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Abstract Chronic mountain sickness (CMS), a lack of

adaptation to altitude characterized by excessive erythro-

cytosis (EE), is a health problem associated with life at

high altitude. The erythropoietic process is regulated by

both erythropoietin and testosterone. Zinc (Zn) is known to

be related with testosterone and hemoglobin levels;

meanwhile, nitric oxide was also associated with adapta-

tion to high altitude. The aim of this study was to determine

the relationship of hemoglobin and CMS score with serum

levels of zinc, total testosterone (TT), calculated free tes-

tosterone (cFT), bioavailable testosterone (BAT), hemo-

globin, and nitric oxide in men at high altitude with or

without EE. Men residing in Lima (150 m) and Cerro de

Pasco (4,340 m), Peru, were divided into three groups: (1)

low altitude, (2) high altitude without EE (hemoglo-

bin \ 21 g/dl), and (3) high altitude with EE (hemoglo-

bin C 21 g/dl). Adjusted multivariable regression models

showed that serum testosterone (total or free) and Zn levels

were independently correlated with increased hemoglobin

levels. Similarly, hemoglobin was positively related with

signs/symptoms of CMS; however, both increased the

serum Zn and the nitric oxide levels correlated with

reduced risk for signs/symptoms of CMS. In conclusion,

higher serum testosterone levels and Zn levels were asso-

ciated with EE, and low scores of signs/symptoms of CMS

were associated with higher Zn and nitric oxide levels.
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Abbreviations

BMI Body mass index

HA High altitude

LA Low altitude

Hb Hemoglobin

EE Excessive erythrocytosis

CMS Chronic mountain sickness

TT Total testosterone

cFT Calculated free testosterone

BAT Bioavailable testosterone

Epo Erythropoietin

NO Nitric oxide

Zn Zinc

ALAD Delta-aminolevulinic acid dehydratase

HIF Hypoxia-inducible factor

Introduction

Chronic mountain sickness (CMS), first described in 1925

in Peru, is one of the health problems associated with life at
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high altitudes (HAs) [1]. The CMS is defined as a lack of

adaptation to altitude [2] and is characterized by excessive

erythrocytosis (EE). In Cerro de Pasco at 4,340 m, Peru,

excessive erythrocytosis is defined when a subject has a

level of hemoglobin higher than 21 g/dl [3]. The physio-

pathology of CMS includes the following sequence: blun-

ted respiratory response to hypoxia, hypoventilation,

excessive hypoxemia, and EE [4].

The prevalence of CMS in HA dwellers ranges from

1.2% in native Tibetans to 5.6% in Chinese Han; 6–8% in

male residents of La Paz, Bolivia; and 15.6% in the Andes

[5–7]. Differences in rates of CMS seem to be explained by

the antiquity in which populations reside at HAs [8].

Populations with more multigenerational residence at HA

could be more adapted to live in this environment and show

fewer rates of CMS than those with less generational res-

idence [8]. CMS leads to cardiac failure and/or neurologic

disorders and clinical signs include headache, fatigue,

dizziness, sleep disturbances, dyspnea, loss of memory, and

digestive complaints [9].

Erythropoiesis, i.e., red blood cell production, is a

process that is hormonally regulated by two hormones:

erythropoietin and testosterone [10, 11]. Both higher

erythropoiesis and hypoventilation are related with testos-

terone actions [12, 13]. Therefore, it is suggested that

testosterone may be involved in HA adaptation acting on

both processes associated with CMS [14].

On the other hand, several studies have found that zinc

(Zn), a micronutrient involved in structural and regulatory

functions in mammalian cells [15], could also be associated

with erythrocytes production, hemoglobin [16], and serum

testosterone levels [17, 18].

Recent evidence suggests that nitric oxide was also

associated with adaptation to HA [19]. It is still unknown

whether the relationship between serum testosterone and

hemoglobin at HA [14] is also associated with Zn and nitric

oxide levels.

For these reasons, the aim of the present study was to

determine the circulating levels of testosterone, calculate

free testosterone (cFT), bioavailable testosterone (BAT),

hemoglobin, nitric oxide, and Zn in men with or without EE

living at Cerro de Pasco, 4340 m in Peru, and the associa-

tions between them. The relationships between these vari-

ables and CMS signs and symptoms were also assessed.

Subject and methods

Design

The study design was cross sectional in 92 adult men aged

30–61 years old. From these individuals, 62 men were

living in Cerro de Pasco, Peru (4,340 m), and 30 men in

Lima, Peru (Low altitude, 150 m). Men voluntarily

accepted to participate in the study and signed an informed

consent form. The study was approved by an Institutional

Review Board at the Universidad Peruana Cayetano

Heredia (SIDISI: 57085) in Lima, Peru.

Men at HAs were recruited into the study based on

hemoglobin values, and two groups were conformed: one

with hemoglobin C 21 g/dl which included 33 men (these

subjects were classified as EE, a cardinal sign of CMS),

and the second with hemoglobin \ 21 g/dl included 29

men (these subjects were classified as men without EE).

Volunteers were recruited through advertising on radio,

local health offices, and academic centers. From those men

living at Cerro de Pasco, 96.6% of men without EE, and

98.4% of men with EE were born in the same place

(P [ 0.05). Men from the group in Lima were all natives at

low altitude (LA) except one who was born in Cutervo,

Cajamarca at 1800 m.

Men from the low-altitude group were residing in Lima

for 33.9 ± 14.2 years (mean ± SD), whereas those from

the HA group without EE were residing in Cerro de Pasco

for 36.8 ± 8.9 years, and those with EE were residing in

Cerro de Pasco for 37.8 ± 12.9 years (P [ 0.05).

Men were not receiving any medication for at least three

months before the study nor did they have phlebotomy

during the year preceding the study.

Subjects were excluded from the study if they had

chronic obstructive pulmonary disease, cardiovascular or

renal diseases, or if they had received medication during

the previous 3 months. None of the patients were affected

by prostate cancer and/or were undergoing androgen

deprivation therapy.

Experimental protocol

A basal venous blood sample was drawn by a trained pro-

fessional from an antecubital vein of each subject between

08:00 and 11:00 h to avoid the circadian and diurnal varia-

tion of hormones. In most cases, men were in a fasting state.

Survey

The sociodemographic variables were recorded through a

questionnaire that included age, alcohol, and/or tobacco

consumption, and time of residence at HA.

During the study, it was noticed that the men were

non-smokers or smoked sporadically (less than one ciga-

rette packet a year). Alcohol drinking was recorded as a

dichotomic variable. No differences were observed in

alcohol consumption between men with and without EE at

HA (P [ 0.05).
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Body mass index (BMI)

Height and weight were measured from each subject in the

laboratory, in Lima for the low-altitude group, and in Cerro

de Pasco for the HA group; and, BMI was calculated in

each of the subjects and expressed as Kg/m2.

Serum hormone measurements

Blood samples were centrifuged at 1,0009g for 10 min at

room temperature, and serum from each sample was drawn

and placed in a vial. Samples were immediately stored at

-20�C until assayed for hormonal analysis. The serum

samples were assessed no longer than 4 months after

having been collected. The following hormones were

determined in serum: follicle-stimulating hormone (FSH),

luteinizing hormone (LH), total testosterone (TT), eryth-

ropoietin, and sex hormone-binding globulin (SHBG).

Serum total testosterone levels (nmol/l) (Siemens

Medical Solutions Diagnostics, Los Angeles, USA) were

measured by radioimmunoassay (RIA) using commercial

kits. Serum LH (IU/l) and FSH (IU/l) levels were measured

by immuno radiometric assay (IRMA) using commercial

kits from Siemens Medical Solutions Diagnostics (Los

Angeles, CA, USA). All the assays required 125I-labeled

analyte. Testosterone values in ng/dl were transformed to

nmol/l multiplying by 0.0347. All the assays were per-

formed in the same laboratory located in Lima. Minimal

detectable concentration was 4 ng/dl for serum TT,

0.06 IU/l for serum FSH, and 0.15 IU/l for serum LH.

Intra-assay coefficient of variation was 5% for TT, 2.2%

for FSH, and 1.6% for LH; and the respective inter-assay

coefficients of variation were 6.7%, 5.7%, and 3.3%.

For each subject, the serum TT/LH ratio was calculated

as Total testosterone (nmol per liter)/LH (international

units per liter). The serum TT/LH ratio was used as an

indicator of Leydig cell function [20].

SHBG (nmol/l) was measured by chemiluminescence

using IMMULITE 2000 assays (Siemens Medical Solu-

tions Diagnostics, Los Angeles, CA, USA). The intra-assay

and the inter-assay coefficients of variation were 3.0%,

4.4%, respectively.

Calculated free testosterone (cFT) was determined using

the formula suggested by Vermeulen et al. [21]. Bioavail-

able testosterone includes free plus weakly bound to

albumin. Calculation was done with a fixed albumin con-

centration of 4.3 g/dl. Data of serum-cFT levels were

expressed in pmol/l, whereas serum BAT levels were

referred in nmo/l.

Erythropoietin was measured by chemiluminescence

using IMMUNOLITE 2000 kits (Siemens Medical Solu-

tions Diagnostics, Los Angeles, CA, USA). The results are

expressed as IU/l. Within-assay and between-assay coeffi-

cients of variation were 5.8% and 6.3%, respectively.

Minimal detectable concentration for erythropoietin was

1.0 mIU/ml.

Hemoglobin measurement

Hemoglobin concentration was measured in situ with a

HemoCue system (Anglholm, Sweden). Measurements

were performed by the same person both at sea level and at

HA. The hemoglobin values were confirmed with hemat-

ocrit measurements through the microhematocrit method.

The coefficient of determination (R2) between hemoglobin

measurement and hematocrit was 0.99 in Lima and in

Cerro de Pasco. In this study, the hemoglobin values were

used for analysis. Data were expressed as g/dl.

Serum nitric oxide (NO) determination

Nitric oxide levels were determined using the Griess

reaction assay described by Sun et al. [22]. In brief, serum

samples were deproteinized with zinc sulfate/NaOH, and

then the concentrations of nitrate (NO3-) and nitrite

(NO2-) were determined using the Griess reagent at room

temperature and read in a spectrophotometer at 543 nm.

Nitric oxide concentrations were expressed as mM/l.

Serum zinc measurement

Serum Zn levels were measured by atomic absorption

spectrophotometry. Values were expressed as mg/ml.

Pulse oxygen saturation (SpO2)

The arterial oxygen saturation was measured in the second

left finger using a pulse oximeter Nellcor N-20 (Pleasanton,

Ca, USA). This equipment also provides simultaneously

the heart rate value. All the measurements were performed

inside the laboratories in Lima and in Cerro de Pasco for

the low- and the HA groups, respectively. Measurements in

both locations were performed by the same person.

CMS score

All the participants completed a test for assessment of signs

and symptoms of CMS. The test included seven signs/

symptoms: 1) breathlessness and/or palpitations; 2) sleep

disturbance; 3) presence of cyanosis, 4) dilatation of veins,

474 Endocrine (2011) 40:472–480

123



5) paresthesia, 6) headaches, and 7) tinnitus. A value of 0

was assigned to negative answers and values from 1, 2, and

3 to positive answers (mild, moderate, and severe,

respectively). For the diagnosis of CMS, a value of three

was added if the hemoglobin value was C21 g/dl in Cerro

de Pasco [9].

Statistical analyses

Analyses were performed with STATA 10.0 (Stata Corp,

College Station, TX). Data are expressed as mean ±

standard deviation (SD). The homogeneity of variances has

been determined with the Bartlett test. If homogeneous,

analysis of variance (ANOVA) test or Student’s t-test was

used to determine differences among groups. If there were

differences, then the mean comparisons between the two

groups were determined using the Student’s t-test.

The variables with no homogenous distribution were

analyzed using the Kruskal–Wallis non-parametric test, or

they were transformed. The comparisons between two

medians were determined by using the Mann–Whitney

U-test. Chi-square test was performed to determine dif-

ferences between frequencies.

Multiple lineal regression analyses were also performed.

We have assessed the risk for high hemoglobin and for

signs and symptoms of CMS in relation with main inde-

pendent variables as serum androgen activity, nitric oxide,

and Zn levels after controlling for confounders as chro-

nologic age, pulse oxygen saturation, and BMI. For the

multivariable analysis, a value of P \ 0.05 was considered

as statistically significant.

Results

Men of the HA group without EE had lower BMI, SpO2

(P \ 0.01) and serum LH levels than men from the low-

altitude group (P \ 0.05). In addition, higher hemoglobin

concentration (P \ 0.01), SHBG (P \ 0.01), and erythro-

poietin levels (P \ 0.01), and high score for signs/symp-

toms of CMS (P \ 0.01) were observed in the HA group

without EE than in the group at LA. No differences were

observed in chronologic age, heart rate, serum FSH, TT,

cFT, bioavailable testosterone, TT/LH, Zn, and nitric oxide

levels (P [ 0.05) (Table 1).

Men with EE had higher hemoglobin concentration

(P \ 0.01), serum TT (P \ 0.05), cFT (P \ 0.05), BAT

(P \ 0.05), TT/LH ratio (P \ 0.05), SHBG (P \ 0.01),

erythropoietin (P \ 0.01), Zn levels (P \ 0.01), and high

score for signs/symptoms of CMS (P \ 0.01) than in men

at LA. Also, lower values of BMI (P \ 0.05) and SpO2

(P \ 0.01) were observed in men with EE compared to

those at LA. No differences were observed in chronologic

age, heart rate, and serum LH, serum FSH, and nitric oxide

levels (P [ 0.05) (Table 1).

When men with and without EE at HA were compared,

the score for signs/symptoms of CMS (P \ 0.01), hemo-

globin (P \ 0.01), TT (P \ 0.05), cFT (P \ 0.01), BAT

(P \ 0.01) and serum Zn levels (P \ 0.01) were higher in

subjects with EE than in those without EE. SpO2 and TT/

LH ratio were lower in men with EE than in those without

EE (P \ 0.05). Chronologic age, BMI, heart rate, LH,

FSH, SHBG, erythropoietin and nitric oxide levels did not

differ between these groups (P [ 0.05) (Table 1).

Table 2 shows the frequency of each sign/symptom of

CMS in each study group at LA and at HA. Both groups of

men from HA showed higher rates for almost all signs/

symptoms of CMS than the men at LA. In men at LA, no

cases of cyanosis were observed. Men with EE showed a

higher percentage of breathing/palpitations, cyanosis, and

headaches at the level of P \ 0.05 than those men at HA

without EE. The other signs/symptoms of CMS did not

differ between men with and without EE (P [ 0.05).

Only one man (3.3%) at LA showed six to seven signs

per symptoms compared to six men without EE at HA

(20.7%, P \ 0.05) and 17 men with EE at HA (51.5%;

P \ 0.001). In HA groups, men with EE showed a sig-

nificant higher presence of more than five symptoms

(P \ 0.01) compared with those without EE (Data not

shown).

To determine contribution of SpO2, serum Zn, nitric

oxide, and testosterone (TT, cFT, or BAT) levels on

hemoglobin levels, an adjusted multiple regression model

was built. Table 3 shows the model that included BAT as an

independent variable. Models with TT and cFT show the

same results (Data not shown). Analysis showed an asso-

ciation between increased amounts of Zn (P = 0.007),

increased levels of BAT (P = 0.002), and reduced SpO2

values (P = 0.0001) were associated with high hemoglobin

levels. These data are consistent with a model in which

testosterone and Zn act via independent mechanisms to

increase hemoglobin. Table 4 shows a similar analysis to

determine risk for signs/symptoms of CMS. Hemoglobin

was positively related with signs/symptoms of CMS; how-

ever, both Zn (P = 0.01) and nitric oxide (P = 0.03) were

associated with reduced risk for signs/symptoms of CMS.

Discussion

In Peru, approximately 30% of the population live at an

altitude above 2,000 m [23]. The population in the Peruvian

Andes has been residing there for more than 10,000 years,

whereas the resident population in the Himalayas has been
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there for more than 25,000 years. Associated with this fact,

hemoglobin levels in the Andean population have been

found to be higher than those observed in the population of

the Himalayas living at the same altitudes [14, 24]. This

suggests that Peruvian Andean residents are less adapted to

HA than people residing in the Tibet.

It is possible that ethnic admixture produced after the

Spanish conquest in the sixteenth century may have inter-

fered in the process of adaptation to HA [23]. For this

reason, it was possible to find two populations at Peruvian

HA—one more adapted and the second less adapted to live

at HAs. For instance, in Cerro de Pasco (4,340 m of alti-

tude) located at the Peruvian Central Andes, we have

observed two populations distinguished by different

hemoglobin levels: One with hemoglobin levels over 21 g/dl

and diagnosed as EE [3] and the second, with hemoglobin

levels between 16 and 21 g/dl considered as normal

hemoglobin for this altitude [14]. In both cases, hemoglo-

bin levels were higher than those observed at LA, as con-

firmed in the present study.

Table 1 Physiologic parameters and hormone levels in men living at low altitude and at high altitude (4,340 m) without excessive erythro-

cytosis (Hb \ 21 g/dl) and with excessive erythrocytosis (Hb C 21 g/dl)

Physiologic parameters

and hormone levels

Low altitude

(n = 30)

High altitude without excessive

erythrocytosis (n = 29)

High altitude with excessive

erythrocytosis (n = 33)

Age (years) 43.2 ± 6.9 42.5 ± 7.7 44.7 ± 9.3

BMI (Kg/m2) 26.0 ± 3.1 24.0 ± 2.4a 24.6 ± 2.6

Hb (g/dl) 14.9 ± 1.0 18.6 ± 1.5a 22.6 ± 1.4a,b

SpO2 (%) 97.6 ± 1.8 88.1 ± 3.0a 85.8 ± 3.6a,b

Heart rate (beats/min) 74.9 ± 10.2 71.6 ± 10.6 74.5 ± 10.1

Serum LH (IU/l) 3.5 ± 1.5 2.8 ± 0.9c 3.0 ± 1.6

Serum FSH (IU/l) 2.89 ± 2.7 3.3 ± 1.8 3.4 ± 1.5

Serum TT (nmol/l)* 14.7 ± 4.0 14.9 ± 4.2 17.2 ± 4.9a,d

Serum cFT (pmol/l) 355.8 ± 79.4 314.7 ± 104.4 413.5 ± 128.2b,c

Serum BAT (nmol/l) 8.3 ± 1.9 7.6 ± 2.5 9.4 ± 3.0b

Serum TT/LH ratio 5.2 ± 3.2 5.6 ± 5.7 7.7 ± 5.0c

SHBG (nmol/l) 22.5 ± 6.3 31.9 ± 9.5a 29.5 ± 9.0a

Serum Epo (IU/l) 10.8 ± 3.5 21.8 ± 8.7a 26.0 ± 12.9a

Serum Zinc (mg/l)* 2.7 ± 1.0 2.8 ± 2.2 4.2 ± 3.8a,b

Nitric oxide (lM/l) 50.7 ± 11.7 54.3 ± 20.1 54.4 ± 19.7

CMS score 1.1 ± 1.9 4.3 ± 2.5a 10.1 ± 4.0a,b

Data are mean ± SD. CMS chronic mountain sickness; CMS score: score of signs and symptoms of CMS and of high hemoglobin levels. BMI
body mass index, Hb hemoglobin, LH luteinizing hormone, FSH follicle-stimulating hormone, SpO2 pulse oxygen saturation; serum TT serum

total testosterone, serum cFT serum-calculated free testosterone, serum BAT serum bioavailable testosterone, serum SHBG serum sex hormone-

binding globulin, serum Epo serum erythropoietin

* The logarithmic and square root transformations are used for serums TT and Zn, respectively
a P \ 0.01 and b P \ 0.01 versus values at low and high altitudes without excessive erythrocytosis, respectively. c P \ 0.05 and d P \ 0.05

versus values at low and high altitudes without excessive erythrocytosis, respectively

Table 2 Rates of signs/symptoms of CMS in men living at low altitude (LA), at high altitude (HA) with excessive erythrocytosis—EE

(Hb C 21 g/dl), and at high altitude without excessive erythrocytosis (Hb \ 21 g/dl)

Signs/symptoms of CMS LA (n = 30) HA without EE (n = 29) HA with EE (n = 33)

Breathing/palpitation 3 (13.3%) 11 (37.9%)c 23 (69.7%)a,d

Insomnia 1 (3.3%) 10 (34.5%)a 14 (42.4%)a

Cyanosis 0 (0.0%) 19 (65.5%)a 29 (87.9%)a,d

Venous dilatation 2 (6.7%) 18 (62.1%)a 23 (69.7%)a

Paresthesia 5 (16.7%) 15 (51.7%)a 23 (69.7%)a

Headache 7 (23.3%) 11 (37.9%) 23 (69.7%)a,d

Tinnitus 3 (10.0%) 10 (34.5%)b 13 (39.4%)a

Data are expressed as the number of men with signs/symptoms and percentage (between parenthesis, %). a P \ 0.01 and b P \ 0.01 versus rates

in men at low altitude (LA) and at high altitude (HA) without excessive erythrocytosis (EE), respectively. c P \ 0.05 and d P \ 0.05 versus rates

in men at LA and at HA without EE, respectively
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Erythropoiesis is hormonally regulated by the glyco-

protein hormone erythropoietin [10]. Subjects acutely

exposed to HA show an increase in serum erythropoietin

levels; meanwhile, erythropoietin was found to be reduced

when native men at HA descend to sea level [25].

Although, erythropoietin levels were higher at HA,

subjects with EE did not show a further significant increase

when compared with men without EE at HA. As noticed,

the participation of erythropoietin in EE at HA among

mountain dwellers is not yet conclusive [24, 26]. In fact,

there was no correlation between erythropoietin levels in

Andean natives with both, EE and CMS and those without

these conditions [26]. Also, no association was found

between genes involved in hypoxia sensing and erythro-

poiesis and extreme erythropoietic response in Andean

subjects with CMS [27].

It was suggested that erythropoietin was responsible for

increasing hemoglobin levels at HAs but it was not asso-

ciated with the exaggerated erythropoiesis observed in

subjects with CMS [14]. This suggests that another hor-

mone or factor was associated with EE at HAs. Testos-

terone decreases ventilation [12] and increases

erythropoiesis [13], and both effects may be associated

with EE. In fact, TT, cFT, and BAT were higher in the

group with EE at HA than in the group without EE and

with men at LA. This suggests that hemoglobin values

ranging from 16 to 21 g/dl at HA were increased as an

effect of increased erythropoietin levels, whereas hemo-

globin values from 21 g/dl to higher seems to be associated

with increased total and free testosterone levels.

An increase in TT/LH ratio, a marker of Leydig cell

reserve [20], observed in men at HA suggests a higher

functionality of the Leydig cells at HA than at sea level.

From in vitro studies, it is known that during hypoxia, there

is an increase of human chorionic gonadotropin-induced

proliferation of Leydig cells, and testosterone release [28].

This may explain the increase in TT/LH ratio observed in

men at HA. In addition, the group without EE at HA had a

reduction in serum LH levels with respect to values

observed in men at LA. This may avoid further erythro-

poiesis in this group.

One of the problems was different BMI values among

men at LA and the two HA groups. BMI may affect

androgen and SHBG status. In fact, BMI higher than

30 kg/m2 was associated with lower SHBG [29] and low

cFT [30]. Men at HA had lower BMI than men at LA. This

could be associated with higher SHBG. Then, higher

SHBG observed at HA could be a consequence of lower

BMI. In fact, when this confounding variable was con-

trolled in the multivariable analysis, it was observed that

SHBG was increased as an effect of age. For this reason, in

further analysis, chronologic age and BMI were controlled.

Data suggest that high serum testosterone levels could

not be adaptive to life at HAs. This is supported with the

finding that healthy adult HA-native Aymara men tested at

3,600 m have lower average morning salivary testosterone

concentrations and lower Hb concentrations than urban

men at the same altitude [31]. Rural Aymaras have longer

residence at HA and are considered more adapted to living

at HA than urban population [23].

Table 3 Adjusted multiple regression models’ analyses to determine the association between hemoglobin levels and oxygen saturation (SpO2),

logarithm of zinc, nitric oxide, and bioavailable testosterone values in men living at high altitude (4,340 m)

Hemoglobin levels Coefficient of regression SEM P Value Confidence interval (at 95%)

SpO2 -0.47 0.04 0.0001 -0.54 -0.39

Logarithm of zinc 2.84 1.02 0.007 0.81 4.86

Logarithm of nitric oxide -1.03 1.74 0.554 -4.50 2.43

Bioavailable testosterone 0.27 0.08 0.002 0.10 0.43

Chronologic age, BMI, and heart rate have been controlled in the model

Table 4 Adjusted multiple regression models’ analyses to determine the association between signs/symptoms of CMS and logarithm of zinc

and nitric oxide, hemoglobin, and bioavailable testosterone values in men living at high altitude (4,340 m above sea level)

Signs/symptoms of CMS Coefficient of regression SEM P Value Confidence interval (at 95%)

Hemoglobin 0.63 0.16 0.0001 0.31 0.95

Zinc logarithm -4.05 1.56 0.01 -7.15 -0.96

Bioavailable testosterone 0.25 0.16 0.12 -0.07 0.57

Nitric oxide -7.35 3.27 0.03 -13.91 -0.80

Chronologic age, pulse oxygen saturation, BMI, and heart rate were controlled in the model. To perform the present analyses, the values related

to Hb levels were no considered in the dependent variable (CMS symptoms)
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Recently, the importance of the hypoxia-inducible factor

(HIF) in regulating adaptive processes by hypoxia has been

established [32]. Emerging evidence supports a role for

HIF in regulating systemic responses to hypoxia across the

principal organ systems responsible for oxygen delivery to

cells, encompassing erythropoiesis as well as pulmonary,

cardiac, and vascular functions [33]. HIF-1alpha was

noticeably induced by testosterone in prostate cells [34]

and this association could also be observed during exposure

to hypoxia at HA.

Score for CMS is a good test to diagnose this pathology

at HA [9]. Some signs included in the CMS test as cyanosis

are not observed in men residing at LA; however, others,

such as headache, were common at LA with a similar

prevalence than in men without EE at HA. The distinctive

signs and symptoms that discriminate rates between men

with and without EE at HA were breathing/palpitations,

cyanosis and headache.

The prevalence of these signs/symptoms was higher in

the group with EE than in those without EE. The fact that

insomnia, venous dilation, paresthesia and tinnitus were

also increased in a similar prevalence in the HA group with

and without EE suggests that not all men in the group

without EE can be diagnosed as CMS in the future or that,

these four variables are not good markers of CMS.

It is of interest to note that serum Zn levels were

increased in the group with EE at HA compared with those

from men without EE at HA and to those at LA. Serum Zn

concentrations have been observed to be correlated with

hemoglobin in men under different conditions [35, 36]. In

our study, men with EE showed higher serum Zn levels

than those without EE at HA. Furthermore, levels of serum

Zn were inversely associated with functionality of Leydig

cells measured by the TT/LH ratio. The source of Zn in the

group with EE is still uncertain. However, previous studies

showed that another two divalent cations, cobalt [37] and

lead [14], were also increased and associated with EE in

Cerro de Pasco, the same place this study was performed.

The enzyme delta-aminolevulinic acid dehydratase

(delta-ALAD) is a zinc metalloenzyme inhibition by lead

of which is the first and the most sensitive indicator of lead

exposure and the decreased activity of which has been

implicated in the pathogenesis of lead poisoning [38].

Carriers of the ALAD2 allele had higher blood lead levels

than those who were ALAD1 homozygous and higher

hemoglobin and lower Zn protoporphyrin [39]. Zn protects

d-ALAD from oxygen inactivation [40]. It is probable that

elevated Zn levels may increase d-ALAD activity at HA.

Further studies will be necessary to determine polymor-

phism for ALAD in these populations at HA.

Our results demonstrated that serum Zn levels were

inversely correlated with score of signs and symptoms of

CMS. This study may suggest that a subject at HA with EE

may be protected from CMS if serum Zn levels are higher,

but this needs to be investigated in a cohort study.

HA residents with EE had higher levels of oxidative

stress compared to HA residents without EE [41]. Zn is

also an antioxidant and anti-inflammatory agent. If the

CMS group is oxidatively stressed and generate increased

inflammatory cytokines, then perhaps the effect of Zn may

be as an anti-inflammatory agent.

Zn may also act on HIF activation [42]. Our study also

showed that increased serum nitric oxide levels were also

associated with low scores for signs and symptoms of

CMS. Recently, it has been demonstrated that nitric oxide

and Zn are endogenous signaling molecules acting in

response to environmental stress [43, 44].

Limitations of the study were the lack of evaluation of

platelet counts, complete blood counts, iron status, and

inflammation markers in the samples studied. Other limi-

tations include the cross-sectional design because data

show associations or correlations but not causality. Another

limitation is that nutrition has not been evaluated. A dif-

ferent diet between sea level and HA groups could per-

fectly explain the higher nitric oxide and Zn levels in HA

groups. Further studies will be required to determine the

role of Zn and nitric oxide on CMS.

The findings in the present study shift attention from the

traditional focus on pulmonary and hematologic systems to

hormone factors contributing to adaptation to living at HA.

In conclusion, high serum testosterone and Zn levels

were associated with excessive erythrocytosis whereas high

hemoglobin levels were associated with signs/symptoms of

CMS. Serum Zn and nitric oxide levels correlated with

reduced risk of CMS signs and symptoms.
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