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Since the observation in the 19th century that an extract of the suprarenal bodies
injected into the circulation caused a rise in blood pressure, the endocrine system has
become a major component in our understanding of human physiology. The introduction
of radioimmunoassay techniques and the ability to measure minimal amounts of hor-
mones (a term derived from the Greek “to excite”) have shown that acute exercise causes
a release of a large number of hormones and that chronic exercise may further lead to
long-term alterations in endocrine homeostasis. Actually, almost every organ and system
in the body is affected by physical activity and exercise, much of it through the endocrine
and neuroendocrine system.

Investigation of the effect of acute or chronic physical activity on the endocrine system
is a complex matter since the stimulus called “exercise” has many components, such as
mode, intensity, duration, and others. In addition, several other factors, such as age,
gender, training status, body temperature, circadian rhythm, metabolic state, menstrual
cycle, and various external conditions as well as psychological factors, can modify the
effect of physical activity on hormonal secretion. Moreover, the physiological stimulus
of exercise often provokes several and parallel cascades of biochemical and endocrine
changes. It is therefore often extremely difficult to distinguish between primary and
secondary events and between cause and effect. These limitations will be discussed in
Chapter 1.

In this volume we have tried to cover the various hormonal pathways that are known
to be altered by exercise and how these changes affect different organs and systems of the
body. Other subjects are the hormonal regulation of fluid homeostasis, substrate metabo-
lism, and energy balance. A substantial part of the book is devoted to the exercising
female in view of certain unique features, e.g. menstrual cycle, use of contraceptives,
pregnancy, menopause, and others. Another important issue is the effect of exercise on
puberty and growth. Although investigated for many years, it would be premature to draw
final conclusions regarding the precise amount of exercise needed to achieve positive
effects without compromising growth and puberty. Exercise has also been observed in
altered mood. The role of hormones in the development of “exercise euphoria” is dis-
cussed in a separate chapter.

The final chapter will not deal with the effect of physical activity on the endocrine
system, but rather with its opposite: the effect of hormones on performance. Unfortu-
nately, the manipulation of physiological stimuli by the use of hormones has become
common practice on all levels of sport, from fitness rooms to elite world events. The
International Olympic Committee is engaged in what seems to be a lost battle against the
increasing sophistication of the use of such hormones as anabolic steroids, hGH, HGC,
and EPO to enhance performance.

The editors hope that this volume will not only reflect the present state of our knowl-
edge, but also stimulate further study.

Michelle P. Warren, MD

Naama W. Constantini, MD
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INTRODUCTION

The discovery of endogenous opiates in 1975 (1) generated considerable research
concerning the effects of exercise on the release of these peptides, particularly on

-endorphin, which represents the main focus of this chapter. Previous research consid-
ered changes in peripheral blood concentrations induced by different modes of physical
activity, influences of training status on the secretion of endogenous opiates, and the
physiological meaning of the -endorphin release during exercise. Such phenomena as
“runner’s high,” “second wind,” or “exercise dependency” were related to endogenous
opiate activity.

This chapter summarizes what is known about the stimulation of opioid release by
physical activity. Physiological mechanisms responsible for the secretion are highlighted,
as well as the consequences of opioid activity. Implications for future research, training,
and competition are discussed.

INFLUENCES OF ACUTE EXERCISE
ON PERIPHERAL -ENDORPHIN LEVELS

Different modes of exercise were tested for their impact on opioid/ -endorphin
release. Routine incremental graded exercise tests are common in the laboratory and
were often chosen as provocative tests for pituitary gland synthesis of endogenous opi-
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ates. Endurance competitions of long duration represent another mode of testing opioid
reactivity. Thus, aerobic trials and anaerobic exercise bouts were performed to test their
effect on endogenous opiates. This leads to a crucial point in hormonal research: accu-
rate determination of exercise intensity—a necessary condition for valid results.

Exercise intensity is usually described using spirometric (maximal oxygen uptake
= VO2max) or metabolic (lactate concentration) parameters. For submaximal exercise,
percentages of VO2max are given. The aerobic range averages intensities up to 60–70%
of VO2max corresponding to blood lactate concentrations of 3–4 mmol/L. Higher inten-
sities include increasing anaerobic components.

Incremental Graded Exercise
Incremental graded exercise tests were found to elevate -endorphin levels 1.5- to

7-fold (2–5). This wide range appears to be caused by different protocols and—probably
even more important—varying degrees of exhaustion. Published data do not always per-
mit a measurement of the participants’ exertion. However, some studies suggest that the
amount of -endorphin release depends on exercise intensity (6–9), whereas others report
contradictory findings (10,11). De Meirleir et al. (12) introduced lactate measurements
into opioid research to describe the metabolic demand of exercise more adequately. They
reported no significant changes in -endorphin concentrations with lactate values around
3 mmol/L. Above this level, peptide levels were elevated in parallel to lactate.

Corresponding results stem from Donevan and Andrew (7). No increase in -endorphin
was noted after 8 min of cycling exercise at 25 and 50% of VO2max, but a 1.5-fold
increase after a stage with 75% VO2max of the same duration and even a 4.4-fold one
after 95%. Both of the two higher intensities probably represent anaerobic workloads
for the untrained participants. Lactate values were not given.

Nearly the same results are reported for 10 min of cycling exercise in 12 male stu-
dents whose -endorphin concentrations did not increase at 40 and 60%, but at 80 and
100% of VO2max (13). Adrenocorticotropic hormone (ACTH), which is derived from
the same precursor as -endorphin, gave similar reactions to 50, 70, and 90% of VO2max
in 21 subjects at differing endurance training levels (14).

A more precise evaluation of exercise intensity was used by Schwarz and Kindermann
(15), who calculated the workload on a bicycle ergometer according to the individual
anaerobic threshold (IAT), which describes the beginning of a disproportionate increase
in lactate levels during incremental exercise (16). Beyond the IAT -endorphin, concen-
trations increased approximately parallel to lactate (schematic illustration in Fig. 1).
The highest concentrations were reached 5 min after cessation of exercise (three times
the resting value), and there was a correlation between lactate and -endorphin concen-
trations. This suggests a link between endorphin levels and exercise intensity. Below the
IAT, no changes in -endorphin levels were detected.

Bouts of Anaerobic Exercise
Short bouts of anaerobic exercise (highly intensive with a duration of a few seconds

to several minutes, e.g., the Wingate test) induce a two- to fourfold increase of -endorphin
depending on the duration of exercise stress. Protocols of not more than 1 min of anaero-
bic activity and maximal lactate values between 12 and 15 mmol/L approximately double
the -endorphin concentration (9,15,17), whereas longer exercise durations result in a
more pronounced -endorphin response (18). Again, a positive correlation between lactate
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and -endorphin could be established (15), and additionally, catecholamine levels were
correlated to maximal lactate concentrations.

Aerobic Exercise of Longer Duration
Longer-lasting exercise for more than 10 min is typically performed at lower inten-

sities that do not induce high lactate concentrations, nor do they regularly fulfill other
criteria (concentrations of catecholamines and cortisol) responsible for the release of

-endorphin in incremental or anaerobic exercise. Nevertheless, some investigators
reported elevated -endorphin levels after extensive endurance tasks (10,19–24), whereas
others found concentrations unchanged (12,25–28). Two methodological shortcom-
ings limit the generalizability of the older studies: high crossreactivity between

-endorphin and -lipotropin, low number of subjects. However, the determination of
exercise intensity remains crucial, and this may vary considerably even in longer-lasting
physical activity, which complicates the assessment of results.

More recent studies tested different intensities expressed as percentages of maximal
oxygen uptake for their potential to initiate -endorphin responses. McMurray et al. (8)
let subjects cycle for 20 min at 40, 60, and 80% VO2max and measured the correspond-
ing levels of lactate and -endorphin. It was shown that only the highest workload induced
lactate concentrations above what is considered the anaerobic threshold. In parallel,

-endorphin levels exclusively rose under this condition.
Another investigation by Goldfarb et al. (29) used a similar design: 60, 70, and 80%

of VO2max were applied for 30 min on a cycle ergometer. Again only with lactate levels
presumably not representing steady-state levels (4.2 and 9.5 mmol/L for the two higher
workloads) could -endorphin increases be detected.

To test if there is a critical exercise duration for a given constant aerobic intensity,
Schwarz and Kindermann (24) calculated the IAT for each of 10 nonspecifically trained
subjects from an incremental cycle ergometry (16). The IAT represents a physiological
breakpoint of exercise intensity beyond which lactate concentrations cannot be held

Fig. 1. -Endorphin lactase during incremental graded exercise (schematic drawing derived from
ref. 15). IAT = individual anaerobic threshold.
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constant and is situated at 60–80% of VO2max, depending on the individual training
state. For different modes of exercise (running, cycling), the workload/velocity at the
IAT can be maintained for about 1 h. Subjects had to cycle at 100% of the IAT until
exhaustion (in this study corresponding to 63% VO2max; duration on average 80 min),
and they reached lactate steady states between 3 and 3.5 mmol/L. The main observation
of the study was an elevation of -endorphin starting after approx 50–60 min (schematic
illustration in Fig. 2).

This may explain the results of Heitkamp et al. (3,4), who found 6.9 and 1.4 times the
baseline -endorphin levels after a marathon in men and women (who had much higher
baseline values), respectively. Obviously, other factors than lactate or catecholamine
increases alone are involved in initiating a -endorphin release.

On the other hand, exercising beyond a threshold intensity seems to be necessary for
elevating endogenous opioids even in long-lasting endurance exercise. Presumably
because threshold was not reached, no changes in -endorphin concentrations were mea-
sured after 2 h of cycling at 50% of the maximal oxygen uptake (26,30).

Resistance Exercise
Resistance training is a relatively new field for -endorphin research. The determina-

tion of exercise intensities is often done as a ratio of the so-called 1 repetition maximum
(1 RPM), i.e., the weight that can be lifted/pushed/pulled once by a subject with maxi-
mal individual effort. Alternatively, intensities are sometimes defined relative to loads
that can be lifted more often (5 RPM for a weight that can be lifted exactly five times).

Depending on the exercise protocol, results of different investigators are inconsistent.
Decreases in -endorphin are reported (31) as well as no change (32) and increases
(33,34). A closer look at the applied procedures reveals probable causes for these con-
tradictory findings.

Pierce et al. (32) had trained football players lift 3 × 4 × 8 × 80% of 1 RPM with
breaks of 3 min between the sets. The highest recorded heart rates were 157 ± 4/min,
which would suggest an extensive exercise regimen in terms of cardiocirculatory strain
for this young group of subjects (20.5 ± 0.4 yr). Putting these facts together, well-trained
athletes were stressed in the average range of their strength capacity with relatively long
regeneration periods between the loads. The resulting individual cardiovascular load
might be evaluated as moderate, and no -endorphin response occurred.

A more differentiated study design was applied by Kraemer et al. (33), who tested
different heavy-resistance protocols for their capability to raise -endorphin blood con-
centrations. Only one of the regimens induced significant elevations in hormone levels.
This one was characterized by a high number of repetitions and short resting periods in
between. Consequently, the highest heart rates and lactate levels were recorded under
these conditions.

The somewhat surprising decline in -endorphin concentration after 3 × 4 × 4 × 80%
1 RPM observed by McGowan et al. (31) cannot be easily commented on, because no
information is given about strength-training experience, duration of breaks, and
cardiocirculatory strain.

The recent investigations using resistance exercises as stimulus to promote -endorphin
release suggest that—like endurance tasks—the metabolic and cardiocirculatory stress
determines the degree of -endorphin increase. This is in contrast to the traditional
way of determining intensity of exercise used by power athletes. At the moment,
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speculations about a threshold analogous to the anaerobic threshold for endurance exer-
cise seem to be premature.

Summary
-endorphin increases are induced by anaerobic exercise, and incremental exercise

which reaches anaerobic stages. Lactate and—probably—catecholamine concentrations
are the main factors being correlated with these responses. Consequently, exceeding the
intensity of the individual anaerobic threshold raises -endorphin levels. Duration of
aerobic exercise seems to be an independent factor that stimulates -endorphin release
after about 1 h if a threshold intensity—possibly around 55–60% VO2max—is reached.
For resistance exercises, an evaluation of the metabolic and cardiocirculatory strain is
preferable to the classic view of counting repetitions for predicting the -endorphin
response. The involved mechanisms may be the same as in endurance exercise.

INFLUENCE OF TRAINING STATUS ON -ENDORPHIN SECRETION

Apparently, the training status should influence -endorphin responses to exercise,
because it interferes with the determination of intensity. Well-trained endurance athletes
can usually perform work at higher relative workloads than untrained persons. There-
fore, at least an individualized intensity determination or, alternatively, a highly homog-
enous group of subjects seems warranted for research purposes. On the other hand, chronic
training stress may alter the hormonal response of the anterior pituitary gland. Theoreti-
cally, the capacity to produce -endorphin may increase, and a chronic suppression of
the hypothalamic-pituitary-adrenal (HPA) axis is possible.

Influence of Endurance Training
Resting levels of -endorphin in endurance-trained individuals were reported to be

lowered (35,36) or unchanged (37,40). Both studies showing no change were done
cross-sectionally and, therefore, susceptible for selection biases, whereas the other two

Fig. 2. -Endorphin and lactase during exercise at the individual anaerobic threshold (schematic
drawing derived from ref. 48).
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investigations applied an endurance training program. Another cross-sectional investi-
gation (14) discovered higher basal values for ACTH and cortisol in trained runners,
possibly indicating a parallel behavior of -endorphin, but trials were executed at an
unusual evening time.

The findings under exercise conditions are in slightly better agreement. Only one
study showed higher -endorphin concentrations after 4 mo of mixed aerobic training
6 times a week (20): Cycling at 85% of the individual maximal heart rate induced larger
hormonal increases than before the training period. This was evident after 2 mo, and no
further significant changes occurred until the end of the training program.

Other investigators did not detect any differences between the trained and untrained
state no matter if designed cross-sectionally (38,39) or longitudinally/interventionally
(37,40). Boineau et al. (37) performed their trials, including 10 min of exercise at 70%
VO2max and an incremental test to exhaustion with a considerable number of 39 sub-
jects. Neither influences of training status (which was not exactly specified) nor of gen-
der on the -endorphin response were observed. The investigation of Berk et al. (38)
showed higher hormone values after exercise, but a closer look at the data reveals that
this conclusion has to be confined to female subjects of which the number is not given.
With a total of six untrained participants, one can assume that single outliers have a large
influence on the results, which were not tested statistically. Putting this together, no
really substantial differences between trained and untrained subjects were documented.

The same is true for the study from Goldfarb et al. (39), who compared six cyclists
and six untrained individuals cycling for 20 minutes at 60, 70, and 80% of VO2max. No
significant -endorphin differences were obtained, despite higher lactate concentrations
in the untrained group at the two higher workloads. The authors interpret these findings
in opposition to the lactate threshold hypothesis, which states a connection between

-endorphin response and excess of the threshold intensity. This might be misleading,
since it is well known that trained athletes very often have lower stress-induced lactate levels
compared to untrained persons, even if matched for individualized intensity. Therefore,
identical absolute lactate levels do not necessarily indicate the same stress for these groups.

The only interventional investigation available as a detailed publication analyzed data
from 13 women before and after a strenuous training program for 2 mo (40). Exercise
testing was done in the same manner as in the aforementioned study. The authors reported
no differences in -endorphin release with growing endurance capacity, but met-
enkephalin concentrations were reduced in the trained state.

Influence of Resistance Training
Very little is known about effects of resistance training on the release of -endorphin.

The recent studies investigating the influence of resistance training on concentrations of
endogenous opioids were mostly conducted with athletes who did resistance training for
a few years on a recreational basis or as an adjunct to their routine exercise practice
(32,33), but no data from elite power athletes are available. From a theoretical point of
view, with growing strength identical external (and presumably even relative) workloads
are mastered with reduced exertion and cardiocirculatory stress; this would mean lower

-endorphin levels during resistance exercises. To our knowledge, there is no evidence
for changed peptide blood levels under resting conditions in resistance-trained indi-
viduals, and no comparison between resistance-trained and untrained persons has been
conducted yet.
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Summary
It is difficult to come to definitive conclusions about the influences of training on the

-endorphin response to exercise, because study results are rare and inconsistent.
Endurance training seems to have a lowering effect on hormone resting levels, but changes
in the reaction to exercise stress have not been documented clearly yet. One problem
might be intensity determination again, because with growing endurance capacity, even
relative workloads (as percentages of VO2max or of the maximal heart rate) do not indi-
cate the same degree of stress for an individual compared to the untrained state. Conse-
quently, better ways of intensity determination have to be introduced to attain reliable
results. The calculation of the individual anaerobic threshold represents a well-validated
method feasible for all ergometric testing if lactate measurements are utilized.

No assumptions can be made for effects of the resistance training status, because very
few studies have been conducted in this area. On the other hand, individualized intensity
determination adequate for hormonal research may be even more difficult than in endur-
ance training.

FACTORS INFLUENCING THE -ENDORPHIN
RESPONSE TO EXERCISE

ACTH and Cortisol
ACTH and -endorphin are derived from the same precursor molecule in the anterior

pituitary gland, and the secretion of both is stimulated by corticotropin-releasing factor
(CRF) (41–43). Consequently, the diurnal rhythms of -endorphin and cortisol are simi-
lar as the secretion of cortisol is induced by increasing ACTH levels (44).

Correlations between cortisol and -endorphin were also reported after a long-
distance nordic ski race (45), but other investigators could not replicate these statistical
results with incremental graded bicycle exercise and exhaustive work at the individual
anaerobic threshold (15,24). The reason for these discrepant findings may be found in
the different biological half-lifes of -endorphin and ACTH (approx 20 and 3 min,
respectively). There is a time delay between the ACTH release and the cortisol secretion
by the adrenal medulla. Thus, without a causal relationship, there might be an “inciden-
tal” correlation between -endorphin and cortisol.

Catecholamines
As pointed out earlier in this chapter, the individual anaerobic threshold (16) prob-

ably represents a physiological breakpoint for -endorphin release. It marks the begin-
ning of the lactate increase in incremental graded exercise, but catecholamine secretion
is stimulated overproportionally beyond this intensity, too (46). Consequently, a rela-
tionship between both hormones may be assumed, but research is resulting in inconclu-
sive results (46–48). A correlation between endogenous opiates and catecholamines could
only be established in short-term anaerobic exercise with considerable lactic acidosis
(15), but not in incremental graded exercise and endurance exercise of longer duration
until exhaustion (15,24).

Attenuation of adrenergic activity in the central nervous system may be mediated by
-endorphin (49). On the other hand, in animal experiments, an infusion of the

adrenoceptor agonist isoprenaline led to elevations in -endorphin concentrations (50).
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This suggests a physiological inhibition system in which -endorphin limits the effects
of catecholamines and responds to increasing levels of epinephrine and norepinephrine.

Lactate, Acid-Base Status
There is another mechanism that could be involved in inducing -endorphin release:

changes in the acid-base status, which accompany physical activity with a considerable
anaerobic component. Recently, it was shown that buffering the lactate acidosis result-
ing from running on a treadmill at 85% VO2max leads to reduced levels of -endorphin
(51). In seven subjects, the best correlations with -endorphin concentrations were
observed for base excess and pH. These results correspond well with the findings of
Schwarz and Kindermann (15) demonstrating a lactate-dependent threshold for raised

-endorphin values. Since lactate is the main agent responsible for declining pH values
during high-intensity exercise, it seems tenable that its effect on the anterior pituitary
gland is mediated via acidosis.

IMPLICATIONS OF B-ENDORPHIN LEVELS FOR SPORTS ACTIVITY

There are a few exercise-related phenomena that were connected to levels of endog-
enous opiates (Table 1). The most obvious one is pain perception, because the main
pharmacologic effect of opiates lies in the modulation of pain. There are indications that
exercise-induced release of -endorphin attenuates pain (53,54). At least for strenuous
workouts, a point for athletes can be assumed in decreasing the perception of pain. A
connection between peripheral blood and brain pools of the peptides that cannot cross

Table 1
Exercise-Related Effects of -Endorphin and Mechanisms Presumably Being Responsible

Proposed effects Possible mechanisms References

Euphoria, “runner’s high,” Stimulation of opiate receptors
“second wind” in the central nervous system (13,22)

Pain inhibition, increase in Stimulation of central and/or
acidosis tolerance peripheral opiate receptors (12,44)

Overtraining Exhaustion of hypophyseal
secretion capacity (7)

Exercise addiction Downregulation of opiate
(detraining symptoms) receptors (21)
Inhibiting cardiocirculatory effects Inhibition of catecholamine

release (37,46a,52)
Influence on glucose homeostasis Inhibition of insulin, stimulation

of glucagon (17,19,38,53)
Influence on fat metabolism Direct lipolytic effects (10,25)
Reproductive dysfunction Feedback inhibition of sex

hormones (6,50)
Immunological effects Inhibition of natural killer (NK) (20)

cell activity
Anorexia nervosa Initiation of a self-rewarding

system of exercise and starving (35)
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the intact blood–brain barrier was considered a necessary condition for this effect. How-
ever, peripheral pain receptors are influenced by circulating -endorphin, too (52,55).

Other proposed—mostly psychological—mechanisms depend on a central action of
endogenous opiates, and this research field represents the domain of animal studies and
naloxone (opioid antagonist) trials. The most popular hypothesis claims that the
so-called runner’s high stems from the action of endogenous opiates. Withdrawal symp-
toms in endurance athletes (“detraining syndrome”) are explained by a reduced stimula-
tion of -endorphin release. Even a resulting exercise dependency is discussed (53,56).
Additionally, in the overtraining syndrome, a reduction in -endorphin levels was
observed (57). There is a striking temporal coincidence between the often narratively
reported “second wind” in endurance events and the onset of a -endorphin elevation in
aerobic exercise of long duration, i.e., after approx 1 h (24). Altogether, the action of
endogenous opiates can be described as a rewarding system that makes the athlete con-
tinue physical activity. On the other hand, physiological arousal may be limited to more
easily tolerable amounts by attenuating pain and catecholamine action. These assump-
tions have to be considered speculative, since most of their contents are from indirect
deductions via animal trials or psychological reactions to naloxone applications. For
obvious reasons, research on humans is difficult, but in the near future, new imaging
techniques could be a valuable tool in identifying central nervous system effects of
endogenous opiates during exercise.

CONCLUSIONS

The release of -endorphin during exercise is dependent on intensity and duration of
the physical activity. If a threshold intensity is exceeded, rising levels of endogenous
opiates can be expected. There seems to be a link to the overproportional increase of
lactate and concomitant acidosis. With lower intensities of approx 55–60% of the maximal
oxygen uptake, a duration of about 1 h has to be reached before -endorphin increases.
Consequently, common recreational exercise might be too extensive or short-lasting to
induce hormone release from the anterior pituitary gland.

In contrast, elite athletes may experience higher levels of endogenous opiates more
often—at least in competition. A physiological purpose under these conditions could be
the modulation of pain to withstand further exhaustion and the improvement of mood,
which may be connected to phenomena like the “second wind” or “runner’s high.” Sud-
den cessation of regular training is supposed to induce a depressed mood, which is con-
sidered to be part of the “detraining syndrome” by various authors. Some of them even
claim the existence of “exercise dependence” partly based on the missing action of
endogenous opiates.

At the moment, there is no indication for the introduction of -endorphin research
results into training and competition practice. It is hardly to be expected that the
momentary knowledge about this group of hormones can lead to a more precise control
of exercise. A more interesting research field seems to be the interrelationship between

-endorphin and other hormones to elucidate the mechanisms into which endogenous
opiates are involved in athletes. The actual methods of investigation probably represent
too crude tools to discover the basis of psychological exercise effects. An introduction
of refined techniques seems necessary.
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