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INTRODUCTION

Respiratory characteristics of natives at high altitude are blunted hypoxic
ventilatory response (HVR) (1), high hypercapnic ventilatory response (HCVR), and
increased periodic breathing and sleep apnea (2). People living at high altitude
hyperventilate with respect to natives at sea level (3). Hypoventilation, particularly
during sleep, appears to be the dominant cause of hypoxemia in patients with chronic
mountain sickness (3).
Both, the common respiratory dysrhythmia and the less common instances of overt
sleep apnea are seen more frequently in men than women (4). Testosterone
contributes to the respiratory dysrhytmias and apneas in men and women (5,6).
Therefore, it is possible that testosterone may play a role in sleep apnea at high
altitude.
The present article has been prepared to determine any association of serum
testosterone levels with hypoxemia and adaptation to high altitude.
TESTOSTERONE AND VENTILATION
Testosterone has been related to regulation of ventilation during sleep. Testosterone
depresses hypercapnic ventilatory drive during sleep (13), and it increases sleep
apneas in adults (7). Sleep apnea may produce hypoventilation increasing
hypoxemia. Testosterone also stimulates erythropoiesis. Both situations,
hypoventilation and excessive erythropoiesis, have been advocated as causes of the
clinical manifestations of mountain chronic diseases or maladaptation to high
altitude life (8) through accentuation of hypoxemia and pulmonary hypertension.
The lower prevalence of chronic mountain sickness in women at reproductive ages
than in men or post-menopausal women (9,10) support a role for testosterone in the
mechanism of maladaptation to high altitude. Some authors have suggested that
estradiol may prevent CMS (11). Therefore, it is possible that increased T/estradiol
ratio may be a risk factor for CMS.
TESTOSTERONE AND ENVIRONMENTAL HYPOXIA: THE CASE OF THE
NATIVE AT HIGH ALTITUDE
As shown in Table 1, a low level of serum testosterone was observed in men at high
altitude, just when hematocrit level reached values over 65%. This reduction was
observed irrespective of age of subjects. Subjects with high hematocrit had low
serum FSH levels. These data suggest that in situation of excessive erythrocytosis,
which in turn is associated with hypoxemia, the pituitary-testis axis is affected. In
hypoxic male patients with stable chronic obstructive airways disease hypothalamicpituitary-testicular axis dysfunction has been also observed (12).
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Table 1.- Serum levels of testosterone, LH and FSH in adult male high altitude natives: relation to
hematocrit levels.
Hematocrit
%

n

Age
(Years)

T
ng/ml

LH
ng/ml

FSH
ng/ml

50-60
61-65
Ž65

6
6
6

44.0 ± 3.0
38.6 ± 2.9
41.3 ± 4.4

7.2 ± 0.8
6.3 ± 1.1
2.9 ± 0.3*

9.2 ± 1.3
11.4 ± 3.1
7.6 ± 1.2

15.1 ± 1.4
15.9 ± 3.0
8.9 ± 1.5**

Data are mean ± SD. *P<0.01;**P<0.05.

The data in table 1 suggest that testosterone is important in regulating ventilation and
erythropoiesis at high altitude, but when its values increase over a treshold,
accentuation of hypoventilation and erythropoiesis may occur increasing the risk to
chronic mountain sickness (CMS).
If such assumption is true, we would expect a high incidence of CMS during puberty
and low incidence during senescence, situations in which serum testosterone levels
increase and decrease significantly (13,14). However, incidence of CMS is lower at
puberty and higher at senescence (9).
Estradiol, a metabolite of testosterone, also increases significantly with puberty (15),
and this hormone has been suggested to be a protector against CMS (10,11).
Testosterone and estradiol (E2) act in opposition, such that the ratio T/E2 may be a
better estimate of testosterone bioavailability than T alone. We have calculated T/E2
ratio at puberty from published data (15), and this was below 1.0 suggesting a
protective effect of estradiol. Thus we have proposed this ratio as a marker of
bioavailability of serum testosterone at high altitude as a better marker of androgen
action.
BIOAVAILABILITY OF TESTOSTERONE AT HIGH ALTITUDE
The bioavailability of serum testosterone may be studied under basal or stimulated
conditions. The stimulated conditions may be performed after injection of
gonadotrophin releasing hormone (GnRH), or human chorionic gonadotrophin
(hCG). GnRH stimulates production and secretion of luteinizing hormone (LH)
which in turn will increase serum testosterone levels. Human chorionic
gonadotrophin (hCG) will stimulate directly Leydig cells increasing synthesis and
secretion of testosterone.
Bioavailability of testosterone under basal conditions
We have proposed a marker for bioavailable testosterone by measuring serum levels
of testosterone (T), the precursor, 17 -hydroxyprogesterone (17 OHP), and its
metabolite 17 estradiol. The ratio of T/17 OHP has been defined as testosterone
produced by anabolism (Tanabolism). The ratio E2/Tanabolism has been defined as estradiol
by catabolism (E2 catabolism). The bioavailability of testosterone has been defined as the
relation Tanabolism/E2 catabolism.
Analysis of our data demonstrated that ratio Tanabolism/E2 catabolism in adult men at sea
level is about 1.13. Calculation of data from others (17) shows that ratio serum T/
serum estradiol increases as puberty develops. Estradiol increases more than
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testosterone during puberty. That could be the reason why incidence of CMS is
lower in puberty (9).
We have calculated the ratio Tanabolism/E2 catabolism at high altitude (4340 m), and this
value resulted higher (1.6) than that observed at sea level (1.13). This suggests a
high bioavailability of testosterone in adult men at high altitude.
There is a general agreement that total and free testosterone levels and testosterone
production rates are lower in older men compared with young healthy men (16). At
high altitude, it has been also observed that serum T levels decline with aging (17)
but CMS increases with age (9). Calculation of the ratio Tanabolism/E2 catabolism showed a
value of 1.92 in older men at sea level and 2.27 in older men at high altitude,
suggesting a higher availability of testosterone at high altitude. This finding may
explain the higher hematocrit levels and higher prevalence of CMS observed with
aging at high altitude.
There is a high prevalence of sleep apnea in the elderly at sea level (18), and it has
been calculated from our data the T/E2 ratio is higher in elderly men at sea level. As
ratio is higher at high altitude than at sea level, the prevalence of sleep apneas could
be higher in older men at high altitude, increasing hypoventilation and hypoxemia
increasing the risk of CMS.
Bioavailability of testosterone under stimulated conditions at high altitude
Response to Gonadotrophin releasing Hormone (GnRH)
Serum testosterone response to GnRH has been studied in native men at 3400 m
(19). Serum testosterone levels in men at high altitude remained high at 180 min
after injection, whereas in men at sea level, their values had returned to basal levels.
This high testosterone response occurred despite the fact that serum LH levels
increased in a similar magnitude at sea level and at high altitude (19).
Response to Human Chorionic Gonadotrophin (hCG)
HCG, is a hormone which acts on Leydig cells in the LH-receptors, and it is used as
a test for Leydig cells reserve. A similar increase in serum testosterone with respect
to basal values after injection of 1000 IU of hCG has been observed at 3400 m,
whereas at 4340 m altitude, a higher response was reported (20). Therefore, it is
suggested that high availability of serum testosterone after hCG stimulation may be
due to a reduction of conversion to estradiol.
The ratio Tanabolism/E2 catabolism after 48 h of hCG stimulation was 0.15 at sea level and
0.30 at high altitude (198.9% increase), confirming a higher bioavailability of
testosterone at high altitude. At high altitude, there is a moderate increment in the
metabolism of 17 OHP to testosterone (118.1% with respect to sea level), and a
significant reduction in the metabolism of testosterone to estradiol (60.8% with
respect to sea level) resulting in a ratio Tanabolism/E2 catabolism twice at high altitude than
at sea level. This is a demonstration that per unit of time, there is a high availability
of peripheral testosterone, which is more evident after gonadotrophin stimulation.
TESTOSTERONE AND ADAPTATION TO ALTITUDE
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The possibility that variation in the normal physiological range of testosterone
concentration modulates men’s adaptation to hypobaric high-altitude hypoxia
through stimulating haemoglobin production and/or causing respiratory disturbances
and exacerbated hypoxaemia during sleep had also been suggested by Beall et al
(21). altitude. Our analysis relating testosterone to estradiol levels demonstrated that
testosterone availability is higher in older men at high altitude and this may explain
the higher haemoglobin production and greater hypoxaemia during sleep, all factors
contributing to the CMS.
Sleep apneas are observed in high altitude natives (7), and the longest apneas and the
highest number of oscillations of arterial oxygen saturation are found in the
polycythemic highlanders (2). It is possible that higher bioavailability of testosterone
during many years at high altitude is responsible for the sleep apnea at high altitude
resulting in hypoventilation, greater hypoxemia, and excessive erythrocytosis, as it
has been suggested by Sime (8). All of these may contribute to the etiopathogenesis
of CMS. Periodic breathing with apnea has also been observed in high altitude
newcomers (22). Similarly, serum T levels are increased after acute exposure to high
altitude (13).
During senescence at sea level and at high altitude a reduction in ventilation (8) and
an increase in sleep apneas may be observed (20). The ratio Tanab/E2catab is
significantly higher in the elderly (age: 65 ± 2.00 years, mean ± SEM) than in young
adults (age: 21 ± 0.62 years) under basal and post- hCG conditions. In adults, the
ratio Tanab/E2 catab is near one, that is, per unit of testosterone there is a unit of
estradiol; this ratio is higher in the elderly, and the highest value was observed in the
elderly at high altitude. These findings may explain the high prevalence of CMS
with aging.
TESTICULAR ENDOCRINE FUCTION IN MEN WITH CHRONIC
MOUNTAIN SICKNESS
In CMS, there is a low basal level of serum testosterone and an absent response of
Leydig cells to hCG stimulation, whereas serum LH and FSH levels are similar to
controls. Men with CMS have been also observed low urinary excretion of
testosterone (23). Failure in hypohyso-testicular axis seems to be secondary to CMS,
and it is probably a mechanism for preventing deletereous effect of high androgen
activity observed in men at high altitude on ventilation.
The reduction in serum testosterone levels in severe grades of hypoxemia could be a
feedback mechanism to reduce testosterone effects on ventilation.
Which mechanisms may be postulated for these observations?. The persistent higher
availability of T/E2 increases sleep apneas, producing hypoventilation and
hypercapnia. These will increase hypoxemia and decrease oxygen saturation. This
situation may be aggravated in the elderly, in whom bioavailability of testosterone
(higher T/E2 ratio) is higher, increasing erythrocytosis further. If hypoxemia reaches
a threshold level, CMS is produced. An unknown negative signal eventually causes a
reduction in serum testosterone level and its response to Lh/hCG stimulation, as
negative feedback. However, CMS is not relieved, probably because the T/E2 ratio is
stays high, or possibly because of a loss of the hormonal negative feedback control
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of hemoglobin concentration.
According to our data of higher bioavailability of testosterone in the elderly at high
altitude, it has been suggested that native men at high altitude are not adequately
adapted to live at high altitude. To be adapted, they probably require to have T/E2
ratio near to 1 as it happens at sea level.
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