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Abstract
Exposure to high altitude above 3000 m leads to two outcomes—acclimation or high-altitude maladies. To reach a particular
outcome, the plasma proteome is modified differentially, either in context of an acclimation response or mal-acclimation response
leading to disease. This ensures that hypoxia-responsive plasma protein trends reflect acclimation in acclimated individuals when
compared with their levels prior to acclimation. Such protein trends could be used to assess acclimation in an individual and any
significant deviation from this trend may indicate non-acclimation, thereby preventing high-altitude illnesses before they man-
ifest. In this study, we investigate and statistically evaluate the trendlines of various hypoxia-responsive plasma protein levels,
reported significantly perturbed in our previous studies, in individuals (male; n = 20) exposed to 3520 m at high-altitude day 1
(HAD1), HAD4, and HAD7L and to 4420 m at HAD7H, HAD30, and HAD120. We observe that thioredoxin (Trx), glutathione
peroxidase 3 (GPx-3), and apolipoprotein AI (Apo-AI) are statistically robust markers to assess acclimation across the exposure
duration while sulfotransferase 1A1 (ST1A1) is a capable negative control whose levels increase only in cases of HAPE.We also
observe exposure day-specific and resident altitude-specific proteins capable of accurately assessing acclimation when compared
with baseline levels or the lower altitude zone.
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Introduction

High-altitude acclimation, although essential for safe ascent
till below the death zone (> 7500 m), has received insufficient
scientific scrutiny to comprehend the trends of various pro-
teins of diagnostic value in the proteome during chronic ex-
posure to high-altitude conditions. High-altitude acclimation
fundamentally depends on two factors: duration and altitude
of exposure. Although it has received scarce scientific scruti-
ny, it’s the most crucial aspect to high-altitude exploration.
Acclimation status assessment at altitude has never been given
thorough objective analysis. In the general populace,

acclimation assessment is based on an individual deciding
whether one should ascend higher within a stipulated time
(Karinen et al. 2008). In the Armed forces, acclimation assess-
ment is based on finishing physical tasks at the end of a fixed
exposure duration before ascending further (Deshwal et al.
2012; Syed et al. 2010). The current acclimation process (for
Indian Army) requires at least 10 days of continuous high-
altitude exposure with incremental ascents every 5th day in-
corporating both factors, duration and altitude. The acclimati-
zation process at its core aims to make individuals tolerant to
the ambient hypobaric hypoxia. However, all preliminary di-
agnostic foci for assessment of acclimatization are limited to
subjective physical symptoms. Poor acclimation causes high-
altitude maladies like acute mountain sickness (AMS) and
high-altitude pulmonary edema (HAPE) (Ren et al. 2010).
Even though these diseases themselves have received wide
scientific interest, the process of objectively assessing accli-
mation has not evolved much. During ascent, if a person is
suspected to have AMS, he/she is asked to fill a Lake Louise
questionnaire, marking themselves for symptoms like nausea,
fatigue, and headache. Even in case of more severe HAPE,
initial diagnosis is limited to benign parameters like difficulty
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in breathing, excess frothy sputum, and tiredness. Thus, there
is definitive treatment only when the disorder shows peak
physiological manifestation. There is no preventive care pos-
sible as there are no known markers to distinguish an accli-
matized individual from one who has not been able to accli-
matize (mal-acclimatized) during the same exposure tenure. In
context of high-altitude expeditions, a mal-acclimatized indi-
vidual is at risk of developing multiple high-altitude illnesses
which can be prevented by timely descent to a lower altitude.
However, since there are no objective methods of assessing
acclimation status, in most cases, it is too late for timely de-
scent. A tool for assessing acclimation can prevent such life-
threatening scenarios.

Previously, using SD rats, we provided a proof-of-concept
shortened acclimation protocol and the lung and plasma pro-
teins that are involved in the process (Paul et al. 2018). Here we
show specific plasma protein trendlines indicative of acclima-
tion during high-altitude exposures ranging from day 1 at
3520 m to day 120 at 4420 m. Plasma levels of thioredoxin
(Trx), glutathione peroxidase 3 (GPx-3), and apolipoprotein A1
(Apo-AI) along with HAPE indicator (Ahmad et al. 2015)
sulfotransferase 1A1 (ST1A1) very accurately reflect acclima-
tion over the aforementioned altitude range and duration.
Exposure day-specific and exposure altitude-specific proteins
have also been presented. A proof-of-concept diagnostic tool
with a statistically relevant biomarker protein panel is present-
ed. This shall help assess acclimation status from the first day of
exposure at high altitudes and possibly prevent high-altitude
illnesses to a large extent in the future.

Materials and methods

Ethics statement

All study protocols were cross-checked and approved by the
institutional ethics committee (IEC/DIPAS/B2/1) in accor-
dance with the Helsinki declaration. Informed written consent
was obtained prior to the study from all participants.

Collection of blood samples and extraction of plasma

Two separate regimental groups consisting of male Indian
Army troops (Group 1 had mean age 24 years, mean weight
62 ± 3 kg; while Group 2 had mean age 30 years, mean weight
67 ± 0.67 kg) were defined for blood sampling. Exclusion
criteria for both the groups were smoking, lung disease/de-
fects, cardiac disease/defects, hypertension, obesity, previous
exposure to altitudes 1500 m above sea-level, and presence of
any infectious/non-infectious disease during the study. In each
group, first, samples were taken in normoxic conditions
(Baseline) with further sampling done at various intervals of
high-altitude exposure from the 1st day of exposure till the

120th day. Samples from Group 1 (n = 20) were taken at
Baseline1 (BL1; 216 m above sea level), then at High-
Altitude exposure day 1(HAD1), HAD4, and HAD7L
(3520 m above sea level). Due to operational requirements,
Group 1 descended after HAD7. Samples from Group 2 (n =
20) were taken at Baseline2 (BL2; 332 m above sea level),
HAD7H, HAD30, and HAD120 (4420 m above sea level).
Samples from Group 2 could not be collected for HAD1 and
HAD4 due to extraordinary circumstances faced by Group 2
during that time. The altitude of sample collection during
high-altitude stay for the two groups signify a high-altitude
zone (Group 1; 3520m) and very high-altitude zone (Group 2;
4420 m). All individuals were in supine position during blood
collection. The sample collected was then centrifuged at
3500 rpm for 15 min to separate plasma layer. The plasma
was collected in fresh tubes and protease inhibitor cocktail
(P8340, Sigma, USA) was added to each sample. Finally,
plasma tubes were stored at − 80 °C till further use.

ELISA tests

ELISA was performed as per the manufacturers’ instructions
for detection of the following proteins in the collected plasma
samples: thioredoxin (Trx; kit details: E-EL-H1727,
Elabscience, USA), thioredoxin reductase (TR; kit details:
ab192150, Abcam, USA), phenol sulfotransferase (ST1A1;
kit details: SEB268Hu, Cloud-Clone Corp., USA), calmodu-
lin (CAM; kit details: E-EL-H0625, Elabscience, USA), glu-
tathione peroxidase 3 (GPx-3; kit details: SEC992Hu, Cloud-
Clone Corp., USA), hemopexin (Hpx; kit details: ab108859,
Abcam, USA), apolipoprotein A1 (Apo-AI; kit details:
ab108804, Abcam, USA), and haptoglobin (Hp; kit details:
ab108856, Abcam, USA).

Statistical analyses

Graphpad Prism (version 7) was used to tabulate data and
perform statistical analyses of the data. One-way ANOVA
followed by Tukey’s multiple-comparison test comparing the
stated proteins’ ability to assess acclimatization status across
1, 4, 7, 30, and 120 days at 3520m and 4420m. ROC analysis
was performed with significance at p < 0.001 using AUC
values, sensitivity, and specificity for same proteins to decide
whether acclimated or non-acclimated. An AUC ≥ 0.8 only
was considered for further analysis.

Results

Groups undergoing acclimation

The Indian Army conducts a staged ascent protocol (Deshwal
et al. 2012) to help its troops acclimate to high altitude. Group
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1 and Group 2 (n = 20 each), two separate regimental groups
consisting of male Indian Army troops, were exposed to
3520 m and 4420 m, respectively (Fig. 1). Group 1 plasma
samples were collected at baseline (BL1; 216 m), high-
altitude day 1 (HAD1), HAD4, and HAD7L. Group 2 plasma
samples were collected at BL2 (332m), HAD7H, HAD30 and
HAD120. All members in both groups fully acclimated as per
the Indian Army’s standard protocol and no cases of high-
altitude illnesses were observed.

Plasma proteins assayed

Our previous investigations had provided us a list of plasma
proteins that was consistently and significantly perturbed dur-
ing high-altitude or hypobaric hypoxia exposures (Paul et al.
2018; Ahmad et al. 2011, 2013, 2014, 2015, 2016; Padhy
et al. 2013; Tyagi et al. 2014). We assayed the plasma protein
levels of thioredoxin (Trx), thioredoxin reductase (TR),
sulfotransferase 1A1 (ST1A1), calmodulin (CAM), glutathi-
one peroxidase 3 (GPx-3), hemopexin (Hpx), apolipoprotein
A1 (Apo-AI), and haptoglobin (Hp) using ELISA across both
groups and plotted their trendlines. The proteins were chosen
based on their regular significant appearance in different

datasets in context of hypobaric hypoxia as well as either high
relevance in hypoxia signaling (Trx, GPx-3) or novel func-
tional insight (ST1A1, ApoAI). The proteins chosen had three
common features. They were present in the plasma proteome
in at least moderate amounts; they were recurrent in multiple
proteome investigations focused on high-altitude and
hypobaric hypoxia in context of high-altitude illnesses.
Finally, all proteins had statistical significance in previous
studies. These proteins were then assessed on their ability to
indicate acclimation in an individual using standard statistical
protocols. All aforementioned proteins were plotted as median
with range (Fig. 2) to assess their plasma concentrations in
both groups. We observed that perturbations were present
not just across days of exposure but also in case of changes
in altitude. The trendline formed by these perturbations may
be indicators of altitude acclimation.

ROC analysis of assayed plasma proteins

The protein concentrations were then subjected to statis-
tical analysis consisting of ROC curve analysis
(Supplementary figures Figs. S1–S12). Proteins with
AUC values between 0.8 and 1 (good to excellent) with

Fig. 1 Study design. Two groups (n = 20 each) of male Indian Army
troops were exposed to 3520 m for 7 days (Group 1) and 4420 m for
120 days (Group 2). In Group 1 at 3520 m, blood samples were collected
from all volunteers on days 1, 4, and 7. In Group 2 at 4420 m, blood
samples were collected at days 7, 30, and 120. All subjects acclimated as
per Indian Army’s standard acclimation protocol. No cases of altitude
illness were observed. Specific blood plasma proteins were assayed
using ELISA. Their median with range was plotted and after

performing statistical analysis utilizing ROC curve for each protein,
significant proteins were listed for each group and exposure days.
These proteins could further be used to make a diagnostic tool capable
of diagnosing acclimation status in humans exposed to high-altitude. Trx:
Thioredoxin; GPx3: glutathione peroxidase; ApoA1: apolipoprotein A1;
CAM: calmodulin; ST1A1: sulfotransferase 1A1; Hpx; hemopexin; Hp:
haptoglobin and TR: thioredoxin reductase
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p values < 0.001 were further considered to plot
trendlines in context of acclimation status. In context
of this study, sensitivity of a protein is defined as its
ability to positively indicate acclimation in an individual
while specificity is defined as its ability to correctly
identify the poorly acclimated individuals for a particu-
lar day and altitude zone.

Group 1 ROC analysis It was observed that Trx and GPx-3
levels form the most accurate measures when testing an indi-
vidual for an acclimating protein signature during stay at high-
altitude zone (3520 m) for 7 days for all three intervals mea-
sured (HAD1, HAD4, HAD7L) against BL1 (Group 1)
(Table 1). The sensitivity and specificity for Trx were 85%
and 80% (BL1 vs HAD1); 90% and 80% (BL1 vs HAD4);
100% and 80% (HAD7L) (Table 1). For GPx-3, sensitivity
and specificity were 80% and 85% (BL1 vs HAD1); 80% and
90% (BL1 vs HAD4); 85% and 85% (BL1 vs HAD7L)
(Table 1). Other proteins whose trends can be used as signa-
tures in this group for particular days of exposure are TR and
Hp for HAD1; ST1A1, CAM, and Hpx for HAD4; and CAM,
Hpx, and Hp for HAD7L (Table 1).

Group 2 ROC analysis In Group 2 ROC analysis, the different
intervals of measurement were HAD7H, HAD30, andHAD120
against BL2. Trx with AUC values of 0.8525 (p = 0.000138) in
HAD7H; 0.97 (p < 0.0001) in HAD30; 0.9275 (p < 0.0001) in
HAD120 and Apo-AI with AUC values of 0.865 (p < 0.0001)
in HAD7H; 0.8825 (p < 0.0001) in HAD30; 0.835 (p =
0.000292) in HAD120 (Table 1) stand out as the most accurate
set of proteins to check for acclimatization post 7 days at very
high-altitude zone (4420 m). Trx showed 85% sensitivity and
80% specificity; 100% sensitivity and 75% specificity; and 90%
sensitivity and 90% specificity (Table 1) while Apo-AI showed
90% sensitivity and 85% specificity; 90% sensitivity and 85%
specificity; and 85% sensitivity and 75% specificity for
HAD7H, HAD30, and HAD120, respectively (Table 1). Other
proteins with accurate diagnostic ability but for given days are
TR and CAM for HAD7H; CAM and GPx-3 for HAD30; and
ST1A1 and Hpx for HAD120 (Table 1).

HAD1 vs subsequent high-altitude exposure days The HAD1
group is a unique time point during high-altitude exposure as
the subject has not acclimated and maximum incidence of
illnesses like acute mountain sickness is reported (Smedley
and Grocott 2013). But in this study, we are identifying

HAD1 as pre-acclimated based on the hindsight that all indi-
viduals in both groups acclimated.

The ROC curve was plotted for HAD1 vs all subsequent
days (HAD4 to HAD120) for all proteins. It was to investigate
whether acclimation occurring across the temporal scale at
different altitudes can be assessed by a protein signature. We
observed that altitude itself played a definitive role along with
the duration of stay. For Group 1 (till HAD7L), we observed
TR to be accurate in terms of distinguishing between pre-
acclimated and acclimated. TR had AUC 0.81 (p value =
0.000802) with 85% sensitivity and 70% specificity
(Table 1) at HAD4 and AUC 0.8125 (p value = 0.000727)
with 85% sensitivity and 75% specificity at HAD7L
(Table 1). No effect of altitude variation was observed in
TR’s accuracy as in Group 2 HAD7H, it had similar AUC
0.8125 (p value = 0.000727) with 80% sensitivity and 75%
specificity (Table 1). For Group 2 (from HAD7H till
HAD120), GPx-3, Apo-AI, and Trx were observed to be high-
ly capable of the same (Table 1).

Other proteins which had good/excellent AUC values
for certain days include ST1A1 for HAD4; Hpx and Hp
for HAD7L; CAM and Hpx for HAD7H; ST1A1,
CAM, and Hp for HAD30; and ST1A1 and Hp for
HAD120 (Table 1). A notable mention must be made
of ST1A1 in accurately differentiating between HAD1
and HAD4 samples. This corroborates its ability to dis-
tinguish between controls and HAPE patients, as previ-
ously observed (Ahmad et al. 2015).

Assessing effects of altitude variation Based on the compar-
ison of various days of high-altitude exposure against
HAD1, we observed a distinction in marker proteins as
per the change in altitude. Between Group 1 and Group 2,
HAD7 is the common timepoint of sample collection but
in two different altitude zones (high- vs very high-altitude
zones). Thus, this timepoint can have proteins that can be
indicative of just altitude-dependent systemic response
without the duration of exposure being a factor upon
moving to a higher altitude in an acclimated individual.
GPx-3, Apo-AI, Hp, TR, CAM, and Trx provide excep-
tional accuracy with regard to increasing altitude acclima-
tion (Table 1). We observed that among these proteins,
differences in fold change values are significant at the
two altitudes for Trx, CAM, Apo-AI, and Hp (Fig. 3a).
The fold change values are direct comparisons of ratio of
protein level at their respective baseline values (either
BL1 or BL2) vs HAD7 (either HAD7L or HAD7H).
Thus, this particular pattern of proteins can be useful
when acclimation response needs to be checked at very
high-altitude zone upon ascending from a high-altitude
zone. A similar trend in protein fold change values (as
shown in Fig. 3a) can be used as an indication that the
individual is acclimated to very high-altitude zone.

�Fig. 2 Plasma concentration of proteins in Group 1 and Group 2 at
various sampling intervals. Concentration (y-axis) of assayed plasma
proteins is plotted against baseline 1 (BL1; 216 m), high-altitude expo-
sure day 1 (HAD1), HAD4, and HAD7L (same as) (at 3520m) for Group
1 and BL2 (332 m), HAD7H, HAD30, and HAD120 (at 4420 m) for
Group 2. The trendlines formed by the median values are investigated
further as indicators of acclimation
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Trendlines depicting acclimation in selected plasma
proteins

We have clearly established statistically significant proteins
with their median values (and range). But the entire point of
this investigation was to create a plasma protein signature that
defines acclimation to altitude. Two proteins, Trx and GPx-3,
were observed to represent an acclimating response in Group-
1 (3520 m) till HAD7L with significant accuracy based on
their AUC values along with sensitivity and specificity

(Table 1). Thus, their trendline was plotted based on fold
change values (calculated from median) in respective groups
with baseline (both BL1 and BL2) normalized to 1 (Fig. 3b). It
was observed that Trx levels remain unchanged while GPx-3
levels rise significantly at HAD4 before declining close to
baseline levels at HAD7L. In case of longer duration of
high-altitude exposure at very high-altitude zone (observed
in Group 2; 4420 m), Trx and Apo-AI, were observed to
provide the best accuracy to determine acclimation (Fig. 3c).
According to AUC values of HAD1 vs HAD4 and HAD7L

Table 1 High-altitude day (HAD)-specific proteins with AUC values above 0.8, sensitivity, specificity, and p values. Sensitivity and specificity (in
%age) of such proteins are also shown along with p values

Control Days Protein Sensitivity (%) Specificity (%) AUC p value

BL1 HAD1 Trx 85% 80% 0.8175 p value = 0.000597
GPx-3 80% 85% 0.8475 p value = 0.000172
TR 90% 85% 0.9025 p value < 0.0001
Hp 95% 80% 0.9525 p value<0.0001

HAD4 Trx 90% 80% 0.8375 p value = 0.000263
GPx-3 80% 90% 0.8225 p value = 0.000488
ST1A1 90% 80% 0.8025 p value = 0.001071
CAM 90% 80% 0.835 p value = 0.000292
Hpx 85% 80% 0.81 p value = 0.000802

HAD7(3.5 k) Trx 100% 80% 0.85 p value = 0.000154
GPx-3 85% 85% 0.89 p value < 0.0001
CAM 90% 70% 0.8575 p value = 0.000111
Hpx 95% 95% 0.9425 p value < 0.0001
Hp 90% 100% 0.9125 p value < 0.0001

BL2 HAD7(4.1 k) Trx 85% 80% 0.8525 p value = 0.000138
Apo-AI 90% 85% 0.865 p value < 0.0001
TR 90% 85% 0.8975 p value < 0.0001
CAM 100% 90% 0.9375 p value < 0.0001

HAD30 Trx 100% 75% 0.97 p value < 0.0001
Apo-AI 90% 85% 0.8825 p value < 0.0001
CAM 100% 90% 0.93 p value < 0.0001
GPx-3 75% 80% 0.8375 p value = 0.000263

HAD120 Trx 90% 90% 0.9275 p value < 0.0001
Apo-AI 85% 75% 0.835 p value = 0.000292
ST1A1 95% 70% 0.9225 p value < 0.0001
Hpx 95% 75% 0.945 p value < 0.0001

HAD1 HAD4 TR 85% 70% 0.81 p value = 0.000802
ST1A1 90% 95% 0.8575 p value = 0.000111

HAD7(3.5 k) TR 85% 75% 0.8125 p value = 0.000727
Hpx 100% 85% 0.8625 p value < 0.0001
Hp 90% 85% 0.865 p value < 0.0001

HAD7(4.1 k) TR 80% 75% 0.8125 p value = 0.000727
GPx-3 95% 95% 0.95 p value < 0.0001
Apo-AI 95% 85% 0.9375 p value < 0.0001
Trx 95% 80% 0.8775 p value < 0.0001
CAM 100% 90% 0.9 p value < 0.0001
Hpx 100% 85% 0.865 p value < 0.0001

HAD30 GPx-3 100% 100% 1 p value < 0.0001
Apo-AI 90% 100% 0.93 p value < 0.0001
Trx 100% 85% 0.945 p value< 0.0001
ST1A1 100% 90% 0.9475 p value < 0.0001
CAM 100% 85% 0.8975 p value < 0.0001
Hp 85% 75% 0.825 p value < 0.000441

HAD120 GPx-3 100% 95% 0.99 p value < 0.0001
Apo-AI 100% 95% 0.9975 p value < 0.0001
Trx 100% 85% 0.9375 p value < 0.0001
ST1A1 100% 95% 0.95 p value < 0.0001
Hp 90% 85% 0.8875 p value < 0.0001

HAD7(3.5 k) HAD7(4.1 k) GPx-3 95% 100% 0.9625 p value < 0.0001
Apo-AI 90% 100% 0.945 p value < 0.0001
Hp 100% 85% 0.905 p value < 0.0001
TR 90% 95% 0.9025 p value < 0.0001
CAM 100% 80% 0.8875 p value < 0.0001
Trx 90% 90% 0.8775 p value < 0.0001
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(Table 1), TR shows the best accuracy in distinguishing be-
tween pre-acclimated and acclimated. Also, when comparing
HAD1 vs HAD7H, TR has similar AUC. The trendline of TR
(Fig. 3d) shows continuous increase through HAD1 till
HAD7L before a sharp decline at HAD7H.

As per the AUC values of Apo-AI, Trx, and GPx-3, they
were highly accurate in distinguishing pre-acclimated (HAD1)
from acclimated at HAD7, HAD30, and HAD120. Their

trendline was plotted to indicate the levels of these proteins
during long-term exposure to a very high-altitude zone (Fig. 3d).

Discussion

We observed that TR, GPx-3, Apo-AI, and Trx, with a nega-
tive control as HAPE-discriminating SULT1A1, form a

Fig. 3 Fold change differences of proteins between high- and very high-
altitude zones and protein concentration trendlines depicting acclimation
across temporal scale. (a) Fold change values were calculated for HAD7L
vs BL1 (Group 1) and HAD7H vs BL2 (Group 2) with baseline being
normalized to 1 in both cases. Fold change values were then plotted for all
proteins comparing their respective fold change values between HAD7L
(at 3520 m) and HAD7H (at 4420 m). Significance is shown using star
over the bars. Trx (thioredoxin), TR (thioredoxin reductase), CAM
(calmodulin), GPx3 (glutathione peroxidase 3), Apo A1 (apolipoprotein
A1), and Hp (haptoglobin). ***p value≤0.0001. (b) Trendlines were
plotted for fold change values (y-axis) vs Group 1 sampling intervals
(x-axis). Fold change values were calculated by normalizing against
BL1 (baseline). Trx and GPx3 were observed to be the most accurate in
terms of determining acclimation status in high-altitude zone till HAD7 as
per their AUC values. Thus, their trendline was plotted to provide an

objective indicator of acclimation at high-altitude zone. (c) Trendlines
were plotted for fold change values (y-axis) vs Group 2 sampling
intervals (x-axis). Fold change values were calculated by normalizing
against BL2 (baseline). Trx and Apo A1 were observed to be the most
accurate in terms of determining acclimation status in very high-altitude
zone till HAD120 as per their AUC values. Thus, their trendline was
plotted to provide an objective indicator of acclimation at high-altitude
zone. (d) Trendlines were plotted for fold change values (y-axis) against
HAD1 for all subsequent exposure days across Groups 1 and 2 (x-axis).
Trx, TR, GPx3, and Apo A1 were observed to provide maximal accuracy
as per their AUC values in distinguishing between pre-acclimated
(HAD1) and acclimated (HAD4–HAD120). Fold change values were
calculated by normalizing against HAD1. Thus, their trendline was
plotted to provide an objective indicator of acclimation at both high-
and very high-altitude zones when baseline readings are unavailable
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suitable panel of proteins to assess acclimation during Stage I
and Stage II of Indian Army acclimation protocol till
HAD120. High-altitude acclimation till date has been an em-
pirical subjective process where stratification of individuals
into acclimated or non-acclimated categories depended on ab-
sence of any discomfort to the climber. Indian Army has an
empirical method of assessment which designates an individ-
ual as acclimated to a given altitude based on his performance
of certain physical tasks (walk, run, and climb at altitude)
(Deshwal et al. 2012) which although not perfect still is better
than no assessment at all. However, this lack of an objective
method of acclimation assessment put the climbers at great
risk since they might ascend to more remote altitudes before
they knew that their lives are at stake due to poor acclimation
leading to increased risk of high-altitude illnesses. Thus, we
have endeavored to find an objective method of altitude accli-
mation. In this study, we have proposed certain proteins
whose trendlines based on ROC analysis were observed to
be accurate in determining the acclimation status of individ-
uals exposed to altitudes.

A hypothetical device and its intended use based on our
findings are also proposed: a biomarker panel with separate
coated wells and attached capillaries will have antibodies of
Trx, Apo-AI, GPx-3, and ST1A1 coated separately in respec-
tive wells. To monitor the reaction, a colored enzyme-reagent
pair may be used. As the individual is performing staged as-
cent to a high-altitude area, he/she will have to take 3 to 4
separate strips with them to measure on the first day (either
just before ascent or on the first day of ascent) followed by a
second measure on either first day of ascent (if first measure
was just before ascent) or on the fourth day of ascent and third
measure on the seventh day of ascent. In case there is Stage II
acclimation to a higher altitude zone, the final measurement
may be taken at either the 30th or 120th days of ascent. There
is minimal chance of any false results as inter-individual var-
iations are prevented and cut-off values are not required.

Trx, GPx-3, and TR are part of the thioredoxin-
glutaredoxin system. The thioredoxin-glutaredoxin system
has been known since 1989 as a central antioxidant system
that is pivotal in redox homeostasis (Holmgren 1989;
Björnstedt et al. 1994). Thioredoxin (Trx) is essential to sur-
vival and loss-of-function mutations lead to embryonic lethal-
ity (Haendeler et al. 2002). Thioredoxin reductase (TR) is
essential for keeping thioredoxin in reduced state (Arnér and
Holmgren 2000). GPx-3, apart from its role as an antioxidant,
has also been observed in multiple hypoxia studies to be dif-
ferentially expressed (Kumral et al. 2005; Nakanishi et al.
1995). Apo-AI in a previous investigation was observed to
increase in HAPE patients as compared with normoxic con-
trols (Ahmad et al. 2011). In this study too, trends show an
increase at and after 7 days of exposure. But the quantum of
change in acclimated and HAPE patients as compared with
normoxic controls is vast. In this study, the fold change

increase of Apo-AI is about 2-fold whereas for HAPE cases,
the plasma levels of Apo-AI rise more than 7-fold. This indi-
cates that increases in plasma Apo-AI levels more than 3-fold
may be considered an early sign of illness, especially HAPE,
during high-altitude exposures.

We also prove that measuring baseline levels of proteins
may be skipped altogether in favor of HAD1 protein levels as
it also provided accurate trends in assessing acclimation. In
biological sciences, controls are essential to any experiment.
In case of hypoxia, normoxic controls have been considered
the norm. However, in case of acclimation to high-altitude
hypoxia, the proteins and their trends are significantly accu-
rate even when comparing the 1st day of exposure (HAD1)
with the subsequent days (HAD4-HAD120). We observed
that TR, GPx-3, Apo-AI, and Trx form a suitable panel of
proteins to assess acclimation during Stage I and Stage II till
HAD120.

A protein of particular interest, especially for longer stays
at higher altitudes, is the calcium messenger, Cam. Its levels
are highly accurate in indicating acclimation at HAD7 (both
HAD7L and HAD7H), HAD30, and HAD120 till altitude of
4420 m (very high-altitude zone). A future direction of inves-
tigation regarding long-term acclimation to altitude and even-
tually adaptation may be the study of calcium associated/
regulated signaling proteins and events. Calcium signaling
events have already been implicated in important research
domains like cancer signaling, neuronal health, inflammation,
infectious diseases, muscle hypertrophy, obesity, diabetes, ox-
idative stress, and cardiac conditions (Arruda and Hotamisligil
2015; Bezprozvanny 2009; Bezprozvanny and Hayden 2004;
Bhosale et al. 2015; Boyle et al. 2014; Climent et al. 2014;
Demuro et al. 2010; Lewis 2001; Lourido and Moreno 2015;
Nikolskaia et al. 2006). We hypothesize that acclimation to
hypoxia, particularly hypobaric hypoxia, during chronic and
severe exposures may be associated with calcium signaling
which may cause a shift in the metabolic state of the cell.
This aspect could be further dealt with using in vitro and
animal models in future studies. Based on the relevance and
commonality of calcium signaling events in the other domains
stated above, we may evolve our understanding towards the
most basic response of an organism to adapt to its environ-
ment metabolically.

Study limitations

This study has two limitations. The relatively small sample
size may not provide the most accurate of trends concerning
the proteins of interest. Also, due to small sample size, cut-off
values depicting significant departures from the established
trendline, indicative of non-acclimatization could not be
established. However, the overall accuracy of the proteins in
assessing acclimation is proven by the good and excellent
AUC values which bypass the restrictions of small sample
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sizes. The second limitation of this study is the absence of any
cases of diseased individuals. As no individual in the sample
suffered from any high-altitude illness due to non-acclimation,
we cannot state kind (positive or negative) and quantum of
deviation from the protein trends observed in acclimation.
However, we have tried to correlate studies detailing high-
altitude illnesses with proteins in this study, e.g., ST1A1 and
Apo-AI, to overcome this lacuna and provide insight into
distinguishing acclimated from non-acclimated.

Conclusion

The present study, we believe is a major culmination of the
various investigations into proteome-based altitude acclima-
tion markers. This study shall provide a feasible and robust
method to objectively identify acclimated individuals and
those with susceptibility to high-altitude illness, particularly
HAPE. Also, a conceptual framework for a diagnostic tool has
been established.
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