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Abstract 
Objective—Sherpas are well known for their physical strength at high altitudes. They 
adapt to high altitude so well that little acute or chronic mountain sickness has been 
documented in them. The possible genetic basis for this adaptation is, however, unclear. 
The objective of this study was to elucidate the genetic background underlying this 
characteristic among Sherpas with respect to the angiotension-converting enzyme (ACE) 
gene.  
Methods—We enrolled 105 Sherpa volunteers in Namche Bazaar (3440 m) and 111 
non-Sherpa Nepalese volunteers in Kathmandu Valley (1330 m) in Nepal. Information 
about high altitude exposure and physiological phenotypes was obtained via fieldwork 
investigation. The genotype of I/D polymorphism in the ACE gene was identified by 
polymerase chain reaction. Serum ACE activity was also measured.  
Results—The distribution of the I dominant genotype (II & ID) and the I allelic frequency 
were significantly more prevalent in Sherpas (II & ID: 94.3%, I allele: 73.3%) than in 
non-Sherpas (II & ID: 85.6%, P = 0.035; I allele: 64.0%, P = 0.036). Moreover, despite 
residing at high altitude, the circulating ACE levels of Sherpas were statistically similar to 
those of non-Sherpas at low altitude (Sherpas: 14.5 ± 0.4 IU/L/37˚C; non-Sherpas: 14.7 ± 
0.4 IU/L/37˚C, P = 0.755).  
Conclusions—These findings suggest that the over-represented I allele of the ACE gene in 
Sherpas might be one of the fundamental genetic factors responsible for maintaining 
physiological low-altitude ACE activity at high altitude, which may have an advantageous 
physiological role in adapting to a high-altitude environment.  
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Introduction 
Among the nearly 140 million people residing at altitudes over 2,500 meters (m) above sea 
level worldwide,1 Sherpas are a minority ethnic population that has permanently resided for 
almost 500 years along the Himalayan region in Nepal. “Sherpa” means “coming from the 
east”, which refers to the Eastern Tibetan region of Kham from which Sherpa origin can be 
traced. About 500 years ago, ancestors of the present Sherpa population arrived in Nepal 
and settled in the northern side of the Solu-Khumbu district of Nepal. Elevation of human 
settlements in this area ranges from 1600 m to 4000 m. Due to the location and their 
well-known physical strength at high altitude, Sherpas play key roles in expeditions to Mt. 
Everest and other famous peaks. Since the beginning of the last century when Sherpas were 
first employed by British expedition teams to Mt. Everest,2,3 their extraordinary 
mountaineering prowess and hardiness have brought them recognition in mountaineering 
circles. A variety of studies have investigated their morphology and physiology,4-8 
demonstrating that they adapt to and perform at high altitude so well that they are rarely 
affected by acute or chronic mountain sickness. Genetic adaptation likely plays a role in 
shaping the morphological and physiological differences as detected in previous 
investigations. The current study was designed to examine the underlying genetics that 
might explain variations in the complex traits associated with this adaptation.  

Recently, a significant amount of work has been undertaken to investigate the insertion 
(I)/deletion (D) polymorphism of the angiotensin-converting enzyme (ACE) gene (ACE I/D 
polymorphism) in relation to human adaptation to high altitude.9-11 The ACE gene is chosen 
primarily as a candidate gene because the I allele has been shown to be associated with 
Caucasian mountain climbers who ascended to extremely high altitude without 
supplemental oxygen.12 The objective of this study was to investigate ACE I/D 
polymorphism in Sherpas in order to evaluate the possible involvement of this 
polymorphism in high altitude adaptation in Sherpas.  

Materials and Methods 
Settings and participants 

The current study was approved by the Ethics Committee of Shinshu University 
(Matsumoto, Japan) and the Nepal Health Research Council (Kathmandu, Nepal). The 
protocol was developed in accordance with the principles outlined in the Declaration of 
Helsinki of the World Medical Association.13 Informed consent was obtained from all 
participants prior to the study.  

The fieldwork was carried out in Namche Bazaar village, located at 3440 m, where 
almost all of the approximately 1500 inhabitants are Sherpas. Namche Bazaar is one of the 
most popular trekking junctions in proximity to Mt. Everest and other famous peaks. It is 
about 200 km from Kathmandu, the capital of Nepal, and the only way to access the village 
is through a mountain trekking path. The Sherpas are a small ethnic minority with a 
population of 5,000 in the Solu-Khumbu district, 30,000 in Nepal, and less than 50,000 
total worldwide.14  

The Solu-Khumbu district is in close geographic proximity (200 km) to the Kathmandu 
Valley in Nepal. Since the time of Sherpa settlement in the Solu-Khumbu area, they have 
never been genetically isolated, as there has been almost constant immigration of Tibetans 
into the area, and, conversely, they have contributed to the overall present population of 
Nepal by emigration.2,3 It has been established that in the Jirel tribe (East Nepal), 30% of 
genes are of Sherpa origin.15 Indeed, the diversity in the human genome may introduce the 
“ascertainment bias” in the comparison between the Sherpas and the non-Sherpas in 
Kathmandu in terms of genetic polymorphisms16. However, Prugnolle et al17 analyzed 377 
autosomal microsatellite loci comprising 51 populations distributed worldwide and 
demonstrated that geography predicts neutral genetic diversity of human populations. In 
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addition, specific for the ACE I/D polymorphism, it is distributed continuously in 
populations in the Asia continent, including Chinese, Japanese, Bangladeshi, Indian, and 
Sikh18, and reportedly Nepalese as well.19 Thus, the non-Sherpa Nepalese in Kathmandu 
were chosen as a reference control in comparison with Sherpas in the current comparative 
genetic study. Except for difference in high-altitude exposure between the two groups, other 
environmental factors such as nutrition, physical training, and medical health services were 
felt to be essentially equivalent in the current Sherpa and the non-Sherpa Nepalese groups.  
Fieldwork protocol 

Only Sherpas with Sherpa clan ties were recruited. Clan ties were determined on the 
basis of self-report and confirmed by a senior native Sherpa who was a coordinator for our 
fieldwork. All enrolled Sherpas were born and permanently resided in Namche Bazaar and 
were unrelated to each other in the first and second degree. Information regarding 
demographics, health status, altitude of residence, occupation, and mountaineering history 
was obtained during an interview. Symptoms of chronic mountain sickness (CMS),20 such 
as headache, dizziness, dyspnea, sleep disturbances, physical and mental fatigue and 
cyanosis were specifically evaluated during the interviews. A percutaneous arterial oxygen 
saturation (SpO2) and heart rate were measured using a pulse oximeter (Pulsox-3, Minolta, 
Osaka, Japan) with a probe connected to a finger. Venous blood samples were taken and 
placed in tubes containing EDTA anticoagulant for DNA extraction and into tubes 
containing beads and clot activator for serum preparation.  

The fieldwork for the non-Sherpa Nepalese control group was conducted in Kathmandu 
Valley (1330 m), Nepal. The same protocol was followed as for the Sherpas in Namche 
Bazaar.  
Laboratory experiments 

Blood samples were frozen and transported from Namche Bazaar to Japan for analysis. 
All laboratory experiments were undertaken in Shinshu University, Japan. The ACE activity 
in serum was measured using a colorimetric method.21  

Genomic DNA was extracted from venous blood leukocytes by phenol extraction of 
sodium dodecyl sulfate-lysed and proteinase K-treated cells. The polymorphism of 
insertion (I)/deletion (D) (ACE I/D polymorphism) of a 287-base pair (bp) sequence in 
intron 16 of the human ACE gene (GenBank accession no. X62855) was amplified by 
polymerase chain reaction in a thermal cycler (GeneAmp PCR System 9700, PE Applied 
Biosystems, Norwalk, CT, USA) using primers described by Rigat et al.22 The fragments of 
a 287-bp sequence were determined by 2% agarose gel electrophoresis with ethidium 
bromide staining to visualize the 490-bp I allele and the 190-bp D allele.22 The DD 
genotype was reconfirmed by insertion allele-specific amplification according to 
Lindpaintner’s protocol.23 
Statistical analysis 

Continuous data are expressed as mean ± standard error of the mean (SEM). The 
differences in the continuous variables between the two groups were analyzed by unpaired 
Student’s t test while the categorical data were analyzed by contingency table (2 x 2). The 
genotypes were counted and the allele frequencies were derived from the genotypes. A 
chi-square test was used to confirm that the observed genotype distributions were in 
Hardy-Weinberg equilibrium (HWE). The differences of genotypic distributions and allelic 
frequencies between the two groups were examined by chi-square test. Additionally, since 
the inheritance manner of the I allele has not been clarified in these two populations, the 
effects of the I allele assuming additive (II versus ID versus DD), dominant (II & ID versus 
DD), and recessive (II versus ID & DD) modes of inheritance were calculated. The odds 
ratio and its approximate 95% confidence interval (CI) were calculated. The association of 
ACE I/D polymorphism with circulating ACE activity was analyzed by one-way ANOVA. 
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Statistical significance was considered to be at P <0.05.  
Results 

Study populations  
After health screening, a total of 105 unrelated Sherpas (female = 61, male = 44) met 

our criteria for subject selection and were sampled in Namche Bazaar (Table 1). They had 
dwelt at Namche Bazaar for 30.8 ± 0.8 years, almost equal to their average age of 31.2 ± 
0.8 years, confirming that they were permanent residents in Namche Bazaar. A matched 
group (according to sample size, sex, and age) of 111 unrelated non-Sherpa Nepalese was 
sampled in Kathmandu, Nepal (Table 1). They had dwelt at Kathmandu for 20.7 ± 1.0 years, 
which was significantly shorter than their average age of 29.9 ± 0.8 years (P < 0.0001). 
This group consisted mostly of university students, housewives and business men/women, 
some of whom were immigrants to Kathmandu. None of them, however, migrated from 
places higher than Kathmandu or had relations of Sherpa ethnicity. None of the subjects 
including the Sherpas and the non-Sherpas had ever participated in any professional 
physical training programs. None of the Sherpas complained of any symptoms of CMS. 
Thirty-three out of the 105 (31.4%) Sherpas were trekking guides and porters but none of 
the 111 non-Sherpas did this job (P <0.0001). As expected, the Sherpas reached 
significantly higher altitudes than the non-Sherpas in their mountaineering histories (P < 
0.0001). Among the Sherpas, 13 men had participated in expeditions to mountains over 
8000 m and six of them had reached the summit of Mt. Everest. Although the SpO2 was 
significantly lower in the Sherpas at 3440 m altitude (93.3 ± 0.2%) than the non-Sherpas at 
1330 m altitude (96.6 ± 0.2%, P < 0.0001), the heart rate of Sherpas was significantly 
slower (80.7 ± 1.1 beats per minute, bpm) than that of the non-Sherpas (86.8 ± 1.5 bpm, P = 
0.0013). The circulating ACE level of the Sherpas at high altitude was statistically similar 
to that of the non-Sherpas at low altitude (14.5 ± 0.4 IU/L/37˚C in Sherpas vs. 14.7 ± 0.4 
IU/L/37˚C in non-Sherpas, P = 0.755).   
Genotypic distributions and allelic frequencies of the ACE I/D polymorphism in the study 
groups  

The genotypic distributions and the allelic frequencies of the ACE I/D polymorphism in 
each group are summarized in Table 2. The observed genotypic distributions were in 
agreement with the distributions predicted by HWE in both groups (Sherpas: P = 0.76; 
non-Sherpas: P = 0.80). There was no significant difference in the genotypic distribution 
between the two groups (P = 0.075). However, the I allele was significantly more prevalent 
among the Sherpas (73.3%) than the non-Sherpas (64.0%, P = 0.036) with an odds ratio of 
1.55 (95% CI = 1.03-2.33). Furthermore, the I dominant genotypes (II & ID) were 
significantly more frequent in the Sherpas than the non-Sherpas (P = 0.035; odds ratio = 
2.78; 95% CI = 1.07-7.19, Table 3), suggesting a dominant effect of the I allele in the 
Sherpas.   
Serum ACE activity and ACE I/D polymorphism 
Serum ACE activity of the Sherpas at high altitude was similar to that of the non-Sherpas at 
low altitude (Table 1). In Sherpas, the serum ACE activity according to the ACE I/D 
genotypes was as follows: II, 12.6 ± 0.5 IU/L/37˚C; ID, 16.1 ± 0.6 IU/L/37˚C; DD, 20.8 ± 
2.0 IU/L/37˚C (Figure). Correspondingly, in the non-Sherpas the serum ACE activity 
according to the ACE I/D genotypes were: II, 12.2 ± 0.4 IU/L/37˚C; ID, 16.2 ± 0.5 
IU/L/37˚C; DD, 17.8 ± 1.1 IU/L/37˚C (Figure). There were no significant differences in the 
serum ACE activity for the II, ID, and DD genotypes between the two groups. In both 
groups the serum ACE activity was correlated with the genotypes, being highest in the 
subjects with DD genotype, intermediate in ID heterozygotes, and lowest in II homozygotes 
(P <0.001). 

Discussion 
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Consistent with published literature about the history, lifestyle,2,3 and physiology of 
Sherpas,4-8 this study’s findings related to their mountaineering histories, absence of 
symptoms of CMS, and the relation of low SpO2 with normal heart rate re-enforced that the 
Sherpa group is a distinctive population permanently residing at over 3000 m altitude, and 
is significantly different from the study population originating from lower altitudes. The 
statistical similarity of circulating ACE activity between the two groups may be further 
evidence of this difference when considering that ACE levels may be influenced by 
mountaineering and exposure to altitude.24-26 We found that the I allelic frequency and I 
dominant genotypic distribution (II & ID) of ACE I/D polymorphism were significantly 
over-represented in the Sherpas compared to the non-Sherpas at low altitude, providing 
insight into the genetic background of these two groups. The prevalence of the I allele was 
commonly associated with low ACE activity in both groups irrespective of either ethnicity 
or altitude of residence. We propose that the over-represented I allele of the ACE I/D 
polymorphism may play one of the fundamental genetic roles in maintaining low-altitude 
circulating ACE activity at high altitude, and may benefit the Sherpas by increasing 
tolerance to hypoxia at high altitude.  

As a key enzyme in the circulating renin-angiotensin system (RAS), ACE degrades 
vasodilator kinins and generates vasoconstrictor angiotensin II (Ang II) that has many other 
actions including stimulation of aldosterone release predominantly via the Ang II type 1 
receptor.27 ACE plays an important role in the physiology and pathophysiology of humans 
at high altitude28 probably through its effects on skeletal muscle,29 cardiac function,30 
sodium and fluid retention via the RAS,31 and possibly on the respiratory center via the 
nucleus tractus solitarii as shown in a rat model.32 ACE mRNA was highly expressed in 
pulmonary vessels of rats with high-altitude hypoxic pulmonary hypertension,33 a sign 
indicating a failure in high altitude adaptation. When humans are exposed to high altitude, 
the circulating ACE levels tend to increase with ascent and decrease with descent back to 
sea level.26 Furthermore, an augmented ACE response is involved in the development of 
high-altitude pulmonary edema,34 a high-altitude maladaptation disorder occurring in 
healthy, unacclimatized, low-altitude natives who are rapidly exposed to a high altitude 
environment. ACE converts Ang I to Ang II and increases circulating aldosterone levels. 
Both act to induce vasoconstriction and fluid-Na+ retention, which play important roles in 
the generation of high altitude disorders.28 On the other hand, ACE activity was within +/- 
10% of normal sea-level values in high-altitude adapted mountaineers after 2-4 weeks at 
6,300 m.35 All of this suggests that maintaining physiologic low-altitude ACE activity at 
high altitude, as found in our study, may contribute to adaptive physiology by contributing 
to an adaptive respiratory response to hypoxia,8,36, maintaining normal pulmonary artery 
pressures,34 and contributing to sodium and fluid balance.28  

The level of circulating ACE is, however, significantly influenced by environmental 
stimuli such as hypoxia,24 mountaineering and altitude.25-27 ACE activity in individuals may 
vary by more than 100% over 6 months,37 suggesting that environmental factors indeed 
cause marked fluctuations. How could Sherpas maintain physiological low-altitude level of 
circulating ACE activity at high altitude? We hypothesize that the prevalence of the I allele 
of the ACE I/D polymorphism is one of the fundamental contributing factors for a relatively 
low ACE activity in Sherpas at high altitude. Cloning of the human ACE gene has led to the 
discovery of a polymorphism, consisting of either the absence (Deletion, D) or the presence 
(Insertion, I) of a 287 bp DNA fragment inside intron 16.22 ACE I/D polymorphism 
accounts for 47% of the total phenotypic variance of serum ACE in healthy Caucasians, 
demonstrating that ACE I/D polymorphism is a major genetic factor in determining serum 
ACE concentration.38 Whatever the race, individuals with II genotype have the lowest 
circulating ACE levels, DD homozygotes have the highest ACE levels, and ID 
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heterozygotes have intermediate levels.9,10,38 One outstanding study demonstrated an allele 
skew with a significant excess of the I allele and II genotype in elite male British 
mountaineers who ascended beyond 7,000 m without the use of supplemental oxygen.12 
Following a line of this study, it was shown that the I allele of the ACE gene is associated 
with maintenance of SpO2 during rapid ascent to altitudes over 5,000 m.39 Regarding 
high-altitude residents, Qadar Pasha et al.10 reported that the I allele and II genotype of 
ACE I/D polymorphism were significantly prevalent in high-altitude natives of Ladakhis, 
who reside for their lifetime at over 3600 m compared to lowland residents in the same 
region. All of these investigations provide evidence to support our hypothesis.  

Rupert et al.,11 however, did not find a significant difference in the distribution of ACE 
I/D polymorphism between high-altitude and low-altitude Native American populations in 
the Andes. Nevertheless, as the authors explained, one of the reasons for their negative 
results may be that the 600 generations during which people have lived at high altitude in 
the Andes is too short a period for new genetic variants to be established by natural 
selection. The Sherpa ethnic group in the Himalayan region migrated from the Tibetan 
Plateau2,3. It has been shown that the human beings have been living in Tibet for possibly 
50,000 years.1 According to an evolution hypothesis, the greater duration of the Tibetan 
population at high altitude would be expected to result in an advantageous adaptation, as 
judged by the existence of attributes associated with improved chance of reproductive 
success.1,40  Another discrepancy is that Aldashev et al.9 reported that the I allele and II 
genotype of ACE I/D polymorphism were infrequent in Kyrgyz highlanders permanently 
living at an altitude over 3000 m in the Tien-Shan and Pamir mountains compared to 
Kyrgyz lowlanders residing in Bishkek at 600 m above sea level. The “lowland control” 
group in that study, however, was not entirely representative of the native Bishkek 
population as the subjects were recruited from patients attending hospital albeit for 
conditions unrelated to the study.9 The authors were suspicious of the reliability of their 
results and explained that the circulating ACE activity in the Kyrgyz population may be 
under greater control from other polymorphisms in the ACE gene or other regulatory genes 
because only 16.3% of the variance in ACE activity was contributed by the ACE I/D 
polymorphism in the Kyrgyz population, compared to 47% in white populations.38 

The major limitation of our study is the difference of ancestry of the two study 
populations. Theoretically, it would be advantageous to compare genotypes between 
Sherpas fully adapted to high altitude with those having lost such adaptation. It is, however, 
difficult to obtain large enough sample size of Sherpas who have lost adaptation to high 
altitude because of the fact that most Sherpas live at high altitude throughout their lifetime. 
Thus, we chose a population in Kathmandu who reside geographically near to Namche 
Bazaar as a reference group principally based on the study by Prugnolle et.al17 in which the 
authors demonstrated that geography predicts neutral genetic diversity of human 
populations and on a investigation18 in that study the authors demonstrated that ACE I/D 
polymorphism was distributed continuously in populations in the Asia continent, including 
Chinese, Japanese, Bangladeshi, Indian, and Sikh, and reportedly Nepalese as well19. 
Therefore, we believe that the comparison of the ACE I/D polymorphism between the two 
populations in the current study is valid and reliable. 

Nevertheless, the significance of the distribution of ACE I/D polymorphism between 
the Sherpas and non-Sherpas was marginal (P = 0.03). Several other polymorphisms in the 
ACE gene have been reported to be associated with serum ACE level.41,42 The discrepancy 
between the different ACE allele frequencies and the similar ACE levels in the two 
populations could be due to different genetic haplotypic relationships between the Sherpas 
and non-Sherpas. The ACE I/D polymorphism only partly accounts for the genetic 
adaptation of Sherpas living at high altitude. It is said that genetic factors account for about 
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50% of the variance of the physiological phenotypes regarding the hypoxic response system 
in high-altitude populations worldwide.43 Our current association analysis using the ACE 
candidate gene is a primary genetic approach to understanding human adaptation to high 
altitude in Sherpas. Further research is needed to evaluate the full genotypic and phenotypic 
aspects of populations adapted to high altitude existence.  
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Table 1. Phenotypic data for the study groups   
 Phenotypes   Sherpas  non-Sherpasa   P Value* 

Altitude, m   3440  1330 
No. of subjects   105  111 
Male: Female   44: 61  53: 58   0.388** 

Age, y    31.2 ± 0.8 29.9 ± 0.8  0.251 
Time in residence at home 
altitude, y   30.8 ± 0.8 20.7 ± 1.0  <0.0001  
Trekking guides and porters, n (%) 33 (31.4) none         0.0001** 

Altitude ascended in average, m 5701.4 ± 119.1 2688.6 ± 150.4  < 0.0001 
The highest altitude reached, m   8850    5300  
Oxygen saturation, %  93.3 ± 0.2 96.6 ± 0.2  < 0.0001 
Heart rate, bpm   80.7 ± 1.1 86.8 ± 1.5  0.0013 
ACE activity, IU/L/37˚C  14.5 ± 0.4 14.7 ± 0.4  0.755 
Plus-minus values are mean ± SEM. ACE = angiotensin converting enzyme; bpm = beats 
per minute; m =meter; y = years.  
anon-Sherpas indicates non-Sherpa Nepalese residing in Kathmandu Valley, Nepal. 
*Compared by unpaired t test, except ** compared by contingency table (2 x 2), df = 1.  
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Table 2. Genotypic distributions and allelic frequencies of the ACE I/D polymorphism in 
Sherpas and non-Sherpasa  

Sherpas   non-Sherpasa 

Genotypic Distribution  
II, n (%)    55 (52.4)  47 (42.3)       
ID, n (%)   44 (41.9)  48 (43.2) 
DD, n (%)   6 (5.7)   16 (14.5)         
Significance*    χ2 = 5.18, P = 0.075 
Allelic Frequency  
I (%)    154 (73.3)  142 (64.0)  
D (%)    56 (26.7)  80 (36.0)   
Significance**    χ2 = 4.39, P = 0.036 
Odds ratio    1.55  
95% CI     1.03-2.33 
CI = confidence interval; D = deletion allele; I = insertion allele, n = number of subjects.  
*Comparison of the genotypic distribution by χ2 test (3 x 2 contingency table, df = 2).  
**Comparison of the allelic frequency by χ2 test (2 x 2 contingency table, df = 1).  
a non-Sherpas indicates non-Sherpa Nepalese residing in Kathmandu Valley, Nepal.
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Table 3. Effects of the I allele in the modes of additive, dominant, and recessive 
inheritances in Sherpas  

 
Modes of Analysis   Odds Ratio (95% CI)  P Value 
 
II vs.ID vs.DDa   1.89 (0.90-6.60)   0.075* 
II + ID vs. DDb   2.78 (1.07-7.19)   0.035** 
II vs. ID + DDc   1.50 (0.88-2.56)   0.140** 
CI = confidence interval; D = deletion allele; I = insertion allele.  
aAdditive effect of the I allele. 
bDominant effect of the I allele. 
c Recessive effect of the I allele. 
*Calculated by χ2 test (3 x 2 contingency table, df = 2).  
**Calculated by χ2 test (2 x 2 contingency table, df = 1).  
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Figure legend 
 
Figure. Graph of serum ACE activity according to the ACE I/D polymorphism in Sherpas 
and non-Sherpasa. The ACE activity in both populations is correlated with the genotypes, 
being significantly highest in the subjects with DD genotype, intermediate in ID 
heterozygotes, and lowest in II homozygotes. *P < 0.001 compared with the II 
homozygotes. The number of subjects is shown in parentheses. a non-Sherpas indicates 
non-Sherpa Nepalese residing in Kathmandu Valley, Nepal.  
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