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Summary. Plasma adrenocorticotrophin (ACTH)
and cortisol (F) concentrations were studied in six
male subjects under normoxic (N) and acute hy-
poxic (H) conditions (altitude 3000 m) in a hypo-
baric chamber. Comparisons were made at rest, at
15, 30, and 60 min of exercise (65% Vo, ), and
after a 10 min recovery period. Mean (£ SE) rest-
ing plasma ACTH levels were significantly higher
in H (18.6%5.7 pmol -17") than in N (9.6+1.6
pmol -17") but no difference in resting plasma
cortisol was observed between the two conditions.
Both plasma ACTH and F concentrations were
significantly increased at 60 min of exercise and
during the recovery period under normoxic condi-
tions. Hypoxia did not affect the ACTH response
to exercise but reduced cortisol elevation. The
changes in plasma cortisol concentration from
rest to exercise were significantly correlated to
ACTH under normozxic (r=0.89, p<0.001) but
not under hypoxic (r=0.43, NS) conditions.
Plasma lactate concentration was higher at the
end of exercise in hypoxia (p <0.01), and no cor-
relation existed between plasma lactate and
ACTH levels. These observations provide further
evidence that at sea level the increase in plasma
cortisol levels during exercise is the result of
ACTH-induced steroidogenesis. The responses
observed at rest and during exercise in hypoxia
suggest that adrenal sensitivity for ACTH may be
altered.
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Introduction

Adrenocortical response to hypoxia has long been
of interest because its metabolic consequences
and its possible implication in acclimatization to
altitude (Hornbein 1962; Moncloa et al. 1968;
Sutton 1977). Resting plasma cortisol concentra-
tions have been reported to be increased (Hum-
peler et al. 1980; Moncloa et al. 1968) or un-
changed (Bouissou et al. 1986; Sutton 1977) in hu-
mans exposed to acute hypoxia. During physical
exertion at altitude or under simulated hypoxia,
the cortisol response was found to be greater than
at sea level (Sutton 1977). However, ACTH,
which is held to be the primary stimulus for corti-
sol secretion, was not measured in any of these
studies. As a consequence, it is not clear whether
hypoxia truly stimulates the hypothalamic-pitui-
tary-adrenocortical axis. On the other hand, the
cortisol response to exercise was compared at the
same absolute work loads under normoxic and
hypoxic conditions, so that the decrease in maxi-
mal aerobic power (Vo, ) with altitude was not
taken into account (Sutton 1977). Changes in
plasma ACTH and cortisol with exercise, as for
many hormones (Bouissou et al. 1986; Galbo
1983), are related to relative (% Vo, ) rather
than absolute work loads.

Therefore, the purpose of this study was to as-
sess plasma ACTH and cortisol levels at rest and
during exercises performed at the same relative
work load (65% Vo, ) in normoxic and acute hy-
poxic conditions. In addition, plasma lactate ac-
cumulation, which has been suggested as a possi-
ble stimulus for ACTH secretion (Farrell et al.
1983), was also evaluated.
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Methods

The subjects in this study were six healthy male volunteers.
The mean (+SE) age, weight and height for the group was
33+2.9 years, 78 £ 1.8 kg, 178 =6 cm, respectively. The sub-
jects were studied on two occasions within 15 days. Before
each test session they refrained from food and exercise for § h.
Each subject performed, at the same times (between § and 11
AM) 1 h submaximal exercise tests on an electrically braked
ergocycle (Minjhardt KEM-2). The protocols for the two stud-
ies were identical except that the subjects were exposed to two
different altitudes in a hypobaric chamber: sea level (758 mm
Hg) and 3000 m (520 mm Hg). The order in which the experi-
mental conditions were presented was randomized and un-
known to the subjects. In both studies, the subjects remained
in the hypobaric chamber for about 2 h. The work loads were
selected to elicit 65% Vo, ., each subject’s Vo,  having
been previously determined at each altitude. Oxygen con-
sumption (Vo) was continuously measured during the tests
using a computerized exercise testing system (Beckman Hori-
zon MMC) and heart rate was monitored from an electrocar-
diogramm (Fukuda, HC 1). Hypobaric or sham decompres-
sion was achieved in 10 minutes. Then a indwelling catheter
was inserted into a superficial forearm vein and the subjects
rested for 30 min before the resting blood sample was col-
lected. All subjects were familiar with catheterization proce-
dures. Subsequently, blood samples were taken at 15, 30, and
60 min of exercise and after a 10 min recovery period follow-
ing exercise. Each blood sample was immediately analysed for
hematocrit value (Hct). After centrifugation of the remaining
blood, the plasma was assayed for cortisol (Fiorelli et al. 1972)
and ACTH (Yalow et al. 1964) using radioimmunoassay pro-
cedures. Plasma lactate (after deproteinization with cold
perchloric acid) was measured by an enzymatic method (Ho-
horst 1962). The data (mean =+ SE) were statistically analysed
using analysis of variance for repeated measurements and Tu-
key’s post hoc test (Fergusson 1981). The null hypothesis was
rejected at p <0.05.

Results

The metabolic and cardiorespiratory responses to
exercise in normoxic and hypoxic conditions are
presented in Table 1. At the same relative work
load there was no difference in heart rate (Hr)
and minute ventilation (V) between the two con-
ditions. A lower hypoxic Vo,  resulted in a sig-
nificantly lower submaximal Vo, under hypoxia.

Table 1. Heart rate (HR), minute ventilation (Vg), oxygen up-
take (Vo,) and relative work load (% Vo, ) during exercise in
normoxic and hypoxic conditions (means + SE)

Normoxia Hypoxia
HR 148 +2 145  +3 beats - min '
Ve 72.2 +£32 73.3 +511 -min~!
Vo, 2.31+£0.08 1.90%0.10 1 - min '
% Vo, . 65 66
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Plasma volume reductions with exercise (esti-
mated from changes in Hct values) were similar in
normoxic (4.3 +1%) and hypoxic (4% 1%) condi-
tions. The mean resting plasma ACTH and corti-
sol concentrations in normoxia were 9.6+1.6
pmol - 17" and 0.24+0.01 pmol - 17, respectively.
Such values are commonly reported for normal
resting subjects (Beaulieu 1978). Plasma ACTH
increased in 5 of the 6 subjects after hypoxic de-
compression, and the mean value of resting
plasma ACTH levels was twice as high in H as in
N. These increases were associated with a small
and non-significant increase in resting plasma
cortisol concentrations. The ACTH response to
exercise is shown in Fig. 1. ACTH rose with exer-
cise in both conditions, significant differences be-
ing observed at the end of exercise and during the
post exercise period when compared with the rest-
ing values. No hypoxia main effect was measured
between the two conditions. One exception to
these response patterns was observed. In one sub-
ject, who showed the highest level of resting
plasma ACTH (40 pmol -1~ "), adrenocorticotro-
phin declined by 34 pmol - 17" at the end of exer-
cise. This subject also showed no change in
plasma cortisol concentration with exercise. The
corrected values of plasma cortisol were signifi-
cantly increased at 60 min of normoxic exercise
and continued to rise into the recovery period
(Fig. 2). In hypoxic conditions the plasma cortisol
concentration did not show significant elevation
with exercise, and cortisol was found to be signif-
icantly lower during the post-exercise period
when compared with normoxia. Plasma lactate
concentrations measured at the end of exercise
under hypoxic conditions were significantly
higher than in normoxia (Table 2).
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Fig. 1. Plasma ACTH concentrations (mean =+ SE) at rest and
during exercise under normoxic (& [) and acute hypoxic
(H— W) conditions. (a: significantly different from rest,
p<0.05)
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Table 2. Plasma lactate changes during the transition from rest
to exercise (A mMol), a: significantly different from normoxia
(p <0.01)

Exercise (min)

15 30 60
Normoxia 3.07+0.6 3.56+04 2.23+£0.6
Hypoxia 3.25+0.4 3.52+0.5 3.25+0.3*
Discussion

The results of the present investigation confirm
that, under normoxic conditions, changes in
plasma cortisol with exercise are strongly related
to the ACTH response (Fig. 3). The same magni-
tude of plasma ACTH (199%) and cortisol (195%)
increases, and the similar patterns of response for
both hormones suggest strongly that ACTH is the
primary stimulus for the augmented cortisol se-
cretion observed during and after exercise. Our
plasma ACTH data are consistent with previous
reports in terms of the magnitude of the response
(Farrell et al. 1983; Gambert et al. 1981). They
also emphasize the importance of exercise dura-
tion for ACTH secretion. One hour’s exercise at
65% Vo produces a two fold increase in
plasma ACTH levels that is greater than those
found during a 20 min submaximal exercise (27%)
at the same relative work load (Farrell et al. 1983),
but less than those observed after a 4 h marathon
run (Dessypris et al. 1980) or cross country skiing
race (Sundsfjord et al. 1975). The mechanisms
which underly these elevations are not known. It
has been suggested (Farrell et al. 1983; Few et al.
1980) that lactate accumulation might stimulate,
via an activation of chemoreceptors within the
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Fig. 2. Cortisol response under normoxic (& —[) and hy-
poxic (Il — W) conditions. (a: significantly different from rest,
p<0.05; b: significantly different from normoxic condition,

p<0.05)
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Fig. 3. Relationship between the changes in plasma ACTH
and cortisol concentrations from rest to the peak value
reached by each hormone during exercise in normoxia

working muscles, the hypothalamic-pituitary axis.
Changes in plasma lactate was found to correlate
with ACTH (Farrell et al. 1983) and cortisol (Few
et al. 1980) responses to graded exercise. Howev-
er, a true cause-to-effect relationship between
these variables remains to be determined. The
temporal sequence between the increase in
plasma concentrations of lactate and ACTH, seen
in this study, do not support this theory. Indeed,
the work load used here (65% Vo ), close to the
subJects anaerobic threshold, elicited a rapid ele-
vation in plasma lactate which continued until
30 min of exercise whereas ACTH rose only at the
end of the exercise. In these conditions, ACTH
secretion is probably not explicable on the basis
of chemoreceptor stimulation by lactate. Further
work will be necessary before a proper explana-
tion can be achieved.

Under acute hypoxia there was no change in
the resting cortisol concentration, but plasma
ACTH was twice as high as under normoxic con-
ditions. During exercise the ACTH response was
unaltered, while cortisol failed to increase. No
consistent relationship between plasma ACTH
and cortisol concentration was found during exer-
cise in hypoxia (r=0.43, N.S.). Our observations
of elevated resting ACTH levels in hypoxia are
consistent with previous studies in animals (Raff
et al. 1981) . In contrast, the failure of cortisol to
increase with exercise in hypoxia was quite unex-
pected. Previous investigations have shown that,
for the same absolute work load, plasma cortisol
is higher under acute hypoxia than in normoxia
(Sutton 1977). However, when similar relative in-
tensities of exercise were compared, the plasma
cortisol response to graded exercise tended to be
lower in hypoxia (Bouissou et al. 1986). Further-
more, Raff et al. (1981) have observed large
ACTH increases without a cortisol response in
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dogs exposed to acute hypoxia. The present re-
sults may also be compared to recent observations
of a lowered aldosterone release despite elevated
plasma renin activity during exercise under acute
hypoxia (Bouissou et al. 1987; Milledge and Cat-
ley 1982; Shigeoka et al. 1985). Both phenomena
could have a common origin, and suggest an al-
tered adrenocortical function in hypoxia. Several
mechanisms may be responsible for the observed
suppression of plasma cortisol during hypoxic ex-
ercise. First, these inhibitory effects could be due
to a limitation of adrenocortical enzyme activity:
this is, however, not consistent with the previous
finding of normal cortisol responses to exogenous
ACTH under hypoxia (Lau 1971). Second, it is
possible that the blunted cortisol response is
caused by changes in adrenal blood flow, which
has been shown to modulate steroid release inde-
pendently of plasma ACTH (Raff et al. 1981; Ur-
quhart 1965). Lowered adrenal flow during hy-
poxic exercise may have prevented a normal cor-
tisol response despite high levels of plasma
ACTH. Although adrenal blood flow was found
to increase in anaesthetized dogs under hypoxia
(Raff et al. 1981), we feel that these results may
probably not be extrapolated to exercising hu-
mans, in whom a major vasoconstriction takes
place in the non-working areas (the renal and
splanchnic vascular beds). The influence of hy-
poxia on exercise-induced changes in adrenal
blood flow has not, to our knowledge, been docu-
mented.
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