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Abstract

Despite the allure of high-altitude environments, they present a myriad of challenges, including reduced barometric pressure, heightened
ultraviolet radiation, severe cold temperatures, and arid climates. These adversities, ranging from scorching days to freezing nights, coupled with
hypobaric hypoxic conditions, impact an individual’s ability to tolerate hypoxia. Every year, millions of individuals venture to high-altitudes for
various purposes, ranging from employment and sports to leisure activities and professional obligations. High-altitude-associated environmental
stressors prompt an elevation in free radical generation, which reduces the effectiveness of the antioxidant system, resulting in increased reactive
nitrogen and oxygen species production at high-altitude, resulting in oxidative damage to macromolecules. Anti-oxidant supplementation
demonstrated a promising approach to oxidative damage prevention by preserving a balanced ratio of pro- and antioxidants and by maintaining
cellular homeostasis. This article addresses the convoluted relationship between oxidative stress and high-altitude-associated environmental
stressors, coupled with the safeguarding advantages associated with antioxidant supplementation. It investigates the process of ROS generation and
cellular ROS-associated proteomic disruptions driven by high-altitude hypobaric hypoxia. In conclusion, this article strengthens comprehension of
the efficacy of the antioxidant strategies contributing in lowering the oxidative damage whilst improving general wellbeing in high-altitude habitats.
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Introduction

Multiple high-altitude (>2500m) destinations are present
worldwide that captivate millions of travelers and adventurers
each year, such as Mount Elbrus, Mont Blanc, Aconcagua, and Mount
Kilimanjaro. Through the lens of ecology, high-altitude habitats are
more vulnerable to external changes as opposed to lower-altitude
habitats. Rapid high-altitude ascent prompts multitudinous

@ @ This work is licensed under Creative Commons Attribution 4.0 License| ABEB.MS.ID.000687.

physiological changes in a very short time due to the drop in
atmospheric pressure and declining oxygen partial pressure caused
by the lowering of the density of air molecules. This condition is
typified by hypobaric hypoxia. Speedy ascent to high-altitude leads
to maladaptation to the high-altitude environment, which enhances
ROS generation and causes oxidative stress [1]. Hypoxia-dependent
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oxidative stress is determined by two factors, termed as exposure
dose and exposure time. The elevated catecholamine generation [2],
induction of the xanthine oxidation pathway [3], and diminished
mitochondrial redox potential [4,5] accompanies the primary
mechanism employed for enhanced ROS production. High-altitude
induced oxidative stress, resulting in significant alterations to the
proteome such as the formation of carbonyl groups on proteins,
altered protein structure and function, formation of nitrotyrosine,
protein aggregation, protein degradation, induction of generation
of inflammatory responses, and inflammatory cytokines [6,7]
Cognizance of these changes is pivotal for evolving antioxidant
strategies to mitigate the high-altitude stress and its effect on the
proteome. Thus, the antioxidant supplement should be specifically
designed for oxidative stress at high-altitude. In this article, we
will explore the various mechanisms through which high-altitude
exposure leads to oxidative stress and its impact on the body [8,9].
Throughout this article, we aim to comprehend the oxidative stress
due to high-altitude exposure, ROS production at high-altitude,
the high-altitude effect on the antioxidant system, proteomic

Table 1: High-altitude categorization (Ali, et al. 2023).

disruptions caused by ROS, and the development of targeting
antioxidant strategies, their efficacy in mitigating the high-altitude-
induced stress, and case studies.

High-altitude Environment Stressors

Yearly, Plentiful hordes are immersed in high-altitude travel
with the aim of professional endeavors, vocational activities,
employment, pleasure, trekking, national security, and professional
duty. Majorly high-altitude
characterized by declining barometric pressure, peak ultraviolet
radiation exposure, severe frigid conditions, parched climates, and
hypoxia [8].

environmental stressors are

Declined Atmospheric Pressure and Altitude Hypoxia

Oxygen deficiency in mountainous terrain is a principal
ramification of the subdued partial pressure of oxygen reduced
atmospheric pressure [9]. Generally, high elevation refers to a rise
exceeding 1500 meters above sea level. An In-depth categorization
of high-altitudes is provided in Table 1.

Altitude Range Pa0,
1500-3500 m 55-75 mmHg
3500-5500 m 40-60 mmHg
5500-8850 m 28-40 mmHg

The troposphere, the lowermost region of the air envelope,
comprises nearly 20.93% of oxygen. The complex interaction
between topography and meteorology allows us to derive the
partial pressure of oxygen (p0O,) in ambient air by multiplying
0.2093 by the barometric pressure at a specific elevation. At sea
level, this calculation yields a pO, of 0.2093 x 760 mmHg, equating
to 159.1 mmHg. Contrastingly, at the crest of Mount Everest, the pO,
steeply descends to 52.9 mmHg. The steep decline in barometric
pressure with mountain terrain is the predominant cause of high-
altitude hypoxia, which leads to Altitude Mountain Sickness (AMS)
[10,11]. AMS-associated clinical symptoms are characterized as
vertigo, fatigue, insomnia, and anorexia. Acclimatization consists
of multiple complex physiological modifications that promote high-
altitude adaptation and reduce the risk of AMS development [12].

Neurological manifestations at high-altitude encompass a
spectrum of conditions, most prominently High-Altitude Cerebral
Edema (HACE), which displays numerous diagnostic symptoms,
namely behavioral incongruities, cognitive dysfunction, ataxia,
papilledema, and radiological evidence of cerebral swelling [13,14],
as well as findings that seem reminiscent of the organic brain
[13,15]. HACE may promptly progress into a vegetative state with
catastrophic consequences if it fails to receive medical attention
within an appropriate time frame [16].

In conclusion, mild to moderate AMS symptoms often worsen
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over the course of 24 to 72 hours following the ascent. Notably, the
time window for the onset of HACE symptoms usually coincides
with the peak AMS presentation period, suggesting a possible
transition between AMS and HACE [17,18] The diagnosis of HACE
is not ruled out in the absence of preceding or present HAH, which
is an additional hallmark of AMS. As a result, in certain instances,
deterioration may seem to happen quickly— a HACE-induced coma
may develop in the time frame of 12 hours [13]. This could lead
to a physiological or anatomical predisposition, or even a failure
to recognize important prodromal signs in time. The existence or
absence of concomitant high-altitude pulmonary edema (HAPE) is
probably an important component in the development and course
of HACE [19,20]. Remarkably, around 15% of individuals with
HAPE diagnoses also have HACE [21]. Simultaneously, pulmonary
edema has been reported to be widespread in the few hospitalized
cases of severe HACE; around 85-100% of patients suffering HACE
were diagnosed with HAPE [22,23]. It is also like that endothelial
dysfunction can be the cause of elevated circulating inflammation
[24] or higher resistance in the pulmonary artery, which raises
venous pressure from the right heart to the brain.

Heightened Ultraviolet Radiation

The sun emits ultraviolet radiation, which is a component of the
electromagnetic spectrum, which has seven different wavelengths:
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X-rays, microwaves, radio waves, visible light, ultraviolet, infrared,
and gamma rays. Ultraviolet radiation is “beyond violet,” or
beyond visible light [25]. German scientist Johann Wilhelm Ritter
discovered UV radiation in 1801. Ritter found that invisible light
that fell outside of the visible spectrum’s violet region caused silver
chloride-treated paper to discolor faster than violet light. Since
this invisible light was chemically reactive, he first referred to it as
“oxidizing rays.” Before the late 19th century, “thermal radiation”

was recognized as infrared radiation, and “actinic rays” were
reclassified as UV radiation. The ultraviolet spectrum intersects
between visible light and X-rays in the electromagnetic spectrum.
Its wavelengths range from approximately 380 nanometers (nm) to
10 nm, and its frequencies range from around 8 x 10** to 3 x 10°
hertz [26]. Generally, there are three sub-bands of UV radiation, as
shown in Figure 1.

Figure 1: Classification of UV radiation sub bands (Dale Wilson, et al. 2012).

Radiations with a wavelength between 10 and 180 nm are
often known as “vacuum or extreme UV” since they can only travel
in a vacuum and are typically absorbed by the Earth’s atmosphere.
Besides the sun, numerous celestial sources release UV radiation.
High-altitude balloons and space-based telescopes equipped with
specialized imaging sensors and filters are employed to estimate
wavelengths < 280 nm absorbed by the Earth’s surface. Moreover,
scientific inquiries into the effect of evaluating the surface
temperature of the hottest stars and detecting the presence of
interstellar gas clouds between the Earth and quasars [27].

Potential Consequences of Ultraviolet Radiation at High
Altitude

Solar radiation is the main source of natural ultraviolet light
that humans encounter. Approximately 10% of solar radiation
comprises UV wavelengths; however, only one-third of this
spectrum can be absorbed in the atmosphere, affecting the Earth’s
crust. In equatorial regions, UVA comprises 95% of the solar UV
radiation, while UVB constitutes the remaining 5%. Remarkably,
solar UVC is productively neutralized by water vapor, ozone, and
molecular oxygen in the mountainous atmosphere, preventing

any substantial influence on the terrestrial surface. However,
wide-range ultraviolet radiation (UVB and UVA) continues to be
the most potent and environmentally destructive element for
terrestrial life. The Alps are one of the regions in Europe exhibiting
the most heightened ultraviolet (UV) radiation level, which may be
attributed to an aggregation of snow-covered surfaces, elevated
altitudes, and snow-covered surfaces. The thin air, cloud cover, and
ozone contribute to the elevated solar UV radiation in mountainous
terrain. Research has found that UV radiation dynamics in
mountainous terrain are significantly impacted by altitude effects.
In mountainous environments, the altitude effect has a significant
impact on UV radiation dynamics. Quantification of erythemal UV
radiation in the Swiss Alps has shown a rise of 17.4% per 1000
meters under unobstructed skies [28]. Thus, the high ultraviolet
radiation at high-altitude is sensitive to the photochemical injury
of the ocular space. It is associated with the clinical symptoms such
as ocular pain, tearing, blepharospasm, deterioration of vision.
The acute UVR effect cause a condition called photokeratitis. It is a
temporary, painful eye damage. It may also refer to the drying and
freezing of corneal surface, due to the severe dry air at high-altitude
[29].
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Dry air, lower relative humidity, high wind velocity and low
temperature cause a decrease in water content of skin. Tanning,
acute and chronic sunburn, photomelanosis, actinic dermatitis,
actinic cheilitis are the complications caused by abnormal
cutaneous reactions to solar radiation [30]. UVA contributes to the
generation of reactive oxygen species and subsequently induces
inflammatory signaling pathways. Free radicals induced by UV
radiation activates the function of various signaling molecules such
as AP-1 (Activator protein), NF-xB (nuclear factor kappa-light-
chain-enhancer of activated B cells), STAT (signal transducer and
activator of transcription) and COX-2 [cyclooxygenase 2], which
leads to inflammation upregulation, which in turns activates the
generation of reactive oxygen species. These reactive oxygen
species are responsible for the DNA lesions and increase the
chances of mutation [31-32].

Oxidizing Mechanism Associated with Ultraviolet Radiation

UVR is another important high-altitude environmental stressor
that mediates oxidative imbalance by photooxidation. It induces
a series of redox reactions leading to the generation of free
radicals and causing oxidative imbalances in the cell [33]. The UV
radiation induced oxidizing mechanism is accompanied by direct
photochemical reactions and indirect photosensitized process,
which significantly enhances the ROS generation within the cells
which involving singlet oxygen, hydroxyl radicals, and hydrogen
peroxide through multiple mechanisms. Lower levels of ROS can
cause mutations, medium levels of ROS can trigger the mechanisms
involved in senescence, and higher ROS levels may lead to cell
death, called necrosis and apoptosis. These reactive oxygen species
excessively damage the nucleic acid, proteins, and lipids, specifically
via lipid peroxidation and generation of reactive aldehydes such as
4-hydroxynonenal and malondialdehyde [33]. Photooxidation is
one of the principal oxidizing mechanisms. It involves the direct
activation of chromophores such as porphyrins, tryptophan, and
riboflavin by UV photons, which causes the formation of high-
energy intermediates that transfer the energy to molecular oxygen.
This interaction will lead to the production of reactive oxygen
species such as superoxide anions and hydroxyl radicals, which
oxidize lipids, proteins, and nucleic acids. Photooxidation increases
the activity of mitogen-activated protein kinase (MAPK) and
regulates the expression of NF-xB and activator protein-1 (AP-1) by
elevating ROS production [34]. In tandem, photosensitization plays
a significant role, specifically in the presence of a photosensitizer
(light-absorbing molecule). These molecules absorb the UV
radiation and undergo excitation, contributing to the electron
transfer mechanism called Type I reactions or the energy transfer
mechanism called Type Il reactions. Collectively, these mechanisms
elicit the ROS production in response to UV radiation [35].

Severe Cold Temperatures and Arid Climates

High-altitude regions are areas > 2500 m, which encompass
elevations reaching up to 5500 m, as exemplified by the Siachen
Glacier and regions within the Leh-Ladakh. Factors like low
oxygen sensing, frigid temperature, pervasive snow squalls, and a
scarce supply of flora and food contribute to the deterioration of
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natural settings at elevation. High-altitude indigenous populations,
called highlanders, show substantial adaptation to these harsh
environments; however, they still continue to confront considerable
difficulties in their daily lives. Military deployment in such an
inclement habitat presents a variety of grave concerns, ranging from
minor exertional dyspnea, erythema, pernio, and prolonged sleep
latency to potentially fatal ailments like photokeratitis, myocardial
infarction, and HAPE. Limb endangering injuries like frostbite,
pernio, and trench foot may impair the body’s functionality, and
severe circumstances may lead to amputation [36]. Extremities are
most susceptible to cold injuries, such as frostbite, in alpine and
subzero environments. Lower extremities are more affected than
upper extremities. Damage caused by frostbite displays immediate
functional impairment and long-term sequelae such as persistent
pain, cold sensitivity, and regional osteoporosis, that remain for a
prolonged duration of time following the initial injury [37-38].

Oxidative strain and Elevation exposure

A steady-state balance between the antioxidant and pro-
oxidant is essential for oxygen-requiring existence. It is universally
recognized that hilly elevations are responsible for hastening the
free radical generation and leading to serious health emergencies.
The scholarly inquiry emphasized the effect of mountainous terrain
on oxidative stress. Elevations above 3000 m are considered
dangerous for unacclimatized individuals, and elevations
exceeding 5500 m are fatal and pose a life-threatening hazard to
individuals. These risks come with cardiopulmonary alterations
that are induced by hypoxia and impair the normal functioning of
the body. Adaptive responses from the human body are required
in response to the reduced atmospheric oxygen partial pressure
at high-altitude, which may result in subcellular physiological
imbalances and irreversible or reversible injury [Sharma et al,,
2023]. Some of the most immediate cellular responses to hypoxia
provoked by altitude include elevated ROS production. Although
cells can regulate their ROS levels, irreparable damage to proteins,
lipids, and other biomolecules can result from a failure to promptly
mitigate ROS. Cells enhance their antioxidant defenses and adjust
the redox environment in response. In clinical settings, dietary

interventions that employ antioxidants have proven efficacy [39].

Free Radical Generation at High-altitude

High-altitude environmental conditions are accompanied by
lower oxygen pressure and declined barometric pressure, which
leads to the enhanced generation of reactive oxygen species due
to the hypoxia. The presence of an unpaired electron in an atomic
orbital defines a free radical, which is any chemical species capable
of existingindependently. Mostradicals have several similar features
due to the presence of an unpaired electron. Many radicals exhibit
high levels of reactivity and instability. They may act as oxidants
or reductants, depending on whether they provide or receive an
electron from other molecules [11]. The most important oxygen-
containing free radicals in many diseases are the hydroxyl radical,
the superoxide anion radical, the oxygen singlet, the hypochlorite
radical, the nitric oxide radical, and the peroxynitrite radical. These
are very reactive species that may harm physiologically significant
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components, including DNA, proteins, carbohydrates, and lipids in
the cell's membranes and nucleus [12]. Free radicals injure cells
and disturb homeostasis by attacking crucial macromolecules. All
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molecules in the body are targets for free radicals [13-40] Some
internal and external catalysts for free radicals are shown in Figure
2.

Figure 2: a) Internal catalyst of Free radicals and b) External catalyst of free radicals (Lobo, et al. 2010).

b)

ROS-Associated Signaling Pathways in Response to
Hypobaric Hypoxia

Reactive oxygen species are oxygen-based compounds and
are characterized by their high reactivity and instability. These
molecules can be produced from different signaling pathways,
such as xanthine oxidase, mitochondrial electron transport chain,
the NADPH oxidase complex, and uncoupled nitric oxide synthase
(NOS). The most studied ROS molecules are superoxide (0,s-),
peroxide radicals (ROOe), hydroxyl radicals (¢OH), hydrogen
peroxide (H,0,), singlet oxygen (*0,), and peroxynitrite (ONOO-)
[41]. Oxidative stress caused by hypoxia exposure is responsible
for the endoplasmic reticulum dysfunction. It may lead to the
aggregation of misfolded/unfolded proteins, which in turn activate
the various processes associated with the inflammatory pathways.
Among these, HIF-1a, NRF2, and eNOS play a significant role in
regulating inflammation and antioxidant defense.

Hypoxia-inducible factors such as HIF-1a and HIF-2a are the
primary effectors of cellular hypoxic response. These transcription
factors regulate the expression of an array of genes associated
with enhanced oxygen supply [42]. Under normoxic conditions,
prolyl hydroxylases (PHDs) hydroxylate HIF-1a, leading to its
recognition and degradation via the VHL (von Hippel-Lindau)
proteasome pathway. Hypoxic conditions impair the activity of
prolyl hydroxylase. After stabilization, it dimerizes with HIF-1f3 in
the nucleus to trigger the transcription of genes associated with
angiogenesis, ROS detoxification, and glucose metabolism [43]. Its

downstream signaling includes the regulation of the expression of
endothelial nitric oxide synthase activity [44]. The eNOS produces
Nitric oxide (NO), which is required for vascular homeostasis.
eNOS is exclusively present in endothelial cells. Studies found that
hypoxia-mediated expression of eNOS is ambiguous and complex.
eNOSwas found to be inhibited in in-vitro hypoxia studies of cultured
human umbilical vein endothelial cells, human coronary artery
endothelial cells (HCAECs), bovine pulmonary artery endothelial
cells (PAECs), human saphenous vein endothelial cells, as well
as in vivo in the lungs of patients with pulmonary hypertension.
Studies concluded that the effect of hypoxia on eNOS depends on
whether it is a venous or arterial endothelium [45]. A study shows
the upregulation of eNOS expression in the endothelium from the
uterine of pregnant sheep in response of chronic hypoxia. Hypoxia
and ischemia decrease the endothelial eNOS expression via a post-
transcriptional mechanism [46]. HIF-1a stabilization in hypoxic
conditions mediates the cascade of gene expression; its downstream
effect intersects with the NRF2-controlled antioxidant mechanism
which induces cellular adaptation to limited oxygen supply.
NRF2 is considered as a master transcriptional factor controlling
antioxidative defense mechanisms. On activation, NRF2 mediates
the expression of various genes involved in cell proliferation,
antioxidant and survival. In normoxic condition, NRF2 is found
to be associated with KEAP1 (Kelch-like ECH-associated protein
1) in the cytoplasm which facilitates the NRF2 ubiquitination
and proteasomal degradation and sustains the NRF2 levels low.
In hypoxic conditions, enhanced mitochondrial ROS production
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oxidizes cysteine residues on KEAP1, which prevents KEAP1 from
targeting NRF2 for degradation. Then, NRF2 aggregates and moves
into the nucleus and get binds to the antioxidant response elements
(AREs) which mediates the upregulation of genes involved in ROS
detoxification (SODs, Prdxs), Glutathione metabolism (GCLC,
GCLM), NADPH regeneration (NQO1, G6PD) in response to oxidative
stress [47].

Impact of high-altitude on antioxidant systems

Aerobes have evolved intricate enzymatic and non-enzymatic
mechanisms for antioxidants to combat the effects of reactive
oxygen and nitrogen species. The enzymatic system consists
of mitochondrial manganese superoxide dimutase (Mn-SOD),
extracellular SOD, and cytosolic copper zinc superoxide dimutase,
which converts the reactive superoxide radicals into less hazardous
hydrogen peroxide. Subsequently, glutathione peroxidase (GPX)
and catalase facilitate the decomposition of hydrogen peroxide
into water. Sparse literature has investigated the protective effects
of antioxidant enzymes at high-altitudes. Early studies have
documented that rats’ skeletal muscle showed reduced activity
and protein levels of mitochondrial SOD after six months of
sporadic exposure to high-altitude (4000 m). Another corroborated
study indicated that 5500 m of simulated altitude enhanced
immunoreactive Mn-SOD levels in serum but lowered it in the
animals’ liver and lungs [48]. Additionally, the decreased activity
of the liver’s GPX suggests a greater susceptibility to high-altitude-
induced oxidative stress. Conversely, in another study, no discernible
impacts were found on antioxidant enzyme activity during a four-
week exposure at 4000m [49]. Through comparative evaluation, it
was established that GPX activity in the serum of native highlanders
(4000 m) and sea-level subjects was lower than in high-altitude
residents [50]. The glutamyl cycle continuously generates glutamyl-
cysteinyl-glycine, which is an essential thiol/antioxidant in cells.
Exposure to high altitudes lowers reduced glutathione (GSH) levels
and raises oxidized glutathione concentrations.

The thiol system state has a significant impact on GPX’s activity
and efficacy. The glutamyl cycle generates glutamyl-cysteinyl-glycine
constantly, which is an essential thiol/antioxidant in cells. Exposure
to high altitudes lowers reduced glutathione (GSH) levels and raises
oxidized glutathione concentrations [51]. Thus, it seems that both
enzymatic and non-enzymatic antioxidant mechanisms are slightly
less effective at high-altitude. High-altitude has prompted the
use of antioxidant supplements to mitigate its oxidative damage.
Empirical research highlighted that an antioxidant combination
that included ascorbic acid, catechin, selenium, lutein, alpha-lipoic
acid, and N-acetyl cysteine was found to decrease the oxidative
stress caused by a high-altitude exposure [52]. A brief simulated
hypobaric hypoxia exposure of rats to an altitude of 8000 m resulted
in increased blood melatonin levels [53]. Melatonin, which has a
wide range of effects, also functions as an antioxidant. After the
first four days following exposure, the number of mitochondria and
lipid droplets in pinealocytes decreased compared to control rats,
suggesting an additional source of melatonin beyond pinealocytes.
In summary, high-altitude exposure appears to reduce the activity
and content of certain antioxidant enzymes and diminish the
effectiveness of the thiol system. There is some evidence that
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antioxidant supplementation can mitigate or prevent high-altitude-
induced oxidative damage to macromolecules [48].

Antioxidants and their protective role

An antioxidant is characterized as a stable molecule that has the
ability to donate an electron to encounter and nullify a reactive free
radical, thereby lowering the cause of potential damage. Therefore,
antioxidants effectively prevent or hinder cellular damage due to
their capacity to neutralize free radicals [54]. Antioxidants with
reduced molecular weight may interact cautiously with oxidative
stressors to halt their damaging chain reactions before they damage
crucial molecules. Some antioxidants are produced naturally in the
body during normal metabolic processes, for instance, ubiquinol,
glutathione, and uric acid [55]. Others are obtained from dietary
sources. Although the body has numerous enzymatic systems to
encounter free radicals, for instance, vitamin C (ascorbic acid),
vitamin E (a-tocopherol), and B-carotene [56], Since the body
cannot synthesize certain micronutrients independently, they must
be obtained through dietary intake.

Levels of Antioxidant Action

In the world of antioxidant defense systems, there are
different levels of action, each with its own specific purpose.
These levels include radical scavenging, protective measures,
repair and synthesis (de novo), and adaptation—the last line of
defense. The first line of defense is associated with the preventive
antioxidants, which prevent the formation of free radicals.
While the precise mechanism and site of ROS formation in the
living system remain partially obscure, metals are considered
significant sources of ROS generation due to their facilitation of
the breakdown of hydroperoxides and hydrogen peroxide. To stifle
this reaction, certain antioxidants are anticipatorily transformed
from hydroperoxide into alcohols and hydrogen peroxide into
water without producing free radicals. It is known that glutathione
peroxidase, glutathione-S-transferase, phospholipid hydroperoxide
glutathione peroxidase (PHGPX), and peroxidase enzymes can
change lipid hydroperoxides into alcohols [57].

PHGPX is particularly noteworthy for its potential to diminish
phospholipid-bound hydroperoxides within the bio membrane.
Furthermore, glutathione peroxidase and catalase are essential
for the conversion of hydrogen peroxide into innocuous water
molecules. The second line of defense entails neutralizing active
radicals, thereby inhibiting the chain reaction and disrupting the
propagation of oxidative processes. Based on solubility, a variety
of endogenous radical-scavenging antioxidants are likely water-
soluble (hydrophilic), such as vitamin C [58], uric acid [59],
bilirubin [60], albumin, and thiols [61], while others are lipid-
soluble (lipophilic), such as vitamin E and ubiquinol [62]. Notably,
scientists recognize Vitamin E as the most potent lipophilic
antioxidant for radical scavenging. Repair and de novo antioxidants
accompany the tertiary defense system. There are peptidases,
proteases, and proteinases in the cytosol and mitochondria of
mammalian cells. This helps to find, break down, and remove
oxidatively modified proteins, which stops them from building up.
Similarly, the total defense system against oxidative damage relies
heavily on genome maintenance systems, while enzymes such as
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nucleases and glycosylases play a crucial role in restoring damaged
DNA strands. Ultimately, another important function of adaptation
serves a critical role, where the signals for the generation and

reaction of free radicals induce the synthesis and targeted delivery
of antioxidants to their specific sites of action [40] (Figure 3).
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Reactive Oxygen Species (ROS) Generation and
Cellular ROS-Associated Proteome Disruptions
Driven by High-Altitude Hypobaric Hypoxia

High-altitude habitation triggers multifaceted physiological
changes, predominantly due to fluctuating oxygen. The lung is
the primary organ to confront fluctuating oxygen levels and plays
a fundamental role in mediating and counterbalancing these
alterations. The extant literature encompasses a multitude of
comprehensive and astonishing studies that scrutinize proteomic
alterations consequent to hypobaric hypoxia exposure. These
investigations elucidate a plethora of biochemical pathways
and responses elicited upon immediate exposure, as well as the
mechanisms underlying the resolution of these effects amidst
the challenges posed by hypobaric hypoxia. A study identified
significant pulmonary proteomic modifications in response to
varying time durations of hypobaric hypoxia using 2-DE/MS. Their
findings suggest that SULT1A1 may serve as a promising biomarker
for detecting pulmonary edema (HAPE), with elevated SULT1A1
levels found in both rodents and humans exposed to elevations, in

contrast to controls.

Using 2-DE/MS, a study demonstrated that the lungs’ proteome
changes significantly when exposed to variable durations of
hypobaric hypoxia. Researchers found that SULT1A1 may serve
as a promising biomarker for diagnosing high-altitude pulmonary
edema (HAPE), with elevated levels of SULT1A1 observed in both
rats and humans exposed to high altitudes compared to sea-level
controls. It is a phase II detoxification enzyme which catalyses the
sulfonation of hydroxyl-containing compounds. Its upregulation
in HAPE indicates a protective detoxification response to lipid
peroxidation byproducts elicited by reactive oxygen species under
hypoxic conditions [63].

A study was performed on the analysis of the platelet proteome
to investigate the prothrombotic phenotype induced by acute
hypoxia. This research showed rats subjected to acute simulated
hypoxia (282 torr/8% oxygen) exhibited a declining hemorrhagic
propensity and heightened platelet reactivity. Proteomic analysis
revealed 27 differentially expressed proteins, including those
involved in coagulation processes. Notably, calpain small subunit
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1, a 28-kDa regulatory component crucial for calpain function,
showed significant upregulation under hypoxic conditions. They
found a correlation between calpain small subunit 1 expression
and intracellular Ca2+ levels within platelets and platelet calpain
activity. Inhibition of calpain activity effectively reversed hypoxia-
induced platelet hyperreactivity.

Further validation using an in vivo model of hypoxia-induced
thrombosis confirmed calpain’s prothrombotic role, with patients
developing thrombosis at extreme altitudes showing elevated
plasma calpain activities and increased soluble P-selectin levels.
This study suggests a close link between heightened calpain
activity and increased thrombotic risk under hypoxic conditions.
Overactivation of calpain participates in cytoskeletal proteolysis
and hyperreactivity of platelets, which creates a prothrombotic
state under reactive oxygen-rich hypoxia [64] Studies found that
ROS upregulates calpain in smooth muscle cells. The calcium
dysregulation triggered by the reactive oxygen species plays a
crucial role in upregulating the calpains. Calpain activation leads to
the degradation of 32 integrin in endosomes [65].

In a study, human subjects exposed to periodic sessions of
12% and 13.5% fractions of oxygen were consequently airlifted
to an elevation of 3500m. Plasma proteome analysis was
conducted on the 4th and 7th days of high-altitude residency,
unveiling oxidative stress and accompanied by perturbed lipid
metabolism, post-translational modifications, and inflammatory
signaling induced by periodic hypoxic training at baseline. It was
concluded that these conditions were found to activate antioxidant
mechanisms, maintain bioenergetic stability, and elicit anti-
inflammatory responses during successive high-altitude exposures
[66]. Comparative proteome analysis between the control group
and high-altitude residents identified numerous proteins with
substantial alterations. Observed upregulated proteins include
hemopexin, vitamin D-binding protein, haptoglobin {-chain,
apolipoprotein Al, transthyretin, hemoglobin beta chain, and
alpha-1-antitrypsin, whereas downregulated proteins encompass

complement C3, transferrin, plasma retinol-binding protein, and
serum amyloid [67].

Among these upregulated proteins, Hemopexin is a heme-
binding protein that functions as an effective antagonist against
heme toxicity caused by acute and chronichemolysis [68]. A study
found that reactive oxygen species and nitrogen species inactivate
the apo-hemopexin [69]. Vitamin D-Binding Protein majorly
participates in Vitamin D regulation. It plays a significant role in
immune regulation and the antioxidant defense mechanism. It
acts as an actin scavenger and eliminates the extracellular actin
released due to cell injury. By eliminating actin, VDBP inhibits
the pro-thrombotic and inflammatory pathways induced by ROS
and actin accumulation [70]. Haptoglobin (-chain mitigates the
oxidative damage by impairing heme-driven Fenton chemistry.
Studies demonstrated that Haptoglobin counteracts heme toxicity
and facilitates oxidative protection during systemic hemolysis
[71]. Apolipoprotein A1 (ApoA1l) is an HDL protein that facilitates
the protection of lipoproteins against oxidative damage [72].
Transthyretin (TTR) shows antioxidant properties by inhibiting
protein accumulation under stress. A study illustrated that
Transthyretin (TTR) protects neuronal cells against oxidative
damage [73]. Alpha-1-antitryFFpsin (A1AT) exhibits both anti-
inflammatory and antioxidant properties. Janciauskiene, et al.
found that A1AT suppresses neutrophil-derived ROS and modulates
inflammatory responses [74].

In a quantitative proteomics study, 100% of the subjects died
when directly exposed to extreme altitude (24 hours, 3049 m; pO2:
71 kPa, 4573 m; pO2: 59 kPa, and 7620 m; pO2: 40 kPa). However,
after pre-exposure to 59 kPa, the subjects’ survival rate significantly
increased. Molecular investigations revealed that, via modifying
the STAT3-RXR-Nrf2 axis, the pO2 of 59 kPa (extremely high-
altitude zone) activated systemic energy and redox homeostatic
mechanisms. It was posited that various downstream processes of
STAT3-RXR-Nrf2 and plasma proteins could serve as biomarkers
for assessing individual redox status [75] (Table 2).

Table 2: Role of protein signatures/biomarkers in response to hypobaric hypoxia-induced ROS generation.

Protein Signatures/Biomarker

Roles in hypoxia induced ROS

Vitamin D-Binding Protein (VDBP)

Actin sequester

(Chun, etal. 2019)

Haptoglobin -chain

Hemoglobin scavenger antioxidant

(Awadallah, et al. 2013)

Apolipoprotein Al (ApoAl)

Lipid hydroperoxide quencher

(Emoto, et al. 2013)

Transthyretin (TTR)

Neuroprotective antioxidant effect

(Sharma, et al. 2019)

Alpha-1-Antitrypsin (A1AT)

Protease inhibitor limits oxidative tissue damage

(Schuster, et al. 2020)

Complement C3

Immune responses amplifier caused by ROS-induced tissue damage

(Frid, et al. 2020)

Transferrin

Limits Fenton reaction and ROS generation

(Rytz, et al. 2022)

Implications for Tailoring High-altitude specific
Antioxidant interventions:

The redox hypothesis postulated that perturbations in thiol
redox stimuli lead to oxidative stress [76]. Increased oxidative stress
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leads to an imbalance between pro-oxidants and antioxidants,
resulting in molecular damage and the destruction of redox
signaling. This, in turn, precipitates chronic diseases by increasing
the production of ROS and RNS. ROS generation in response to
environmental hypoxia is determined by the intensity and duration
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of the hypoxia [4]. The mitochondrial electron transfer chain,
xanthine oxidase activity, hemoglobin (HB) autooxidation are the
numerous reported sources of hypoxia at high-altitude. Studies
conducted on the isolated mitochondria have reported that lower
oxygen availability for mitochondrial respiration is responsible for
the downregulation of the respiratory chain and enhanced proton
leak [77].

Hypobaric hypoxia encountered at high-altitude is due to the
lower barometric pressure and reduced partial pressure of oxygen
[78; Sharma et al., 2023]. While in pathological conditions like
cancer, hypoxia is considered a non-physiological level of oxygen
tension. In Tumors, hypoxia, dysfunctional vascularization, and
acquisition of epithelial to mesenchymal transition phenotype led
to cell mobility and metastasis [Sharma et al., 2023]

Efficacy of Antioxidants in Mitigating the High-
Altitude Induced Stress

Numerous studies have demonstrated the effects of antioxidant
drugs on stress and maladies caused by high-altitude hypoxia.
Following are the numerous examples of antioxidants that research
has proven effective in mitigating high-altitude stress induced by
hypoxia.

Solnatide and Hypoxic Conditions

A study revealed the potency of Solnatide in alleviating lung
fluid accumulation and protein levels in bronchoalveolar fluids in
rodents exposed to hypoxic hypobaric conditions and exhaustive
exercise. The findings substantiate compelling evidence that the
anti-inflammatory and anti-edema characteristics of solnatides
make them high-performance drugs in comparison to the currently
prescribed drugs, such as aminophylline and dexamethasone.
Inhibition of the proinflammatory pathway by solantide decreases
the generation of cytokines and deregulates the inflammatory
response. Furthermore, identified that
expression of a tight junction protein called Occludin due to
solantide, facilitates the maintenance of alveolar capillary barriers,
which in turn helps to inhibit the leakage of protein in alveolar fluid.
These observations indicate the positive therapeutic implications
of solantide for treating HAPE in humans [79,80].

studies enhanced

Root Extract (RCE) of Rhodiola crenulata

Findings suggest that the root extract of Rhodiola crenulata
inhibits biomarkers of oxidative stress, such as malondialdehyde
and reactive oxygen species. Studies have shown that it possesses
cardioprotective effects orchestrated by phosphorylation of
endothelial nitric oxide synthase (eNOS) in cardiomyocytes and
by the inhibition of arginase-1 under hypoxic conditions, via the
PI3K/AKT signaling pathway [81]. Furthermore, RCE suppresses
the overexpression of vascular endothelial growth factor (VEGF)
and endothelin-1 (ET-1), thereby preserving the normal function of
the alveolar-capillary barrier, which is beneficial for relieving HAPE
[82,83].

Salidroside

Salidroside, an active ingredient of Rhodiola rosea, resists
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oxidation and protects the heart while also inhibiting the production
of inflammatory factors and pulmonary vascular remodeling,
potentially benefiting high-altitude pulmonary hypertension
(HAPH) [84]. In an experiment on rats with pulmonary arterial
hypertension under hypoxia, RCE reduced RBC count, hemoglobin,
hematocrit, right ventricular hypertrophy index, and mean
pulmonary artery pressure, while inhibiting vascular smooth
muscle thickening and pulmonary vascular remodeling [85].

Tibetan Turnip (Brassica rapa L.)

Brassica rapa L., commonly known as Tibetan Turnip, is a
cruciferous plant species from the genus Brassica. It is specifically
used in Tibetan traditional medicine as a natural remedy to
alleviate mild symptoms associated with Chronic Mountain
Sickness (CMS). The root vegetable has been found to possess
anti-hypoxia, antifatigue, analgesic, anti-inflammatory,
neuroprotective properties. The deliquescent broth of turnip root
has been found to exhibit strong free radical scavenging properties,
and various studies have confirmed that it is composed of phenols
and flavonoids, such as kaempferol, quercetin, and isorhamnetin
[86,87].

and

Senecio Nutans (Chachacoma)

Senecio nutans, predominantly found in the Andes region,
belongs to the Asteraceae family and is commonly referred to
as “Chachacoma.” Its leaves are frequently utilized to alleviate
symptoms of Acute Mountain Sickness (AMS), including headaches,
dizziness, nausea, and fatigue. Sesquiterpenes, monoterpenes,
and p-hydroxyacetophenone are the bioactive parts of S. nutans
[88]. The efficacy of S. nutans is comparable to that of nifedipine,
as it effectively lowers myocardial oxygen consumption and
induces vasodilation [89]. The antifatigue and antioxidant effects
of S. Nutans facilitate the sojourners’ acclimatization to elevated
regions. Its antioxidant and antifatigue effects can assist sojourners
in a relatively easy adaptation to high-altitude conditions. Further
research is required to gain a comprehensive understanding of the
efficacy and potency of S. nutans in addressing AMS.

Coca Leaf

Coca, falling within the Erythroxylaceae family, is employed in
South America for the management of gastrointestinal disorders,
cerebral disorders, pharyngeal discomfort, and acute mountain
sickness. In Andean communities, the most effective remedy to treat
clinical symptoms of acute mountain sickness, headaches, nausea,
and dizziness, is steeping Coca leaves in warm water. Cocaine is
found to be the principal alkaloid derived from coca leaves, which
manifests neuroendocrine effects and stimulates organs such as
the heart, lungs, and brain, along with the sympathetic nervous
system. Previous studies demonstrate that masticating the coca
leaf, which contains 0.5% cocaine, steadily elevates blood levels.
Literature highlights that resisting the feedback vicious cycle
between the central nervous system and the stomach or intestines
by coca leaf helps to mitigate acute mountain sickness. Moreover,
evidence points out that the anti-hypoxic effect of coca leaves
might reduce the extensive production of RBCs caused by chronic
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hypoxia exposure, which is required to be proven with further
experimental validation. With the expanding demand for natural
therapeutic agents exhibiting lower adverse effects, coca leaves can
be a beneficial inclusion to current medical care. However, further
validations are required for the establishment of treatment [90,91].

Superior Anti-hypoxic Activity of Salvia przewalskii
Maxim (Labiatae)

Salvia przewalskii Maxim (Labiatae) (SPM) is a traditional
Chinese herbal medicine and has known antibacterial, antiviral,
antioxidant, anti-thrombotic, and anti-depressant activities. In vivo,
SPM downregulates the proteins, Khk and AldoB, and functions
as an antioxidant by suppressing the oxidation-reduction system
and fructolysis. Thus, facilitating adaptation to hypoxia. In acute
hypoxic environments, SPM extracts have been found to enhance
the activities of lactate dehydrogenase and superoxide dismutase.

Additionally, these extracts inhibit the regulation of proliferating
cell nuclear antigen, hypoxia-inducible factor-1q, cyclin-dependent
kinase 4, Bcl-2, P27Kipl, and CyclinD1, downregulate the
monocyte nuclear factor-kappa B and chemoattractant protein-1,
and regulate the RhoA-Rho-associated protein kinase signalling
pathway, facilitating the restoration of lung injury induced by
chronic hypoxia. More clinical evidence is required to validate its
anti-hypoxic property [92,93].

Lepidium meyenii (Maca)

Commonly, Lepidium meyenii is referred to as Maca. This
Peruvian plant belongs to the Cruciferous family. Its roots, which
are comprised of fatty acids and polysaccharides, are commonly
indigestible as vegetables. It is extensively deployed to combat
inflammation, memory loss, sexual dysfunction, anxiety, and tumors.
Choline present in red Maca is found to enhance neurocognitive
function. Due to its antioxidant properties, it is implemented as a
dietary supplement to mitigate the CMS in high-altitude inhabitants.

Compelling evidence from a study reported that 12-week
consumption of spray-processed maca extracts in highlanders
enhanced their mood, health, and energy relatively to the placebo
group. Remarkably, both red and black Maca were shown to reduce
CMS scores at the onset of the 4th week of intervention and the
onset of the 8th week, respectively [94-100]. Fascinatingly, a
combination of little red maca and black maca declined the blood
hemoglobin levels by the 4th week of intervention. Despite this,
further investigations are needed to establish the mechanisms and
effects of maca for CMS treatment [40].

Conclusion

Conclusively, the findings discussed in this article highlight
the possibility of antioxidant supplementation serving as a useful
intervention against high-altitude-induced oxidative stress.
Further studies should be conducted to enhance these approaches,
considering the unpredictable nature of the high elevation
environment. By employing improved antioxidant strategies, it is
feasible to safeguard the well-being and performance of individuals
subjected to the harsh environments of high altitudes.
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