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Serum testosterone levels and excessive erythrocytosis
during the process of adaptation to high altitudes

Gustavo F Gonzales

Populations living at high altitudes (HAs), particularly in the Peruvian Andes, are characterized by a mixture of subjects with

erythrocytosis (16 g dl21,haemoglobin (Hb)f21 g dl21) and others with excessive erythrocytosis (EE) (Hb.21 g dl21). Elevated

haemoglobin values (EE) are associated with chronic mountain sickness, a condition reflecting the lack of adaptation to HA. According

to current data, native men from regions of HA are not adequately adapted to live at such altitudes if they have elevated serum

testosterone levels. This seems to be due to an increased conversion of dehydroepiandrosterone sulphate (DHEAS) to testosterone. Men

with erythrocytosis at HAs show higher serum androstenedione levels and a lower testosterone/androstenedione ratio than men with EE,

suggesting reduced 17beta-hydroxysteroid dehydrogenase (17beta-HSD) activity. Lower 17beta-HSD activity via D4-steroid

production in men with erythrocytosis at HA may protect against elevated serum testosterone levels, thus preventing EE. The higher

conversion of DHEAS to testosterone in subjects with EE indicates increased 17beta-HSD activity via the D5-pathway. Currently, there

are various situations in which people live (human biodiversity) with low or high haemoglobin levels at HA. Antiquity could be an

important adaptation component for life at HA, and testosterone seems to participate in this process.
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INTRODUCTION

Testosterone exerts widespread effects in organisms. It has metabolic

and reproductive properties, and its effects are clearly observed when

differences between genders are studied. For instance, haemoglobin

(Hb) levels are higher in men than in women, and this difference is

observed in puberty when serum testosterone levels begin to increase.1

Gender differences in ventilation and in response to high-altitude

exposure have also been observed, and in these cases, testosterone

may be a participating factor.

These effects are reviewed here with special emphasis on the role of

testosterone in erythropoiesis and in natives living at high altitudes

(HAs). This is an important topic, as more than 200 million inhabi-

tants worldwide live at altitudes over 2500 m; 80 million of these

inhabitants are located in Asia,2 and 55 million live in Latin America.

POPULATIONS AT HAS

Most of the populations permanently living at HA are in Asia, Eastern

Africa, Latin America and North America. These populations differ

according to the antiquity of life in the highlands and patterns of adapta-

tion.2–5 The oldest populations living at HA are the Tibetans and

Ethiopians.2,3 Tibetans have resided at HA for more than 25 000 years.2

The Andean population is likely to have originated from migration

from Asia. In fact, by the end of the middle Palaeolithic period

(approximately 40 000 years ago), human beings had spread through-

out the world, except for Australia and the Americas. The migration to

the Americas seems to have occurred during the last Ice Age, from Asia

to North America through the Bering Strait.6 In Peru, most findings

suggest that the first presence of humans in the highlands occurred

between 12 000 and 13 000 years BC.7

The Spanish conquest of Peru occurred in the sixteenth century.

This conquest included an important admixture with the aboriginal

population. This admixture could have stopped or reversed the

adaptation process to HA, which had occurred over more than

10 000 years. Currently, there are three characteristic population

groups living at HA in Peru: Aymara (the oldest population living at

HA), Quechua and the admixture, primarily with Spaniards.8–10

In Tibet, there are two ethnic groups living in the highlands, the

Tibetans and the Hans. The Hans have resided there for no more than

70 years, and they show higher Hb levels than the Tibetans.2,5

Similarly, Peruvian populations located in the southern Andes show

lower Hb levels and longer generational lives than populations in the

central Andes4 (Table 1).

The presence of these groups may explain the different Hb levels

observed in populations residing at the same altitude in the same

country.5,11 Hence, multigenerational residence at HA may affect

Hb concentrations.

In the various adaptation processes, the endocrine system has an

important role.12–14 Recently, the endocrine system has been proposed

to be important for the high-altitude adaptation process, which

involves the regulation of Hb levels.15,16
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Life at HA is characterized by exposure to permanent hypoxia.

However, there can be various responses to the same hypoxic stimu-

lus.17–19 In the Peruvian Andes, a great range of values of pulse oxygen

saturation has been described in people living at the same altitude.20–23

Differences in hormone levels may explain some of these varying

responses to hypoxic stimuli,11,15,21 according to several studies.

CHRONIC HYPOXAEMIA AND CHRONIC MOUNTAIN SICKNESS

(CMS)

Chronic hypoxaemia is a long-standing condition in which arterial

oxygen pressure (PaO2) is lower than that observed in normal subjects

at sea level. Chronic hypoxaemia can be observed in people living at

HA and in those living at sea level but with chronic obstructive pul-

monary disease. In both cases, PaO2 may reach values below 60 mmHg,

whereas normal values at sea level are 100 mmHg.

Andean HA natives have a lower (blunted) hypoxic ventilatory

response (HVR), lower effective alveolar ventilation and lower ven-

tilation at rest and during exercise compared to newcomers acclima-

tized to HA.24 One of the causes of hypoventilation at HA seems to be

sleep apnoea.25 At HA, normal people often develop periodic breath-

ing during sleep and recurring periods of hyperpnoea and apnoea.

This phenomenon is most likely explained by the instability of the

negative feedback system in controlling ventilation.26

The first chronic syndrome described in HA dwellers in Peru was

CMS, which has a large component of relative hypoventilation and

secondary erythrocytosis.2 This disease is also observed in the high-

lands in immigrants who lived at sea level and were subsequently

exposed to HA for several years.27

This disease mainly occurs in populations with short-term re-

sidence at HA, as in some Andean28 and most Han29 and North

American30 inhabitants, whereas it is less common in Tibetans,31 the

group with the longest residence time in highland places.

Hypoventilation, particularly during sleep, appears to be the do-

minant cause of hypoxaemia in patients with CMS.32

One characteristic of this disease is excessive erythrocytosis (EE).28

The prevalence of EE increases with age in men33 and women.15

Menopausal status in Andean women at HA has also been related to

an increase in the CMS score,34 suggesting that a reduction in ovarian

hormones may represent a contributing factor for the development of

CMS. Experimental studies have demonstrated that treatment of rats

with oestradiol may prevent CMS,35 suggesting a role for ovarian

hormones.

High serum testosterone in the morning hours has been related to a

high degree of nocturnal oxygen desaturation during sleep.36

Additionally, men at HA with high testosterone levels have more dis-

turbances during sleep and higher Hb levels.37

León-Velarde et al.38 demonstrated that men from Cerro de Pasco

(altitude of 4340 m) have lower pulse oxygen saturations, higher Hb

concentrations and higher end-tidal CO2 pressures (PETCO2) than

pre-menopausal women of similar age. This is an important finding, as

both men and women are exposed to similar environmental hypoxic

conditions. Therefore, these gender differences seem to be due to

variations in sex hormone levels, which is further supported by their

disappearance after menopause.34

Additional recent studies refer to other factors responsible for CMS

pathogenesis. These include increased angiogenic growth factors,39

exaggerated oxidative stress40 and elevated serum testosterone levels.41

Cardiac function is also affected in patients with CMS.42

TESTOSTERONE AND VENTILATION

At sea level, several breathing disorders such as obstructive sleep

apnoea and sudden infant death syndrome show clear sex differences

in terms of prevalence.43 Gender differences exist in the respiratory

functions of the upper airway. In fact, sleep apnoea syndromes are less

common in women than in men.44

The prevalence of sleep apnoea/hypopnoea syndrome is twice as

high in men as in women.45 In addition, testosterone administration

increases sleep apnoeas in men.46 Moreover, women with apnoea-

hypopnoea indices greater than 10/h of sleep showed significantly

lower serum levels of 17-OH-progesterone, progesterone and oestra-

diol than those with lower apnoea-hypopnoea indice.47 Total tes-

tosterone was positively correlated to total apnoea-hypopnoea index

in women with polycystic ovary syndrome.48 These sleep apnoeas may

result in hypoventilation and low arterial oxygen saturation, and both

could be aggravated under living conditions at HA, in which low

environmental oxygen pressure is predominant.

The effects of the menstrual cycle, pregnancy, testosterone and pro-

gesterone on resting ventilation have been well documented.49 In rela-

tion to the effects of sex hormones on hypoxic (HVR) and hypercapnic

ventilatory responses (HCVR), female rats have a greater HVR than

male rats at old age, and at middle age, female rats have a greater

HCVR than male rats.49 Among other things, relative alveolar hypo-

ventilation has been suggested to result from reduced circulating

female sex steroid hormone concentrations.50–53 All of these data sug-

gest that high serum testosterone levels and/or low serum oestradiol

levels may be participating in hypoventilation, which may result in

erythrocytosis and CMS in high-altitude populations. Testosterone

can contribute to hypoventilation during sleep. However, in the case

of CMS, causation due to an increased number of apnoeic events has

not been proven.32 Moreover, no studies have been conducted in

humans during the daytime to show an association between ventila-

tion and testosterone levels at HA. The classic ventilatory blunting of

healthy high-altitude natives24 does not necessarily result in lower

SpO2. Therefore, it can be argued that high-altitude natives do not

ventilate more because it is not necessary, possibly because of

improved gas exchange (e.g., pulmonary diffusion). The proposed

Table 1 Patterns of adaptation to high altitudes observed in different populations and based in the presence of erythrocytosis and low pulse

oxygen saturation

Longer antiquity at highlands Erythrocytosis Arterial hypoxemia

Sea level 2 2 2

Ethiopian highland 1 2 2

Tibetans in Tibet 1 2 1

Hans in Tibet 2 1 1

Peruvian Central Andes 2 1 1

Peruvian Southern Andes 1 2 1

2, less antiquity and absence of erythrocyotis and absence of arterial hypoxemia; +, longer antiquity at high altitudes, erythrocytosis and higher arterial hypoxemia.

Data were obtained from Refs. 3–5, 12 and 23.
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effect of testosterone on ventilation assumes a consequent drop in

SpO2 and EE. This mechanism would involve erythropoietin (EPO).

However, EPO is not always increased in CMS patients.16 Thus, tes-

tosterone may be playing a minor role in ventilation at HA, and it

likely has a major role in erythropoiesis via ventilation-independent

mechanisms (Figure 1).

It is also possible that testosterone may act in the lungs. In fact, there

is increasing clinical evidence for sex differences in the incidence,

morbidity and mortality of lung diseases including allergic diseases

(such as asthma), chronic obstructive pulmonary disease, pulmonary

fibrosis and lung cancer, as well as pulmonary hypertension.54,55 A

recent study showed that the androgen receptor (AR) is expressed in

type II pneumocytes and the bronchial epithelium of murine lung and

that androgen treatment increases AR protein levels in lung cells,56

suggesting an important role for androgens in lung function.

TESTOSTERONE AND ERYTHROPOIESIS

Testosterone is considered both a hypoventilatory and an erythropoie-

tic hormone.36,37,57,58 Oestradiol, in contrast, limits EPO and red

blood cell production.59

The association between testosterone and EPO is still ambiguous.

Total androgen blockage reduces Hb levels but moderately increases

EPO,60 suggesting that the reduction in Hb levels is due to the reduc-

tion in serum testosterone levels and that a reduction in Hb levels

may increase EPO levels. In addition, serum testosterone levels are

related to erythrocytosis rather than EPO levels in hypogonadal men

treated for up to 21 years with subcutaneous testosterone pellets.61 In

another study, testosterone was shown to dose-dependently increase

the Hb/haematocrit rate, but did not show a related increase in

erythropoietin.62

A recent study observed increased human erythropoiesis as a result

of the acceleration of the conversion of dehydroepiandrosterone sul-

phate (DHEAS) to testosterone by activation of 3-beta-hydroxysteroid

dehydrogenase 2 (3beta-HSD2) and/or 17beta-HSD3, resulting in

high serum testosterone levels and high Hb levels.63

The conversion of testosterone to dihydrotestosterone64 or to oes-

tradiol65 is not essential for the mediation of its effects on eryth-

ropoiesis.

It has been suggested that testosterone stimulates erythropoiesis

through the production of haematopoietic growth factors and/or

the possible improvement of iron bioavailability. At the level of eryth-

ropoiesis, testosterone is suggested to act directly on bone marrow,

and specifically, the polychromatophylic erythroblasts.66 Further-

more, erythropoietin and testosterone have been postulated to act

synergistically to create the biochemical machinery for the synthesis

of Hb, the macromolecule that characterizes the erythropoietic pro-

cess.67 However, survival-enhancing or growth-stimulatory effects of

androgens on haematopoietic progenitor cells are minimal and mostly

restricted to mature erythroid progenitors in experiments using

human purified (CD341) erythroid progenitors in vitro.68 Moreover,

no AR expression has been observed in erythroid cells.69 Instead,

androgens act through AR to modulate the mRNA expression of

several haematopoietic growth factors in bone marrow stromal cells.

The effect of testosterone on erythroid progenitors could occur via

bone marrow stromal cells.70

Although animal studies suggest that androgen administration

increases the synthesis and secretion of erythropoietin,58 results in

men do not demonstrate this association.60,61 Recent studies suggest

that testosterone may be acting on iron bioavailability. In fact, tes-

tosterone administration has been associated with the suppression of

serum hepcidin, and the reduction in serum hepcidin levels is asso-

ciated with a greater increase in haematocrit in older men during

testosterone therapy.71 Women with polycystic ovary syndrome,

who have decreased oestrogen and increased testosterone levels, also

show reduced serum hepcidin levels.72

Hepcidin is a peptide hormone produced in the liver that binds and

degrades the iron channel ferroportin,73 resulting in an inhibition of

bioavailable iron. Low hepcidin is associated with increased iron

absorption, increased systemic iron transport, and erythropoiesis.74

In mammals, iron bioavailability for erythropoiesis and other vital

organic functions is regulated at three principal sites: placental or

duodenal uptake, release from hepatic stores and recycling of sca-

venged iron from senescent red blood cells via reticuloendothelial

macrophages.75 Hepcidin regulates iron bioavailability, and it has

been demonstrated that alterations in iron metabolism are only suf-

ficient to produce erythrocytosis.76 Thus, an increase in the level of

serum testosterone may reduce serum hepcidin levels, consequently

increasing the bioavailability of iron, which increases the Hb levels

(Figure 1).

Approximately 70% of the iron in the body is associated with Hb in

circulating red blood cells, and daily erythropoiesis requires approxi-

mately 25–30 mg of iron per day.77 This iron is provided by macro-

phages through haem iron recycling following phagocytosis of

senescent red blood cells and haem catabolism. Intestinal iron absorp-

tion (1–2 mg day21) only compensates for daily iron losses.78 In the

erythropoietic compartment, hypoxia stimulates erythropoiesis and

promotes Hb synthesis, which largely depends on iron availability.79,80

It is well known that in the Peruvian Andes, Hb concentration

increases as altitude increases.81 Similarly, CMS or lack of adaptation

to HA, which occurs in natives or long-term residents at altitudes

above 3000 m, also increases in a similar fashion.82,83 These high Hb

levels in populations at HA seem to be due to reduced levels of serum

hepcidin. During exposure to hypoxia at HA, the levels of hepcidin

are reduced, and this reduction is not driven by a reduction in iron

storage.84

EPO is the hormone responsible for erythropoiesis and has also

been related to improved hypoxic ventilatory response.85 An increase

in EPO levels has been observed after acute exposure to HA.86

However, after prolonged exposure to hypoxia, EPO does not increase

further; on the contrary, its level tends to decrease.87 In addition,

serum EPO levels do not increase further in men with EE at HA.41

These data suggest that EPO is not responsible for EE at HA and that

other hormones/factors account for EE at HA. Testosterone also sti-

mulates erythropoiesis.58 Therefore, an increase in serum testosterone
Figure 1 Elevated serum testosterone levels at high altitudes result in hypoven-

tilation, lower serum hepcidin levels and increased erythropoiesis.
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levels at HA may accentuate hypoxaemia and may produce excessive

erythropoiesis.16,41 Moreover, a recent study showed that high-alti-

tude erythrocytosis may be induced by an EPO-independent haema-

topoietic stem cell mechanism in the bone marrow.88

It is also possible that EE at HA could be due to increased iron

availability. This effect could also occur without affecting the serum

EPO levels, based on recent findings suggesting that administration of

statins may increase erythropoiesis by targeting the hepcidin and iron

regulatory pathways independent of erythropoietin.89

TESTOSTERONE AND ENVIRONMENTAL HYPOXIA: THE CASE

OF NATIVES AT HAS

During acute exposure to HA, hyperventilation associated with

increased heart rate is the first response of the organism. Similarly,

serum testosterone levels increase in men and male rats exposed to

acute hypoxia.15,90–92 Because testosterone is a hypoventilatory hor-

mone, we have suggested that an increase in serum testosterone is

related to a negative feedback mechanism of hyperventilation to avoid

an exaggerated response of the organism that could result in respir-

atory alkalosis and symptoms.15 An increase in serum testosterone

may also enhance erythropoiesis, supporting acclimatisation. Thus,

increased serum testosterone levels during acute exposure to HA

may improve acclimatisation.15

The situation in natives or subjects chronically exposed to HA is

different. If serum testosterone is high, as observed in several stu-

dies,16,21,41,93 this may be a contributing factor in reducing ventilation,

increasing sleep apnoeas and consequently reducing arterial oxygen

saturation,16,21,41 generating hypoxaemia. At the same time, increased

testosterone levels may activate erythropoiesis, reduce hepcidin and

increase Hb levels up to the level of EE, resulting in CMS.16,41

Therefore, testosterone may be important in regulating ventilation

and erythropoiesis at HA but when its value increases over a threshold,

an accentuation of hypoventilation and erythropoiesis may occur,

thus increasing the risk of CMS.

Testosterone in men and adaptation to altitude

The possibility that variations in the normal physiological range of

testosterone concentrations modulate the adaptation of men to hypo-

baric high-altitude hypoxia through the stimulation of Hb production

and/or respiratory disturbances and the exacerbation of hypoxaemia

during sleep has been previously suggested.37 In the referenced study,

urban adult men living at HA showed higher salivary testosterone

concentrations than rural men as well as significantly higher average

Hb concentrations. In addition, older urban men living at HA had

more frequent respiratory disturbances during sleep, which were

associated with significantly greater hypoxaemia.37

It is likely that the higher bioavailability of testosterone over many

years at HA93 may be responsible for sleep apnoeas, resulting in hypo-

ventilation, greater hypoxaemia and EE. All of these may contribute to

the cause of CMS.82 It is known that subjects with EE at HA show an

increased incidence of CMS compared to subjects with lower Hb

levels.94 Similarly, spontaneous baroreflex sensitivity is significantly

lower in subjects with EE.95 Periodic breathing with apnoea has also

been observed in high-altitude newcomers.96 Furthermore, serum tes-

tosterone levels are increased after acute exposure to HA.15 Therefore,

testosterone may play a role in high-altitude tolerance, most likely

increasing the HVR and HCVR; however, if the effect of testosterone

on sleep apnoeas prevails over other functions, testosterone may have

a negative impact on the adaptation process. When equilibrium is

disturbed, testosterone-induced sleep hypoventilation and EE may

produce CMS.16,41,97

It is possible that the improvement of HVR and HCVR by testoster-

one98 could be due to an aromatase-dependent mechanism. In fact,

the long-term facilitation of respiratory motor output in gonadecto-

mized male rats induced by testosterone is dependent on the conver-

sion of testosterone to oestradiol by aromatase.99 However,

testosterone per se increases sleep apnoeas, inducing hypoventilation.

In addition, sleep fragmentation eliminates ventilatory long-term

facilitation and attenuates HCVR.100

The HVR in many mammals is biphasic, with an initial stimulation

followed by a decline or roll-off. A number of factors influence the

ventilatory decline, including sex, arousal state, anaesthesia, PaCO2

and O2 ventilatory plasticity. Adenosine plays a role in this decline in

ventilatory response. The roll-off respiratory response to hypoxia in

adults is attenuated by non-selective adenosine receptor blockade with

methylxanthines.101

Serum testosterone response to the hypothalamic hormone, gona-

dotropin releasing hormone, has been studied in native men at alti-

tudes of 2600 m,102 3400 m103 and 4340 m (Coyotupa, Llerena and

Guerra-Garcia, 1977, presented as an abstract). Serum testosterone

levels at HA remain high at 180 min after injection, whereas at sea

level, their values returned to basal levels. This high testosterone res-

ponse occurred despite the fact that serum luteinizing hormone levels

increase in similar magnitudes at sea level and at HA.103

These authors suggest a higher sensitivity of Leydig cells to luteiniz-

ing hormone at HA. However, it is also possible that higher levels of

serum testosterone could be due to a reduction in the catabolic rate

rather than a higher testosterone production rate. Recent studies have

also shown that prolonged exposure to high-altitude hypoxia (3–4

days at 4350 m) does not affect the hypophyseal response to hypotha-

lamic hormones.104

Human chorionic gonadotropin hormone (hCG) acts on Leydig

cells in the luteinizing hormone receptors. At HA (4340 m), low uri-

nary excretion of testosterone after intramuscular injection of 2500 IU

hCG has been observed.105 However, a similar increase in serum tes-

tosterone with respect to basal values after injection of 1000 IU of hCG

has been observed at 3400 m, whereas at 4340 m, a higher response was

reported15 (Table 2). This has been confirmed in a recent study.41 Low

excretion of urinary testosterone at HA seems to be an effect of low

catabolism. This suggests that the high availability of serum testoster-

one after hCG stimulation may be due to reduction in conversion to

oestradiol or to the elevated conversion of androstenedione or DHEAS

to testosterone.

At 4340 m, testosterone levels and testosterone/DHEAS are high,

whereas serum DHEAS levels are low in men with EE at all times after

stimulation with 1000 IU of hCG compared to those without EE living

at the same altitude.41 At HA, the group with the highest score (o10)

in CMS showed higher chronological age, serum testosterone levels

and T/E2 ratios, but lower pulse oxygen saturation (SpO2) levels than

the group with CMS scores of f4. Some symptoms of CMS such as

sleep disorders and paraesthesia are more related to high serum tes-

tosterone levels then with elevated Hb levels; cyanosis is more related

to high Hb values than high serum testosterone levels. In conclusion,

high serum testosterone levels are associated with high CMS scores.97

High androgen levels could be due to low aromatase activity or an

elevated conversion rate from precursors to testosterone. This has

been studied utilizing an aromatase enzyme inhibitor, letrozole

(5 mg day21), administered for a 5-day period in men at HA and at

sea level. Men with erythrocytosis had lower basal serum testosterone/
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androstenedione ratios than men at sea level and men with EE

(Hb.21 g dl21) at HA. Men at HA with EE had higher testoster-

one/DHEAS ratios than men with erythrocytosis and than those at

sea level before and after letrozole administration. After letrozole

administration, both groups of men at HA (with erythrocytosis or

with EE) showed lower aromatase activities than those at sea level.

In conclusion, higher serum testosterone levels in men with EE were

associated with an increased conversion rate from DHEAS to tes-

tosterone rather than with lower aromatase activity.106 The enzyme

participating in this conversion is 17beta-HSD.107 This suggests that a

higher activity of this enzyme could explain the elevated levels of

serum testosterone in subjects with EE at HA.

In summary, higher serum testosterone levels in men with EE are

associated with greater conversion of DHEAS to testosterone.

Testosterone in women and adaptation to altitude

CMS is less frequent in women,108 most likely due to the protective

effect of oestrogens.35 After menopause, when oestrogen production is

dramatically reduced, the risk of CMS in women increases.34 In addi-

tion, serum testosterone concentrations are greater in women living at

HA than in those residing at sea level. Serum concentrations of DHEA,

DHEAS and androstenedione are lower in women living at HA than in

those living at sea level. The DHEAS/DHEA ratio is significantly greater,

and the androstenedione/testosterone ratio is lower in samples of

women living at HA. Among women above the age of 50 years, a greater

decline in serum concentrations of DHEA has been observed in those

living at HA than in those living at sea level. Among women between 60

and 70 years of age, serum concentrations of DHEA at HA are 47% of

the concentrations in women of the same age living at sea level. The

decay of DHEAS at sea level and at HA occurs from the age of 40 years.

The decline is faster at HA than at sea level, and in women aged 60–70

years, serum values of DHEAS at HA are at 56% of the values of those at

sea level. In the same age group, serum concentrations of androstene-

dione among those natives at HA are 27% of the values at sea level. At

sea level and at HA, the serum testosterone/oestradiol ratio increases

with age (P,0.0034 and P,0.0001, respectively).109

These data suggest that in women as well as in men106 living at HA,

there is a greater conversion of DHEAS to testosterone, indicating a

higher activity of 17beta-HSDs. We demonstrated in Cerro de Pasco

(altitude 4340 m) that serum testosterone/oestradiol values become

higher as haematocrit/Hb increases,110 suggesting that the effects of

higher testosterone or testosterone/oestradiol levels impact both men

and women at HA. Moreover, in women, high Hb/haematocrit levels

are associated with elevated testosterone/DHEAS ratios,15 confirming

the data observed for men at HA.

Our hypothesis is that testosterone is increased at HA as a result of

hypoxia and that the elevated serum testosterone levels subsequently

cause EE. This idea is based on the fact that data from acute exposure

to HA and from natives at HA with EE both demonstrate increased

testosterone levels. Moreover, the level of plasma testosterone in

hypoxic rats is higher than that in normoxic rats. Enhanced testoster-

one production has been observed in rat Leydig cells treated with hCG,

8-Br-cAMP or forskolin under both normoxic and hypoxic condi-

tions. Intermittent hypoxia results in a further increase of testosterone

production in response to testosterone precursors. The activity of

17beta-HSD is stimulated by the treatment of intermittent hypoxia

in vitro.111

SUMMARY

According to our data, native men at HA are not adequately adapted if

they have elevated testosterone levels. This seems to be related to the

increased conversion of DHEAS into testosterone.106,109 Further analyses

of men at HA with erythrocytosis show higher serum androstenedione

levels and a lower testosterone/androstenedione ratio than men with EE,

suggesting reduced 17beta-HSD activity.106 Lower 17beta-HSD activity

through D4-steroid production112 in men with erythrocytosis at HA

may protect against elevated serum testosterone levels and prevent EE.

The greater conversion of DHEAS into testosterone indicates increased

17beta-HSD activity through the D5-pathway.106 Women with elevated

testosterone levels are more likely to have EE.

In summary, elevated serum testosterone seems to be responsible

for, or at least associated with, chronic mountain disease.

FINAL REMARKS

Populations living at HA in Peru represent an important model to study

adaptation to HA. Human beings have lived in the Peruvian Andes since

12 000 years BC, a length of time in which adaptation could have occurred,

but the Spaniard conquest in the middle of the eighteenth century may

have altered this pattern. At present, there are various situations (human

biodiversity) in which people live at HA with high or low degrees of

adaptation associated with low or high Hb levels,11 respectively. Antiquity

could be an important component of adaptation to life at HA in Peru, and

testosterone seems to be a hormone participating in this process.
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