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In 1980 the first reports were published demonstrating exercise-induced changes in the blood ß-endorphin level. The pronounced increase of ß-endorphin concentration in the blood suggested that exercise activates the opioid system and stimulates the production of related regulatory peptides. Questions arose such as: what is the physiological role of opioid peptides in exercise, what is the mechanism of increase of endorphin concentration in the blood, how opioid peptide levels change in brain structures, and whether there are connections between brain opioid peptides and blood endorphin changes. These questions were discussed in a number of review papers [3,6,8]. The interest in these questions was stimulated by the speculation that exercise-induced changes in mood (including an euphoria) are related to the activity of the opioid system.


     





The Opioid System and Its Function





Endogenous opioid peptides constitute a flexible and widespread regulatory-modulatory system. Opioid peptides have been implicated in many biological processes acting as hormones, neurohormones or neurotransmitters. Their influence is mediated by specific opioid receptors. 


Three classes of endogenous opioid peptides can be discriminated between: (1) enkephalins, (2) endorphins, (3) dynorphins. Enkephalins are found mainly in the brain. In this tissue methione and leucine enkephalins (met- and leu-enkephalins) are purified and characterized. Neither are very potent because of their rapid enzymatic degradation. Met-enkephalin is also found in the blood plasma and in a relatively high concentration in comparison with other opioid peptides. The circulating met-enkephalin is in a several-fold molar excess over the circulating endorphin. An extremely high concentration of met-enkephalins is co-localized and co-released with catecholamines in the adrenal medulla. In this connection the met-enkephalin concentration in the adrenal vein is higher than in other parts of the circulation. However, the majority of the circulating met-enkephalin originates in the sympathetic nervous system.


Endorphins (endogenous morphine) are produced in various brain structures, with the highest rate in the arculate nucleus of the hypothalamus. A great amount of endorphin is synthesized in the hypophysis. One site of endorphin production is the adrenals. It is not excluded that there are other sites. However, the main source of blood endorphins is the hypophysis. The supply of blood endorphin by other sources is also possible. The main opioid peptide is ß-endorphin. Products of its metabolic degradation are   - and _-endorphins.�


Dynorphins are extended forms of leu-enkephalins. They are among highly potent opioid peptides. The dynorphin family includes dynorphin A, dynorphin B, and neo-endorphin.


A common precursor for endorphins and pituitary corticotropin, as well as for ß-lipotropin, ß-melanotropin and probably also for met-enkephalin is pro-opiomelanocortin.


The production of endorphins is stimulated by a hypothalamic neuropeptide, corticoliberine. It acts via corticoliberine receptors located in the hypophysis as well as in various nervous structures. In the hypophysis the result of the activity of corticoliberine receptors is the formation from pro-opiomelanocortin of corticotropin, ß-endorphin and ß-lipotropin, as well as the secretion of these substances into the circulation. The resulting increase in the corticotropin and ß-endorphin blood levels is rather parallel after endogenous administration of corticoliberine or under the influence of various stressors.


Blood-borne endorphins do not gain entry into the central nervous system. They actualize their regulatory/modulatory function through peripheral receptor sites. Only a limited amount of blood endorphins can reach neural receptors in sites not protected by the blood-brain barrier. Anyway, there are two discrete parts of the endogenous opioid system: central nervous and peripheral parts. The activities of these two parts may be in good correlation, but the produced opioids are not transferred from one compartment into the other. However, met-enkephalin and dynorphin may cross the blood-brain barrier using an allosterically modulated saturable transport mechanism.


In order to establish the physiological function of endogenous opioids, an opioid receptor antagonist, naloxane, is widely used. In this way their role has been indicated in decreased pain perception, suppression of affective disorders, promotion of learning and memory, hunger and thirst influence, glucose homeostasis, regulation of cardiovascular functions, respiration, endocrine activities, renal function, gastrointestinal activity, lymphatic function/immunity, and sexual behavior as well as thermal regulation.


     





Plasma ß-endorphin Changes in Exercise





In spite of a pronounced variability in the magnitude of response, an increase in ß-endorphin levels is common during short-term high intensity exercises. However, during prolonged exercises a variability in the ß-endorphin response has been evidenced. Immediately after prolonged exercises some authors have obtained an elevated ß-endorphin level while others did not find any significant change. Exercise intensity as well as the dynamics of the opioid peptide blood level during exercise may concern to the different results.


The dependence of hormonal responses on exercise intensity is a common finding. Accordingly, it was established that there exists of certain level of exercise intensity that triggers the hormone response. The level is called 'threshold intensity of exercise'. Most data show that an increase in the blood epinephrine, norepinephrine and cortisol concentration is displayed if the intensity of exercise exceeds 60-80% �O2max [9]. Almost the same has been found in responses of both corticotropin and endorphin. However, there is intraindividual variability in the exercise intensity that triggers the ß-endorphin response: in some persons the relative intensity of 60-80% �O2max is insufficient to evoke the response. Anyway, at exercise intensities of 90% �O2max or in supramaximal exercises a substantial rise in ß-endorphin concentration was found in all persons. When exercise intensity is high, as little as 30-60 s of exercise duration is enough to elevate the plasma ß-endorphin levels [2].


The threshold intensity for the activation of the sympatho-adrenal and pituitary-adrenocortical systems is closely related to the anaerobic threshold [9]. A close relationship has been found also between lactate and ß-endorphin levels in incremental exercise (Table 1).


The dynamics in the blood ß-endorphin concentration during prolonged exercise was studied in 2-hour cycling on bicycle ergometer at 60% �O2max [10]. Four variants of dynamics were found (Fig. 1):


• An increase during the first 30 min of exercise, followed by a decrease below the initial values,


• A biphasic increase (peak values at the 30th and 120th min of exercise),


• An increase only during the 2nd hour of exercise,


• A decrease during the whole period of exercise.





The evaluation of the distribution of these variants showed that in endurance sportsmen and joggers the most common variant was the biphasic increase (the second variant) and in untrained students - the decrease during the whole period of exercise (the fourth variant). In sportsmen the first, third and fourth variants were observed only when the exercise intensity was lower than the envisaged 60% �O2max. The results of an additional experiment confirmed that in sportsmen at an exercise intensity of close to 60% a biphasic response took place while in the same persons no significant change was found at the 30th and 120th min of exercise when they cycled at 44_3% � �O2max. In both experiments at the end of exercise the ß-endorphin level was significantly higher than the initial values in sportsmen, but not in untrained persons.


Various variants of dynamics were obtained also in cortisol and corticotropin pattern during the 2-hour exercise. In most cases the corticotropin response was characterized by a biphasic increase. This pattern was revealed in the majority of cases also in cortisol response in endurance sportsmen but not in untrained persons [9]. These results suggest that endurance training promotes the appearance of a secondary activation of endocrine functions during prolonged exercise. For explanation one must bear in mind that transition from the initial activation of hormone secretion to its inhibition may be connected with the need for time to speed up hormone biosynthesis. If this is the case, the functional potential for hormone synthesis will determine the possible time for a secondary activation. This suggestion seems to be valid also in regard to training effect on ß-endorphin response in prolonged exercise.


An expression of the improved functional capacity of the endocrine system is the increased magnitude of hormone responses to supramaximal exercise [2]. Also, the ß-endorphin response to supramaximal exercise is higher in trained athletes as compared to less fit persons (Fig. 2). The results of cross-sectional studies were confirmed by longitudinal experiments. In women after 8 weeks of training the ß-endorphin response to an 1-hour exercise was increased [1].


A common training effect is reduced hormonal responses to supramaximal exercise up to their disappearance. First of all, this effect is related to increase in the threshold intensity of exercise. Consequently, the reduction of ß-endorphin response with training also has to be the case with submaximal exercise. Up to now this possibility has not been convincingly tested.


Metabolic degradation transfers ß-endorphin to    -endorphin and the latter to _-endorphin�. Prolonged exercise changes the ratios between these three endorphins in the blood plasma. Evidently, exercise not only stimulates ß-endorphin production but alters its metabolism also.


Part of the rise in the plasma ß-endorphin during exercise has to be attributed to the emotional strain. Thereby the competition situation or danger may contribute to the rise of the circulating endorphins.


ß-endorphin levels continue to rise for 5—15 min into recovery from heavy exercise and then gradually return to baseline over the next 45 min. However, deviations from this pattern are possible.


Some results have been published on changes of met-enkephalin levels during exercise. However, this response has not been systematically evaluated as yet.


   


Changes In Opioid Peptide Contents In Nervous Structures, Hypophysis And Adrenals





In response to acute stress ß-endorphin is released from the hypophysis into circulation. Correspondingly the ß-endorphin level increases in the blood and decreases in the hypophysis. The decreased content of opioid peptides is a common result of the action of various stressors also in the hypothalamus and in some other brain structures. Similar changes were found also as responses to acute exercise in experimental animals. The decreased content of ß-endorphin in the hypophysis and hypothalamus after acute exercise evidence that the release of the opioid peptide exceeds its production during exercise.


The content of   � -endorphin dropped parallel to the ß-endorphin content in the hypophysis. The content of _-endorphin increased. Assumably, the formation of �_-endorphin from    -endorphin is promoted during exercise. In the hypothalamus, the diminished level of ß-endorphin was associated with a decrease in �_-endorphin but not in    -endorphin. Probably, the transformation of the latter into� _-endorphin was diminished. These changes may be based on the altered activity of corresponding peptidases, selectively catalyzing the shortening of the peptide chains of endorphins [7].


In discrete brain areas a greater peptide availability for their receptors may appear 24 h after swimming for 3 min in cold water, the ß-endorphin like activity was still decreased in the hypophysis, normalized in the hypothalamus and increased in amygdala and some other nervous structures.


In the adrenals, the ß-endorphin content did not change during acute exercise. The elevated level of �_-endorphin still allows us to suggest that the production of ß-endorphin had actually increased. In this case, the unchanged level of ß-endorphin should be due to its intensive metabolism leading to the formation of� _-endorphin. Moreover, the intensive liberation of ß-endorphin from the adrenals into the circulation must also be taken into consideration. Accordingly, both the hypophysis and the adrenals are responsible for the increase in the blood plasma ß-endorphin level during exercise.


A short-term training cycle was simulated in rats by daily swimming with increased duration. The obtained data suggest an intensive endorphin production in this situation. After this training cycle, 4 hours of swimming did not decrease the ß-endorphin content in the hypophysis any further. Moreover, in the hypophysis as well as the adrenals and blood plasma, the endorphin levels were above the values in sedentary controls. The level of ß-endorphin remained low only in the hypothalamus as it had been observed after a single swimming load. The increased level of    -endorphin and normalized level of� _-endorphin lead us to the suggestion that also in this brain structure the training is associated with an enhanced production of endorphins, as well as with their intensified metabolism. The latter is a condition permitting a flexible accomplishment of the regulatory and modulatory function of opioid peptides [7].


Studies performed in various laboratories confirm the elevated ß-endorphin content in the hypophysis, adrenals, brain cortex, hypothalamus, amygdala and striatum in trained rats.


On the ground of the above discussed results it is possible to conclude that the activation of the opioid system in response to acute exercise is mainly based on the enhanced release of stored ß-endorphin. When exercise is systematically repeated, the production of ß-endorphin and probably also pro-opiomelanocortin increases in the hypophysis, adrenals, and certain nervous structures. The in excess stored opioid peptides significantly reduced the stress-induced decrease in the endorphin and enkephalin levels in various brain structures and hypophysis.


Both acute and chronic exercises induce changes of opioid receptor occupation in brain structures (medulla-pons, mid-brain, mesolimbic, caudate, thalamus, and hypothalamus).  A tritiated opioid antagonist, [3]diprenorphine binding by opioid receptors was greater subsequent to the 2-hour swim in all brain areas except the hypothalamus [5].


     





Significance of Endogenous Opioids in Adaptation to Exercise





Opioid involvement is reported in exercise-induced analgesia as well as in thermal regulation and respiratory adjustments. There are also suggestions of opioid involvement in exercise-induced suppression of food intake, reproductive dysfunction and hormonal changes, but these suggestions are not convincingly demonstrated. Contrary results were obtained in regard to naloxone action on somatotropin and prolactin responses to exercise. Naloxone was shown not to affect heart rate, arterial pressure or plasma catecholamines.


Evidence indicates that endogenous opioids are involved in the regulation of lutropin secretion. On this ground it was suggested that menstrual disorders in female athletes are related to exercise-induced activation of the endogenous opioid system. However, convincing evidence of this connection was not obtained.


Peripherally secreted opioid peptides play a role in glucose homeostasis by interacting with pancreatic cells. A naloxone experiment indicated that endogenous opioids stimulate insulin secretion after the end of exercise in rats. After naloxone administration muscle sympathetic nerve activity and blood pressure were higher during handgrip exercise. Therefore, peripherally acting opioids modulate the sympatho-adrenal response to static exercise.


Peripheral levels of endorphins activated by exercise have no relation to mood alterations consequent to exercise. Experiments with naloxone gave no convincing evidence of opioid peptide contribution in mood changes either. Nevertheless, it is impossible to deny the role of opioid peptides in 'runner high' pleasant feeling, and suppression of unpleasant influences. The methods used may be insufficiently sensitive to study the discrete interrelation. This possibility is supported by the fact that a correlation exists between antinociception induced by swimming and [3]leu-enkephaline binding to brain homogenate in mice. Interesting in this regard are the results of a study indicating an increased perception of effort with the use of naloxone. 








Conclusions





Exercise activates the endogenous opioid system in dependence of exercise intensity. Exercises over the threshold intensity cause an increase in the blood ß-endorphin level. Response to supramaximal exercise increases with training. In animal experiments, changes related to activation of the endogenous opioid system were found also in the hypothalamus and other nervous structures, as well as in the hypophysis and adrenals. Muscle afferents are contributed to activation of the system.


During prolonged exercise the blood endorphin response is variable; the results obtained demonstrate four variants of dynamics. In trained persons an increase of the blood ß-endorphin level at the beginning and on the second hour of prolonged exercise is common.


     Endurance training increases the opioid peptide stores in brain structures. In exercise both central and peripheral opioid peptides may contribute to the regulation of a number of processes. Influence on mood changes is not excluded.
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Table 1. Levels of heart rate, blood lactate, ß-endorphin and corticotropin (mean ±SE) at the end of 10-min treadmill running at various intensities in 10 male endurance athletes (23...36 years of age) according to Rahkila et al. [4].





                                                                


							


Velocity	Per	Heart	Lactate	ß-endorphin	Corticotropin


of the	cent	rate	(mmol.	(nmol.l-1)	(nmol.l-1)


treadmill  VO2max		l-1)	


(km.h-1)				Before	After	Before	After


                                                                


 9.6_0.2	50_0.8	124_2	0.6_0.1	2.81_	2.87_	2.46_	2.56_


				_0.44	 _0.58	_0.40	_0.40





11.6_0.3	58_0.8	130_2	0.5_0.1	2.86_	2.33_	2.26_	1.91_


				_0.39	_0.55	_0.42	_0.35





13.6_0.1	69_1.1	147_4	0.6_0.1	2.84_	3.32_	2.43_	3.43_


				_0.53 	_0.38	_0.46	_0.58





15.3_0.2	80_0.7	160_3	1.4_0.2	3.24_	3.49_	2.71_	3.54_


				_0.48	_0.57	_0.36	_0.63





17.3_0.2	92_1.0	176_3	4.3_0.2	2.99_	7.69_	3.08_	8.86_


				_0.42	_1.20*	_0.49	_1.26*





19.1_0.2	98_0.5	183_3	11.1_0.5	3.70_	20.40_	3.62_	21.80_


				_o.59	_1.53*	_0.62	_1.51*








*  asterisk denotes statistically significant (P<0.05) response of ß-endorphin and corticotropin





	


					





�PAGE \# "'Page: '#'�'"  ��Check the original manuscript for the proper symbols here.


�PAGE \# "'Page: '#'�'"  ��check this in original manuscript


�PAGE \# "'Page: '#'�'"  ��Check original manuscript


�PAGE \# "'Page: '#'�'"  ��check original ms


�PAGE \# "'Page: '#'�'"  ��check original ms


�PAGE \# "'Page: '#'�'"  ��check original ms


�PAGE \# "'Page: '#'�'"  ��check original ms


�PAGE \# "'Page: '#'�'"  ��check original ms


�PAGE \# "'Page: '#'�'"  ��check original ms


�PAGE \# "'Page: '#'�'"  ��check original ms








