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SUMMARY 

Plasma cortisol, testosterone, androstenedione and LH were determined in 14 men (27-58 years old) 
taking part in a noncompetitive marathon (42.2 km). After the run the mean values showed a rise 
in cortisol and androstenedione and a fall in testosterone; these changes were statistically highly signifi- 
cant. After the marathon a significant correlation was found between the values for testosterone and 
androstenedione. Comparisons of the changes in cortisol, testosterone and androstenedione in relation 
to the control level show that significant correlations existed between the percentage increases in cortisol 
and androstenedione, and between the percentage decrease in testosterone and percentage increase 
in androstenedione. Plasma LH response varied, but the mean value after the run did not differ from 
the mean control value at the same time of day. One very fit subject, who ran the marathon in 
only 182 min, did not show any decrease in testosterone and his LH increased by more than 100%. 
One subject, who collapsed after running 15 km, had very low testosterone and LH values, although 
his cortisol value was unchanged as compared with his control value. The results suggest that during 
prolonged strenuous exercise LH and androgens. in addition to cortisol, play some role in promoting 
endurance in men. 

INTRODUCTION 

Physical exercise alters the blood levels of many hor- 
mones, including insulin [l-8], glucagon [2, S], 
growth hormone [l, 2,5-7,9,16], cortisol and other 
17-hydroxycorticosteroids [2,5-7,10-17,401, andro- 
gens [16,17l, aldosterone [14] and renin acti- 
vity [14,18]. Plasma luteinizing hormone (LH) seems 
to remain unaltered [2,16,17]. Hormonal metabo- 
lism may also be altered, as has been demonstrated 
for cortisol [15]. However, the degree and direction 
of these hormonal changes may be influenced by gen- 
etic factors, physical fitness, training schedule and 
diet, and the nature, severity and duration of the exer- 
cise. 

A marathon run constitutes an extremely strenuous 
endurance test and to our knowledge the hormonal 
changes associated with it are not yet fully docu- 
mented. The studies reported here may throw more 
light on the role of endogenous hormones during 
severe physical exercise. A preliminary report has 
been published on some of the findings [19]. 

EXPERIMENTAL 

Material. Blood specimens were obtained from 13 
Finnish amateur sportsmen aged 27 to 40. They were 
all in training, having practiced running regularly to 
increase their stamina. They had been medically 

examined some weeks before the event and were phy- 
sically fit. 

Subject No. 12 was highly trained and fit. He ran 
the marathon in only 182 min and his condition after- 
wards was exceptionally good. Subject No. 13 had 
influenza at the time of the race, but felt able to par- 
ticipate. He collapsed after 66 min, having run about 
15 km. Subject No. 14 was a 58-year-old Greek, a 
former marathon prize winner; his physical condition 
was good as a result of rural life, active work and 
running. 

Experimental conditions. The second non-competi- 
tive marathon took place in Athens (20 October 1973) 
over the classical course. The temperature was high 
for the season, about 30°C in the shade. Water, 
orange juice, Isotonic@ drink (containing sugar, fruc- 
tose, citric acid, sodium chloride, sodium carbonate, 
monosodium phosphate, monopotassium phosphate, 
potassium chloride and riboflavin) were available ad 
libitum every 5 km and at the finish (422 km) before 
blood sampling. The samples were withdrawn into 
heparinized tubes within 30 min of completion of the 
run. They were centrifuged within 60 min of with- 
drawal and the plasma was kept frozen (- 20°C) until 
analysed. Control samples were taken in Finland at 
12.0&13.00 h and 16.00-17.00 h (no time difference 
between Greece and Finland), the approximate times 
of the start (12.30 h) and finish of the marathon, some 
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days before (Nos. 3, 5, 7, 13, 14) or after the run. 
This was necessary because of the obvious difficulties 
of blood withdrawal at the start of the race and the 
rise of cortisol in anticipation of muscular exercise 
[S, 7, 13,401. 

Methods. All assays were carried out in duplicate. 
In some instances the analyses were repeated, espe- 
cially if the values in the first analysis were very high 
or very low. Adequate quality controls were included 
in all series of determinations. 

Cortisol was determined in 0.1 ml of plasma by 
a competitive protein-binding assay [20] based on 
Murphy’s technique, with plasma of late twin preg- 
nancy as the source of transcortin. Normal values at 
8.00 h are 0.22-0.70 pmol/l. Afternoon values are 30”/, 
lower [21]. 

Testosterone was determined by a modification of 
the method of Ismail et al. [22]. After extraction of 
the steroids from the ammonium sulphate precipitate 
and evaporation of the organic solvent, the residue 
is taken up in 0.133 mol/l borate buffer, pH 8.0. con- 
taining 0.02% gelatin and OQOOOl% Tween 20. The 
sample is incubated overnight at 4°C with antiserum 
(raised in rabbits against testosterone-3-BSA Searle 
Diagnostics, High Wycombe, Bucks., England) and 
[ l,2,6,7-3H]-testosterone (The Radiochemical Centre, 
Amersham). Bound and unbound testosterone are 
separated with Dextran-coated charcoal in borate 
buffer (2.5 g Norit-A and 2.5 g Dextran T 70 in 1 
litre of the borate buffer). 

The normal values for men at 8.00 h are 14 to 
38 nmol/l 

Androstenedione was determined by a direct 
method, based principally on the technical bulletin 
of Endocrine Sciences Inc. (Tarzana, California) 
(February 1972) and using their antiserum No. AN 
6-22 (raised in rabbits against a 6-linked bovine 
serum albumin conjugate). The cross-reaction with 
testosterone is only 2%. The hormone is extracted 
from 0.5 ml of plasma with 2 x 2.5 ml of petroleum 
ether (b.p. 30-6o”C) to which 0002 &i of [l,2-3H]- 
androstenedione is added as internal standard. After 
evaporation of the solvent, the residue is dissolved 
in 1 ml of the borate buffer used for testosterone 
assay. Suitable amounts (100-250 ~1) of the buffer are 
used for radioimmunoassay. Antiserum and 00125 
PCi [l,2-3H]-androstenedione are added, and the 
mixture is incubated overnight at 4°C. Separation of 
bound and unbound androstenedione is done as for 
testosterone. 

Plasma luteinizing hormone (LH) was determined 
by a double antibody solid phase technique (DASP) 
(Seuderling, Karonen and Adlercreutz, to be pub- 
lished) mainly according to Den Hollander and 
Schuurs [23]. The antiserum and purified human LH 
were from the National Institute of Arthritis and 
Metabolic Diseases (National Institutes of Health, 
Bethesda, Maryland). The LH was labelled with “‘1 
by coupling the lactoperoxidase to a cross-linked co- 
polymer of maleic anhydride and butanediol divinyl 

ether (E. Merck) and using the coupled enzyme for 
iodination [24]. Human Pituitary Luteinizing Hor- 
mone (68/40) (Medical Research Council, London) 
was used for the standard curves. Antigen (unknown 
or standard), labelled antigen and first antibody were 
incubated for 48 h in a volume of 550 ~1. Insolubilized 
second antibody (sheep antiserum to rabbit-gamma- 
globulin), immunosorbent 5.5 ml diluted in 50 ml of 
0.02 mol/l sodium phosphate buffer, pH 7, containing 
0.02 mol/l NaCl. OGO5 mol/l Na-EDTA and 0.17; w/v 
merthiolate) was added (500 ~1). and the tubes were 
rotated at room temperature for 6 h and then centri- 
fuged. The supernatant was discarded and the solid 
phase washed and counted. The inter-assay coefficient 
of variation for a pooled sample analysed 17 times 
during 18 months was 14.2%. 67 analyses of a human 
LH reference preparation LER-907 during a 2-year 
period gave a coefficient of variation of 9.6%. The 
reference values for normal men are 4 to 20 U/l. Sta- 
tistical treatment of the results was carried out by 
the t-test according to de Jonge [25]. 

RESULTS 

Hormone values in control samples and after the 
marathon, with the running times, of the participants, 
are given in Table 1. 

In all participants the control values of cortisol 
were within normal limits, the mean value for the 
group Nos. l-11 being 0.42 mol/l at 12.30 h and 
0.26 pmol/l at 16.30 h. The increase in the mean value 
after the marathon, compared with the 16.30 h value, 
was statistically highly significant (to 1.15 pmol/l; 
P < 0001). Participant No. 12 had one of the highest 
values (1.45 pmol/l), whereas No. 13 had a very low 
value (0.26 pmol/l), and No. 14 had a value similar 
to the mean of the group. 

The control values of testosterone were within nor- 
mal limits for all participants. For the group the mean 
control values were 21.6 pmol/l at 12.30 h and 23.4 
qol/‘l at 16.30 h and, compared with the latter value, 
the mean value after the marathon had fallen highly 
significantly (to 14.1 pmol/l; P < 0001). In partici- 
pant No. 12, in contrast to all the other runners, the 
testosterone value rose slightly (from 33.2 to 36.0 
mol/l). A remarkable decrease of plasma testoster- 
one, down to 3.0 wol/l, was found in participant 
No. 13, who collapsed. The testosterone value of sub- 
ject No. 14 fell in the same way as in the group. 

The mean control androstenedione values for the 
group were 7.4 pal/l at 12.30 h and 5.5 pmol/l at 
16.30 h; compared with the latter value the mean 
value after the marathon had risen highly significantly 
to 12.4 mol/l (P < OGOS). The result for participants 
Nos. 12 and 14 resembled the mean value for the 
group. 

The mean control LH values for the group were 
15.6 U/l at 12.30 h and 17.3 U/l at 16.30 h, and the 
mean value after the marathon was 18.8 U/l, which 
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Table 1. Hormone values in control samples and after the marathon. The first value is the 12.30 h control, the second 
value the 16.30 h control and the third value the postmarathon one 

Subject Cortisoi Testosterone Androstenedione LH Running 
NO. WOW nmol/i nmol/l UB time, min 

I 
1 

: 
4 

!+ 5 e 
WJ 6 

8 I ; 
10 11 9 

Mean value 
S.D. 

12 
13 
14 

0.22 026 1.42 8.5 10.7 5.3 n.d. n.d. n.d. 13.9 14.9 19-l 210 
0.74 034 0.97 11.9 20.7 7.9 4% 65 73 20.9 23.6 26.7 210 
065 044 150 30.7 27.9 23.0 10.0 4.4 12.1 13.2 9.9 19.9 215 
0.20 016 0.96 115 15.1 7.5 9.3 5.4 9% 11.9 155 18.6 225 
0.45 O-23 0.83 34.8 20.7 103 10.3 6,l 12.3 9.5 12.3 25.2 246 
0.35 0.16 0.99 38.1 39.2 29-l 7.5 6.4 23.3 15.4 13.4 14.7 246 
0.35 0.22 1.86 21.0 13.0 8.9 66 4.6 17.0 14.2 19.0 266 250 
n.d. 0.18 1.20 n.d. 41.6 253 n.d. 5.3 16-6 n.d. 15.2 LO.2 260 
0.32 019 1.14 155 19.2 6.5 4.6 4.4 7.1 122 19.0 14.3 260 
0.63 0.40 0.55 IO.7 10.2 62 8.4 5.0 8.1 29.4 22.0 15.7 267 
QJfl~128~J949.4~ am146259155 283 
0.42 0.26 1.15 21.6 23.4 14.1 7.4 5.5 12.4 1.5~6 17.3 18.8 
0.18 0.10 O-36 115 11.8 9.4 2.2 0.9 5.2 5.7 5.0 5.5 

O-54 044 l-45 27.4 33.2 36.0 6.0 5.4 11,6 23.4 23.3 48.7 182 
040 0.24 0.26 13.9 11.0 3.0 n.d. 4.8 n.d. 175 17.2 2.0 66 (15 km) 
n.d. 0.45 1.24 n.d. 19.9 11.4 n.d. 46 7.7 n.d. 222 11.5 277 

n.d. = not determined. 

does not differ significantly from the mean control 
value at 16.30 h. After the marathon a rise of more 
than lW/, (from 23.3 to 48.7 U/l) was found in sub- 
ject No. 12, whereas in participant No. 13 the value 
was very low (2.0 U/l). 

In participant No. 14 the LH values were compar- 
able to those of the group. 

There was no correlation between the plasma levels 
of cortisol and testosterone, cortisol and androstene- 
dione, or testosterone and androstenedione in the 
control samples (12.30 h and 16.30 h). However, a 
significant correlation (r = 066; P c O-05) was found 
between the plasma levels of testosterone and andros- 
tenedione in the post-marathon samples. 

Comparisons of the changes in cortisol, testoster- 
one and androstenedione after the marathon in rela- 
tion to their respective control level at 16.30 h show 
that significant correlation existed (r = O-68; 
P < 0@5) between the percentage increases in cortisol 
and androstenedione. In addition, a significant 
(r = 0.69; P < @05) correlation between the percent- 
age decrease in testosterone and percentage increase 
in androstenedione was observed. 

DISCUSSION 

The physiology of marathon runners has been stud- 
ied extensively (for a review see 26). Of the hormones 
investigated in the present study, however, only corti- 
sol has been measured before in a marathon and 
found to be greatly elevated (mean 2.54 @01/l). 
Plasma cortisol may increase even before exercise, 
depending upon the fitness and training [S, 7,13,40]. 
During strenuous exercise it increases and the longer 
the run the greater the increase [S, 6,12,40]. All our 
runners showed an increase in plasma cortisol, the 
mean level being over WA higher than the control 
values, which agrees with previous findings in a mara- 
thon [Z, 5,401 and in a 70-km cross-country ski race 

[14]. The adrenal response to exercise is not uniform 
but depends upon the fitness [2] and training of the 
indi~dual, which increases its adrenal capacity to re- 
spond [li]. 

The old Greek’s cortisol response corresponds with 
the findings in a 67-year old marathon runner [40], 
and str~g~ens the view that the adrenal response 
to exercise in trained subjects is not impaired by age. 
Participant’s No. 13 cortisol value after collapse indi- 
cates a poor adrenal response. In a race of 155 km 
six competitors collapsed and cortisol was elevated 
in all but one. The explanation was unknown, as sub- 
sequent investigation revealed normal adrenal stimu- 
lation in response to insulin hypoglycaemia and to 
Synacthenm test [S]. Afte~ards, a Syna~then~ test 
on our subject who collapsed showed that his adrenal 
function was normal. No heat stroke or dehydration 
was diagnosed. 

Plasma testosterone (or androgens) increases with 
a change from rest to activity [27,28] or during exer- 
cise [16,17]. In one study [30], exercise did not cause 
any change in plasma testosterone levels. The 
mechanism of the 60% decrease of testosterone during 
the marathon is not immediately obvious. Our obser- 
vations cannot be compared with opposite results of 
Sutton et al. [16,17], because the latter measured 
total androgens during less exhausting exercise. The 
decrease we observed is comparable to that found 
after surgery [2!%31], after ACTTH administration 
[32,42], and among army cadets subjected to extreme 
physical activity [33]. The changes in the other hor- 
mones studied were also similar to those observed 
previously [2%32]. 

Finally, the heat (3O”C)--especially for Finns---may 
have influenced their testosterone, as suggested by in 
uit~) and in v&o experiments in animals [34,35]. In 
the very fit subject (No. 12) the slight increase in tes- 
tosterone is consistent with the very high LH. In the 
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other participants the mean LH value after the race 
did not differ from the control value. which confirms 
that exercise does not alfect mean plasma LH 
[2. 16. 171. The reason for the very low values for cor- 
tisol. LH and testosterone in the man who collapsed 
is not clear. but a central nervous system collapse 

may be postulated. perhaps caused by the slight in- 
fluenzit. 

The significant increase in androstenedione for all 
participants after the marathon is probably a result 
of increased adrenal activity. 

Afternoon control values for cortisol were lower 
than the values at noon. as expected. With testoster- 
one no such decrease was observed. The 4 h interval 
may have been too short for a detectable decrease, 
but it is possible that the diurnal variation [36,37] 

is modified in physically active individuals. Lipsett 
et ul. [27] found a smaller drop in testosterone in 
active subjects than at rest. A decrease in androstene- 
dione was observed in afternoon control samples. 
This agrees with the finding that androstenedione de- 
creases during the day more than twice as much as 
testosterone [38]. No significant change in LH was 

observed during these four afternoon hours. 
In the male, androstenedione is secreted mainly by 

the adrenal; its concentration in adrenal venous 

blood increases after ACTH stimulation [32,42] and 
it is precursor of testosterone. Increased stimulation 
of adrenal androgen biosynthesis by ACTH during 
the marathon would therefore account for the signifi- 
cant correlation between the post-marathon testoster- 
one and androstenedione levels. It would also explain 
the significant correlation between the percentage in- 
creases of cortisol and androstenedione. 

In three individuals (Nos. 3, 6. 7) in whom testoster- 
one decreased only moderately there was a great in- 
crease of androstenedione and it is possible that their 
testosterone decrease was partially compensated for 
by increased adrenal androstenedione (and testoster- 
one?) production. It is likely that the stress caused 
a decrease in the production of testosterone by the 
testes, as has been observed in dogs [41]. 

It is concluded that marathon running causes 
marked alterations in plasma cortisol, testosterone 
and androstenedione. to some degree connected with 
the physical fitness of the athletes. Further research 
is needed to clarify the role of hormones in the endur- 
ance of runners. Not only will such studies contribute 
to the solution of medical problems associated with 
mass participation in sport [.5] but it will also be 
of great value if we could distinguish in advance 
between those for whom the marathon is to be recom- 
mended and those for whom it may be dangerous 
[43]. We must learn more about the collapses during 
marathon as described by us and by Sutton [S] and 
which caused the death of Philippides, the dispatch- 
runner, on his arrival at Athens after the Battle of 
Marathon on 22 September 490 KC. 1441. 
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