni-
Sivula et al. 1993, Boger et al. 1995), blood (Ritter et al.
1983, Barrow et al. 1986) or in the interstitial fluid of
muscles, was previously reported (Frandsen et al. 2000,
Karamouzis ef al. 2001). Moreover, it was reported that
the magnitude of the increase in PGI, concentration in the
interstitial fluid of the working muscles was dependent on
the exercise intensity (Karamouzis ef al. 2001).

Endothelium is considered as the major site of
PGI, production (Gryglewski et al. 1988). It was claimed
that smooth muscles (Schildknecht ef al. 2005), as well as

-30 -20 -10 0 10 20 30 40

A 6-keto-PGF, (pg - mI'")

peritendinous tissue (McLennan and Macdonald 1991,
Langberg et al. 2002) and fibroblasts (Yu et al. 1997)
may also contribute to the systemic production of PGL.
Both COX-1 and COX-2 are linked to systemic PGI,
production, however, the latter seems to be the major
enzymatic source of PGI, in healthy humans (Grosser et
al. 2006). We and others did not discriminate the tissue
(Boushel et al. 2000, Kjaer ef al. 2006), enzymatic origin,
mechanism of exercise-induced PGI, production as well
as its possible pulmonary origin (Gryglewski 1980b).
Although inflammatory stimuli like TNF-o. increases
PGI, production (Moore et al. 1991), in the present study
we did not find significant correlations between the
exercise-induced release of PGI, and the exercise-
induced increase in IL-6, IL-10 and TNF-o (Table 2).
This suggests that the exercise-induced release of PGI, is
independent on exercise-induced release of these
cytokines (IL-6, IL-10 and TNF-o).

Whatever is the mechanism of the exercise-
induced PGI, release, our results indicate for the first
time, that PGI, may represent a key factor regulating the
exercise capacity as determined by VOp, in healthy
men. At the current state of knowledge, we can only
speculate on the mechanisms by which exercise-induced
release of PGI, regulates physical capacity and maximal
oxygen uptake. It is generally accepted that the maximal
oxygen uptake during whole body exercise in humans
(e.g. cycling — as in the present study) is not constrained
by the mitochondrial oxygen consumption capacity but
by the magnitude of oxygen delivery to the working
muscle (for review see Bassett and Holewy 2000,
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Fig. 3. Correlation between power output reached at maximal
oxygen uptake (PO at VO,max) (the maximal power output during
the incremental exercise) and the exercise-induced changes in
plasma 6-keto-PGF,, concentration, expressed as the difference
between the end-exercise and pre-exercise concentration
(A6-keto-PGFy,).

Richardson and Saltin 1998, Saltin and Calbet 2006).
Andersen and Saltin (1985) demonstrated that a mass of
2-3 kg of knee extensor muscles during maximal exercise
can accommodate blood flow of 5-7 1 - min' and
consume about 0.8 1 O, - min™ (i.e. about 320 ml O, - kg
muscle mass™). They postulated that in sedentary men the
involvement of only about 30 % of muscle mass during
intense exercise results in the maximal cardiac output.
Therefore, any factor(s) that improves oxygen delivery to
the working muscle during exercise can contribute to the
increased maximal oxygen uptake and physical capacity.
Accordingly, VO,,,,x depends on the oxygen delivery to
the working muscle that is regulated not only by cardiac
output but also by blood oxygenation and peripheral
muscle flow. Quite surprisingly, all these parameters may
be regulated by PGI,.

Indeed, coronary vessels are extremely sensitive
to the vasodilating effects of PGI, (Raczka and Quintana
1999) and endogenous PGI, may be involved in the
exercise-induced coronary vasodilation (Nosaka ef al.
1997, Merkus et al. 2006). Assuming that maximal
cardiac output is one of the most important determinant
of maximal oxygen uptake (for review see Richardson
and Saltin 1998, Bassett and Holewy 2000, Saltin and
Calbet 2006), it could well be that the exercise-induced
PGI,-dependent coronary vasodilatation determines the
cardiac output that is reached at the time of exhaustion.
Moreover, PGI, may improve the right heart chamber
working condition by lowering pulmonary arterial

pressure that increases during maximal exercise. PGI,
may also improve gaseous exchange in the lungs during
exercise by limiting alveolar edema formation (Sakuma et
al. 2004).

In contrast, it seems unlikely that PGI,
determines exercise capacity by direct vasodilator action
in the peripheral blood flow. Indeed, the involvement of
PGIL, in exercise-induced hyperemia in the skeletal
muscle blood flow was not unambiguously demonstrated
(Lang et al. 1997, Merkus et al. 2004, Schrage et al.
2004, Saunders et al. 2005, Schrage et al. 2007). On the
other hand, COX products, most likely PGI, (Karamouzis
et al. 2001), released by working muscle, sensitize
muscle mechanoreceptors that are involved in reflex
sympathetic activation (Middlekauff and Chiu 2004).
Obviously this response may contribute to exercise-
induced increase in cardiac output and hence may
regulate maximal oxygen uptake.
PGI,-dependent

vascular tone during exercise may however occur

Endogenous regulation of
indirectly, through the intermediation of erythrocytes.
Indeed, Sprague et al. (2003, 2005) demonstrated that
erythrocytes express IP receptors, stimulation of which
activates adenylate cyclase and the release of ATP that
determines vascular resistance.

PGI, is the
inhibitor of platelet activity, and its

Furthermore, most  potent
endogenous
antiplatelet activity may be of paramount importance
during exercise. Indeed, vigorous exercise causes platelet
activation, increases platelet-platelet and platelet-
leukocyte aggregates (Kestin et al. 1993, Li et al. 2007).
Exercise also enhances the responsiveness of platelets
and leukocytes to agonist stimulation examined in vitro
(Streiff and Bell 1994). It is increasingly appreciated that
microcirculation perfusion may be hampered by platelets
aggregates. Thus, PGI, appears as a safeguard of
coronary, pulmonary and peripheral microcirculation
endangered by the exercise-induced activation of
platelets, somewhat similarly to the role of PGI, in
maintaining perfusion of the microcirculation in
cardiovascular pathologies (Muller et al. 1988, Pasqualini
et al. 2002, Ciuffetti et al. 2003) and in prophylaxis of
reperfusion-induced edema during organ transplantation
(Hill and Pearl 1999, Rocca et al. 2001).

Couple of studies demonstrated that PGI, or
PGI, analogues increased exercise capacity not only in
patients with pulmonary hypertension (Wax et al. 1999,
Wensel ef al. 2000, Blumberg et al. 2002) but also in

patients with stable angina pectoris (Bugiardini et al.
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1986). Quite surprisingly short intravenous infusion of
iloprost consistently prolonged exercise duration and
reduced platelet aggregation at peak exercise in these
patients, suggesting that antiplatelet effect of PGI, may
account for myocardial or skeletal blood perfusion at
vigorous exercise and thus determine the exercise
capacity in these patients.

On the other hand, the magnitude of exercise-
induced release of PGI, may determine the cardiovascular
hazard of strenuous exercise. Indeed, it is well know that
physical exertion in an individual unaccustomed to
habitual physical activity is associated with 100-fold
increase in the risk of acute myocardial infarction due to
excessive platelets activation (Bartsch ef al. 1999). Here
we were able to identify within a relatively small
experimental group two subgroups of apparently healthy
subjects with the lowest and highest VO, that
correlated with lowest and highest release of PGI,
(Fig. 2A). It could also be that they represent subgroups
of healthy subjects with different relative hazard to
cardiovascular exercise due to
differential This
hypothesis is currently under investigation. Altogether,

risk of vigorous
level of activation of platelets.
we are tempted to speculate that exercise-induced release
of PGI, determines not only exercise capacity but also
cardiovascular hazard of vigorous exercise. This is in line
with the early findings showing that the individuals with
poor physical capacity such as elderly people, as well as
patients heart
characterized by poor ability to release PGI, during

after infarction and diabetics are
exercise (Koivisto et al. 1989, Rasmanis et al. 1991,
Vanhoutte 2002, Woodman et al. 2005) as well as the
high cardiovascular risk of vigorous exercise (Bartsch
1999). On the other hand, compensatory increase in PGI,
release and its augmented contribution to exercise-
induced peripheral vasodilatation may counterbalance the
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failure (Lang et al. 1997). In the present study the basal
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exercise was observed (Figs 1and 2A). This finding
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Summing up, there is overwhelming evidence
today that PGI, affords antiplatelet, vasculoprotective,
cardioprotective and antiatherogenic activity (Gryglewski
1980a, Dowd et al. 2001, Grosser et al. 2006). Our
results points out to the important physiological role of
endogenous PGI, in the setting of vigorous physical
exercise that opens new perspectives to exercise
physiology and pharmacology and warrants further
studies.

In conclusion, we demonstrated, to our
knowledge for the first time that exercise-induced release
of PGIL, in young healthy men correlates with VOpay,
suggesting that vascular capacity to release PGI, in
response to physical exercise represents an important
factor characterizing exercise tolerance. Moreover, we
postulate that the impairment of exercise-induced release
of PGI, leads to the increased cardiovascular hazard of
vigorous exercise.

Conflict of Interest
There is no conflict of interest.

Acknowledgements
This study was supported by a grant no. 186/IFC/2005
and 220/KFIB/2007 from the AWF-Krakow, Poland.

ANDERSEN P, SALTIN B: Maximal perfusion of skeletal muscle in man. J Physiol Lond 366: 233-249, 1985.

BARROW SE, DOLLERY CT, HEAVEY DJ, HICKLING NE, RITTER JM, VIAL J: Effect of vasoactive peptides on
prostacyclin synthesis in man. Br J Pharmacol 87: 243-247, 1986.

BARTSCH P: Platelet activation with exercise and risk of cardiac events. Lancet 354: 1747-1748, 1999.

BASSETT DT, HOLEWY ET: Limiting factors for maximum oxygen uptake and determinants of endurance
performance. Med Sci Sports Exerc 32: 70-84, 2000.

BLUMBERG FC, RIEGGER GA, PFEIFER M: Hemodynamic effects of aerosolized iloprost in pulmonary
hypertension at rest and during exercise. Chest 121: 1566-1571, 2002.

BOGER RH, BODE-BOGER SM, SCHRODER EP, TSIKAS D, FROLICH JC: Increased prostacyclin production
during exercise in untrained and trained men: effect of low-dose aspirin. J Appl Physiol 78: 1832-1838, 1995.



236 Zoladzetal. Vol. 58

BONETTI PO, LERMAN LO, LERMAN A: Endothelial dysfunction: a marker of atherosclerotic risk. Arterioscler
Thromb Vasc Biol 23: 168-175, 2003.

BOUSHEL R, LANGBERG H, OLESEN J, NOWAK M, SIMONSEN L, BULOW J, KJIAER M: Regional blood flow
during exercise in humans measured by near-infrared spectroscopy and indocyanine green. J Appl Physiol 89:
1868-1878, 2000.

BUGIARDINI R, GALVANI M, FERRINI D, GRIDELLI C, MARI L, PUDDU P, LENZI S: Effects of iloprost, a
stable prostacyclin analog, on exercise capacity and platelet aggregation in stable angina pectoris. 4m J
Cardiol 58: 453-459, 1986.

CHLOPICKI S, GRYGLEWSKI RJ: Angiotensin converting enzyme (ACE) and HydroxyMethylGlutaryl-CoA (HMG-
CoA) reductase inhibitors in the forefront of pharmacology of endothelium. Pharmacol Rep 57: 86-96, 2005.

CIUFFETTI G, SOKOLA E, LOMBARDINI R, PASQUALINI L, PIRRO M, MANNARINO E: The influence of
iloprost on blood rheology and tissue perfusion in patients with intermittent claudication. Kardiol Pol 59: 197-
204, 2003.

DOWD NP, SCULLY M, ADDERLEY SR, CUNNINGHAM AlJ, FITZGERALD DIJ: Inhibition of cyclooxygenase-2
aggravates doxorubicin-mediated cardiac injury in vivo. J Clin Invest 108: 585-590, 2001.

FENG DL, MURILLO J, JADHAV P, MCKENNA C, GEBARA OC, LIPINSKA I, MULLER JE, TOFLER GH:
Upright posture and maximal exercise increase platelet aggregability and prostacyclin production in healthy
male subjects. Br J Sports Med 33: 401-404, 1999.

FRANDSEN U, BANGSBO J, LANGBERG H, SALTIN B, HELLSTEN Y: Inhibition of nitric oxide synthesis by
systemic N(G)-monomethyl-L-arginine administration in humans: effects on interstitial adenosine, prostacyclin
and potassium concentrations in resting and contracting skeletal muscle. J Vasc Res 37: 297-302, 2000.

GREEN DJ, MAIORANA A, O'DRISCOLL G, TAYLOR R: Effect of exercise training on endothelium-derived nitric
oxide function in humans. J Physiol Lond 561: 1-25, 2004.

GROSSER T, FRIES S, FITZGERALD GA: Biological basis for the cardiovascular consequences of COX-2 inhibition:
therapeutic challenges and opportunities. J Clin Invest 116: 4-15, 2006.

GRYGLEWSKI RIJ: Prostaglandins, platelets, and atherosclerosis. CRC Crit Rev Biochem 7: 291-338, 1980a.

GRYGLEWSKI RJ: The lung as a generator of prostacyclin. CIBA Found Symp 78: 147-164, 1980b.

GRYGLEWSKI RJ, MONCADA S, PALMER RM: Bioassay of prostacyclin and endothelium-derived relaxing factor
(EDRF) from porcine aortic endothelial cells. Br J Pharmacol 87: 685-694, 1986.

GRYGLEWSKI RJ, BOTTING RM, VANE JR: Mediators produced by the endothelial cell. Hypertension 12: 530-548,
1988.

HILL LL, PEARL RG: Combined inhaled nitric oxide and inhaled prostacyclin during experimental chronic pulmonary
hypertension. J Appl Physiol 86: 1160-1164, 1999.

KARAMOUZIS M, KARAMOUZIS 1, VAMVAKOUDIS E, AMPATZIDIS G, CHRISTOULAS K,
ANGELOPOULOU N, MANDROUKAS K: The response of muscle interstitial prostaglandin E, (PGE,),
prostacyclin I, (PGI,) and thromboxane A, (TXA,) levels during incremental dynamic exercise in humans
determined by in vivo microdialysis. Prostaglandins Leukot Essent Fatty Acids 64: 259-263, 2001.

KESTIN AS, ELLIS PA, BARNARD MR, ERRICHETTI A, ROSNER BA, MICHELSON AD: Effect of strenuous
exercise on platelet activation state and reactivity. Circulation 88: 1502-1511, 1993.

KISHI Y, ASHIKAGA T, NUMANO F: Inhibition of platelet aggregation by prostacyclin is attenuated after exercise in
patients with angina pectoris. Am Heart J 123: 291-297, 1992.

KJAER M, MAGNUSSON P, KROGSGAARD M, BOYSEN MOLLER J, OLESEN J, HEINEMEIER K, HANSEN
M, HARALDSSON B, KOSKINEN S, ESMARCK B, LANGBERG H: Extracellular matrix adaptation of
tendon and skeletal muscle to exercise. J Anat 208: 445-450, 2006.

KOIVISTO VA, JANTUNEN M, SANE T, HELVE E, PELKONEN R, VIINIKKA L, YLIKORKALA O: Stimulation
of prostacyclin synthesis by physical exercise in type I diabetes. Diabetes Care 12: 609-614, 1989.

LANG CC, CHOMSKY DB, BUTLER J, KAPOOR S, WILSON JR: Prostaglandin production contributes to exercise-
induced vasodilation in heart failure. J Appl Physiol 83: 1933-1940, 1997.



2009 Prostacyclin and VO,n.x in Humans 237

LANGBERG H, BJORN C, BOUSHEL R, HELLSTEN Y, KJAER M: Exercise-induced increase in interstitial
bradykinin and adenosine concentrations in skeletal muscle and peritendinous tissue in humans. J Physiol Lond
542: 977-983, 2002.

LIN, HE S, BLOMBACK M, HJEMDAHL P: Platelet activity, coagulation, and fibrinolysis during exercise in healthy
males: effects of thrombin inhibition by argatroban and enoxaparin. Arterioscler Thromb Vasc Biol 27: 407-
413, 2007.

MCLENNAN IS, MACDONALD RE: Prostaglandin synthetase and prostacyclin synthetase in mature rat skeletal
muscles: immunohistochemical localisation to arterioles, tendons and connective tissues. J Anat 178: 243-253,
1991.

MEHTA J, MEHTA P, HORALEK C: The significance of platelet-vessel wall prostaglandin equilibrium during
exercise-induced stress. Am Heart J 105: 895-900, 1983.

MERKUS D, HOUWELING B, ZARBANOUI A, DUNCKER DJ: Interaction between prostanoids and nitric oxide in
regulation of systemic, pulmonary, and coronary vascular tone in exercising swine. 4m J Physiol 286: H1114-
H1123,2004.

MERKUS D, SOROP O, HOUWELING B, BOOMSMA F, VAN DEN MEIRACKER AH, DUNCKER DJ: NO and
prostanoids blunt endothelin-mediated coronary vasoconstrictor influence in exercising swine. Am J Physiol
291: H2075-H2081, 2006.

MIDDLEKAUFF HR, CHIU J: Cyclooxygenase products sensitize muscle mechanoreceptors in healthy humans. Am J
Physiol 287: H1944-H1949, 2004.

MOORE KP, SHERON N, WARD P, TAYLOR GW, ALEXANDER GJ, WILLIAMS R: Leukotriene and
prostaglandin production after infusion of tumour necrosis factor in man. Eicosanoids 4: 115-118, 1991.

MULLER B, KRAIS T, STURZEBECHER S, WITT W, SCHILLINGER E, BALDUS B: Potential therapeutic
mechanisms of stable prostacyclin (PGI,)-mimetics in severe peripheral vascular disease. Biomed Biochim
Acta 47: S40-S44, 1988.

NOSAKA S, HASHIMOTO M, SASAKI T, KU K, SAITOH Y, YAMAUCHI M, TANABE Y, NAKAKI T,
HISHIKAWA K, MASUMURA S, NAKAYAMA K, TAMURA K: The effects of transmural pressure on
prostacyclin release from porcine endocardial endothelial cells — comparison with vascular endothelial cells.
Pflugers Arch 433: 848-850, 1997.

PASQUALINI L, PIRRO M, LOMBARDINI R, CIUFFETTI G, DRAGANI P, MANNARINO E: A human model of
platelet-leucocyte adhesive interactions during controlled ischaemia in patients with peripheral vascular
disease. J Clin Pathol 55: 946-950, 2002.

RACZKA E, QUINTANA A: Effects of intravenous administration of prostacyclin on regional blood circulation in
awake rats. Br J Pharmacol 126: 1325-1332, 1999.

RASMANIS G, VESTERQVIST O, GREEN K, EDHAG O, HENRIKSSON P: Prostacyclin production in myocardial
infarction in the acute phase and during follow-up. J Intern Med 229: 135-141, 1991.

RICHARDSON RS, SALTIN B: Human muscle blood flow and metabolism studied in the isolated quadriceps muscles.
Med Sci Sports Exerc 30: 28-33, 1998.

RITTER JM, BARROW SE, BLAIR IA, DOLLERY CT: Release of prostacyclin in vivo and its role in man. Lancet 1:
317-319, 1983.

ROCCA GD, COCCIA C, POMPEI L, RUBERTO F, VENUTA F, DE GIACOMO T, PIETROPAOLI P:
Hemodynamic and oxygenation changes of combined therapy with inhaled nitric oxide and inhaled aerosolized
prostacyclin. J Cardiothorac Vasc Anesth 15: 224-227, 2001.

RONNI-SIVULA H, MALM H, YLIKORKALA O, VIINIKKA L: Marathon run stimulates more prostacyclin than
thromboxane synthesis and differently in men and women. Prostaglandins 46: 75-79, 1993.

SALTIN B, CALBET JA: Point: in health and in a normoxic environment, VO, is limited primarily by cardiac
output and locomotor muscle blood flow. J App! Physiol 100: 744-745, 2006.

SAKUMA T, ZHAO Y, SUGITA M, SAGAWA M, HIDA M, TOGA H: A prostacyclin analogue, OP-41483alpha-CD,
restores the ability of a beta2-adrenergic agonist to stimulate alveolar fluid clearance in rats. Surg Today 34:
429-436, 2004.



238 Zoladzetal. Vol. 58

SAUNDERS NR, DINENNO FA, PYKE KE, ROGERS AM, TSCHAKOVSKY ME: Impact of combined NO and PG
blockade on rapid vasodilation in a forearm mild-to-moderate exercise transition in humans. Am J Physiol
Heart Circ Physiol 288: H214-H220, 2005.

SCHILDKNECHT S, BACHSCHMID M, WEBER K, MAASS D, ULLRICH V: Endotoxin elicits nitric oxide release
in rat but prostacyclin synthesis in human and bovine vascular smooth muscle cells. Biochem Biophys Res
Commun 327: 43-48, 2005.

SCHRAGE WG, JOYNER MJ, DINENNO FA: Local inhibition of nitric oxide and prostaglandins independently
reduces forearm exercise hyperaemia in humans. J Physiol Lond 557: 599-611, 2004.

SCHRAGE WG, EISENACH JH, JOYNER MJ: Ageing reduces nitric-oxide- and prostaglandin-mediated
vasodilatation in exercising humans. J Physiol Lond 579: 227-236, 2007.

SPRAGUE RS, OLEARCZYK JJ, SPENCE DM, STEPHENSON AH, SPRUNG RW, LONIGRO AlJ: Extracellular
ATP signaling in the rabbit lung: erythrocytes as determinants of vascular resistance. Am J Physiol 285: H693-
H700, 2003.

SPRAGUE R, BOWLES E, STUMPF M, RICKETTS G, FREIDMAN A, HOU WH, STEPHENSON A, LONIGRO A:
Rabbit erythrocytes possess adenylyl cyclase type II that is activated by the heterotrimeric G proteins Gs and
Gi. Pharmacol Rep 57: 222-228, 2005.

STREIFF M, BELL WR: Exercise and hemostasis in humans. Semin Hematol 31: 155-165, 1994.

VANHOUTTE PM: Ageing and endothelial dysfunction. Eur Heart J 4: A8-A17,2002.

WAX D, GAROFANO R, BARST RIJ: Effects of long-term infusion of prostacyclin on exercise performance in
patients with primary pulmonary hypertension. Chest 116: 914-920, 1999.

WENNMALM A, NOWAK J, BJURO T: Excretion of thromboxane A, and prostacyclin metabolites before and after
exercise testing in patients with and without signs of ischemic heart disease. Circulation 82: 1737-1743, 1990.

WENSEL R, OPITZ CF, EWERT R, BRUCH L, KLEBER FX: Effects of iloprost inhalation on exercise capacity and
ventilatory efficiency in patients with primary pulmonary hypertension. Circulation 101: 2388-2392, 2000.

WOODMAN CR, THOMPSON MA, TURK JR, LAUGHLIN MH: Endurance exercise training improves endothelium-
dependent relaxation in brachial arteries from hypercholesterolemic male pigs. J App! Physiol 99: 1412-1421,
2005.

YU H, GALLAGHER AM, GARFIN PM, PRINTZ MP: Prostacyclin release by rat cardiac fibroblasts: inhibition of
collagen expression. Hypertension 30: 1047-1053, 1997.

ZOLADZ JA, RADEMAKER ACHIJ, SARGEANT AlJ: Non-linear relationship between O, uptake and power output at
high intensities of exercise in humans. J Physiol Lond 488: 211-217, 1995.

ZOLADZ JA, DUDA K, MAJERCZAK J: Oxygen uptake does not increase linearly at high power outputs during
incremental exercise test in humans. Eur J Appl Physiol 77: 445-451, 1998.






