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Abstract: High-altitude acclimatization refers to the physiological adjustments and adaptation
processes by which the human body gradually adapts to the hypoxic conditions of high altitudes
after entering such environments. This study analyzed three mRNA expression profile datasets from
the GEO database, focusing on 93 healthy residents from low altitudes (<1400 m). Peripheral blood
samples were collected for analysis on the third day after these individuals rapidly ascended to
higher altitudes (3000-5300 m). The analysis identified significant differential expression in 382 genes,
with 361 genes upregulated and 21 downregulated. Further, gene ontology (GO) annotation analysis
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis indicated
that the top-ranked enriched pathways are upregulated, involving blood gas transport, erythrocyte
development and differentiation, and heme biosynthetic process. Network analysis highlighted ten
key genes, namely, SLC4A1, FECH, EPB42, SNCA, GATA1, KLF1, GYPB, ALAS2, DMTN, and GYPA.
Analysis revealed that two of these key genes, FECH and ALAS2, play a critical role in the heme
biosynthetic process, which is pivotal in the development and maturation of red blood cells. These
findings provide new insights into the key gene mechanisms of high-altitude acclimatization and
identify potential biomarkers and targets for personalized acclimatization strategies.

Keywords: high altitude; acclimatization; gene expression; mRNA expression profile; biomarkers

1. Introduction

High-altitude regions possess a uniquely complex ecological environment. As altitude
increases, atmospheric pressure exponentially decreases, and oxygen levels in the air di-
minish accordingly. Globally, for those traveling to high-altitude areas for work or tourism,
acute mountain sickness (AMS) triggered by hypoxic exposure poses a significant health
challenge. The incidence of AMS can reach 50-80% [1], influenced by a multitude of factors
such as individual variability, altitude, duration of exposure, and pre-acclimatization prac-
tices [2], with rapid ascent to high altitudes being a critical risk factor [3]. At the systemic
level, acute hypoxic exposure triggers various physiological responses to aid the body’s
adaptation to hypoxia. Under low pressure and hypoxia, peripheral sensors enhance their
stimulatory effects on the respiratory center, leading to compensatory ventilation responses
such as increased depth and rate of breathing. In response to hypoxia at high altitudes,
the body’s adrenergic system plays a compensatory role by enhancing sympathetic nerve
activity. This leads to increased stimulation of adrenergic receptors, which raises heart rate
and boosts cardiac output, thereby maintaining oxygen delivery despite lower ambient
oxygen levels [4]. Blood flow redistribution occurs; the vascular response to hypoxia varies
by location, with hypoxia causing pulmonary vasoconstriction and peripheral circulation
vasodilation [5], where pulmonary vasoconstriction is a primary factor in the onset and
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progression of pulmonary hypertension [6]. Acute hypoxia stimulates the sympathetic
nervous system, causing vasoconstriction in the skin, liver, and spleen vessels, leading to
more blood entering the systemic circulation. This results in an increase in the total amount
of red blood cells and hemoglobin participating in the circulation [7,8].

Rapid ascent in altitude leads to acute hypoxia in tissues and organs. At the cellular
level, hypoxia activates the Hypoxia-Inducible Factor (HIF) pathway. Under normoxic
conditions, prolyl hydroxylase modifies HIF-1o post-translationally, and the hydroxylated
HIF-1o is susceptible to proteasomal degradation. In hypoxic conditions, this hydroxylation
is inhibited, resulting in the accumulation of HIF-1« within the cell [9]. HIF-1« forms a
dimer with HIF-13 and then translocates into the nucleus, where HIF-1 stimulates the
expression of hundreds of genes that facilitate both autonomous and non-autonomous
cellular adaptation to hypoxia, thereby supporting the maintenance of tissue oxygen supply.
For instance, in high-altitude regions, the stabilization of HIF-1c leads to upregulated
transcription of erythropoietin (EPO) and vascular endothelial growth factor (VEGF) [10],
promoting erythropoiesis and angiogenesis [11,12]. HIF-1 is also involved in regulating
glucose metabolism under hypoxic conditions. It upregulates glucose transport proteins
such as GLUT-1, enhancing glucose uptake and utilization, and activates hexokinases 1 and
2 (HK1 and HK?2), pyruvate kinase (PKM), and lactate dehydrogenase (LDHA), thereby
promoting glycolysis. Because of the lack of oxygen, the tricarboxylic acid cycle and the
electron transport chain are also inhibited [13].

Despite existing research into the mechanisms of human acclimatization to high
altitudes, the key genes involved, and their interactions remain incompletely elucidated.
From a molecular perspective, rapid acclimatization to high-altitude environments involves
the activation of multiple genes and signaling pathways [14,15]; these genes and pathways
form an interactive network that collectively responds to hypoxic conditions [16,17].

This study utilized three datasets from the Gene Expression Omnibus (GEO) database
to systematically investigate gene expression changes following a rapid ascent from low
to high altitudes, thereby revealing key genes involved in the human acclimatization
process to high-altitude environments. Through data integration and analysis of molecular
interactions, pathways that were significantly enriched were identified, including those
involved in blood gas transport such as carbon dioxide transport, the heme biosynthetic
process, and the hemoglobin complex. Pathways involved in erythrocyte development
and differentiation were also highlighted, such as erythrocyte development, erythrocyte
differentiation, and the spectrin-associated cytoskeleton. Additionally, pathways related to
energy and metabolism, including metabolic pathways and porphyrin metabolism, were
identified. From these pathways, the following ten key genes were selected: SLC4A1,
FECH, EPB42, SNCA, GATA1, KLF1, GYPB, ALAS2, DMTN, and GYPA. This research
brings attention to genes and their synergistic interactions that have not been sufficiently
discussed in the existing studies.

2. Materials and Methods
2.1. Data Collection and Preliminary Processing

Using the keywords “gene expression” and “high altitude” in the GEO database, three
mRNA expression profile datasets that met the criteria and were on the same platform
(GPL11154) were selected from the GEO database in NCBI. By integrating these datasets to
remove batch effects (Figure S1), a consolidated dataset was obtained for further analysis.
The datasets used in this study (GSE133702, GSE103940, GSE75665) were obtained from the
GEO database, as part of prior research that received ethical approval from designated com-
mittees. Although specific approval numbers are not disclosed, the original publications
confirm adherence to ethical guidelines. The study population consisted entirely of healthy
male residents from low altitudes (<1400 m) who had never traveled to high-altitude
regions and had no known history of cardiovascular or other diseases. Physiological data
and peripheral blood samples (SL group) were initially collected at low altitudes. On the
third day after rapidly ascending to high altitudes (3000 m-5300 m), peripheral blood
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samples were again collected (HA group). The basic characteristics of all participants are
shown in Table 1. The entire analysis process of this study was shown in Figure 1.

Figure 1. Summary of the overall workflow and related results of the gene expression analysis. This
figure illustrates a comprehensive workflow starting with data selection from the GEO database,
followed by visualization of DEGs. It progresses to functional enrichment analyses using GO and
KEGG, identifying critical pathways like carbon dioxide transport and the heme biosynthetic process.
Subsequent network analysis identifies three highly interconnected sub-networks and ten key genes,
with their expression levels depicted in box plots. The Venn diagram highlights the overlap between
the top 20 upregulated genes and the hub genes. Additionally, the expression of two pivotal genes,
FECH and ALAS2, was validated using the GSE103927 dataset, showing significant upregulation
and underscoring their roles in high-altitude acclimatization. *** denotes very significant (p < 0.001),
** denotes significant (p < 0.01), and * denotes moderately significant (p < 0.05).
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Table 1. Basic characteristics of all participants.

Dataset Age * n Height* Weight* SBP * DBP * HR * SpO, *  Smoker/Drinker
GSE133702 19-23 30 — — — — — — No
GSE103940 216 +£20 53 172+10 649+23 — — — — —
GSE75665 20-23 10 — — 116 £15.0 58 £5.7 65+£101 97+1.0 —

total number of participants — 93 — — — — — —

* Age: years. Height: cm. Weight: kg. Systolic blood pressure (SBP): mmHg. Diastolic blood pressure (DBP): mmHg.
Heart rate (HR): bpm. pulse oxygen saturation (SpO,): %. Values are shown as the mean + standard deviation.

2.2. Collection and Preliminary Processing of External Datasets

The GSE103927 gene expression profile dataset was collected from the GEO database.
Participants were carefully selected based on the following strict exclusion criteria: being
born at altitudes over 1500 m; recent travel (within the last three months) above 1000 m;
current use of prescription medications; smoking habits; pregnancy or lactation; history of
severe head injuries or migraines; hematologic disorders like sickle cell trait; cardiovascular
abnormalities such as cardiac arrhythmia; pulmonary function or diffusion capacity for
carbon monoxide below 90% of predicted; or failure to meet the age and gender standards
of the Army Physical Fitness Test (APFT). Similar to the datasets discussed earlier, the
GSE103927 dataset adheres to ethical standards previously established by the initial re-
searchers. This study commenced with the collection of physiological data and peripheral
blood samples at low altitudes (SL group). We then selected participants for a subsequent
collection of peripheral blood samples on the seventh day after a rapid ascent to 5260 m
altitude (HA group). This study involved 21 participants (12 males and 9 females, average
age of 20.8 years, ranging from 19 to 23 years). Subsequently, key gene expression levels
were analyzed using R, and boxplots were created.

2.3. Identification of Differentially Expressed Genes

To explore how genes respond to changes in altitude, we conducted an analysis to
identify genes that significantly alter their expression levels between low- and high-altitude
conditions. This process, known as Differentially Expressed Gene (DEG) analysis, began
by examining the gene expression data across our datasets. We employed the Benjamini—
Hochberg method to adjust the p-values from this analysis, which helped control the
false discovery rate. This adjustment was essential to ensure that the genes identified as
differentially expressed were indeed likely to be true findings rather than false positives
due to random variations in the data. Significant DEGs were defined by a threshold of

| Logy(Fold Change) | > 1, with an adjusted p-value (p.adj) < 0.05. To visually represent
and interpret these changes, we generated a volcano plot using the “dplyr” and “ggplot2”
packages in R. This plot visually contrasts the magnitude of gene expression changes
against their statistical significance, providing a clear and intuitive visualization of the
most dramatically altered genes. Additionally, we created a heatmap using the “pheatmap”
package to display these DEGs.

2.4. Functional Annotation and Enrichment Analysis

DAVID Bioinformatics Resources (https:/ /david.ncifcrf.gov/, accessed on 11 February
2024) was used in enrichment analysis including Gene Ontology (GO) annotation analysis
and Kyoto Encyclopedia of Genes and Genomes (KEGG) annotation analysis. The GO
analysis was employed in three classes of biological processes (BPs), molecular functions
(MFs), and cellular components (CCs). Concurrently, the KEGG analysis connected genes
with specific biochemical pathways, illuminating their roles in functional and metabolic
activities. The purpose of this functional enrichment analysis was to identify key bio-
logical processes and metabolic pathways significantly associated with genes that alter
their expression in response to altitude changes. We determined the significance of these
associations using p.adj to ensure that the findings were statistically robust and not merely
due to random variations.
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To process and visualize the data, we employed several R packages, including “readx]”
for reading data, “ggplot2” for generating informative bar and bubble plots, and “dplyr”
for data manipulation. These tools helped us create visual representations that clearly and
effectively illustrate the enrichment levels and the significance of the identified GO terms
and KEGG pathways, thus aiding in the interpretation of our results.

2.5. Construction and Validation of Protein—Protein Interaction Network

We further constructed a protein—protein interaction (PPI) network using the STRING
database, which integrates both known and predicted protein—protein interaction informa-
tion, encompassing direct (physical) and indirect (functional) connections among proteins.
This database was instrumental in exploring potential interactions among the differentially
expressed genes identified in our study. For an in-depth analysis of the network, we uti-
lized Cytoscape software, a widely used tool for network visualization and analysis. In Cy-
toscape, we sorted network nodes by degree centrality of proteins to reflect their importance
within the network. Additionally, we employed the MCODE algorithm in Cytoscape to de-
tect densely interconnected regions or subnetworks within the overall network. These sub-
networks often represent groups of proteins that collaborate in specific biological functions
or pathways. We analyzed gene expression levels related to key proteins in the network
by creating boxplots using the “dplyr” and “ggpubr” packages in R, which facilitated the
detailed graphical representation of the data. We also generated Venn diagrams to illustrate
the overlap elements among our datasets using the web-based application available at http:
/ /www.bioinformatics.com.cn/plot_basic_proportional 2_or_3_venn_diagram_028 (ac-
cessed on 13 March 2024).

3. Results
3.1. Identification of Differentially Expressed mRNAs

In this study, the integrated dataset was analyzed using the limma package in R to
identify and analyze differentially expressed genes in the dataset. During the acclimatiza-
tion process to high altitudes, 382 DEGs were identified, including 361 upregulated genes
and 21 downregulated genes (Figure 2A). This result indicates that a substantial number of
genes increased their expression levels. Figure 2B displays the expression levels of DEGs in
the dataset.
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Figure 2. Differentially expressed genes in high-altitude conditions. Each point represents a gene,
with the x-axis showing the log, fold change (log(FC)) to indicate the magnitude of gene expres-
sion changes and the y-axis showing the negative logjo transformation of the adjusted p-value
(—logio(p-adj)), emphasizing the statistical significance of these changes. (A). Significant upregula-
tion and downregulation thresholds are set at |log,(FC)| > 1 and p.adj < 0.05. A heatmap illustrates
the patterns of gene expression across different samples, with the color scale representing the intensity
of gene expression (B).

3.2. GO and KEGG Enrichment Analysis

To gain a deeper understanding of the biological functions of the DEGs, we performed
GO and KEGG pathway enrichment analysis on these genes. Initially, we conducted a Gene
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Ontology enrichment analysis to explore their roles in BP, CC, and MF. The GO results
(Figure 3A, Table S1) show that in BP, DEGs are mainly involved in biological processes
such as carbon dioxide transport, oxygen transport, and erythrocyte development. The
CC analysis indicates that DEGs are predominantly enriched in the spectrin-associated
cytoskeleton and hemoglobin complex. In MF, DEGs are largely enriched in functions like
hemoglobin binding, oxygen transporter activity, and ubiquitin-protein transferase activity.
Additionally, the KEGG results reveal pathways related to high-altitude acclimatization
involving metabolic pathways, mitophagy—animal, and porphyrin metabolism (Figure 3B,
Table 52). Among these, the metabolic pathways involve 45 DEGs, making it the pathway
with the most differentially expressed genes affected during the acclimatization process
to hypoxia.
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Figure 3. Functional enrichment results of the gene expression data. The GO enrichment results for
significant gene expression data under high-altitude conditions are divided into three main categories
as follows: BP, CC, and MF. Each bar graph represents the enrichment level of a specific GO term, with
the length of the bar indicating the fold enrichment, which represents the enrichment ratio compared
to the expected random value. The depth of the color represents the logarithmic value of the p-value
(A). The KEGG analysis results for significantly differentially expressed genes, displaying the fold
enrichment of various KEGG pathways and their corresponding statistical significance (p-value),
with the size of the dots representing the number of genes enriched in each pathway (B).
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3.3. Significant Differentially Expressed Genes

Figure 4 displays the top 20 significantly upregulated and downregulated genes, which
show significant differences in expression levels compared with the control group. For
instance, CA1, a carbonic anhydrase, primarily facilitates the regulation between carbon
dioxide (CO;) and bicarbonate (HCO3 ™). Studies have found that inhibiting carbonic anhy-
drase with acetazolamide can improve ventilation and oxygenation levels, thus reducing
oxidative stress [18]. Bisphosphoglycerate mutase (BPGM) is a key rate-limiting enzyme
in the Rapoport-Luebering pathway, responsible for producing 2,3-bisphosphoglycerate
(2,3-BPG), and 2,3-BPG is a negative allosteric regulator that decreases the affinity of oxygen
to hemoglobin (Hb). In hypoxic conditions, the increase in red blood cell O, release is
mediated by adaptive hypoxic metabolic reprogramming, which leads to the activation of
BPGM [19]. Erythroferrone (ERFE), derived from red blood cells, is an important regulator
of iron metabolism. Hypoxic exposure can stimulate the adrenal medulla to synthesize and
secrete EPO, and an increase in EPO can promote reticulocyte expression and secretion of
ERFE [20]. ERFE can inhibit the synthesis of hepcidin, thereby stabilizing the levels of the
iron release protein (FPN1), increasing iron absorption and mobilization, meeting the iron
demands for hemoglobin synthesis, and promoting erythropoiesis [21]. The upregulation
of ERFE during the acclimatization process to high-altitude hypoxia can increase iron levels
in the blood, which can be used for heme and hemoglobin synthesis, accelerating erythro-
poiesis, enhancing the body’s oxygen-carrying capacity, alleviating discomfort caused by
high-altitude hypoxia, and promoting the acclimatization process.

Top 20 upregulated and downregulated genes
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Figure 4. Top 20 significantly upregulated and downregulated genes. Figure 4 shows the top
20 significantly upregulated and downregulated genes, respectively. The top 20 genes with the
smallest p-values were selected to represent their significance in upregulation and downregulation,
which are sorted by log, (FC) values.

3.4. Analysis of Protein Interaction Networks in Key Pathways

To elucidate the interactions among differentially expressed genes, we constructed a
protein interaction network using the STRING database (Figure 5A). Based on the results of
the enrichment analysis and calculated degree values, we identified key DEGs within the
pathways that exhibited significant changes in the GO and KEGG analysis results (Table 2).
Notably, SLC4A1 emerged as the most critical gene with a degree value of 94. This gene
belongs to the Anion Exchanger (AE) family, and its primary function is to regulate the
transmembrane transport of anions (such as chloride ions and bicarbonate ions) on the red
blood cell membrane, thereby participating in the transport of carbon dioxide from tissues
to the lungs. We then focused on highly connected sub-networks that display protein
synergistic actions critical for erythrocyte development and heme synthesis (Figure 5B), red
blood cell function and structure (Figure 5C), and cell death and survival (Figure 5D). After
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sorting genes by degree in the network analysis, we determined the expression levels of
the top ten key genes, as shown in Figure 5E. The Venn diagram (Figure 5F) illustrates that
among the top 20 upregulated genes, two genes, FECH and ALAS2, overlap with the ten
key genes. These genes play a significant role in the heme biosynthetic process pathway;,
facilitating acclimatization to high altitudes.
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Figure 5. Analysis of protein interaction networks and key molecular expressions. This network
diagram is based on the GO and KEGG pathway analysis results under high-altitude conditions.
The network analysis results for significant genes display the interaction patterns among significant
genes within the cell. The nodes in the diagram represent individual genes, and the connections
among nodes represent protein interactions identified through scientific literature and bioinformatics
predictions (A). Highly interconnected sub-networks identified within the network. Each sub-
network’s score indicates the connectivity density and the strength of interactions among the nodes
in the network (B-D). The expression levels of key genes under different conditions (HA and SL)
with asterisks indicating statistical significance as follows: *** denotes very significant (p < 0.001),
** denotes significant (p < 0.01), and * denotes moderately significant (p < 0.05) (E). Venn diagram
illustrating the common genes between key genes and the top 20 DEGs (F).
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Table 2. Information about key genes.

Gene Name

SLC4A1
FECH
EPB42
SNCA
GATA1

KLF1
GYPB

ALAS2
DMTN
GYPA

Description Expression Level * Degree
solute carrier family 4 member 1 (Diego blood group) Up 94
ferrochelatase Up 90
erythrocyte membrane protein band 4.2 Up 86
synuclein « Up 84
GATA binding protein 1 Up 76
KLF transcription factor 1 Up 76
glycophorin B (MNS blood group) Up 74
5-aminolevulinate synthase 2 Up 72
dematin actin binding protein Up 70
glycophorin A (MNS blood group) Up 68

* Expression level: the term “Up” represents “Upregulated”, which indicates a significant increase in the expression
level of specific genes when compared with their levels in the control group at lower altitudes.

3.5. Candidate Targets for High-Altitude Hypoxia Acclimatization

In order to validate the two key genes screened, we analyzed the expression of these
two genes in the GSE103927 dataset. The GSE103927 dataset was processed to extract the
expression levels of the FECH and ALAS?2 genes, both of which showed upregulation with
p < 0.05 (Figure 6).
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Figure 6. Boxplots of FECH and ALAS2 gene expression levels in plains and at high altitudes.
Boxplot showing the expression level of the FECH gene in plains (SL) and high-altitude (HA)
environments. The expression levels are generally higher in the HA group, indicated by a single
asterisk (*), representing a p-value < 0.05 (A). Boxplot displaying the expression level of the ALAS2
gene in the same environments. There is a significant increase in expression levels in the HA group,
as indicated by the asterisks (***), representing a p-value < 0.001 (B).

4. Discussion

Upon ascending from plains to plateau regions, the reduction in atmospheric pressure
leads to a decrease in the partial pressure of oxygen in the air [22], resulting in less oxygen
being inhaled during respiration and causing hypoxia at the tissue and cellular levels [23].
In response to the hypoxic environment of the plateau, the human body demonstrates a
strong adaptive capacity. To intake and transport more oxygen, physiological responses,
such as increased respiration and heart rate, and an increase in red blood cells occur [24,25].
Although progress has been made in studies on acclimatization to high altitudes, the
systematic changes in gene expression levels and key pathways during rapid acclimati-
zation to hypoxic environments are still unclear. This study focuses on the changes in
gene expression as people from low-altitude areas ascend to high-altitude environments.



Genes 2024, 15, 1075

10 of 14

Initially, three datasets meeting the criteria were selected from public databases, and bioin-
formatics methods were used to identify genes potentially related to acclimatization to
hypoxic plateau environments. Our analysis identified 361 upregulated and 21 downreg-
ulated DEGs, shedding light on the molecular mechanisms underpinning adaptation to
high altitudes.

In the KEGG analysis results, it was discovered that the mitophagy—animal pathway
is significantly upregulated. Studies have shown that the activation of mitophagy can
ultimately inhibit apoptosis, thus promoting pulmonary vascular remodeling (PVR) [26,27].
Specifically, PTEN-induced kinase 1 (PINK1) is observed aggregating on the mitochondrial
membrane, which leads to the recruitment of cytoplasmic Parkin into the mitochondria, fol-
lowed by the ubiquitination of damaged mitochondria [28]. In our findings, PINK1 showed
significant upregulation, suggesting that the enhanced activation of the mitophagy—animal
pathway may play a pivotal role in facilitating acclimatization at high altitudes. More-
over, the pathway for glycine, serine, and threonine metabolism was also significantly
upregulated. The overactivation of serine/glycine biosynthesis provides single-carbon
units for one-carbon metabolism, where serine contributes to porphyrin synthesis [29].
One-carbon metabolism is a complex cyclic metabolic network based on the chemical
reaction of folate compounds, supplying essential proteins, nucleic acids, lipids, and other
biomacromolecules to the organism [30]. The upregulation of this pathway may enhance
porphyrin production and maintain redox homeostasis. The KEGG results emphasize
enhancements in cellular homeostasis and metabolic processes, critical for adapting to
high-altitude hypoxia.

The results of the GO analysis revealed significantly upregulated pathways like carbon
dioxide transport and oxygen transport. In carbon dioxide transport, carbonic anhydrase
(CA1) plays a role in regulating the concentrations of CO,, HCO3;~, and hydrogen ions (H*)
inside and outside cells, thus adjusting the acid-base balance and pH levels [31]. Various
acid-base balance membrane proteins, including the SLC4 family transporter SLC4A1, are
regulated by carbonic anhydrase [32]. As blood is transported from tissues to the lungs,
carbon dioxide enters the red blood cells and is catalyzed by carbonic anhydrase into
carbonic acid, which quickly decomposes into water and bicarbonate. The bicarbonate
is then exchanged into the plasma through SLC4A1, and chloride ions move into the red
blood cells [33,34], supporting efficient carbon dioxide transport and release and ensuring
effective clearance of carbon dioxide from tissues and its expulsion from the lungs at
high altitudes. The oxygen transport pathway ranked highly in GO fold enrichment,
indicating that the body might upregulate oxygen transport-related genes to adapt to
the stress of high-altitude environments. Oxygen transport primarily occurs through the
binding of oxygen to hemoglobin. In high-altitude environments, hemoglobin interacts
with 2,3-BPG to adapt to low-oxygen conditions [31]. Low-oxygen conditions stimulate
the kidneys to produce more EPO, thus promoting the production of red blood cells and
thereby increasing the production of 2,3-BPG. Increased 2,3-BPG reduces hemoglobin’s
affinity for oxygen [35], enhancing the body’s capability to utilize the available oxygen
more effectively and mitigating symptoms of altitude sickness. In summary, the substantial
upregulation of both carbon dioxide and oxygen transport pathways highlights a critical
adaptive mechanism, optimizing gas exchange and maintaining physiological homeostasis
in response to the reduced oxygen availability at high altitudes. This adaptation ensures
efficient cellular function and survival under hypoxic conditions.

A significant portion of the biological pathways enriched in this study are involved
in the development and differentiation of red blood cells. In mammals, the differentiation
of hematopoietic stem progenitor cells into the erythroid lineage involves the process of
enucleation from nucleated red blood cells to mature ones [36]. The primary function of
red blood cells is oxygen transport; the ferrous ion in heme can reversibly bind oxygen
molecules, forming oxyhemoglobin and deoxyhemoglobin, thereby facilitating oxygen
transport and release. However, certain stressors can significantly impact this crucial
functionality. For instance, some stressors lead to a marked decrease in the intensity of the
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hemoglobin monomer, which is associated with the formation of its tetrameric form [37].
This structural alteration could potentially have detrimental effects on erythrocyte phys-
iology, primarily by altering the oxygen-binding capacity of hemoglobin. Central to red
blood cell development is the synthesis of heme. GATAT and KLF1 are key transcription fac-
tors [38], and KLF1 enhances B-globin gene expression, complementing GATA1's regulatory
effects, which collectively ensure efficient hemoglobin synthesis [39,40]. This synergistic
action ensures the efficient synthesis of hemoglobin. In addition, 5-Aminolevulinate syn-
thase (ALAS) 2 is the rate-limiting enzyme in the biosynthesis of heme, catalyzing the
production of the heme precursor 5-aminolevulinate (5-ALA) [41]. Variability in ALAS2,
as demonstrated in a study of 244 participants, correlates with differential responses to
HiHiLo training [42]. It can be speculated that ALAS2 may affect hemoglobin levels and
promote high-altitude acclimatization. On the one hand, GATAI can activate the transcrip-
tion of ALAS2, promoting heme production and mediating red cell maturation [43]; on the
other hand, researchers have found that high levels of heme can suppress the expression of
the GATA1 gene and mitotic spindle genes, thereby inhibiting erythropoiesis [44]. GATA1
and heme have a direct feedback regulation loop. ALAS2 then catalyzes the formation
of aminolevulinic acid (ALA), the first step in heme synthesis. In the final stage of heme
synthesis, ferrochelatase (FECH) catalyzes the insertion of ferrous ions into protoporphyrin
IX in the mitochondria of red blood cells to form heme. For instance, the interaction be-
tween FECH and Abcb?7 is critical for regulating iron distribution within cells, facilitating
iron-sulfur cluster metabolism, which is essential for cellular energy processes [45,46].
Furthermore, there is a synergistic interaction between FECH and ALAS?2 [47,48]. Studies
consistently show that exposure to high altitudes results in increased red blood cell counts
and hemoglobin levels [49,50]. Following intermittent hypoxic exposure, the hemoglobin
concentration also tends to increase and shows a significant correlation with exposure
time [51]. The upregulation of GATA1, ALAS2, and FECH during acclimatization to high
altitudes may promote heme production and facilitate the development and differentiation
of red blood cells, thereby aiding the body’s adaptation to high altitudes.

However, free heme is toxic and can cause an increase in reactive oxygen species
(ROS), leading to oxidative stress damage as well as apoptosis and ferroptosis. Heme
synthesis must be closely coordinated with globin synthesis. FLVCRI is a heme export
protein that can transport free heme out of the cell while retaining the function of heme as a
signaling molecule and protein cofactor [52]. In this study, it was found that the expression
of FLVCR1 was downregulated in the HA group, and the heme synthesis pathway was
upregulated. We speculate that part of the oxidative stress damage and apoptosis observed
under hypoxia is mediated by the elevation of intracellular free heme.

5. Conclusions

This study analyzed three datasets from the GEO database to uncover significant
pathways and key genes enhancing human acclimatization to high altitudes. We identified
critical pathways involved in blood gas transport, erythrocyte development and differenti-
ation, and the heme biosynthetic process. Notably, FECH and ALAS2, which are central
to the heme biosynthetic process, were not only among the top 20 upregulated genes but
featured prominently among the ten key genes identified in the network analysis. This
dual presence underscores their critical role in the acclimatization process at high altitudes,
illustrating their significant impact on the body’s adaptation mechanisms. The overlap of
these genes in both categories highlights their pivotal functions and suggests that the heme
biosynthetic process is essential for adapting to hypoxic conditions. These findings provide
new biological insights into the mechanisms of human adaptation to high altitudes and
suggest potential targets for enhancing acclimatization, contributing valuable information
for future research and practical applications in acclimatization strategies.
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6. Limitations

This study on acute high-altitude exposure has certain limitations that must be ac-
knowledged. Firstly, the dataset used in this research was limited to data collected on the
third day after arrival at high altitudes. While this timeframe provides valuable insights
into the early stages of acclimatization, it does not capture the complete temporal dynamics
of physiological adaptation. Future studies should consider extending the observation
period to include additional time points, such as seven or twenty-one days, to better un-
derstand the progression of acclimatization over time. Secondly, the altitude range of
the dataset spanned from 3000 to 5300 m. Although this range covers moderate to high
altitudes, further stratification into more specific altitude categories could provide more
detailed insights into altitude-specific physiological responses.
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