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Purpose: Rapid ascent to high altitudes can induce altitude illness, with obesity potentially exacerbating the hypoxic response. This
study aimed to preliminarily explore the pathogenesis by comparing the immune microenvironment in obese versus normal-weight
organisms after acute hypoxic exposure, and to identify potential biomarkers.

Methods: Single-cell RNA sequencing was performed to profile the immune landscape following acute hypoxic injury. Animal
experiments were conducted to validate key findings.

Results: Single-cell analysis revealed a reduced proportion of Treg cells in obese subjects under hypoxia, suggesting a link to disease
severity. This was corroborated in animal models, where obese, hypoxic rats (severely injured group) exhibited significantly fewer
Treg cells compared to normal-weight, hypoxic rats (mildly injured group). Analysis of key transcription factors, including FOXP3,
HIF-1a, IFN-y, and TNF-a, showed expression trends consistent with the single-cell data.

Conclusion: Our exploratory research indicates that obesity-associated impairment of Treg cell abundance and function may underlie
severe hypoxic injury at high altitude. Treg cells represent a promising biomarker for risk assessment and early intervention in altitude
illness.
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Introduction
The high-altitude hypoxic environment continues to pose significant challenges to human health, with profound impacts
on multiple physiological systems including cardiovascular, respiratory, and metabolic functions.'* Emerging evidence
has revealed that hypoxia-induced inflammatory responses and subsequent immune microenvironment dysregulation
represent crucial aspects of physiological adaptation to high-altitude conditions.>™® Particularly, regulatory T cells
(Tregs), which play a pivotal role in maintaining immune homeostasis, have garnered substantial attention regarding
their dynamic alterations under hypoxic stress.” Research demonstrates that hypoxia-inducible factor HIF-1a can directly
regulate FOXP3 expression and functional stability in Tregs, suggesting Tregs may serve as a critical bridge connecting
hypoxia and immune adaptation.'®

Concurrently, the global prevalence of obesity has increased dramatically, with obesity itself being recognized as
a chronic low-grade inflammatory state.'’ This condition is characterized by significant immune system disturbances,

wherein Treg dysfunction in adipose tissue has been established as a key driver of obesity-associated metabolic
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inflammation.'*'*> When obese individuals encounter high-altitude hypoxic environments, pre-existing immunometabolic
disturbances may interact with novel hypoxic stressors, potentially exacerbating pathological responses.'* It has been
hypothesized that the heightened susceptibility of obese individuals to high-altitude illnesses may be associated with
further impairment of Treg function, leading to disruption of the delicate balance between immunosuppression and
inflammation.'”

Immune cell functionality and response patterns in obese populations may substantially differ from those in healthy
individuals, potentially influencing their adaptive capacity and coping strategies under high-altitude hypoxia.'®'”
However, the precise alterations in the peripheral immune microenvironment, particularly in Treg subsets, among
obese individuals during acute high-altitude exposure remain inadequately characterized.

Therefore, this study aims to comprehensively investigate the physiological and immunological differences in the
immune microenvironment, with special emphasis on Treg cells, between obese and normal-weight individuals under
high-altitude hypoxic conditions. By integrating clinical manifestations, physiological parameters, and peripheral blood
single-cell sequencing data, we focus on analyzing the composition, functional status, and hypoxic stress responses of
Tregs and other immune cell subsets. Our objective is to identify novel immunological biomarkers associated with high-
altitude illness severity, thereby providing scientific evidence for early diagnosis and risk intervention strategies.

Materials and Methods

Establishment of the Obese Animal Model and Hypoxic Stimulation

Sample Collection and Processing

Twelve 6-week-old SPF grade male SD rats (purchased from the Laboratory Animal Center of Beijing Weitong Lihua
Experimental Animal Technology Co.) with an initial weight of 180 ~ 200 g. Using a Table of Random Numbers, rats
were randomly divided into Control group (n=6) and Obesity group (n=6). The rats in the Obesity group were given 60%
fat-fed high-fat diet (HFD, Rodent diet with 60 kcal% fat, D12492; Research diets, New Brunswick, New Jersey,
USA),'® and the rats in the Normal group were given normal maintenance diet (NC, growth and reproduction diet,
SPFSLFZ003, SPF Biotechnology, Beijing, China). They were kept in an environment with a temperature of 22 + 2°C,
humidity of 40 ~ 70%, and a 12-h light-dark cycle. The rats were kept for a total of 8 weeks, and their body weight was
monitored and Lee’s index was calculated every 2 weeks. After successfully constructing the obese rat model, the two
groups of rats were subjected to hypoxic stress in a hypobaric chamber (AVIC, Fenglei, Low pressure Oxygen Cabin) at
a simulated altitude of 6000 m for 72 h."® At the end of this period, the rats were anesthetized to measure the partial
pressure of oxygen and oxygen saturation. Following these measurements, euthanasia was performed via intraperitoneal
injection of an overdose of sodium pentobarbital. Subsequently, whole blood samples, serum obtained after blood
centrifugation, and lung tissues were collected for subsequent experimental analyses. (For all animal experiments, the
sample size per group was set at n > 6, based on established empirical laboratory practice).

Arterial Blood Gas Analysis

After anesthetizing the rats by intraperitoneal injection of sodium pentobarbital (MERCK, Beijing Zhijie Fangyuan
Technology Co., LTD) at a dose of 45 mg/kg, the abdominal skin of the rats was incised, and 1 mL of whole blood was
withdrawn from the abdominal aorta using a blood gas needle, and the arterial blood samples were analyzed immediately
by measurement using a fully automated blood gas analyzer (Sysmex Japan). Parameters evaluated included dynamic
PaO, and Sa0O,. The remaining whole blood was withdrawn for centrifugation and serum was collected for post-
academic experiments.

Hematoxylin and Eosin (H&E) Staining to Observe the Histopathological Changes of the Lung

After the rats were executed, tissues from the lower lobe of the right lung, measuring 5 mmx5 mmx5 mm, were taken,
rinsed, and fixed in 4% paraformaldehyde solution (BL539A, a product of TaKaRa, Japan). After routine paraffin
embedding, 5 um thick paraffin sections were made and stained with H&E staining kit (G1120, TaKaRa, Japan), and the
morphological and structural changes of the rat lung tissues in each group were observed with an optical microscope
(Model CX-2 1, Olympus, Japan) after magnification of 400 times.
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Biochemical Analyzer for the Determination of Four Lipid Levels in Rats

Total cholesterol (TC), triglycerides (TG), low-density lipoprotein (LDL), high-density lipoprotein (HDL) and very-low-
density lipoprotein (VLDL) were measured in plasma using a Hitachi 7020 fully automated biochemical analyzer
(Hitachi High-tech Co., Ltd., Japan).

ELISA for Serum Leptin and Lipocalin Levels in Rats
Using ELISA kits to measure the concentrations of adiponectin and leptin in serum according to the instructions (Stock
numbers HB057-Ra, HB349-Ra, respectively; IHengyuan Biotechnology Co., LTD, Shanghai, China).

Volunteer Recruitment and Clinical Data Collection

Volunteer Recruitment

Volunteers were recruited from Qinghai Provincial People’s Hospital and Qinghai University between April and
June 2022. Inclusion criteria: (1) first-time travel or work in high-altitude areas; (2) From different plain areas or low
altitude provinces (altitude 0—1500 m); (3) Age under 45 years old, gender not limited. Exclusion criteria: (1) History of
organic cardiovascular disease, significant arrhythmia, or resting heart rate >100 beats/min; stage 2 hypertension or
higher; (2) Chronic respiratory diseases or moderate-to-severe obstructive pulmonary disease; (3) Diabetes mellitus with
poor glycemic control; (4) Active upper respiratory infection, acute tracheobronchitis, or pneumonia meeting either
criterion: a) Body temperature >38°C, b) Temperature <38°C with significant symptoms (cough, sputum production, or
chest tightness); (5) Prior occurrence at moderate altitude (1,500-3,000 m) of altitude-related symptoms (headache,
dizziness, chest tightness); (6) Pregnancy beyond first trimester (>12 gestational weeks); (7) Suffering from blood
diseases such as anemia and polycythemia; (8) Being in menopause, with obvious symptoms such as chest tightness and
shortness of breath, and excluding organic diseases; (9) Patients with hysteria, epilepsy, and mental illness; (10) Not
cooperating with this researcher.

Eight healthy adult male volunteers were recruited, and according to body mass index (BMI), the volunteers were
divided into overweight group (BMI > 24, n=4) and normal weight group (18< BMI < 24, n=4), and the two groups of
volunteers travelled to the plateau (Mado County, Qinghai Province, China, 4200 m) together (The average annual
oxygen content in Mado County is 154.66g/m>). Before going to the plateau, on the first, third and fifth days of entering
the plateau, we recorded the Louis Lake scores of the above volunteers, and detected the clinical symptoms, blood gas
indexes, blood routine indexes, blood biochemistry, urine routine, inflammatory factors and other indexes, and at the
same time, we took peripheral blood of the patients on the first, third and fifth days of entering the plateau to carry out the
subsequent experimental analyses (For human volunteers, the sample size was subject to the availability of human
specimens and ethical approval, and was ultimately determined to be eight healthy males).

Collection of Clinical Indicators Related to Plateau Reaction

Lake Louise Score (LLS) and Peripheral Oxygen Saturation

LLS self-assessment form was distributed to volunteers of both groups after entering the high-altitude and low-oxygen
area, and the self-reported scores were classified as mild (3—5), moderate (6-9) or severe (10-12) in LLS.?° LLS of 3 or
more and accompanied by headache symptoms can be clinically diagnosed as Altitude Mountain Sickness (AMS), and
LLS of less than 3 indicates that AMS is not present. Physical examination was performed at the local hospital to check
the oxygen saturation of the peripheral blood of the patients.

Detection of Clinical Indicators

Peripheral blood and mid-stream urine samples were collected from volunteers. To ensure analytical accuracy, all
samples were processed immediately after collection. For complete blood count analysis, peripheral blood was collected
in EDTA-anticoagulated tubes and stored at 4°C, with testing completed within 2 hours. For serum 25-(OH)D detection,
blood was collected in clot activator tubes, followed by centrifugation for serum separation, and the serum was stored at
4°C. Urine samples were stored at 4°C and tested within 1 hour after collection. Repeated freeze-thaw cycles were
avoided for all samples. Blood routine analysis was performed using an automated hematology analyzer (XN-9000,
Sysmex, Japan). The measured parameters included white blood cell count, red blood cell count, hemoglobin
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concentration, and platelet count. Blood biochemical parameters, including liver function (eg, alanine aminotransferase,
aspartate aminotransferase), renal function (eg, creatinine, urea nitrogen), lipid profile (eg, total cholesterol, triglycerides,
high-density lipoprotein cholesterol, low-density lipoprotein cholesterol), and fasting blood glucose, were measured
using an automated clinical chemistry analyzer (Cobas 8000 c702 module, Roche, Switzerland).Urinalysis was con-
ducted with an automated urine sediment analysis system (UC-3500, Sysmex, Japan), which incorporates both dry
chemistry reagent strips and automated sediment microscopy. Serum 25-hydroxyvitamin D [25-(OH)D] concentration
was quantified by an electrochemiluminescence immunoassay on an automated immunoassay analyzer (Cobas €602
module, Roche, Switzerland).

Single-Cell Data Analysis

In this study, in order to deeply analyse the immune microenvironmental changes in adult males with different BMI
status in the plateau hypoxic environment, we analysed the peripheral blood data of the volunteers after hypoxic stress by
peripheral blood single-cell sequencing: all the volunteers collected peripheral blood samples by venepuncture on the 5™
day of the plateau environment (Mardo County, Qinghai, China, altitude of 4200 m). Prior to sample collection, all
volunteers signed an informed consent form and ethics committee approval was obtained.

The collected blood samples were immediately processed for isolation of single nucleated cells (PBMCs) using
density gradient centrifugation to minimise contamination of erythrocytes and platelets. The isolated single nucleated
cells were washed and resuspended, and adjusted to the appropriate cell concentration to ensure the quality and efficiency
of subsequent single-cell sequencing.

In the analysis of single-cell transcriptomic data, we implemented stringent cell filtering criteria: cells were retained
only if they met the following thresholds—detected genes between 200 and 8,000, total UMI counts below 50,000, and
mitochondrial gene percentage less than 25%. Dimensionality reduction was performed using principal component
analysis (PCA) in Seurat, and significant principal components (determined by JackStraw test, p < 0.05) were selected
for subsequent clustering and UMAP visualization. Differential gene expression analysis was conducted using the
Wilcoxon rank-sum test with thresholds set at [log,FC| > 0.36, Bonferroni-adjusted p-value < 0.01, and expression in
more than 25% of cells within the target subpopulation. Bioinformatic analysis was performed using Omicsmart, a real-

time interactive online platform for data analysis (http:/www.omicsmart.com).*'

Animal Experiment Validation (Key Biomarker and Immune Cell Subpopulation Validation)
Based on the results of the above single-cell data analysis and the validation of the screened key cell subpopulations and
biomarkers, we selected 40 male SD rats (6-week-old SPF grade male SD rats (purchased from the Laboratory Animal
Center of Beijing Weitong Lihua Experimental Animal Technology Co.) with an initial weight of 180 ~ 200 g), which
were raised to adulthood with no restriction on diet and water before entering the plateau hypoxic stress, and then placed
in a simulated low-pressure oxygen chamber at an altitude of 6000 m for 72 h to construct a hypoxic injury model, and
collected peripheral blood tissues from the above rats and stored them in liquid nitrogen."® The peripheral blood tissues
of the above rats were collected and stored in liquid nitrogen (For all animal experiments, the sample size per group was
set at n > 6, based on established empirical laboratory practice).

After undergoing uniform acute hypoxic exposure, all rats were grouped based on the levels of biochemical markers
reflecting tissue injury and inflammation (such as IFN-y and TNF-a) in their peripheral blood. The 27 rats with the
highest injury indicators were assigned to the severe injury group, while the 13 rats with the lowest indicators were
assigned to the mild injury group. Subsequently, key biomarkers and cell subpopulations in the peripheral blood of these
two groups were validated using flow cytometry and ELISA to determine their effectiveness in predicting the degree of
hypoxic injury in animal experiments.

Flow Cytometry

This study utilized flow cytometry to detect regulatory T cells (Tregs) following a specific protocol. First, 200-500 pL of
blood was collected from the abdominal aorta of SD rats using heparinized blood collection tubes (VHS02P, Weihai
Saiwei Medical Technology Co., Ltd., China). Next, 3—5 times the volume of erythrocyte lysis buffer (number: 00-4300-
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54, Thermo Fisher Scientific China) was added, and the mixture was gently vortexed and incubated at room temperature
for 10-15 minutes, with gentle mixing twice during this period. The samples were then centrifuged at 4°C for 5 minutes
at 450g, and the supernatant was discarded. The cell pellet was resuspended in 1 mL of PBS (#9808, Cell Signaling
Technology, USA), centrifuged again, and the supernatant was discarded. Following this, 1 pL of CD25 antibody (MAS5-
17677, Thermo Fisher Scientific China) was added, and the mixture was incubated in the dark for 20 minutes. Afterward,
1 mL of 80% methanol (041467.K7, Thermo Fisher Scientific China) was added, mixed gently, and incubated for
5 minutes before centrifugation and discarding the supernatant. The cells were then treated with 1 mL of 0.1% PBS-
Tween (PBS:79378, Tween:93773, Merck KGaA, Darmstadt, Germany), mixed, and incubated for 20 minutes, followed
by another centrifugation and supernatant removal. Finally, 1 uL of FoxP3 antibody (12-5773-82, Thermo Fisher
Scientific China) was added, and the cells were incubated in the dark for 20 minutes before being resuspended in PBS
or flow cytometry buffer (PBS:79378, Merck KGaA, Darmstadt, Germany). The samples were then analyzed using
a flow cytometer. To ensure the accuracy of the results, all antibodies used were validated, and appropriate controls were

included.

ELISA

The Superoxide Dismutase (SOD), Glutathione Peroxidase (GSH-Px), Malondialdehyde (MDA), Hypoxia-Inducible
Factor 1-o (HIF-1a), Interferon-y (IFN-y) and tumour necrosis factor a (TNF-a) content of the lung tissues were
determined by using ELISA kits. The ELISA kits for SOD (ml077379), GSH-Px (ml107105), MDA (ml094971), HIF-
la (ml1106668), IFN-y (ml064291) and TNF-o (m1002859) were purchased from Shanghai Enzyme-linked Biological Co.
Rat right upper lung tissues were weighed and put into a grinder for homogenization, and the supernatant was collected
by centrifugation at a low temperature for 10 min. Above indexes were determined by using the ELISA kit, and the
standard curve wells and detection wells were established. The optical density was measured at 450 nm using an ELISA
kit, and the concentration of SOD, GSH-Px, MDA, HIF-1a, IFN-y and TNF-a were calculated using a standard curve.

Strategy for Minimise Potential Confounders

Several strategies were implemented to minimise confounding: the order of treatments and measurements was rando-
mised, investigators were blinded to group allocation during data collection and analysis, and cages from all groups were
evenly distributed across racks and shelves to mitigate location bias; however, regular cage rotation was intentionally
avoided to prevent stress-induced welfare confounders, though unmeasured location-specific factors may remain.
Throughout the experiment, only the experimental operators were unblinded during the intervention due to the surgical
nature; all other phases—including outcome assessment, and data analysis—were performed by personnel blinded to
group allocation, with randomization sequences pre-generated and concealed until analysis completion.

Animal Care and Monitoring

Interventions to Reduce Pain, Suffering and Distress

To minimize animal pain and distress, all organism collection and experimental operation were performed under deep
anesthesia using (sodium pentobarbital). For blood collection and injections, animals were briefly restrained using
appropriate devices without anesthesia, and the use of atraumatic needles was ensured. All animals were housed in an
enriched environment to reduce stress-related behaviors. Efforts were made to minimize the number of animals used and

the duration of any potential suffering.

Expected or Unexpected Adverse Events

Adverse events were monitored throughout the study. As expected, the HFD group and hypoxia group exhibited signs of
discomfort, including hair shedding and reduced activity, during the late stages of disease progression. No unexpected
adverse events, such as unanticipated morbidity, self-mutilation, or severe infections, were observed in any of the control

groups during the study period.
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Humane Endpoints

Strict humane endpoints were established a priori and were prioritized over experimental endpoints. Animals were
monitored at least twice daily, with increased frequency to every 4—6 hours for animals showing signs of progression.
Endpoints included: (1) a weight loss exceeding 20% of initial body weight; (2) severe lethargy or an inability to access
food or water; (3) the presence of ulcerated or necrotic tumors exceeding 1.5 cm in any diameter; (4) signs of severe pain
or distress (prolonged hunched posture, vocalization). Any animal reaching any predefined humane endpoint was
immediately humanely euthanized via (CO, inhalation followed by cervical dislocation) to prevent further suffering.

Statistical Analysis

The baseline data and LAKE LOUISE scores of the study data were statistically counted and analysed using SPSS 28.0
software, and the normality and variance chi-square of the data were tested using Kolmogoroe-Simirnov and Levene,
respectively. Comparisons of data before and after the experiment in the same group were made using paired t-tests, and
comparisons between two groups were made using independent samples t-tests. Statistical analysis of the remaining
experimental results was performed using GraphPad Prism 10.4.0 software, data normality and homogeneity of variance
were tested through Shapiro—Wilk tests and Levene’s tests, respectively. When data exhibited normal distribution and
homogeneity, independent samples t-tests (one-tailed) were employed for inter-group comparisons, while paired t-tests
(one-tailed) were used for intra-group comparisons. For non-normal distributions or heteroskedastic conditions, the
Mann—Whitney U-test was applied between groups, with Wilcoxon signed-rank tests implemented for intra-group
comparisons. Related single-cell data analysis using were performed using R language and relevant statistical software.
Appropriate statistical methods (#-test and ANOVA) were used to assess the differences in immune cell subpopulations at
different time points and in different BMI states.All experimental results are expressed as mean + standard deviation
(Mean £ SD), p < 0.05 indicates significant differences, p < 0.0/ indicates highly significant differences. GraphPad
Prim10.4.0 and OriginPro2025 were used for drawing.

Results

Obese Rats Develop More Severe Hypoxic Injury

The body weight and Lee’s index of rats in the normal chow group (NC) and high-fat chow group (HFD) increased
with feeding time, and were significantly higher in the HFD group than in the NC group from the fourth week of
feeding (P < 0.05) (Figure 1A and B). The total cholesterol, triglyceride and LDL levels in the blood of rats in the
HFD group were significantly higher (P < 0.0001) (Figure 1C-E) and HDL levels were significantly lower (P <
0.0001) (Figure 1F) compared with those of rats in the NC group. In addition, the serum leptin content of rats in the
HFD group was significantly higher than that of the NC group, and the serum lipocalin content showed the opposite
trend of leptin change, which was significantly lower in the HFD group than in the NC group (Figure 1G and H). The
above results suggest that an obese rat model can be successfully constructed by feeding rats with high-fat diet for
8 weeks (Figure 1).

Compared with the Control group, the partial pressure of oxygen and oxygen saturation of rats in the Obesity group
decreased significantly (P < 0.05, P < 0.01) (Figure 2A and B). The H&E staining results of the lung tissue sections of
rats in both groups showed that under the light microscope, the lung tissue of rats in the Control group was damaged in
morphology and structure, with incomplete alveolar lumen structure, widened alveolar septum and infiltration of some
erythrocytes and inflammatory cells (Figure 2C); the lung tissue of rats in the Obesity group had severe edema, with the
lung tissue structure severely damaged, the alveolar septum widened significantly, and a large number of erythrocytes and
inflammatory cells overflowed, and the degree of damage was greater than that of the Control group (Figure 2C). The
level of oxidative stress in the lung tissues of rats in the Obesity group was significantly lower in SOD activity and GSH-
Px content (P<0.05) (Figure 2E and F) and higher in MDA concentration (P<0.05) (Figure 2D) compared with that of
the Control group, as shown by ELISA results (Figure 2). The above results suggest that obese rats are more susceptible

to hypoxic stress in a hypoxic environment, leading to more severe hypoxic injury.
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Abbreviations: NC, rats in normal chow-fed group; HFD, rats in high-fat chow-fed group.

Characteristics of the Participant and Clinical Data Analysis

Through voluntary recruitment, eight healthy, no underlying disease and previously living in the plains for a long period
of time, with the no experience of travelling to high-altitude area activities, were included in this study. Table 1 We
classified the above eight healthy young volunteers into normal group and obese group according to the level of BMI

value, except for BMI, there was no significant difference in the baseline data of the above included study individuals.

Journal of Inflammation Research 2025:18 hetps: 15807



Pu et al

N
A g 60- B £ 100-
7 = *
o
E‘a 55 *okok .E 90 .l |
= -
ST g e
I | Ewf #F e
= E 50- . 2
S & o|® =
S E K S 707
2 >
S s
= © 45+ <
e = 60
> o
: Y
- =
40 T T < 50 1 I
Control Obesity Control Obesity
C A . .
AP Y P Wy B
o > !?’ Py
S e’ R L AT
Yoy "4 .\"4{..:- 1"‘ o & 'é‘/ 1 § A ;
Ky ‘h"\:’ L ‘2‘6 o '} > ;
S T et
3. ¢ el R A e
{7 e Lot 3
L i ,2'“ <« “ﬂ,,w oLy
A <)y < 3 "“ 2 & 5 ‘;&a{ l
Y e o T e
Y 4‘;{ Ak ﬁ??b 7 },:;f}; " A
R R B gt sl LT
Control
D E
8- * % —l
3 | M0 - ' | ;) 3¢ >
2 oﬁ‘ ° 2 L & *e°
‘;’” 6- :n 64 ©Celee IL: o °
= _ = PP R S 2le
.E g .E g 4- -E -
=3 41 =% £ §,, 10-
= 5 =] =~
g g 2
< 27 a 3 &
a Q =
= @ 8
0 T T 0 T T 5 T T
Control Obesity Control Obesity Control Obesity

Figure 2 Effects of hypoxic stress on normal and obese rats. (A) Arterial blood oxygen partial pressure in rats, (B) blood oxygen saturation in rats, (C) H&E staining (400X)
to observe the morphological changes in rat lung tissues, and (D-F) ELISA to detect the changes in oxidative stress levels in rat lung tissues. Control: normal rats under
hypoxic stress conditions; Obesity: obese rats under hypoxic stress. Compared with Control group, *P < 0.05, **P < 0.0, ***P < 0.001, n=6.

Abbreviations: MDA, malondialdehyde; SOD, superoxide dismutase; GSH-Px, glutathione peroxidase.

We chose subjective and objective relevant clinical data as indicators to assess the plateau reaction situation of the
two groups of patients, and we found that the patients in the obese group were consistent with the previous study, and all
the indicators reflected a more serious plateau reaction state: among them, LLS and the vital signs indicators of the
volunteers (Table 2) suggested that the obese population had a more serious plateau reaction state, and the clinical

indicators (Figure 3A) also suggested a more severe inflammatory response in the obese population.
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Table | Characteristics of the Participants in the Study

Variables Normal (n=4) | Obesity (n=4)
Body mass index (kg/m?) 21.34 £2.44%* 28.04 + 0.48
Age (years) 23.5% 1.12 273 £ 1.92
Heart rate 71 £3.18 79 £ 3.89
Systolic blood pressure (mmHg) 110 + 3.22 122+ 4.29
Diastolic blood pressure (mmHg) 72 +3.22 69 + 4.09
Pulse blood oxygen Saturation (%) 98 + 0.83 98 + 0.83
Underlying disease No No

Note: **P < 0.0/.

Table 2 Characteristics of the Participants Under Hypoxia Stress

for 5 Days

Variables Normal (n=4) | Obesity (n=4)
Lake Louise Score 23 50% (n=2) 100% (n=4)
Headache example 50% (n=2) 100% (n=4)
Heart rate 96 = 1.22 109 + 3.11*
Systolic blood pressure (mmHg) 120 + 4.24 137 £ 7.26*
Diastolic blood pressure (mmHg) 88.40 + 5.26 93 £ 4.17
Pulse blood oxygen Saturation (%) 93 £ 2.11 90 + 4.55%

Note: *P < 0.05.

In previous studies, 25-(OH)D has been shown to inhibit inflammation and apoptosis to prevent and control the occurrence
of altitude sickness, and 25-(OH)D was significantly lower in the obese group than in the normal group (Figure 3B), and based
on our previous research data, it is suggested that this may be related to the severity of hypoxia injury.
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Single-Cell Data Analysis
We integrated peripheral blood samples from 8 patients and successfully obtained a high-quality transcriptome of 36,949
single T cells. Unified Mobility Approximation and Projection (UMAP) analyses of these cells defined major T cells
(Figure 4A—C).>*** And by comparatively analysing the differences in single cells between the two groups of volunteers,
we found that the number of Treg cells in the obese group population was significantly lower than that in the normal
body weight group population after hypoxic stress. Its key regulatory factor HIF-1a was significantly elevated under
hypoxia, which further inhibited Treg cell activity, and the expression of Thl7-related signaling pathway, NF-kappa
B signaling pathway and HIF-1 signaling pathway were significantly elevated (Figure 4D and E).

Meanwhile, under hypoxic stimulation, the obese population showed stronger Tregs exhibiting altered fatty acid
metabolism and mitochondrial adaptation, and increased production of IFN-y and TNF-a, all of which coincided with the
previous aggravation of hypoxic injury (Figure 4E).

Treg Cell Sub-Populations Can Serve as Hypoxic Injury Biomarker

There are differences in the number and function of Treg cells between obese and normal weight people after hypoxia
stress, which may be a potential biomarker. In order to further explore the effectiveness of Treg cells as a biomarker for
hypoxic injury, We carried out further validation in animals, and we found that by not restricting dietary water in rats
after hypoxic stimulation could be divided into two groups according to the severity of their hypoxic response: severe
injury group (> 6) and mild injury group (< 6) (Figure 5A), and the above grouping was mainly based on the hypoxic
injury-related indexes and clinical manifestations in the pre-published data (Table 3).

Compared to the mild injury group, the severe injury group exhibited more significant lung tissue damage,
characterized by markedly thickened alveolar septa and the infiltration of red blood cells and inflammatory cells into
the alveolar spaces (Figure 5B). We compared the Treg cells and key transcription factors FOXP3, HIF-1a, IFN-y and
TNF-a in the above two groups of rats (Figure 5C—-G), and we found that the number of Treg cells in the severely injured
group was significantly lower than that in the mildly injured group, and the two groups of rats showed different trends of
changes in Treg cells compared with the control group, and the key transcription factors also showed consistent trends
with the single-cell data showed a consistent trend (Figure 5).

CD4_Naive
: P CD4_Naive Ribosome @ | Gene number
CD4 Tem - meDe T = CD4"Th JUR—— ° -
20 Iy e mCD4_Tht . 2525
20 ‘CD8_Pro CD4_Tcm CD4_Tem Measles . o 455
B= = e 2 - 2 mTre and Tha cell differs ® 6575
~ CD8_Temzzmz===~-.. ;. B Treg = CD8_Naive Tha and Thz cel difterentia .
LIJI a2 3 Y B« © mCD8_Tef Thi7 cell differentiation .
E . 8 - - —
g | Ch4anave mCD8_Tef 5 coe_Tom - o)
2 — "y R E ggg:;em PO.01 expression and PD-1 checkpoint pathway e
y , - ro
Ry H MAIT i
- . CD8_Tex =z
-20 CD8_Pro
Type | diabetes mellitus
MAIT 0.0+ Inflammatory bowel disease
20 Obesity Normal Graftversushost disease
Circle > )
c D 4 it ol H
cose o o . pctexp ' w y 3 Chagas disease
4| - « @ @ + -+ + .+« . @ .99 % — D Acute myeloid leukemia
@ 7
cosA | « o A & o i o © e 025 SR / - . ~ y i " Small cell lung cancer
ool o gl Lol o 7 R
P e S @Rl .o B w ® 075 i /3 3 m Molecular Function i
wml- e e ee e - @1 o / ».\\ R
G| - e e e e sl [ ‘ S [ :?;;]
FOXES | G, 30 8l B 4 Wb il i @ 4 @ ", ~ ’ A x“ ) (2:511
ceece e | s J ] el S
cve | @ P o -0 o a9 :' T (1520
GZMK | . . . . . . . .D “: . *>20
uce2 o o o o ) 7 -
Pocot| Bt 75 G b8 Bl 6 B B B & i \\ ll 4
mes|e o o o o 0 @ . 5 vs .3 g 2 &
iy | = 45 e e d Ne L MO M 8 \\ .. YO
ToT|® e ¢ + <+ . @ o o o b N . e O P
1 7 ~ - P y
WAIZ[ e e e e e e : - %

P’
' Gene Ratio

Figure 4 Single cell data of normal and obesity groups after hypoxia stress note. (A) UMAP analyses of major T cells; (B) The number of T cell subsets in different groups;
(C) Key methods for defining T cell subsets; (D and E) Key Enrichment pathway in obese population.

15810 ‘s Journal of Inflammation Research 2025:18



Pu et al

A Daw .
< 60
30+ 27 2 .
g
8 8 20
£ 20 .
o 13 & R
- & )
10 4 & &
é 18 . 20 .
10 E 200
0 T T §
OQQ OQQ H é 100 |_|
S S |
& O . . , _
é‘o\ 8‘0\ & & & &
& & » L. &S &
& .. & & & & & &
Severe injury group ¢ ¢ ¢

Figure 5 Treg Cell Subpopulations Can Serve as Hypoxic Injury Biomarker. (A) Final grouping based on the severity of hypoxia response in rats; (B) H&E staining (400X) to
observe the morphological changes of lung tissue in severe injury group and mild injury group; (C) Changes in Treg cells of two groups of rats; (D-G) Changes in key
transcription factors FOXP3, HIF-1a, IFN-y, and TNF -a in two groups of rats.**P < 0.01.

Discussion

Rapid ascent to high altitude poses significant health risks, as acute hypoxic exposure can trigger a spectrum of clinical
manifestations ranging from mild discomfort to life-threatening conditions such as high-altitude pulmonary edema and
cerebral edema.”® A key challenge in preventive medicine is identifying susceptible individuals prior to exposure. Our
findings establish obesity as a critical predisposing factor for developing severe high-altitude illness. This conclusion is
supported by converging evidence from controlled animal models and clinical observations. In animal models, obese rats
exhibited exacerbated lung injury following hypoxia; in clinical observations, obese volunteers presented significantly
more severe clinical responses. This heightened susceptibility aligns with the established understanding that obesity’s
inherent chronic low-grade inflammatory and metabolically dysregulated state creates a compromised baseline physio-
logical condition.?”*® When superimposed with the additional stress of hypoxia, this pre-existing condition appears to
predispose individuals to a disproportionately severe inflammatory response.

To preliminarily investigate the underlying mechanisms, our single-cell RNA sequencing data revealed profound
dysregulation of the immune landscape in obese individuals under hypoxic stress. The most prominent alteration was
a marked reduction in circulating regulatory T cells (Tregs). Tregs are indispensable for maintaining immune tolerance
and preventing excessive inflammation, a function particularly critical under physiological stress. While previous studies

have established that hypoxia can disrupt Treg stability,” >

our data suggest the obese microenvironment amplifies this
detrimental effect. We propose a mechanistic model wherein hypoxia-induced upregulation of HIF-1a plays a central
role. Beyond its metabolic functions, HIF-1a is a potent immune modulator; its accumulation under low oxygen tension
likely suppresses Treg activity and promotes their shift toward a pro-inflammatory Th17-like phenotype.*>>® This
phenotypic shift fundamentally skews the immune balance from a state of tolerance toward heightened inflammation,

providing a plausible explanation for the exacerbated clinical manifestations.

Table 3 Hypoxic Injury Severity Scoring System

Variables Value

Clinical signs of the organism (death, cyanosis, mobility, etc.)
PaO, < 60mmHg or SaO, < 85%
Significant damage to lung tissue sections (oedema, inflammatory exudates, etc.)

Inflammatory Storms

N NN DNNDN

Elevated apoptosis, damage indicators
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Furthermore, our data indicate that Tregs from obese individuals under hypoxia exhibit distinct metabolic alterations
and increased production of IFN-y and TNF-0.>”*' We hypothesize that pre-existing metabolic dysregulation in obesity
predisposes Tregs to functional failure upon encountering the “second hit” of hypoxic stress. The consequent loss of
immunosuppressive capacity and acquisition of pro-inflammatory properties directly contribute to the aggravated injury.

To translate this mechanistic insight into a practical tool, we validated the value of Tregs as a biomarker in animal
models. Establishing and successfully validating injury severity thresholds based on Treg levels and related inflammatory
cytokines (IFN-y, TNF-a)) moves beyond mere association.*>** It provides a quantitative framework that positions Tregs
and their downstream effectors as components of a predictive immunological signature for assessing individual risk upon
acute high-altitude ascent.

This study proposes a novel evaluative biomarker for severe high-altitude reactions in acutely exposed populations.
However, several limitations should be acknowledged. The clinical sample size was limited, and the validation of Tregs
as a biomarker was conducted only in animal experiments, warranting further investigation in human cohorts. Due to
experimental constraints, the number of included obese and normal-weight participants was relatively small, and we plan
to expand this cohort in future studies. Additionally, the animal validation experiments employed an established hypoxic
injury model rather than identical hypoxic stress conditions used elsewhere. The lack of correlation analysis with key
hematological indicators (eg, hemoglobin concentration) limits a comprehensive understanding of the physiological
mechanisms of high-altitude adaptation. To address this, subsequent research will systematically integrate immunological
data with hematological and physiological parameters to construct a more comprehensive pathophysiological model of
high-altitude illness. We will continue to explore the feasibility of Tregs as biomarkers under different conditions,
particularly in field studies of hypoxic injury at various altitudes.

Furthermore, the core pathophysiology of high-altitude illnesses resides in tissue-specific microenvironments, such as
the local inflammatory infiltration in pulmonary vascular beds during the development of high-altitude pulmonary
hypertension, and the chronic inflammatory state of adipose tissue which functions as a major endocrine and immune
organ in obese individuals. Our study did not perform lineage analysis of tissue-resident immune cells in bronchoalveolar
lavage fluid (BALF) or adipose tissue, nor did we provide broader cytokine multiplex detection data, suggesting potential
oversight of key local immune events driving disease progression. Notably, the inherent adipose tissue inflammation in
obese individuals may become amplified under acute hypoxic stress and systematically influence circulating immune cell
function through specific inflammatory mediators (eg, leptin, IL-6). This potential confounding effect remains incom-
pletely resolved by our current data. Consequently, future studies should essentially integrate circulating immune
parameters with tissue-specific immune profiles (eg, via bronchoalveolar lavage or adipose tissue biopsies). Our current
work, by revealing the distinct peripheral immune signature in obesity under acute hypoxia, establishes a solid founda-
tion and provides clear direction for these crucial subsequent investigations—specifically focusing on the interplay
between immunoregulatory pathways (including Treg cells) in both tissue-localized and systemic circulation.

Limitations and Future Directions

This study has several limitations that warrant consideration. First, the relatively small sample size of population cohort
may limit the statistical power. Second, although our analysis suggests that Treg cells could serve as a biomarker for
hypoxic injury, this phenotypic observation still lacks validation in human studies. Furthermore, the comparison between
normoxic and hypoxic conditions in normal-weight versus obese populations, as well as the underlying mechanisms
driving changes in the immune microenvironment, were not deeply explored. Importantly, we did not assess the dynamic
changes of these parameters in population subjects. We will continue to expand this part of the study to explore the
feasibility of Treg cells as biomarkers under different conditions, especially under different poster heights of hypoxic
injury in the field, in order to lay the foundation for its further application in the clinic.

Conclusion

In this study, we initially mapped the single-cell profile of acute hypoxic injury in obese population and found that the number
of Treg cell subpopulation is lower in obese population who rush into plateau, which may be related to the fact that this kind of
patients have more severe hypoxic response, and initially verified its validity as a Biomarker in animals, which lays the
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foundation for its development into a biomarker that may predict the severity of the onset of plateau response. It lays the
foundation for its development as a possible biomarker for predicting the severity of the onset of altitude sickness.
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