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Abstract
Intermittent hypoxic training (IHT) is a discrete cost-effective method for improving athletic performance and high altitude
acclimatization. Unfortunately, IHT protocols widely vary in terms of hypoxia severity, duration, and number of cycles affecting
physiological outcomes. In the present study, we evaluated the efficacy of a moderate normobaric IHT protocol (12% FiO2 for
4 h, 4 days) on acclimatization to high altitude (3250 m). Global plasma proteomics studies revealed that IHTelicited acute-phase
response proteins like C-reactive protein (CRP), serum amyloid A-1 protein (SAA), and alpha-1-acid glycoprotein 2 (AGP 2) as
well as altered levels of several apolipoproteins. On subsequent exposure to high altitude, the IH trained volunteers exhibited
significant higher arterial oxygen saturation with concomitant lower incidences of acute mountain sickness (AMS) as compared
to controls. Interestingly, IH trained subjects exhibited lower levels of positive acute-phase proteins like C-reactive protein
(CRP), serum amyloid A-1 protein (SAA), and fibrinogen (FGA, FGB, and FGG) both after days 4 and 7 of high altitude ascent.
High altitude exposure also decreased the levels of HDL, LDL, and associated proteins as well as key enzymes for assembly and
maturation of lipoprotein particles like lecithin-cholesterol acyltransferase (LCAT), cholesteryl ester transfer protein (CETP), and
phospholipid transfer protein (PLTP). In contrast, IHT curtailed hypoxia-induced alterations of HDL, LDL, Apo-AI, Apo-B,
LCAT, CETP, and PLTP. Further validation of results also corroborated attenuation of hypoxia-induced inflammation and
dyslipidemia by IHT. These results provide molecular evidences supporting the use of moderate IHT as a potential non-
pharmacological strategy for high altitude acclimatization.
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Introduction

Reduced oxygen level in the inspired air results in hypoxia
and can be divided into intermittent or chronic forms depend-
ing on duration of exposure. Thus, intermittent hypoxia (IH) is
defined by episodic or periodic cycles of hypoxia as observed
during mountain expeditions and obstructive sleep apnea
(OSA). IH training (IHT) protocols find widespread use in
sports medicine to enhance the aerobic capacity of athletes
by increasing erythrocyte mass [12, 32, 33]. Additionally,
IHT protocols also promote high altitude acclimatization pro-
cess by promoting erythropoiesis and angiogenesis [4, 19, 30,
31]. Due to its unbeatable cost to efficiency ratio, IHT proto-
cols and simulation chambers have witnessed a rapid rise in
popularity among athletes. Moreover, IHT protocols also

Anamika Gangwar and Pooja contributed equally to this work.

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00424-019-02273-4) contains supplementary
material, which is available to authorized users.

* Niroj Kumar Sethy
nksethy@gmail.com; niroj@dipas.drdo.in

1 Defence Research and Development Organisation, Defence Institute
of Physiology and Allied Sciences (DIPAS), Lucknow Road,
Timarpur, New Delhi 110054, India

2 Present address: High Altitude Medical Research Centre, C/O 153
GH, Leh, India

3 Present address: 187 MH, C/O 56 APO, India

Pflügers Archiv - European Journal of Physiology (2019) 471:949–959
https://doi.org/10.1007/s00424-019-02273-4

http://crossmark.crossref.org/dialog/?doi=10.1007/s00424-019-02273-4&domain=pdf
http://orcid.org/0000-0003-0675-1481
https://doi.org/10.1007/s00424-019-02273-4
mailto:nksethy@gmail.com
mailto:niroj@dipas.drdo.in


bypass the common inconveniences associated with high-
altitude stay and training [5, 44]. Currently, IH finds wide-
spread application as a non-pharmacological strategy for
treating a wide range of pathophysiological states including
chronic lung disease, bronchial asthma, hypertension,
myocardial infarction, diabetes mellitus, conferring neu-
roprotection during ethanol withdrawal, Parkinson’s dis-
ease, emotional disorders, and radiation toxicity as well
as for the prophylactic treatment of some occupational
diseases [15, 22, 41, 44].

The IH protocols consisting of episodes of mild hypoxia
(9–16% inspired oxygen) that are short in duration (15 s to
4 min), small in numbers (10 episodes) and have a short length
of exposure (1 h or less) can enhance beneficial physiological
processes, whereas high dose of hypoxia (2–8% of inspired
oxygen) is associated with progressively pathological mecha-
nisms [22, 25]. The IH protocols aimed at improving physical
performance consist of daily exposure of single dose of mild
prolonged hypoxia (more than 1 h). These protocols exert
cellular effects primarily through hypoxia-inducible transcrip-
tion factors (HIFs), the master transcriptional regulator of
adaptive response genes during hypoxia [37]. HIF-1 is a het-
erodimer consisting of HIF-1α and HIF-1β subunits. Under
normoxia, HIF-1α is present at very low levels. In presence of
oxygen, iron and 2-oxoglutarate HIF-1α is hydroxylated,
binds with the von Hippel–Lindau protein (vHL), and then
undergoes ubiquitination and degradation. During hypoxia,
HIF-1α translocate to the nucleus, binds with HIF-1β, and
recruits coactivator proteins to activate transcription of genes
involved in energy metabolism, angiogenesis, and many other
genes whose protein products increase oxygen delivery to
cells and facilitate metabolic adaptation to hypoxia [35, 36,
46]. However, the complex interaction between hypoxia-
responsive molecular pathways and varied time frame re-
sponse of different tissues and organs along with inter-indi-
vidual differences to hypoxia limits benefits of IHT pro-
tocols involving real or simulated altitudes. Hence, a bet-
ter understanding of molecular and cellular effects of
IHT will benefit sports coaches, altitude acclimatization
protocols, altitude training camps, and altitude competi-
tion events as well as find more application in hypoxia-
associated human diseases [44].

In the present study, we used iTRAQ-LC MS/MS proteo-
mics strategy to study alterations in human plasma proteome
after a mild normobaric IHT protocol (12% FiO2, 4 h for 4
consecutive days). By comparing results with sea level plasma
proteome, we identified proteins and molecular pathways
modulated by IHT at sea level. Subsequently, we exposed
the IH trained volunteers to hypobaric hypoxia (3250 m)
along with control subjects and evaluated plasma proteome
alterations after 4 and 7 days respectively. By comparing plas-
ma proteomes, we observed attenuation of hypobaric
hypoxia-induced alterations in lipoprotein metabolism, IL-6-

induced acute phase response, and coagulation pathways in IH
trained volunteers that were further validated.

Materials and methods

Materials

All reagents and chemicals were purchased from Sigma
Aldrich (St. Louis, MO, USA) unless specified.

Experiment design and sample collection

A total number of 40 male healthy volunteers (age 22–
25 years, height 170 ± 4 cm, weight 65 ± 4 kg) were recruited
for the present study and randomized to intermittent hypoxic
training (IHT, n = 20) and control (SL, n = 20) groups.
Volunteers under medication, smoking, and alcohol intake
habits as well as high altitude exposure in the last 6 months
were excluded. The study protocol was approved by an insti-
tutional ethical committee (IEC/DIPAS/09/DIP-251), which is
in accordance with Helsinki declaration for human studies. All
the participants were apprised for the scope of the study and
informed written consent was obtained from all the volun-
teers. The basal parameters of the volunteers were recorded
at Delhi (control, C) and the IHT volunteers were exposed to
normobaric IH (12% FIO2 for 4 h per day for 4 consecutive
days). Subsequently, both the C and the IHT volunteers were
airlifted to Leh (3520 m), India, and monitored for 7 days.
Physiological parameters like arterial oxygen saturation and
Lake Louise Score (LLS) was recorded for each day at high
altitude. Fasting venous blood samples were collected in
EDTA-coated vacutainers at Delhi (C and IHT) as well as at
Leh after 4 (HAD4 and IHT-HAD4) and 7 (HAD7 and IHT-
HAD7) days during morning hour. Plasma was separated by
centrifugation at 1000g for 15 min at 4 °C and stored at −
80 °C with mammalian protease inhibitor cocktail.

iTRAQ-based plasma proteomics studies

Approximately 50 μL plasma from each individual per exper-
imental group was pooled to yield six different pools (C, IHT,
HAD4, IHT-HAD4, HAD7, and IHT-HAD7) of 1 ml plasma
each. High abundance plasma proteins were depleted using
ProteoMiner protein enrichment kit (Cat. no.163–3006, Bio-
Rad, USA) as per the manufacturer’s instructions and protein
concentrations were determined by Bradford assay. For
iTRAQ labeling, 100 μg of depleted plasma from each group
were reduced, blocked on cysteines, and digested overnight
with trypsin (V511QA, Promega, USA) at 37 °C as per the
manufacturer’s instructions (Applied Biosystems, USA).
Each pooled plasma sample was labeled with 113 (C), 114
(IHT), 115 (HAD4), 116 (IHT-HAD4), 117 (HAD7), and
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118 (IHT-HAD7) mass tagged iTRAQ labels. Subsequently,
all the labeled samples were pooled and fractionated using
strong cation exchange (SCX) column. Fifteen top fractions
were collected, vacuum dried, and reconstituted in 0.1%
trifluoroacetic acid. Finally, these samples were desalted and
subjected to LC-MS/MS analysis on a LTQ-Orbitrap Velos
mass spectrometer (Thermo Scientific, Germany) coupled
with a 1200 nano-liquid chromatography system (Agilent
Technologies, USA). Xcalibur 2.1 was used for data acquisi-
tion. Data-dependent acquisition was performed for the spec-
tra and scans were acquired in Orbitrap mass analyzer at a
mass resolution of 60,000 at m/z 400. The MS/MS data ac-
quisition was done for the top 20 precursor fragments at a
15,000 resolution using high-energy collision-induced disso-
ciation. Precursor ions with unassigned or single charge states
were rejected. MS data was analyzed using Proteome
Discoverer 1.3 (Thermo Scientific, Germany) software.
Peptide mass tolerance of ± 20 ppm at MS and 0.1 Da at
MS/MS was set during SEQUEST-mediated database
searches with taxonomy set as Homo sapiens. A decoy data-
base search was used to estimate false discovery rate (FDR)
which came as 1% with search parameters having trypsin as
protease with one missed cleavage, carbamidomethyl cysteine
as a fixed modification, oxidation of methionine as dynamic
modification, and iTRAQ modifications at N-terminus of the
peptide and lysine were set as static modifications.

Biological network analysis

To identify biological processes and pathways associated with
identified plasma proteomes, the MetaCore software suite
(https://clarivate.com/products/metacore/) was used. The
normalized datasets (with respect to control) was uploaded
into MetaCore and analyzed using enrichment analysis of
Bprocess networks,^ reflecting the content of a MetaCore
database that was manually curated based on pathway maps
and process networks of cellular processes along with
metabolic networks.

Evaluation of CRP levels by ELISA

The concentration of CRP was evaluated in plasma samples
by human C-reactive protein ELISA Kit (E0829h, EIAab
Science, Wuhan, CHINA) as per manufacturer’s instructions.
Briefly, 100 μl of plasma samples were added to pre-coated
wells and incubated at 37 °C for 2 h followed by addition of
100 μl of detection reagent A. The plate was then incubated at
37 °C for 1 h. The plate was washed and 100 μl of detection
reagent B was added followed by incubation for 1 h at 37 °C.
Substrate solution was added to each well and incubated in the
dark for 15 min at 37 °C. Finally, stop solution was added and
color change was measured at wavelength of 450 nm. The

concentrations of CRP in plasma samples were determined
with respect to a standard curve.

Validation of proteomics results by Western blot
analysis

Western blots were performed using Apo-AI (MIA1404,
Invitrogen, USA), Apo-B (CSB-PA001918GA01HU,
CUSABIO), Angiotensinogen (ab108294, Abcam, UK), C3
(WH000718M1, Sigma Aldrich, USA), and β-tubulin
(ab134185, Abcam, UK) primary antibodies. In brief, 30-μg
protein was separated on 10% SDS-PAGE and transferred to
nitrocellulose membrane. The membranes were blocked over-
night with 5% skimmed milk at 4 °C. After washing thrice
with 1X PBST (10 min each), the membranes were incubated
with primary antibodies for 2 h at room temperature. The
membranes were washed thrice and subsequently incubated
with respective secondary antibody (1:10,000 dilutions) for
1.5 h at room temperature. Images were acquired after adding
chemiluminescent peroxidase substrate (CPS1A60, Sigma)
on a gel documentation system (Biospectrum Imaging system,
UVP, Cambridge, UK) and analyzed using image analysis
software (Image J).

Plasma HDL and LDL estimation

Plasma lipid parameters including cholesterol, HDL, LDL,
and triglycerides were measured using Randox Monaco clin-
ical chemistry analyzer (Randox Laboratories, Crumlin, UK).

Statistical analysis

All the physiological and biochemical values were represent-
ed as mean ± SEM. Statistical analysis was performed using
ANOVA with Newman Keuls post hoc tests with a signifi-
cance of 0.05 (p < 0.05). All the analysis was performed using
GraphPad Prism software version 5.0 (GraphPad Software,
CA, USA).

Results

Intermittent normobaric hypoxic training elicits
inflammation and alters lipoprotein levels

IH training at sea level did not alter arterial oxygen saturation
or any other significant physiological alterations (Fig. 1). The
global plasma proteomics study using iTRAQ-LC MS/MS
resulted in the identification of 233 proteins among the study
groups (Supplementary information). Comparison of post-
IHT with control plasma protein profile identified significant
alterations in levels of 29 proteins (cut off ± 1.5-fold,
p < 0.05), out of which abundance of 22 proteins increased
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while levels of 7 proteins decreased. These proteins were as-
sociated with biological functions like response to wounding,
protein activation cascade, regulation of inflammatory re-
sponse, and pathways for lipoprotein remodeling (Fig. 2a).
Further analysis revealed higher abundance of acute-phase
response proteins like C-reactive protein (CRP, 2.5-fold), se-
rum amyloid A-1 protein (SAA, 2.1-fold), and alpha-1-acid-
glycoprotein 2 (ORM2, 1.3-fold) for post-IHT as compared to
sea level (Supplementary information). Evaluation of CRP
levels also confirmed higher abundance after IHT at sea level

suggesting activation of inflammatory pathways (Fig. 3a).
IHT also differentially regulated apolipoprotein assembly
and remodeling by altering several levels of apolipoproteins.
The levels of Apo-AII (1.1-fold), Apo-CI (1.3-fold), Apo-D
(1.6-fold), Apo-E (1.1-fold), and Apo-H (1.7-fold) was found
to be increased while levels of Apo B-100 (− 1.4-fold), Apo-
CII (− 1.1-fold), Apo-CIII (− 1.1-fold), Apo-F (− 1.1 fold),
Apo-L1 (− 1.1-fold), and Apo-M (− 1.1-fold) was found to
be decreased after IH training. Minor changes in the levels
of several apolipoproteins like Apo-AI, Apo-AIV, Apo-AV,

Fig. 2 Molecular effects of IHTat
sea level. aAll the proteins altered
after IHT were analyzed for
identification of altered GO
processes. Top ten identified
processes (p < 0.05) were
presented. b Western blot-based
analysis of Apo-AI and Apo-B
levels depicting alterations in li-
poprotein pathways. c
Densitometry analysis. *** rep-
resents p < 0.001 as compared to
control

Fig. 1 Monitoring of physiological parameters. a Comparative
representation of arterial oxygen saturation levels at sea level as well as
at high altitude (3250 m). The values for both control and IH-trained
groups were presented. b Prevalence of AMS at high altitude. The

Lake-Louise Score for both control and IH-trained groups were plotted
against each day of high altitude stay. * represents p < 0.5 and *** repre-
sents p < 0.001 compared to respective day matched control
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and Apo-CIV were also observed. In corroboration, minor
higher level of cholesteryl ester transfer protein (CETP) along
with lower levels of phosphatidylcholine-sterol acyltransfer-
ase (LCAT, − 1.1-fold) and phospholipid transfer protein

isoform a (PLTP) were observed after IH training. Validation
of results by western blotting also confirmed higher level of
Apo-AI and lower level of Apo-B in IH-trained subjects fur-
ther confirming alterations in lipoprotein assembly and matu-
ration (Fig. 2b). Additionally, IHTalso elicited higher levels of
antioxidant proteins like SOD3 (1.3-fold) and PON1 (1.1-
fold) at sea level.

IHT improves arterial oxygen saturation at high
altitude and lowers prevalence of AMS

The IH trained subjects were airlifted to an altitude of
3250 m after 18 h of completion of training along with
control subjects. Monitoring of arterial oxygen saturation
values revealed that IH-trained subjects possessed signif-
icant higher values during the first 6 days of the study
period as compared to control subjects (Fig. 1a). During
the first 3 days at high altitude, the IH-trained subjects
possessed around 2% higher (p < 0.001) oxygen satura-
tion than the control subjects. In corroboration, the inci-
dence of AMS as measured by LLS was significantly
lower in IH-trained subjects suggesting better acclimati-
zation to high altitude (Fig. 1b).

IHT curtails hypobaric hypoxia-induced inflammation

In order to gain an insight of effects of IHT during high alti-
tude acclimatization, we compared plasma proteomes of IH-
trained volunteers with control volunteers on 4th and 7th day
of high altitude ascent. Plasma proteome analysis of control
subjects after day 4 of high altitude induction (HAD4) resulted
in alteration of 40 proteins (± 1.5-fold) of which, 30 were high
and 10 were lower abundant as compared to respective sea
level proteome (Supplementary information). Positive acute-
phase response proteins CRP (6.4-fold) and SAA1 (4.2-fold)
were the top two highest abundant proteins after 4 days stays
at high altitude. Higher levels of several other proteins like
angiotensinogen (AGT, 2.7-fold), S100A8 (2.1-fold), and
S100A9 (1.7-fold) which play prominent roles in vasocon-
striction and regulation of inflammation were also observed.
In contrast, lower levels of CRP (5.6-fold), SAA1 (4.3-fold),
angiotensinogen (AGT, 1.3-fold), protein S100-A8 (S100A8,
1.1-fold) and protein S100-A9 (S100A9, 1.1-fold) were ob-
served for IHT-HAD4 as compared to HAD4 respectively
(Supplementary information). Additionally, lower levels of
other acute phase response proteins like IGFBP1, ORM1,
APCS, and C3 were also observed for IHT-HAD4 (Fig. 4a).
Evaluation of CRP levels by ELISA (Fig. 3a), C3 and AGT
levels by western blotting (Fig. 4b) also confirmed lower
levels of these proteins for IHT-HAD4 further corroborating
attenuation of hypoxia-induced inflammation and vasocon-
striction. Chronic exposure of 7 days of hypobaric hypoxia
(HAD7) resulted in higher levels of 43 proteins (± 1.5-fold) of

Fig. 3 Evaluation of plasma CRP, HDL, and LDL levels. a ELISA-based
estimation of CRP in all the study groups. b, c. Plasma HDL and LDL
levels respectively. * represents p < 0.05 and *** represents p < 0.001
with respect to control, # represents p < 0.05 with respect to HAD4, ^^
represents p < 0.01 with respect to HAD7
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which levels of 34 proteins were higher than control while 9
proteins were lower than control. Significant higher levels of
S100 family of proteins involved in inflammatory and
immunomodulation processes like S100A8 (fivefold),
S100A9 (3.6-fold) and S100A7 (6.6-fold) were observed for
HAD7. Higher levels of acute-phase response proteins like
CRP (2.1-fold), C3 (1.3-fold), FGA (1.4-fold), and FGG
(1.1-fold) were also observed for HAD7 as compared to

control, suggesting persistence of inflammatory pathways. In
contrast, lower level of S100A8 (2-fold), S100A9 (1.9-fold),
S100A7 (5-fold), CRP (1.75-fold), and C3 (1.2-fold) were
observed of IHT-HAD7 as compared to HAD7 suggesting
curtailing of hypoxia-induced inflammation. ELISA-based es-
timation of CRP levels also corroborated lower levels for both
IHT-HAD4 and IHT-HAD7 as compared to HAD4 and
HAD7 respectively (Fig. 3a).

Fig. 4 IHT curtails hypoxia-induced inflammation after 4 days of high
altitude ascent. a Plasma proteomics and subsequent analysis identified
IL-6-induced acute-phase response in hepatocytes as a major altered path-
way. Thermometer-like icons beside proteins represent expression level
of the protein for HAD4 (1) and IHT-HAD4 (2). Red color indicates

higher level as compared to control and blue color indicates lower level
as compared to control. b Western blot analysis for angiotensinogen and
C3. c Densitometry analysis. *** represents p < 0.001 with respect to
HAD4
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IHT modulates lipoprotein assembly and maturation
pathways during hypobaric hypoxia

Bioinformatics analysis identified lipoprotein-associated path-
ways like lipoprotein metabolism, HDL dyslipidemia in type
2 diabetes and metabolic syndrome X, low-density lipopro-
teins assembly, and remodeling at 4 and 7 days of high altitude
ascent for both IHT and control groups (Supplementary infor-
mation). Exposure to 4 days of hypoxia-altered HDL, LDL
levels as well as associated proteins like Apo-AI, Apo-AII,
Apo-AIV, Apo-AV, Apo-B, Apo-CI, Apo-CII, Apo-CIII,
Apo-CIV, Apo-D, Apo-E, Apo-H, Apo-L, and Apo-M in con-
trol subjects (Fig. 3b, c, Supplementary information). Similar
alterations were also observed for IHT-HAD4 and non-
significant reductions for HDL-associated proteins like Apo-
AI, Apo-AII, Apo-CI, Apo-CII, Apo-CIII, Apo-E, PON1, and
PLTP was observed as compared to HAD4. Lower level of
Apo-B, the major protein of LDL and chylomicrons was also
found to be low in IHT-HAD4 (1.1-fold) as compared to
HAD4. The differences between apolipoprotein levels became
more significant after 7 days of high altitude ascent. Lower
levels of HDL-associated proteins like Apo-AI (− 1.58 fold),
Apo-AII (− 1.63-fold), Apo-CI (− 1.47-fold), and enzymes
LCAT (− 2.45-fold), PLTP (− 1.53-fold), and PON1 (− 1.63-
fold) were observed for HAD7 as compared to control. In
contrast, significant higher level of Apo-AI (1.3-fold), Apo-
AII (1.5-fold), Apo-CI (1.2-fold), and Apo-CII (2.1-fold) was
observed for IHT-HAD7 group as compared to HAD7 though
the levels were lower than control. Higher levels of HDL-
associated enzymes essential for particle maturation like
LCAT (twofold), PLTP (1.4-fold), and PON1 (1.6-fold) were
also observed for IHT-HAD7 as compared to HAD7. Hypoxia
exposure of 7 days also significantly decreased Apo-B levels
(− 2.1-fold) in HAD7 as compared to control. In contrast, 1.9-
fold higher LDL levels were observed for IHT-HAD7 as com-
pared to HAD7 though the levels are lower than the control.
Lipid profiling results for HDL and LDL (Fig. 3b, c) together
with western blot-based analysis of Apo-AI and Apo-B
(Fig. 5) also corroborated IHT-mediated curtailing of
hypoxia-induced dyslipidemia.

Discussion

Use of limited duration, cyclic, and moderately intense
hypoxia-reoxygenation cycles are being used as non-
pharmacological strategy to improve athletic performance,
pre-acclimatization to high altitude, increasing cardiac resis-
tance to ischemia-reperfusion stress, neuroprotection, and
many other pathological conditions. These protocols are fun-
damentally different from severe hypoxia-reoxygenation cy-
cles of obstructive sleep apnea (OSA), a potential risk factor
independently associated with several disorders, diminished
quality of life, and morbidity [47]. Hence, it has been advo-
cated that understanding the mode of action of beneficial IH
protocols at molecular level will enlarge its therapeutic poten-
tial and augment its usage as a discrete non-pharmaceutical
intervention [44]. In this respect, our global plasma proteo-
mics studies after IH training and subsequent comparison with
high altitude sojourner plasma proteome is a major effort to-
ward understanding and establishing IH as a pre-
acclimatization procedure for high altitude. Our studies report
IH exposure prior to high altitude ascent curtails hypobaric
hypoxia-induced inflammation and dyslipidemia at high
altitude.

We used a mild IH training protocol (single exposure to
12% FiO2 for 4 h daily for 4 consecutive days) in the present
study owing to the fact that single IH exposure per day lasting
for more than 1 h improves athletic performance by inducing
hypoxia-responsive genes and thus improving oxygen deliv-
ery to tissue [5, 22]. Using a similar IH exposure (12.3% FiO2

daily 1 h for 10 days), Taralov et al. have reported increased
autonomic control and augmented parasympathetic nervous
activity during subsequent hypoxia challenge [42]. The pres-
ent IHT protocol did not alter arterial oxygen saturation at sea
level and the values were similar with control subjects.
Interestingly, the IHT volunteers exhibited approximately
2% higher arterial oxygen saturation during the first 6 days
of high altitude ascent. Exposure to high altitude results in
lower arterial oxygen saturation with a possibility of develop-
ing AMS [23, 40]. In contrast, climbers successfully maintain-
ing oxygen saturation both at rest and exercise most likely do

Fig. 5 Western blot-based analy-
sis of Apo-AI and Apo-B levels
after 7 days of high altitude as-
cent. a Western blot images, b
densitometry analysis. * repre-
sents p < 0.05 and ** represents
p < 0.01 with respect to HAD7
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not develop AMS [16, 23]. Our present results of increased
oxygen saturation of IH-trained subjects during hypobaric
hypoxia are consistent with the observations of Taralov
et al., who have reported significant increase in oxygen satu-
ration after a 10 day 1 h daily IH training protocol during acute
exogenous hypoxia [42]. As expected, the IH-trained subjects
also exhibited lower symptoms of AMS that may be attributed
to the higher oxygen saturation [16, 28]. These results suggest
that IH training at sea level improves oxygen saturation during
hypobaric hypoxia and thus attenuates the occurrence of
AMS.

The plasma proteomics studies and subsequent analysis
revealed that normobaric IH training induces acute-phase re-
sponse proteins and IL-6-induced acute-phase response path-
way at sea level. The abundance of two proteins of this path-
way, CRP and SAA1, were significantly higher as compared
to pre-training plasma levels. Hypoxia and inflammation share
an interdependent relationship [6, 43].Members of the nuclear
factor κB (NF-κB) family along with hydroxylases (PHD1,
PHD2, PHD3, and FIH) have been implicated in regulating
inflammation during hypoxia by functionally interacting with
HIF pathway [2, 6, 34]. Since IH protocols primarily function
by activating HIFs, higher levels of inflammatory mediators
was an expected observation. On the other hand, physiological
indices of IH-trained participants were similar to their pre-
training values and no uncomfort was reported during the
entire training protocol. Higher levels of circulating inflam-
matory markers like IL-6, IL-6RA, and CRP have been re-
ported for healthy volunteers at altitudes above 3400 m [13].
These previous observations along with our present results
suggest that activation of inflammatory mediators by
normobaric IHT is a normal physiological response to hypox-
ia. The IH training protocol induced minor alterations in the
abundance of lipoproteins and associated pathways like lipo-
protein metabolism, dyslipidemia, assembly, and remodeling
of LDL as compared to pre-training levels. Severity of the
hypoxic stimulus in IH protocols determine the degree of met-
abolic dysregulation and moderate IH reportedly does not in-
duce hyperlipidemia as well as lipid peroxidation [20]. The
alterations observed for lipoprotein levels did not result in any
dyslipidemia though the HDL levels were lower in IHT vol-
unteers. Hypoxia promotes increased formation of reactive
oxygen species (ROS) and oxidative stress, both recognized
as major pro-inflammatory mediators [20, 24]. Interestingly,
the present IHT also activated antioxidant proteins like SOD3
and PON1 that reportedly confer protection during hypobaric
hypoxia [26, 29]. These cumulative results suggest that the
mild hypoxia dose of the present IH protocol elicits inflam-
mation and alters lipid metabolism as well as evoke antioxi-
dant enzymes.

Chronic hypobaric hypoxia exposure to 3250 m for 4 days
exacerbated inflammation by activating positive acute-phase
response proteins like CRP and SAA1 [8, 18] as well as other

inflammatory proteins like C3, S100A8, and S100A9. During
acute and chronic inflammatory conditions, IL-6 stimulates
the production of acute-phase proteins in hepatocytes that
were further secreted into circulation [8, 9]. Highest levels of
these inflammatory proteins were observed on day 4 of high
altitude ascent (HAD4) and further decreased at day 7
(HAD7). As mentioned earlier, hypoxia induces inflammation
in healthy sojourners [13, 38] and persistent high level of
inflammation has been linked with many high altitude disor-
ders like AMS, HAPE, and HACE [3, 10]. Recent studies
have del inea ted ro le of HIF1∝ - induced NLRP3
inflammasome complex in potentiating venous thrombosis
during hypobaric hypoxia [11]. These studies signify higher
levels of inflammatory markers as potential risk factors for
high altitude illnesses. In contrast, marked reductions of these
proteins were observed for IH-trained volunteers after 4 days
of high altitude stay. Further validation of CRP levels also
confirmed attenuated levels of CRP in IHT-HAD4 plasma
samples. Similarly, lower levels of CRP, C3, S100A8, and
S100A9 were also observed after 7 days in IH-trained volun-
teers (IHT-HAD7) as compared to HAD7. Individuals mount-
ing adequate anti-inflammatory response during hypoxia do
not suffer from AMS [14] and pharmacological inhibition of
inflammation reportedly confers protection during hypoxia
[1]. A recent exploratory study has reported significantly low-
er levels of acute-phase proteins (haptoglobin, transferrin, and
C3) inflammatory cytokines (IL-1β, IL-6, and TNF-α) in
non-AMS group as compared to AMS group [45] supporting
our present observations. These studies signify that ameliora-
tion of hypoxia-induced inflammation facilitates high altitude
acclimatization and IHT is a non-pharmacological tool to curb
hypoxia-induced inflammation and AMS.

Acute hypoxia inhibits lipoprotein lipase activity and con-
sequently disrupts lipoprotein transport in the human adipose
tissue [21]. Studying plasma metabolic and lipidomic profiles
during an ascent to Everest Base Camp (5300 m), O’Brien
et al. have recently reported substantial changes in plasma
lipid metabolism [27]. In corroboration, we also observed re-
duced levels of VLDL, LDL, IDL, and HDL-associated lipo-
proteins during hypobaric hypoxia and this reduction was de-
pendent on duration of exposure. The levels of Apo-AI, Apo-
AII, Apo B-100, Apo-CI, and Apo-E significantly decreased
after 7 days at high altitude. The key enzymes in lipoprotein
metabolism pathway, LCAT, CETP, and PLTP, were signifi-
cantly reduced after 7 days of hypoxia. Nascent plasma HDL
(pre-β-HDL) particles are produced in liver or intestine that
are spherical in shape and poor in lipids. Initial lipidation of
these particles occurs at cellular membranes involving
ABCA1-mediated efflux of cholesterol. Subsequently,
LCAT-mediated cholesterol esterification generates large
spherical HDL2 particles. These particles undergo further re-
modeling by PLTP-mediated surface remnant transfer. Large
HDL2 particles can be converted to small HDL3 particles by
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CTEP-mediated transfer of cholesteryl esters form HDL to
Apo B-100 containing lipoproteins generating triglyceride-
rich HDL which can further undergo hydrolysis to generate
small, triglyceride-rich HDL particles. All these proteins act
sequentially for lipidation and catabolism of HDL particles
[18, 39]. The observed reductions of LCAT, PLTP, CTEP,
and Apo-AI along with lower plasma HDL levels indicate that
HDL maturation is compromised during chronic hypoxia. In
contrast, IH-trained volunteers (IHT-HAD7) possessed higher
levels of Apo-AI, Apo-B, LCAT, CETP, and PLTP as com-
pared to HAD7 though the levels were lower than sea level.
Concerted actions of acute phase response and inflammation
are associated with marked changes in abundance, structure,
and composition of lipoproteins affecting lipid homeostasis
[17, 18]. During chronic inflammatory states, decreases pro-
duction of Apo-AI in liver leads to replacement of Apo-AI by
SAA in HDL particles. This replacement by SAA impairs the
intrinsic cholesterol efflux capacity of HDL since cellular cho-
lesterol efflux is largely mediated by Apo-AI containing HDL
particles [7]. All the observed alterations in HDL composition
during chronic hypoxia (decreased Apo-AI, PON1, LCAT,
and increased SAA) reportedly attenuate anti-inflammatory
and anti-oxidative activities of HDL. In contrast, IHT-trained
subjects these alterations are less evident further suggesting
IHT facilitates high altitude acclimatization by restricting
hypoxia-induced inflammation and inflammatory modifica-
tion of lipoproteins.

The present results should be interpreted for severe IHT
protocols (2–8% oxygen) with a caution. Such protocols
result in pathological outcomes and associated with many
disease states. In the future, similar molecular studies are
required to understand unfavorable effects of these severe
IHT protocols. It is noteworthy that the lipoprotein parti-
cles are highly heterogeneous differing in size, shape, lipid,
and protein composition. The compositional and structural
variations of these particles impart highly defined diverse
biological functions. Hence, understanding the particle
composition, dynamics, and interaction with other proteins
will provide new dimensions to the understanding of role
of lipoprotein particles in hypoxia biology. The study is
also constrained by using plasma proteomics studies for
deciphering IHT-associated molecular pathways. The high
dynamic range of plasma proteins is a potential technical
challenge to identify low-abundance proteins. Though we
have depleted high-abundance plasma proteins in the pres-
ent study, it is possible to identify more plasma proteins
that may depict additional molecular pathways for high
altitude acclimatization.

In conclusion, the present study highlights the importance
of moderate IH training protocols as a discrete non-
pharmacological intervention for high altitude acclimatiza-
tion. Using physiological, plasma proteomics, and real high
altitude ascent, the study reports curtailing of inflammatory

mediators and pathways by normobaric IHT at sea level.
Additionally, the study also reports diminished high
altitude–induced dyslipidemia in IH-trained volunteers.
These observations will provide molecular support for IHT
as an economical tool for efficient high altitude acclimatiza-
tion. Results of the study will benefit thousands of tourists and
professionals at high altitude in terms of cost and convenience
while maximizing operational efficiency. Additionally, the
study will also benefit sports personnel and coaches in devis-
ing better training programs.
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