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Abstract:

In the present study, we evaluated the effect of 5 weeks of moderate-intensity endurance training on the basal and exercise-induced

systemic release of prostacyclin (PGI�), as assessed by plasma 6-keto-PGF�� concentration. Twelve physically active young men

with the following characteristics participated in this study (the mean ± SD): age, 22.7 ± 2.0 years; body mass, 76.8 ± 8.9 kg; BMI,

23.48 ± 2.17 kg × m��; and maximal oxygen uptake (VO����), 46.1 ± 4.0 ml × kg�� × min��. Plasma 6-keto-PGF�� concentrations

were measured in venous blood samples taken prior to the exercise and at exhaustion (at VO����) before and after completing the

training protocol. On average, the training resulted in a significant increase in VO���� (p = 0.03), power output at VO���� (p = 0.001)

and a significant increase (p = 0.05) in the net-exercise-induced increase in plasma 6-keto-PGF�� concentration (�6-keto-PGF��

i.e., the difference between the end-exercise and pre-exercise 6-keto-PGF�� concentrations). No effect of training on the basal PGI�
concentration was found. Interestingly, within the study sample (n = 12), two subgroups could be defined with a differential pattern

of response with respect to �6-keto-PGF�� concentrations. In one subgroup (n = 7), a significant increase in �6-keto-PGF�� concen-

tration after training was found (p < 0.02) (responders). This enhancement in the exercise-induced PGI� release was accompanied by

a significant (p < 0.05) increase in VO���� after training. In contrast, in another subgroup (n = 5), there was no observed effect of

training on the �6-keto-PGF�� concentration and the VO���� after training (non-responders). In both of these subgroups, training

did not influence the basal PGI� concentration.

In conclusion, the endurance training resulted in the adaptive augmentation of the systemic release of PGI� in response to exercise,

which plays a role in the training-induced increase in VO���� in young, healthy men. The impairment of the training-induced aug-

mentation of PGI� release in response to exercise demonstrated in the non-responders subgroup may predispose them to increased

cardiovascular risk during vigorous exercise.
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Abbreviations: BMI – body mass index, CO – carbon monox-

ide, EDHF – endothelium-derived hyperpolarizing factor, LT –

lactate threshold, NO – nitric oxide, NR – non-responders

group, PGI� – prostacyclin, PO at VO���� – power generated at

the VO����, POST – after training, PRE – before training, R –

responders group, VO���� – maximal oxygen uptake

Introduction

Proper endothelial function is essential to maintaining

vascular wall health, and the endothelium-dependent

vasoprotective mechanisms activated by exercise
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seem to play an important role in the exercise-related

prevention of cardiovascular diseases. The endothe-

lium produces a number of vasoprotective mediators,

including nitric oxide (NO), prostacyclin (PGI2),

endothelium-derived hyperpolarizing factor (EDHF),

carbon monoxide (CO) and other mediators, which

exert anti-thrombotic, anti-inflammatory and vasopro-

tective actions [1, 11, 18]. Currently, the effects of ex-

ercise on NO-dependent responses are the most

widely studied. Numerous studies have demonstrated

that short-term exercise and training induce improve-

ment in endothelial, NO-dependent function [16]; this

response may provide vasodilator, antioxidative, anti-

adhesive, antiproliferative and antiatherosclerotic ef-

fects [26]. PGI2 is a potent, endogenous inhibitor of

platelet activity, a stimulator of thrombomodulin

a vasodilator and a potent antiatherosclerotic mole-

cule [17, 19] that could also play a major role in the

vascular adaptation to exercise. However, the endo-

thelial PGI2-dependent response to exercise is not

well understood. It was previously reported that a sin-

gle bout of exercise increased the concentration of the

PGI2 metabolite, 6-keto-PGF1�, in urine [8, 25, 47], in

blood [3, 28, 38, 53] or in the interstitial fluid of mus-

cles [14, 22]. Moreover, it was reported that an 8-

week endurance training program resulted in a signifi-

cant increase in the urinary metabolite prostacyclin

(2,3-dinor-6-keto-prostaglandin F1�) in untrained boys

[43]. However, to our best knowledge, no data exist re-

garding the effect of training on the exercise-induced

release of PGI2 in humans. Therefore, it is unknown

whether this response is modulated by training.

Interestingly, we demonstrated that the systemic re-

lease of PGI2 during maximal exercise positively cor-

relates with the maximal oxygen uptake (VO2max) in

young, healthy men [53], suggesting that the vascular

capacity to release PGI2 during maximal exercise

might play a significant role in the mechanism deter-

mining VO2max in humans.

It is well known that a relatively short period of en-

durance training (weeks – months) increases the

VO2max and the exercise tolerance of humans [15, 34,

50]. However, it was also reported that the magnitude

of the training-induced increase in VO2max varies sub-

stantially among subjects and seems to be partially

genetically determined [9, 13, 34]. For example, it

was demonstrated by Prud’homme et al. [34] that 20

weeks of endurance training resulted, on average, in

a 20% increase in VO2max; however, in some subjects,

a negligible or no increase in VO2max was observed

after training [9].

If the systemic release of PGI2 does indeed play

a significant role in the mechanism determining

VO2max in humans, then the training-induced increase

in VO2max should be accompanied by an increase in

the magnitude of the exercise-induced PGI2. Accord-

ingly, in the present study, we hypothesized that the

training-induced increase in the VO2max would be ac-

companied by an increase in the magnitude of sys-

temic PGI2 release during maximal exercise in young,

healthy men.

Materials and Methods

Subjects characteristics

Twelve non-smoking men (the mean ± SD: age, 22.7

± 2.0 years; body mass, 76.8 ± 8.9 kg; height, 180.7

± 5.6 cm; BMI, 23.48 ± 2.17 kg × m–2; VO2max, 3,521

± 334 ml × min–1, i.e., 46.1 ± 4.0 ml × kg–1 × min–1)

participated in this study. All procedures were ap-

proved by the Local Ethics Committee and performed

according to the Declaration of Helsinki. Subjects

provided 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 pe-

riod was allowed to determine the resting stage of the

cardiorespiratory parameters and to withdraw the

blood samples. The exercise test started at a power

output (PO) of 30 W, followed by gradual increases

amounting to 30 W every 3 min and continued until

exhaustion [52]. The pedaling rate during the test

amounted to 60 rev × min–1. The PO at which the sub-

jects reached VO2max was termed the PO at VO2max.

The incremental exercise test was performed twice:

once at 3 days before training and once at 3 days after

the completion of endurance training.
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Gas exchange variables

Gas exchange variables were measured continuously,

breath-by-breath, using the Oxycon Champion (Mijn-

hardt BV, Bunnik, The Netherlands). Measurements

began 6 min prior to exercise and lasted 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. [53].

Blood sampling

Blood samples were taken using an Abbot Int-

Catheter, Ireland (18G/1.2 × 45 mm), inserted into the

antecubital vein approximately 15 min prior to the on-

set of the exercise. The catheter was connected to an

extension set using a “T” Adapter SL from Abbot, Ire-

land (the tube was 10 cm in length). Immediately be-

fore taking each blood sample, 1 ml of blood was

taken 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

increased PO) and at the end of the exercise protocol.

Blood samples for the measurement of PGI2 metabo-

lite (6-keto-PGF1�) were taken prior to the exercise at

rest and at the end of the exercise protocol (at exhaus-

tion). The magnitude of exercise-induced increase in

plasma 6-keto-PGF1�, defined as the difference be-

tween the end-exercise and pre-exercise plasma con-

centrations of 6-keto-PGF1� ��6-keto-PGF1�), was

considered to be a reliable index of exercise-induced

PGI2 release. In theory, �6-keto-PGF1� could be de-

termined not only by PGI2 production but also by the

rate of PGI2 degradation and the rate of 6-keto-PGF1�

elimination. However, it seems unlikely that an altera-

tion in the rate of degradation of PGI2 or in the elimi-

nation of 6-keto-PGF1� was responsible for the in-

crease in 6-keto-PGF1� during a single exercise of

maximal intensity, as applied in our experimental set-

ting. Therefore, the exercise-induced increase in 6-

keto-PGF1� concentration was attributed to the exercise-

induced PGI2 release.

Plasma 6-keto-PGF1�
measurements

For the determination of 6-keto-PGF1� concentration,

blood samples were collected in Eppendorf tubes with

10 µM indomethacin and 1 mM EDTA (final concen-

tration) and immediately spun for 5 min at 2,000 × g

to obtain plasma. Plasma samples were stored at

–70°C. The concentration of 6-keto-PGF1� in plasma

prior to the exercise test and at the end of the exercise

protocol were assayed using commercially available

enzyme immunoassay kits (R&D Systems, Inc., MN,

USA) and expressed in pg × ml–1.

Plasma lactate measurements

The samples for plasma lactate concentration determi-

nations (0.5 ml each) were placed in 1.8 ml Eppendorf

tubes containing 1 mg ammonium oxalate and 5 mg

sodium fluoride, mixed for approximately 20 s and then

centrifuged. The obtained plasma samples (200 µl) were

stored at –32°C for further analysis of lactate concen-

tration ([La–]pl) using an automatic analyzer Vitros

250 Dry Chemistry System, Kodak (Rochester, NY,

USA).

Lactate treshold

In the present study, the lactate threshold (LT) was de-

termined for the purpose of objective scaling of the

training intensity (see above). The LT was defined as

the highest PO above which plasma lactate concentra-

tion [La–] showed a sustained increase of more than

0.5 mmol × L–1 × step–1 [54].

Endurance training program

A five-week endurance training program was per-

formed on cycloergometers (Monark 874 E) at pedal-

ing rates of 60 rev × min–1 according to two different

protocols. The continuous endurance cycling protocol

was applied for 40 min on Tuesdays and Fridays at

the PO corresponding to 90% of oxygen consump-

tion, which was measured at the previously deter-

mined lactate threshold (90% VO2 at LT). The inter-

mittent endurance cycling protocol was performed on

Mondays and Thursdays and was comprised of 6 min

of cycling without resistance (unloaded cycling) and 3

min of cycling at the PO corresponding to 50% �,

which was calculated for each subject according to

the following formula: 50% � = PO at LT + 0.5

(POmax–POLT) [4]. This intermittent bouts of cycling

exercise were repeated four times during each session

of this kind and ended with 4 min of unloaded cy-

cling. There was no training on Wednesdays, Satur-

days and Sundays. In total, each volunteer performed,

on average, 20.8 ± 0.56 training sessions for 13.9 ±
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0.37 h. The training workload was predominantly of

moderate intensity because 85% of the workload (ex-

pressed in time) was performed below the LT and

only 15% was performed above the LT (at 50% �, see

above). The scaling of the training intensity was

based on the principle that the primary training work-

load should be performed in the moderate exercise-

intensity domain [49] in order to recruit predomi-

nantly type I muscle fibers [42]. However, some of

the training workloads were planned to be performed

in the heavy-intensity domain [49] in order to addi-

tionally recruit type II muscle fibers [42].

Statistics

The results are expressed as the means ± SD. Signifi-

cance was set at p < 0.05. Statistical significance for

paired samples was tested using the nonparametric

Wilcoxon signed-rank test; non-asymptotic, exact,

two-sided p-values are presented. The statistics were

done using the statistical packet StatXact 6.1 and

STATISTICA 7.1.

Results

The effects of training on exercise-induced

PGI2 release: the responders (R) and non-

responders (NR)

The results of this study are presented for the total

subjects (n = 12) and also for the R (n = 7) group and

the NR (n = 5) group. The groups R and NR were es-

tablished based on the effect of the performed training

on the end-exercise plasma 6-keto-PGF1� concentra-

tions. Group R includes the subjects with an increased

end-exercise plasma 6-keto-PGF1� concentration af-

ter training, and the group NR includes the subjects

with unchanged or decreased end-exercise plasma 6-

keto-PGF1� concentration after training.

The maximal oxygen uptake (VO2max)

The VO2max prior to training for the total subjects was

3,521 ± 334 ml × min–1; after training, it increased

significantly to 3,624 ± 363 ml × min–1 (p = 0.03). In

R group, the pre-training VO2max was 3,477 ± 231 ml

× min–1; after training, it increased significantly (p =

0.047) to 3,614 ± 199 ml × min–1. In group NR, pre-

training VO2max was 3,581 ± 468 ml × min–1; after

training, it increased to 3,637 ± 549 ml × min–1 (p =

0.44).

The maximal power output reached at the

maximal oxygen uptake (PO at VO2max)

The PO at VO2max reached before training for the to-

tal subjects amounted to 257.7 ± 7.1 W. The training

resulted in a significant (p = 0.001) increase to 279.6

± 7.0 W. The PO at VO2max in the R group before

training was 254.9 ± 14.1 W; after training, it in-

creased to 279.7 ± 9.9 W (p = 0.03). In the NR group,

the PO at VO2max before training was 261.6 ± 36.7 W;

after training, a tendency (p = 0.06) towards a signifi-

cant increase in the PO at VO2max (279.4 ± 38.3 W)

was found.

Basal plasma 6-keto-PGF1�
concentration

before and after training

Before training, the basal plasma 6-keto-PGF1� concen-

tration for the total subjects was 46.8 ± 13.5 pg × ml–1.

After 5 weeks of endurance training, it was unaffected

(p = 0.38), displaying a basal concentration of 6-keto-

PGF1� at 41.2 ± 11.1 pg × ml–1. After training, the av-

erage end-exercise plasma 6-keto-PGF1� concentration

in this group amounted to 95.8 ± 22.9 pg × ml–1 as

compared with the pre-training state of 62.7 ± 11.9 pg

× ml–1, but this difference did not reach statistical sig-

nificance (p = 0.20). However, the exercise-induced

increase in the 6-keto-PGF1� (expressed as �6-keto-

PGF1�, i.e., max-basal) after training was significantly

higher than before training (p = 0.05) (see Fig. 1).

Varied effects of the endurance training on the

plasma 6-keto-PGF1�
concentration:

responders and non-responders

There was a pronounced variability in the magnitude

of response in the plasma 6-keto-PGF1� levels at the end

of the incremental exercise. In 7 subjects (group R),

a significant (p = 0.016) increase in the end-exercise

plasma 6-keto-PGF1� was noted when compared to

basal level (see Fig. 2A). In 5 subjects (group NR),

however, there was no change (p = 0.63) in the

exercise-induced increase in the 6-keto-PGF1� after
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Fig. 1. The plasma 6-keto-PGF�� concentrations for the total subjects (n = 12). Panel A: basal before (basal PRE) and after training (basal
POST). Panel B: at the VO���� reached during the incremental test, performed before training (max PRE), and at the VO���� reached after train-
ing (max POST). Panel C: the difference in the plasma 6-keto-PGF�� concentrations between its VO���� level minus its basal concentration be-
fore (� PRE) and after training (� POST)

Fig. 2. Plasma 6-keto-PGF�� concentration in the group of responders (n = 7) (left) and in the group of non-responders (n = 5) (right) at rest (ba-
sal) before (PRE) and after training (POST) as well as at the VO���� (max)

A B



training (see Fig. 2B). Interestingly, the basal 6-keto-

PGF1� in group R was not significantly affected by

training (p = 0.81). Before training, the basal 6-keto-

PGF1� amounted to 52.5 ± 22 pg × ml–1, and it was

48.8 ± 18 pg × ml–1 after training. In group NR, basal

6-keto-PGF1� was also not significantly (p = 0.31) af-

fected by training. Before training, basal 6-keto-

PGF1� amounted to 38.5 ± 10 pg × ml–1
vs. 30.5 ± 6

pg × ml–1 after training.

Discussion

The primary and original finding of the present study

is that moderate-intensity endurance training lasting

five weeks resulted in a significant increase (p = 0.05)

in the systemic release of PGI2 during maximal incre-

mental cycling exercise in young, healthy men (see

Fig. 1). This effect was accompanied by a significant

(p = 0.03) increase in the VO2max and by a significant

(p = 0.001) increase in the PO at VO2max. The sys-

temic release of PGI2 in this study was expressed as

the �6-keto-PGF1� i.e., the plasma 6-keto-PGF1� con-

centration at exhaustion (at VO2max) minus the plasma

6-keto-PGF1� concentration at rest [53].

Surprisingly, even among the small group of sub-

jects enrolled in this study, we identified responders

(R) and non-responders (NR) subgroups who dis-

played improvement or no improvement in exercise-

induced PGI2 release following endurance training,

respectively. In the R group (n = 7), we observed

a significant increase (p = 0.016) in the exercise-

induced release of PGI2 (�6-keto-PGF1�) after train-

ing (see Fig. 2). This enhancement in the exercise-

induced PGI2 release was accompanied by a signifi-

cant (p < 0.05) increase in VO2max after training. In

contrast, in the NR (n = 5) group, there was no observed

effect of training on the �6-keto-PGF1� (p = 0.63) and

the VO2max after training (p = 0.44). In both of these

subgroups, training did not influence the basal PGI2

concentration.

Various sensitivities to training that affect VO2max

are well documented but not completely understood

[9, 13]. Surprisingly, in the present study, we ob-

served for the first time (to our knowledge) that the

magnitude of response to endurance training, ex-

pressed by an increase in VO2max, is related to the

magnitude of systemic PGI2 release during maximal

exercise. The relationship between the training-

induced increase in the systemic release of PGI2 dur-

ing exercise and the increase in the VO2max can be ex-

plained by the fact that VO2max in healthy men is pri-

marily determined by the amount of oxygen delivered

to the working muscle (for a review see [2, 6, 37, 41]).

PGI2 can increase oxygen delivery to the working

muscle in various ways [52], including the enhance-

ment of coronary vasodilatation and the increase of

cardiac output [29, 31, 35] during maximal exercise.

This increase in cardiac output results from improved

function in the right heart chamber by lowering the

pulmonary arterial pressure, which increases during

exercise [21, 23], and from improved gaseous ex-

change in the lungs during exercise by limiting alveo-

lar edema formation [40].

Interestingly, the results of the present study showing

an increase in VO2max after training only in the re-

sponders subgroup (see Fig. 2 and 3) clearly support

the hypothesis that the exercise-induced increase in

PGI2 is an important factor determining VO2max. This

notion is in accordance with our recent findings [53]

showing a significant positive correlation between

�6-keto-PGF1� and the VO2max (see Fig. 2 therein).
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the non-responders (NR) (n = 5) groups



It is worth noting that the anti-platelet activity of

PGI2 may play an important role during exercise. Vig-

orous exercise causes platelet activation and increases

platelet-platelet and platelet-leukocyte aggregates [24,

27], which may limit microcirculation perfusion dur-

ing exercise and increase the cardiovascular risk of

exercise [5]. Several studies have demonstrated that

PGI2 or PGI2 analogues increase exercise capacity [7,

10, 46, 48]. This increase might be due to the anti-

platelet effects of PGI2. Iloprost (PGI2 analog) consis-

tently prolonged exercise duration and reduced plate-

let aggregation at peak exercise, suggesting that the

anti-platelet effects of PGI2 may account for myocar-

dial or skeletal blood perfusion during vigorous exer-

cise and thus determine the exercise capacity in these

patients.

In contrast, it is well documented that individuals

with poor physical capacity, such as elderly people,

patients who have suffered myocardial infarction and

diabetics are characterized by a poor ability to release

PGI2 during exercise [25, 36, 45, 51]. Moreover, this

group of people is at high cardiovascular risk during

exercise [5]. Accordingly, the exercise-induced sys-

temic release of PGI2 may determine exercise per-

formance while also limiting the cardiovascular risk

of exercise.

Taking the above facts into account, the failure of

training to improve the endothelial PGI2 response to

exercise in the NR subgroup may not only translate

into worse exercise performance and lower VO2max

(likely related to the limitation in perfusion of the mi-

crocirculation during exercise [12, 20, 30, 32, 39] or

by other mechanisms (see above)) but may also lead

to the excessive platelet activation that determines the

cardiovascular risk of exercise. Indeed, PGI2 has

anti-platelet, vasculoprotective, cardioprotective and

anti-atherogenic properties (see e.g. [17, 19]), and the

impaired exercise-induced PGI2 release may be insuf-

ficient to hamper exercise-induced pro-thrombotic

platelet activation [33]. Furthermore, the magnitude

of the training-induced activation of PGI2-dependent

vasoprotective mechanism may provide a surrogate

marker for exercise-related cardiovascular risk. Obvi-

ously, this hypothesis needs to be tested in a larger

study. Interestingly, it was recently reported that an

absence of exercise capacity improvement after an ex-

ercise training program among patients with chronic

heart failure provided a strong prognostic value for

adverse cardiac events, independent of classical pre-

dictive factors such as left ventricular ejection frac-

tion [44].

In conclusion, we suggest that a training-induced

adaptive increase in PGI2 dependent-response to acute

exercise plays a decisive role in the training-induced

increase in VO2max in young, healthy men. Further,

this increase may also limit the cardiovascular risks of

vigorous exercise. We also postulate that the assess-

ment of vascular capacity to release PGI2 during

a single bout of maximal exercise in athletes and in

people undertaking vigorous physical activity pro-

grams may prove useful in evaluating the cardiovas-

cular hazard of vigorous exercise.
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