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Introduction
High-Altitude Pulmonary Edema (HAPE) is a severe form of 

altitude illness and a life-threatening condition that occurs in 
healthy persons ascending to altitudes in excess of 2500 meters 
above sea level [1,2]. Over several decades of research, the exact  

 
genetic mechanism underlying the development of HAPE remains 
unclear. An exaggerated pulmonary hypertension has been 
suggested to play a crucial role in pathogenesis of HAPE [1-5]. It 
is a multifactorial complex disease and is typically characterised 
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by uneven vasoconstriction and over-perfusion which causes 
stress failure of pulmonary capillaries leading to alveolar flooding. 
HAPE pathophysiology involves both environmental and genetic 
risk factors and it depends on multiple factors including altitude 
attained, initial diagnosis and treatment and access to medical 
care [6,7]. 

Endothelial cells play a pivotal role in regulating blood flow 
and maintaining haemostatic balance as they provide surface for 
interactions of several coagulant and anticoagulant molecules 
[8]. Dysfunction of endothelium is characterized by altered 
vasodilation and a pro-inflammatory state. Previous studies report 
that improper functioning of vascular endothelium plays a central 

role in pathogenesis of vast spectrum of human diseases like 
cardiovascular diseases, chronic heart failure, peripheral vascular 
disease, diabetes, kidney failure and severe viral infections etc. [9].

Since uneven pulmonary vasoconstriction appears to play an 
important role in the development of HAPE, the genes involved 
in maintaining pulmonary vascular tone such as Angiotensin 
Converting Enzyme (ACE) and endothelin-1 (EDN-1) could 
be possible candidates for HAPE (Figure 1). EDN1, a potential 
vasoconstrictor, stimulates nitric oxide (NO) release, which is an 
essential endogenous vasodilator, regulates pulmonary vascular 
tone and maintains physiological low pulmonary vascular 
resistance (PVR) [10]. 

Figure 1: Genetic impairment of balance between vasodilators and vasoconstrictors leading to pathophysiology of High Altitude Pulmonary 
Edema (HAPE).

It is synthesized locally by endothelial nitric oxide synthase 
(eNOS or NOS3) in vascular endothelial cells, which is a key catalytic 
enzyme responsible for providing basal pulmonary NO release 
[11]. Previous studies have reported that the exhaled NO from 
the respiratory tract of HAPE-susceptible subjects is lower than 
that from controls both at altitude as well as sea level conditions 
under hypoxic breathing and it is in inverse relationship with 
pulmonary artery pressure (PAP) [12,13]. Moreover, Glu(298)Asp 
polymorphism in eNOS gene, causing amino acid substitution of 
glutamic acid (Glu) by aspartic acid (Asp) at the 298th position in 
exon 7, has been positively associated with essential hypertension 
[14,15]. 

Another gene apelin, plays a significant role in inducing 
endothelium induced vasodilation by activating endothelial 
nitric oxide synthase [16]. It plays a crucial role in physiological 
response of vascular endothelium and smooth muscles during 
hypoxia. Mishra and co-workers recently reported that amongst 
several variants of apelin, rs3761581G and rs2235312T have been 

associated with low levels of apelin in individuals who suffered 
from HAPE at HA [17]. Also, reduced levels of serum apelin have 
been reported in patients of Pulmonary Hypertension (PH) [18].

 The gene encoding Vascular Endothelial Growth Factor (VEGF) 
is considered as endothelial cell-specific mitogen, an angiogenic 
inducer and a mediator of vascular permeability [19], and its 
inhibition has been correlated with suppression of tumour growth 
and angiogenesis [20-22]. Functionally active polymorphisms 
within VEGF gene influence production of VEGF protein and are 
reportedly involved in susceptibility to various disorders wherein 
angiogenesis is a critical factor [23,24]. VEGF also increases the 
capillary permeability and stimulate vascular endothelial cell 
proliferation promoting angiogenesis. CC genotype of C(936)T 
polymorphism in the 3’-untranslated region (3-UTR) of the VEGF 
gene has been associated with an increased serum VEGF level as 
compared with the CT and TT genotypes [25].

 Gupta and co-workers demonstrated that HAPE susceptible 
(HAPE-s) individuals show exaggerated hypoxic response and 
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baseline hypoxia compared to controls [26,27]. They further 
showed that HAPE-s group of volunteers have increased PH and 
vascular remodelling making them hypoxia sensitive and could 
demonstrate exaggerated PVR to hypoxia in them. We hypothesize 
that HAPE-s individuals may have some constituted abnormality 
which make them hypoxia sensitive.

In the present study, we selected genes involved in maintaining 
pulmonary vascular tone such as eNOS and VEGF and in the same 
cohort we studied ACE and EDN-1 gene polymorphisms, whose 
abnormal function can lead to PH and may contribute to HAPE 
susceptibility. The subjects included in the study were truly HAPE 
susceptible, as they suffered from HAPE despite of following 
acclimatization schedule at high altitude (HA) [28]. Thus we 
aimed to identify endothelial risk factors predisposing individuals 
to HAPE, by studying common genetic mutations in ACE, VEGF, 
EDN1 and eNOS genes. 

Materials and Methods
Study design

The study protocol was approved by institutional ethical 
committee and a written consent was obtained from the all 
participating volunteers. The subjects recruited for study were 
age and body weight matched unrelated males volunteers. Study 
population consisted of Army troops, healthy non-mountaineers, 
who were categorized based on their resistance and susceptibility 
to HAPE. Both the groups were air inducted from sea level at an 
altitude of 3500m and followed acclimatization schedule of six 
days [28]. The sample collection was retrospective in nature i.e., 
the volunteers had history of HAPE and were clinically diagnosed 
with the same upon acute induction to HA (HAPE-s). 

HAPE-s group was compared to equal number of controls 
(rCON), those who remained healthy after exposure to same 

altitude in similar conditions. At plains, they were all healthy and 
had normal BMI, heart rate and blood pressure (BP) (systolic 
and diastolic), with no significant difference between controls 
and patients group. Blood samples were collected in K2 EDTA 
vacutainers with Na-citrate as anticoagulant (Becton and 
Dickinson, NJ, USA); for subjects having established history of 
HAPE upon rapid induction to Lehi, Ladakh (Himalayan region 
of India), situated at an altitude of 3524m (11,562ft) and those 
who remained healthy after exposure to HA conditions upon rapid 
induction at the same altitude and similar duration. Blood was 
stored at -20 °C till the time of processing in the lab situated at 
sea level. 

Isolation of DNA and genotyping
For genetic analysis whole blood samples were collected in 

EDTA. High molecular weight DNA was extracted from peripheral 
blood by QIAamp DNA isolation kit (Qiagen Midi kit, Germany), 
using manufacturer’s protocol. Quantitative check of genomic 
DNA was done using DNA/RNA nanodrop (Thermo Fischer, USA). 
For qualitative analysis, samples (100ng/µl) were loaded on 0.7% 
agarose gel containing ethidium bromide and run for ~20min and 
visualized under UV. Gel images were visualized under UV (Fusion 
Fx5, Viler Lour mat, France) and concentration was checked using 
Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific, 
USA).

The present study evaluated six genotypic polymorphisms 
in four candidate genes involved in angiogenesis and endothelial 
functioning in view of their probable functional relevance in 
development of HAPE. Specific gene regions were amplified using 
primer sequences as detailed in (Table 1) and were subsequently 
subjected to restriction digestion (Figure 2). A negative control 
containing no genomic DNA and a positive control with a known 
genotype was always included in all experiments. 

Figure 2: Representative elctrophoretic gel images of polymorphisms under study. A. ACE I/D polymorphism; B. eNOS Glu(298)Asp 
polymorphism; C. VEGF C(936)T polymorphism; D. VEGF C(-634)G polymorphism; E. EDN G(8002)A polymorphism and F. EDN 3A/4A 
polymorphism.
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Table 1: Details of mutations studied in the ACE, VEGF EDN and eNOS genes showing the primer sequences, PCR product size, annealing  
temperature, restriction enzyme used and the fragment sizes.

Gene Polymorphism Region Primer details PCR 
Product

Annealing 
temperature

Restriction 
enzyme Band sizes

ACE I/D Intron 16
F: 5’ CTGGAGACCACTCCCATCCTTTCT 3’ 

490 60 °C _ Ins=490bp 
Del=190bpR: 5’ GATGTGGGCATCACATTCGTCAGAT 3’

VEGF C936T 3’UTR

F: 5’ AAGGAAGAGGAGACTCTGCGCAGAGC 3’ 

208 65°C Nla III 
CC=208bp CT= 
208, 122, 86BP 
TT=122, 86 bp

R: 5’ 
TAAATGTATGTATGTGGGGGTGTGTCTACAGG 

3’

VEGF C-634G 5’UTR

F: 5’TTGCTTGCCATTCCCCACTTGA 3’ 

470 65.8°C BsmF1

 CC=470bp 
CG=470, 274, 
196  GG=274, 

196bp
R: 5’ CCGAAGCGAGAACAGCCCAGAA 3’

EDN G8002A Intron 4
F: 5’ CAAACCGATGTCCTCTGTA 3’ 

358 65 °C Taq1α
GG=150, 208 
GA=358, 208, 
150  AA=358R: 5’ ACCAAACACATTTCCCTATT 3’

EDN 3A/4A Exon 1
F: 5’ GCTGCTTTTCTCCCCCGTTAA 3’ 

195 57.2 °C BsiY1

4A/4A =195 
4A/3A=195, 

176, 19 
3A/3A=176, 19 

R: 5’ CAAGCCACAAACAGCAGAGA 3’

eNOS Glu298Asp 
(G/T) Exon 7

F: 5’ CATGAGGCTCAGCCCCAGAAC 3’ 
206 63 °C MboI

GG=150, 208 
GT=358, 208, 
150 TT=358 R: 5’ AGTCAATCCCTTTGGTGCTCAC 3’

The digested PCR products were resolved on 2-3% agarose 
gels stained with ethidium bromide. Gel images were visualized 
under UV ((Fusion Fx5). (Table 1) shows the primers used for 
RFLP method, PCR cycling conditions, restriction endonucleases 
and the digested restriction fragment size products. An 
independent observer read and confirmed all the genotypes, 
discrepancies, if any, were resolved by repeated PCR-RFLP. Allelic 
sizes were determined by comparison of bands with molecular-
weight markers. Specific alleles were determined by observing 
the presence or absence of digested bands.

Statistical analysis
Genotypic and allelic frequencies were computed for each lo-

cus by gene counting and comparing by 3X2 and 2X2 contingency 
table respectively and their distribution in HAPE and rCON group 
was analysed. These frequencies were also tested for expected 
and observed genotype difference on Hardy Weinberg’s equilib-
rium (HWE; 1 degree of freedom) (www.tufts.edu/~mcourt01/
Court%20lab%20-20 HW %20 calculator.xls) (Table 2). Chi 

square (χ2) test for genotypic significance (degrees of freedom=2) 
and Fisher’s exact test for allelic significance along with odds ra-
tio to the level of 95% confidence interval (95%) was calculated 
using Prism 5.0 (GraphPad, USA) (Table 3). Also, genotypic distri-
bution for all six mutations was statistically tested for dominant 
and recessive models (Table 4). For all tests a p value of ≤ 0.05 was 
considered significant. Percentage heterozygosity i.e, difference 
between expected and observed heterozygosity was measured 
using analysis for ascertainment bias for dominant/recessive 
models (www.oege.org/software/hwe-mr-calc.shtml) (Figure 3). 
This calculator indicated the expected counts under HWE if gains 
or losses have occurred in one genotype group in addition to the 
conventional analysis which distributes gains and losses across all 
three genotype groups. To describe the relationship between hap-
lotypes and disease status, haplotype frequency estimation and 
association of these haplotypes with disease, was carried out for 
two mutations of EDN gene (i.e., G(8002)A and 3A/4A) and VEGF 
gene (i.e., C(936)T and C(-634)G) (Table 5). 

Table 2: Observed genotypic and allelic frequencies of polymorphisms under study along with Hardy Weinberg’s equilibrium (HWE) test. Significant 
p-values are indicated in bold.

Genotype (% frequency) Allele (% frequency) HWE χ2 
(p-value)

 II ID DD I D

ACE I/D (rs1799752) HAPE Control
10 (25) 8 (20) 22 (55) 28 (35) 52 (65) 12.56 (0.0003)

20 (50) 9 (22.5) 11 (27.5) 49 (61.25) 31 (38.75)
11.06 (0.0008)

VEGF C936T(rs 
3025039) HAPE Control

CC CT TT C T

23 (57.5) 12 (30) 5 (12.5) 58 (72.5) 22 (27.5) 2.45 (0.11)

18 (45) 19 (47.5) 3 (7.5) 55 (68.75) 25 (31.25) 0.44 (0.50)
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VEGF C-634G(rs 
2010963) HAPE Control

CC CG GG C G  

4 (10) 33 (82.5) 3 (7.5) 41 (51.25) 39 (48.75) 16.95 (0.00003)

9 (22.5) 30 (75) 1 (2.5) 48 (60) 32 (40)
12.65 (0.0003)

EDN 
G8002(rs2071942) HAPE Control

GG GA AA G A

15 (37.5) 8 (20) 17 (42.5) 38 (47.5) 42 (52.5) 14.35 (0.0001)

23 (57.5) 10 (25) 7 (17.5) 56 (70) 24 (30)
6.55 (0.01)

EDN 
3A/4A(rs10478694) HAPEControl

3A/3A 3A/4A 4A/4A 3A 4A

24 (60) 13 (32.5) 3 (7.5) 61 (76.25) 19 (23.75) 0.42 (0.51)

23 (57.5) 11 (27.5) 6 (15) 57 (71.25) 23 (28.75)
4.32 (0.03)

eNOS Glu298Asp(rs 
1799983) HAPE Control

GG GT TT G T

14 (35) 17 (42.5) 9 (22.5) 45 (56.25) 35 (43.75) 0.74 (0.38)

27 (67.5) 10 (25) 3 (7.5) 64 (80) 16 (20) 1.91 (0.16)

Table 3: Statistical test for significance of genotypic and allelic distribution compared using χ2 test and Fisher exact test respectively. Allelic 
distributions were also compared between HAPE and rCON for calculating OR with 95% CI for the determination of presence of alleles as a risk 
factor for the disease. Significant p-values are indicated in bold.

Gene polymorphism χ2 (df=2) p-value Fisher’s Exacttest (p-value) OR ( 95% CI)

ACE I/D 7.05 0.02 0.005 0.34 (0.17-0.64)

VEGF C936T 2.69 0.26 0.728 1.19 (0.60-2.36)

VEGF C-634G 3.06 0.21 0.33 0.700 (0.37-1.31)

EDN G8002A 6.07 0.04 0.006 0.38 (0.20-0.74)

EDN 3A/4A 1.18 0.55 0.47 1.29 (0.63-2.62)

eNOS Glu298Asp 8.93 0.01 0.002 0.32 (0.15-0.64)

Figure 3: Graphical representation of genotypic and allelic frequencies of three polymorphisms that showed significant genotypic and allelic 
difference between HAPE patients and controls.
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Table 4: Study of dominant genetic model and recessive genetic model for each polymorphism under study. Significant p-values are marked in 
bold.

HAPE n(%) Controls n(%) χ2 p-value OR (95% CI)

ACE I/D

Dominant 
model

II 10 (0.25) 20 (0.50)
4.32 0.03 0.33 (0.12-0.85)

DD + ID 30 (0.75) 20 (0.50)

Recessive model
II + ID 18 (0.45) 29 (0.72)

5.15 0.02 0.31 (0.12-0.78)
DD 22 (0.55) 11 (0.27)

VEGF C936T

Dominant 
model

CC 23 (0.57) 18 (0.45)
0.8 0.37 1.65 (0.68-4.00)

TT + CT 17 (0.42) 22 (0.55)

Recessive model
CC + CT 35 (0.87) 37 (0.92)

0.13 0.7 0.56 (0.12-2.55)
TT 5 (0.12) 3 (0.07)

VEGF C-634G

Dominant 
model

CC 4 (0.1) 9 (0.22)
1.47 0.22 0.38 (0.10-1.36)

GG + CG 36 (0.9) 31 (0.77)

Recessive model
CC + CG 37 (0.92) 39 (0.97)

0.26 0.6 0.31 (0.03-3.18)
GG 3 (0.07) 1 (0.02)

EDN G8002A

Dominant 
model

GG 15 (0.37) 23 (0.57)
2.45 0.11 0.44 (0.18-1.08)

AA + AG 25 (0.62) 17 (0.42)

Recessive model
GG + AG 23 (0.57) 33 (0.82)

4.82 0.02 0.28 (0.10-0.80)
AA 17 (0.42) 7 (0.17)

EDN 3A/4A

Dominant 
model

3A 24 (0.6) 23 (0.57)
0 1 1.10 (0.45-2.70)

4A + 3A-4A 16 (0.4) 17 (0.42)

Recessive model
3A + 3A-4A 37 (0.92) 34 (0.85)

5 0.47
2.17 (0.50-9.39)

4A 3 (0.07) 6 (0.25)

eNOS 
Glu298Asp

Dominant 
model

GG 14 (0.35) 27 (0.67)
7.2 0.007 0.25 (0.10-0.65)

GT + TT 26 (0.65) 13 (0.32)

Recessive model
 GG + GT 31 (0.77) 37 (0.92)

2.45 0.11 0.27 (0.06-1.12)
TT 9 (0.22) 3 (0.07)

Table 5: Haplotype analysis for two polymorphisms of EDN gene and VEGF gene.

Haplotype HAPE Control χ2 p-value OR CI

EDN G8002, 3A/4A

G-3A 23 (0.51) 33 (0.83) 0.72 0.39 0.69 0.34-1.38

A-3A 14 (0.35) 1 (0.03) 7.9 0.004 14 1.7-111.6

A-4A 3 (0.08) 6 (0.15) 0.35 0.55 0.5 0.11-2.14

VEGF C936T, C*-634G

C-C* 35 (0.88) 37 (0.93) 0 0.99 0.94 0.5-1.7

T-C* 2 (0.05) 2 (0.05) 0.26 0.6 1 0.13-7.45

T-G 3 (0.08) 1 (0.03) 0.21 0.64 3 0.29-30.10

The haploid frequencies with significant difference in their distribution between HAPE and Control group are marked in bold. *represents the C 
allele of C-634G SNP.

Results
Case control characteristics

The study cohort comprised of all unrelated male subjects. 
They were healthy individuals serving Indian Army. The major 
inclusion criteria for cases was that the subjects had a history of 
HAPE upon HA rapid induction. Since the present study is retro-
spective and the sample collection was done at plains, physiologi-
cal parameters did not show any statistically significant difference 
between their heart rate, blood pressure and haemoglobin.

Single locus analysis identified polymorphisms associ-
ated with HAPE

In the present investigation, three of the six polymorphisms 
showed a statistically significant difference between the HPAE-s 
and rCON. ACE I/D polymorphism was significantly associated 
with HAPE and showed a higher percentage of DD genotype in 
HAPE (55%) compared controls (27.5%) (Table 2) (χ2=7.05, 
p=0.02) (Table 3). Also, at the allelic level, percentage occurrence 
of I allele was only 35% in HAPE-s compared to 61.25% in rCON 
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whereas % occurrence of D allele was as high as 65% in HAPE-s 
compared to 38.75% (Table 2) in rCON (p=0.005, OR=0.34, 
CI=0.17-0.64) (Table 3, Figure 3). 

Also, G8002A polymorphism of EDN gene showed a significant 
association with HAPE susceptibility both at genotypic and allelic 
level. A higher percentage of GG genotype was observed in rCON 
(57.5%) compared to HAPE-s (37.5%). Moreover, the frequency of 
mutants i.e., AA genotype was lower in rCON (17.5%) compared 
to HAPE-s (42.5%) (Table 2) (χ2=6.07, p=0.04) (Table 3). 
Statistically significant difference was also evident at the allelic 
level (p=0.06, OR=0.38, CI=0.20-0.74) (Table 3), wherein the 
percentage occurrence of both G and A alleles were comparable in 
HAPE-s group (G=47.5% and A=52.5%), however a vast difference 
occurred in rCON group (G=70% and A=30%) (Table 2, Figure 3). 

The third SNP that showed significant association with HAPE 
was Glu298Asp in eNOS gene. The wild type GG genotype appeared 
in statistically higher percentages in rCON (67.5%) compared to 
HAPE-s (35%) (Table 2). The graphical representation of these 
polymorphisms with significant genotypic and allelic differences 
is shown in Figure 3. Also, the mutant genotype, i.e., TT showed 
higher percentage occurrence in HAPE-s (22.5%) compared 
to controls (7.5%). Thus, the genotypic frequency distribution 
amongst the two groups was significant (χ2=8.93, p=0.01) 
(Table 3). Also, since G allele was predominating in rCON (80%) 
compared to HAPE-s (56.25%) and T allele was predominating 

in HAPE-s (43.75%) compared to rCON (20%) (Table 2, Figure 
3), the allelic difference was also significant (p=0.002, OR=0.32, 
CI=0.15-0.64) (Table 3). The two polymorphisms studied in VEGF 
gene i.e., C(936)T and C(-634)G and 3A/4A polymorphism in EDN-
1 gene did not show any statistical significance both at genotypic 
and allelic level between the two groups under study.

Dominant and Recessive model testing
Since each genotype is comprised of two alleles, the risks as-

sociated with each genotype depend upon the number of variant 
allele copies carried. For studying the dominant model, it was 
assumed that heterozygous and mutant homozygous genotypes 
have similar risk and hence they were compared in combination 
with the homozygous wild type. This model yielded a significant 
difference in ACE I/D polymorphism (II vs. DD+ID) with χ2=4.32, 
p=0.03, OR=0.33 (CI=0.12-0.85); and eNOS Glu(298)Asp polymor-
phism (GG vs. GT+TT) with χ2=7.2, p=0.007, OR=0.25 (CI=0.10-
0.65) (Table 4). 

For recessive model study, it was assumed that both wild 
type homozygous and heterozygous genotypes produce same 
effect and to modify the gene product, two copies of risk allele 
(homozygous mutant) are essential. Recessive model yielded a 
significant difference in case of ACE (I/D) polymorphism (II+ID 
vs. DD) with χ2=5.15, p=0.02, OR=0.31 (CI=0.12-0.78) and EDN-
1 G(8002)A polymorphism with χ2=4.82, p=0.02, OR=0.28 
(CI=0.10-0.80) (Table 4).

Figure 4: The graph shows % heterozygosity (Expected heterozygosity – Observed heterozygosity) for HAPE and rCON in all the six SNPs.

Analysis of Heterozygosity
In case of VEGF C(-634)G SNP, the observed heterozygosity was 

much higher than expected, both in HAPE-s and rCON. This might 
be due to predominance of CC genotype in the study population. 
Percentage heterozygosity for ACE I/D and eNOS Glu(298)Asp 
polymorphism were comparable between both the groups under 
study. However, striking differences were observed between the 

two SNPs in EDN gene, wherein observed heterozygosity was 
much higher in case of controls compared to HAPE-s group in 
G(8002)A polymorphism whereas observed heterozygosity was 
much lower in controls compared to HAPE-s group in case of 
3A/4A polymorphism (Figure 4). These differences could be due 
to ascertainment bias in biological sample which may in turn lead 
to gains or losses in observed counts.
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Haplotype analysis
Frequency occurrence of A-3A haplotype of EDN gene in 

HAPE-s was significantly higher compared to rCON (Table 5). 
The other haplotypes in EDN and VEGF genes did not show a 
significant difference between the two groups under study.

Discussion 
The occurrence of HAPE in our Indian subcontinent is a com-

mon phenomenon because of global attraction to the Himalayas 
for tourism, induction by Army volunteers as duty and the poor 
awareness of the knowledge about the predisposing factors that 
can lead to HA related amongst un-acclimated visitors. There is a 
fine balance maintained between vasoconstrictors and vasodila-
tors under the extreme conditions of hypoxia at HA and imbalance 
between them could lead to serious pathologic conditions such as 
HAPE. Endothelial dysfunction leading to unusual vasoconstric-
tion forms characteristics of HA disorders such as HAPE and also 
the clinical features of cardiovascular disease [12]. 

Regulators of endothelin function (ET-1) as well as vascular 
tone are altered significantly in HAPE and contribute to its 
pathophysiology [29]. The present study examines the possible 
association of six polymorphisms present in four different 
genes playing a crucial role in endothelium functioning with 
individual’s susceptibility towards the development of high 
altitude pulmonary edema. The most noteworthy finding of this 
study was a significant association of I/D, G(8002)A and Glu(298)
Asp variants in ACE, EDN-1 and eNOS genes respectively with 
susceptibility towards HAPE.

It is interesting to note that EDN1 interacts with other endo-
thelium derived substances such as NO and ACE. Regarding the 
ACE I/D polymorphism, we observed a significantly higher per-
centage of DD genotype and D allele in HAPE patients compared 
to resistant controls. D allele has been shown to be associated 
with elevated ACE activity [30], and is considered beneficial for 
sprint performance, whereas I allele has been shown to contribute 
to enhanced physical performance and elite endurance [31,32]. I 
allele was first reported to be associated with endurance capaci-
ty in elite British male mountaineers who could manage to reach 
beyond the height of 7,000m without the use of supplemental ox-
ygen [33]. 

Subsequently in an independent study Woods and co-workers 
also demonstrated that I allele genetically corresponds to lower 
ACE activity and is associated with the maintenance of the higher 
oxygen saturation (SaO2) at HA [34]. Thus, the current study 
also demonstrates the genetic predominance of I allele in rCON 
compared to HAPE-s which could be helping these individuals in 
maintaining higher SaO2 at HA. Also, since both dominant and 
recessive models show significant p value (<0.05), it seems that 
both these alleles play an equally important role in genetic make-
up (Table 4). 

Hypoxia-induced pulmonary hypertension plays a major role 
in pathophysiology of HAPE, and endothelin-1 being a potent 

vasoconstrictor could be responsible for the rise in Pulmonary 
Artery Pressure (PAP) during hypoxic exposure. Both, ET-1 gene 
variants and plasma levels have been found to be associated with 
hypoxia adaptation for high-altitude natives [35]. Out of a study of 
various polymorphisms of EDN gene, G2288T polymorphism has 
been shown to be significantly associated with HAPE susceptibility 
[36]. We studied two common polymorphisms of EDN gene (G 
(8002)A and 3A/4A) and found significant association of G(8002)
A SNP with HAPE. 

Frequency occurrence of 4A/4A genotype and 4A allele 
was significantly lowered in case of HAPE-s compared to rCON. 
Moreover, two copies of 4A allele seems to play a significant role 
in modifying gene product (p<0.05 in recessive modelling, Table 
4). Haplotype analysis for polymorphisms in EDN gene identified 
haplotype A-3A in EDN gene to be associated with increased risk 
of HAPE. Haplotyping of SNPs in VEGF gene could not yield any 
predictive haplotype for HAPE susceptibility.

Another interesting finding from the present study was sig-
nificant association of Glu(298)Asp (G/T) polymorphism in eNOS 
with HAPE. Significantly higher GG genotype frequency was ob-
served in rCON group compared to HAPE-s who showed higher 
percentage of mutant genotype TT. Our results also demonstrat-
ed that heterozygous GA and homozygous mutant AA might be 
playing a significant role in controlling expression of eNOS gene 
(p<0.05 for dominant model, Table 4). eNOS gene has widely stud-
ied gene and shown to play essential genetic role in maintaining 
local vascular NO homeostasis and thus helps in maintaining low 
PAP, which in turn improves lung ventilation [13,16]. 

The available literature suggests the benefits of elevated NO 
levels for the survival at HA under hypoxic condition [37]. NO 
inhalation therapy improves the localized pulmonary hypoxic 
state of HAPE patients [38,39]. Reduced expression of eNOS 
and apelin, as well as increased expression of ET-1 have been 
reported previously in HAPE patients [17, 40], thereby suggesting 
evidence of PH in HAPE. We have found evidence of subclinical 
PH in HAPE-s at sea level which can manifest as HAPE at HA. 
One of the first report of positive association of eNOS Glu (298) 
Asp polymorphism with HAPE appeared in 2002 by Droma and 
co-workers in Japanese population [41] and later by Ahsan et 
al. [42] in Indian population, demonstrating significantly lower 
frequencies of GG genotype and G allele in HAPE group compared 
to resistant controls. 

Our results are also in concurrence with these reports. A 
contrasting report came later in 2012 wherein researchers found 
no significant correlation of this polymorphism in eNOS gene with 
HAPE incidence [43].

Vascular endothelial growth factor (VEGF) gene plays a cen-
tral role in the process of angiogenesis, being the most potent 
angiogenesis factor and the mutations in this gene have been 
studied in relation to various disorders. In a study by Hanoka and 
coworkers, C(936)T polymorphism in 3’UTR region along with 
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C(-2578)A, G(-1154)A and T(-460)C in promoter region have not 
been found to be associated with HAPE susceptibility in Japanese 
population [44]. 

However in a contrasting report, C(936)T polymorphism of 
VEGF gene has not shown any significant correlation with HAPE 
in Chinese population [45]. Additionally, Awata and co-workers 
(2005) demonstrated VEGF C(-634)G polymorphism as a genetic 
risk factor for muscular edema as well as diabetic retinopathy [46]. 
However, results of present investigation show no statistically 
significant genotypic and allelic variation both in SNPs (C(936)
T and C(-634)G) between the two groups under study. Whether 
the gene polymorphisms reported in the present study are cause 
or having effect on hypoxia sensitivity at HA in non-mountaineer 
population cannot be established by this study, however results of 
present investigation shows that these gene polymorphisms may 
contribute to HAPE susceptibility.

Conclusion

Polymorphisms such as I/D, G(8002)A and Glu(298)Asp in 
ACE, EDN-1 and eNOS genes respectively, seems to play a signifi-
cant role in determining HAPE sensitivity. Thus, we conclude that 
mutations in these genes related to impaired pulmonary endothe-
lial function with reduced nitric oxide and enhanced endothelin-1 
(ET-1) bioavailability could be important genetic factors for HAPE 
susceptibility. Bringing some new insights in the genetic predis-
position to HAPE, the findings of the present investigation may 
find application in tourist industry, mountaineering and even offi-
cial recruitment of soldiers for high altitude duties.
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