Journal of Asthma and Allergy Dovepress

Taylor & Francis Group

ORIGINAL RESEARCH

Exploring Nrf2 as a Potential Biomarker in
Asthma: Links to Hypoxia, Oxidative Stress, and
Ferroptosis in a Cross-Sectional Study

Yupeng Li, Xinkai Ma, Yanqging Xing, Chuanchuan Dong, Liting Feng(®, Rujie Huo, Fei Hu,
Xinrui Tian
The Second Hospital of Shanxi Medical University, Taiyuan, People’s Republic of China

Correspondence: Xinrui Tian, Department of Gerontology, The Second Hospital of Shanxi Medical University, Taiyuan, Shanxi, People’s Republic of
China, Tel +8613834575570, Email tianxr@ |26.com

Purpose: This study aims to explore the potential role of Nrf2 as a biomarker in asthma and its associations with hypoxia, oxidative
stress, and ferroptosis-related indicators in a cross-sectional study.

Patients and Methods: This study involved the collection of peripheral blood samples from participants to isolate serum and
peripheral blood mononuclear cells (PBMCs). Enzyme-linked immunosorbent assay (ELISA) and other assay kits was performed to
quantify the levels of Nrf2, HIF-la, SOD, and MDA in PBMCs, alongside the activities of SOD and GSH-Px, and serum
concentrations of IL-4 and IL-13. Quantitative Real-time PCR (qRT-PCR) was used to assess the expression levels of GPX4,
NCOA4, SCL7A11, and HMGBI in PBMCs. Clinical data were collected and analyzed statistically. Receiver operating characteristic
(ROC) curve analysis was employed to assess the diagnostic performance of these indicators.

Results: Compared with the control group, asthma patients showed significantly lower levels of Nrf2 and SOD in PBMCs, as well as
reduced expression of GPX4, SCL7A11, and NCOA4 (P < 0.05). In contrast, levels of HIF-1o and MDA, as well as the expression of
HMGBI, were significantly elevated in the asthma group (P < 0.05). Correlation analysis indicated that Nrf2, HIF-1a, and MDA levels
in PBMCs were associated with certain clinical indicators in asthma patients. ROC curve analysis further demonstrated that these
indicators exhibited a certain diagnostic performance for asthma and severe asthma. Additionally, in asthma patients, Nrf2 expression
in PBMCs was negatively correlated with HIF-1a levels and eosinophil counts, but positively correlated with SOD and GPX4 levels.
Conclusion: The interplay between hypoxia, oxidative stress, and ferroptosis may be involved in asthma pathogenesis. Based on the
findings, Nrf2 may have potential as a biomarker for asthma. However, given the study’s limitations, further research is needed to
confirm these associations and fully understand the role of Nrf2 in asthma diagnosis and progression.
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Introduction

Asthma affects approximately 300 million individuals globally, with its prevalence and mortality rates rising annually.’
Elucidating the underlying mechanisms of asthma and implementing early intervention strategies are essential for
improving its prevention and management.

The pathogenesis of asthma is highly complex and not yet fully understood, with hypoxia being one of its key
characteristics.” Hypoxia-inducible factor-1 (HIF-1) acts as a critical regulator of the hypoxic response and is extensively
involved in inflammation and immune regulation.® Hypoxia modulates the stability and activation of HIF-1o through the
regulation of prolyl hydroxylases (PHDs) and factor inhibiting HIF-1 (FIH).* Studies have shown that HIF-1o expression
is elevated in the smooth muscle cells and bronchoalveolar lavage fluid of asthma patients,” and it is closely associated
with airway inflammatory cell infiltration, airway hyperresponsiveness, and airway remodeling.®®

The imbalance between the endogenous antioxidant defense system and reactive oxygen species (ROS) production is
also closely associated with the pathogenesis of asthma.” Nuclear factor erythroid 2-related factor 2 (Nrf2), a key
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regulator of the cellular oxidative stress response, translocate from the nucleus to the cytoplasm under oxidative stress. It
reduces ROS production by regulating antioxidant genes such as heme oxygenase-1 (HO-1) and superoxide dismutase
(SOD), thereby protecting cells from oxidative damage and apoptosis.'® Studies on Nrf2-knockout mice have demon-
strated that the downregulation of Nrf2 function in asthma leads to increased inflammatory cells in bronchoalveolar
lavage fluid, excessive airway mucus secretion, and heightened airway resistance, which aggravate asthma symptoms.''
Activation of the Nrf2 signaling pathway can effectively protect lung tissue from oxidative stress damage by upregulating
the expression of antioxidant genes, limiting eosinophilia, excessive mucus production, airway hyperresponsiveness
(AHR), and the elevation of Th2 cytokines such as IL-4 (Interleukin 4) and IL-13 (Interleukin 13), thereby mitigating the
severity of asthma.'?

Ferroptosis is a form of oxidative stress-dependent cell death associated with iron accumulation and lipid peroxida-
tion. The widespread increase in oxidative stress promotes iron-dependent accumulation of specific ROS and lipid
peroxidation, leading to cellular and tissue damage and ultimately triggering ferroptosis.'> During ferroptosis, the release
of immunogenic molecules such as high-mobility group box 1 (HMGBI1) further promotes the release of inflammatory
cytokines by activating Toll-like receptor 4 (TLR4) and its downstream signaling pathways.'* Additionally, oxidative
stress products on the surface of ferroptotic cells, as well as released interferons and tumor necrosis factors, can induce
macrophage polarization, exacerbating inflammatory responses. These processes collectively contribute to the character-
istic pathological changes observed in asthma.'>'¢

The SOD and glutathione peroxidase (GSH-Px) are critical endogenous antioxidants that effectively mitigate
oxidative stress-induced damage.” Malondialdehyde (MDA), a metabolic product of ROS, serves as a marker of
oxidative stress and lipid peroxidation, reflecting the extent of these processes within the body.'” Glutathione peroxidase
4 (GPX4), known for its unique ability to eliminate membrane lipid peroxides, is considered a specific marker of
ferroptosis. Genetic or pharmacological suppression of GPX4 expression or activity reduces the capacity to clear lipid
peroxides, thereby promoting ferroptosis.'®'® Nuclear receptor coactivator 4 (NCOA4) is a key indicator of iron
metabolism, while SLC7A11 plays a critical role in maintaining intracellular glutathione (GSH) levels, these markers
collectively reflect ferroptosis levels from the perspectives of iron metabolism and lipid peroxidation.'> HMGBI,
a mediator released during ferroptosis, can promote inflammation by enhancing cytokine release and increasing immune
cell activity.'* Thus, monitoring these indicators provides an effective means to assess the levels of hypoxia, oxidative
stress, and ferroptosis in asthma patients.

Existing studies suggest that under oxidative stress conditions, downregulation of Nrf2 can promote ROS production
and increase PHD instability, leading to the transcription and accumulation of HIF-1a. In turn, the overexpression of
HIF-1a can further elevate ROS levels, exacerbating oxidative stress.”’%! Moreover, activation of the Nrf2 signaling
pathway has been shown to reduce ROS and lipid peroxide levels, alleviate oxidative stress, and mitigate ferroptosis-
induced cell damage, potentially through the upregulation of SOD and GPX4 expression.”” Therefore, Nrf2 is likely
a critical regulatory factor in the interplay between hypoxia, oxidative stress, and ferroptosis. Its precise regulation holds
promise for improving asthma severity. However, studies exploring the interactions among these processes in patients
with acute asthma exacerbations have yet to be reported.

Due to their central role in immune regulation and vulnerability to oxidative stress, peripheral blood mononuclear
cells (PBMCs) provide a practical and informative source for assessing systemic inflammation in asthma.?® This study
aims to explore the potential role of Nrf2 in asthma by examining its expression in PBMCs and its associations with
hypoxia, oxidative stress, and ferroptosis-related processes, with the goal of providing preliminary insights into its
clinical relevance in a cross-sectional context.

Materials and Methods
Study Population

This retrospective cross-sectional study was conducted from March 2021 to September 2023. Patients diagnosed with
acute exacerbation of asthma who met the inclusion criteria were selected from the outpatient and inpatient departments
of the Respiratory Medicine Department at the Second Hospital of Shanxi Medical University. The study was approved
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by the Ethics Committee of the Second Hospital of Shanxi Medical University (approval number: 2022YX079) and
conducted in accordance with the principles of the Declaration of Helsinki. Written informed consent was obtained from
all participants prior to inclusion in the study.

Inclusion Criteria
1. Patients aged 18—60 years who meet the diagnostic criteria for asthma, with a confirmed diagnosis of allergic
asthma.**
2. Patients who have not received any treatments, including corticosteroids, prior to undergoing laboratory tests and
biological sample collection.
3. Healthy individuals aged 18—60 years who underwent routine physical examinations at our hospital during the
same period and had no history of respiratory diseases or other systemic diseases, selected as the control group.

Exclusion Criteria

1. Individuals with other concomitant respiratory diseases, including but not limited to: Significant bronchiectasis,
Chronic obstructive pulmonary disease (COPD), Lung cancer, Interstitial lung disease, Active pulmonary
tuberculosis.

2. Individuals with severe cardiac disease, major organ failure, or any other conditions that may interfere with the
study outcomes.

3. Patients who received treatment, including oxygen therapy and glucocorticoids, before laboratory tests and
biological sample collection.

4. Patients with any other conditions that may affect the results, such as those undergoing recent systemic treatments
or those with uncontrolled comorbidities.

Severity Grading of Acute Asthma Exacerbation

Patients with acute asthma exacerbation were classified into mild and severe groups according to the Severity Grading of
Acute Asthma Exacerbation.® Specifically, cases graded as mild or moderate were grouped under “mild”, while those
graded as severe or critical were classified as “severe”.

Research Methodology

All clinical data were obtained from electronic medical records and extracted by two independent researchers using
a standardized data collection form. Complete blood count data were collected for all study participants, along with blood
gas values (measured using the ABL800 FLEX blood gas analyzer, Radiometer, Denmark), pulmonary function
parameters (assessed with the Master Screen spirometer), and allergen test results (obtained using the Redu automatic
protein blot analyzer). The recorded parameters included eosinophils (EOS) count, partial pressure of oxygen (pO,),
percentage of predicted forced expiratory volume in one second (FEV:%pred), and forced expiratory volume in
one second /forced vital capacity (FEV1/FVC) ratio.

Chemicals and Solvents Purchasing

Lymphocyte separation medium, PBS buffer, red blood cell lysis buffer, and other reagents were purchased from
Sangon Biotech (Shanghai) Co., Ltd. and MP Biomedicals. All primers were obtained from Sangon Biotech
(Shanghai) Co., Ltd. All assay kits were purchased from Jiangsu Meimian Industrial Co., Ltd. and Nanjing
Jiancheng Bioengineering Institute. qRT-PCR related reagents were provided by Mei5 Biotechnology Co., Ltd.
and Takara.

Blood Sample Collection and Analysis of Biomarker Activity and Concentrations
Fasting blood samples were collected from all study participants. PBMCs and serum were isolated using density gradient
centrifugation.

Journal of Asthma and Allergy 2025:18 hetps: 1441



Li et al

The concentrations of HIF-1a, Nrf2, SOD, and MDA in PBMCs, as well as IL-4 and interleukin-13 (IL-13) in serum,
were measured using ELISA kits according to the manufacturer’s instructions. SOD and GSH-Px activity were measured
using the SOD Activity Assay Kit and GSH-Px Activity Assay Kit according to the manufacturer’s instructions.

Quantitative Real-Time PCR (qRT-PCR)

Tissue RNA was obtained from the PBMCs of the two groups using the kit method according to the specification
operating process of the manufacturer and the Trizol method was used. The concentration and purity of the presented
RNA samples were checked by UV spectrophotometer. Subsequently, cDNA was prepared by reverse transcription, and
2uL of the transcript product was extracted for PCR reaction. The reaction conditions were strictly controlled according
to the manufacturer’s instructions. Finally, the fluorescent expression of ACTB was measured as the reference to quantity
the expression of different markers.

Statistical Analysis

Statistical analysis was conducted using SPSS 25.0 and GraphPad Prism 9. A normality test was performed on numerical
variables. For comparisons between two groups, a T-test was applied if the data followed a normal distribution, and
a non-parametric test was used for non-normally distributed data. Categorical variables were presented as frequency
(percentage), and the chi-square or Fisher’s exact tests were applied for unordered categorical variables. Correlation
analysis was conducted to examine the relationships between continuous variables using Pearson’s or Spearman
correlation coefficients, depending on the normality of the data. ROC curve analysis was performed to evaluate the
diagnostic performance of the biomarkers. A p-value of less than 0.05 (two-tailed) was considered statistically
significant.

Results
Comparison of Baseline Characteristics, IL-4, IL-13 Levels, and EOS Counts Among

Study Participants

A total of 30 asthma patients and 20 healthy controls were included in the study. Among the 30 asthma patients, 17 had
mild exacerbations and 13 had severe exacerbations. There were no significant differences in demographics and clinical
characteristics among the groups included in this study (Table 1). The asthma-related clinical data are as follows: FEV1%

Table | Demographics and Clinical Characteristics

Variable Asthma Patients Healthy Subjects P
(n=30) (n=20)
Age, (years) 35.83+9.75 30.40+8.31 0.655
Sex (male) 12(40%) 9(45%) 0.475
BMI (kg/m?) 22.31(6.65) 22.22(6.41) 0.457
Smoke 17(56.7%) 8(40%) 0.387
History of COVID-19 25(83.3%) 18(90%) 0.687
infection
WABC (x109/L) 5.56(1.60) 5.30(1.62) 0.486
Hemoglobin (g/L) 127.00(22.00) 126.00(30.00) 0.286
Platelet (x109/L) 196.50(91.50) 228.5(158.00) 0.229
ALT (U/L) 20.05(18.8) 25.45(24.4) 0.055
(Continued)
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Table | (Continued).

Variable Asthma Patients Healthy Subjects P
(n=30) (n=20)

Cr (pmol/L) 62.83(30.33) 64.5(13.4) 0.095

FEV1%pred (%) 69.68(11.59)

FEVI/FVC (%) 75(25.08)

pO2 (mmHg) 68.8(12.8)

IgE (IU/mL) 150.05(140.05)

Notes: Quantitative variables are shown as Median (Interquartile Range) and categorical variables are shown as n (%).
Abbreviations: BMI, Body Mass Index; Kg/m2, kilogram per square meter; WBC, leukocyte; ALT, Alanine transaminase;
Cr, Creatinine; FEV|%pred, Forced Expiratory Volume in | second percentage predicted; FEVI/FVC, Forced Expiratory
Volume in | second to Forced Vital Capacity ratio; pO2, Partial pressure of oxygen; IgE, Inmunoglobulin E.

pred (%) was 69.68 (11.59), FEVI/FVC (%) was 75 (£25.08), pO2 was 68.8 (+12.8) mmHg, and IgE was 150.05
(£140.05) TU/mL (Table 1). The EOS counts in the two groups were 0.39 + 0.22 x 10°/L and 0.04 + 0.02 x 10°/L,
respectively, The IL-4 levels in the two groups were 307.2 £ 72.75 ng/L and 225.0 + 34.35 ng/L, respectively, while the
IL-13 levels were 26.84 + 7.5 ng/L and 11.6 + 4.32 ng/L, respectively. Serum IL-4 and IL-13 levels, as well as EOS
counts, were significantly elevated in the asthma group (Figure 1A-C).

Comparison of Hypoxia, Oxidative Stress, and Ferroptosis Indicators Among Study
Participants

The SOD activity levels were 18.31 + 4.72 U/mgprot and 19.27 + 1.26 U/mgprot for the asthma and control groups, while
GSH-Px activity levels were 196.38 & 34.97 U/mgprot and 199.87 + 29.98 U/mgprot, respectively (Figure 2A and B). The
levels of HIF-1a in PBMCs were 384.24 + 58.35 pg/mL in the asthma group and 331.64 + 59.73 pg/mL in the control
group. MDA concentrations were 4.59 £ 1.02 nmol/mL for asthma patients and 2.90 + 0.39 nmol/mL for controls. SOD
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Figure | Serum Levels of IL-4, IL-13, and Peripheral Blood EOS Counts Between Two Groups. Peripheral blood EOS counts between two groups (A). Expression of IL-4
and IL-13 in two group patients (B and C). Symbols indicate statistical significance: ****p < 0.0001, ns indicates no statistically significant difference.
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Figure 2 Comparison of Hypoxia, Oxidative Stress, and Ferroptosis-Related Indicators Between Two Groups. SOD and GSH-Px activity in PBMCs of asthma patients
compared to healthy controls (A and B). Levels of HIF-l1a, MDA, SOD and Nrf2 in PBMCs of asthma patients compared to healthy controls (C—F). Symbols indicate
statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns indicates no statistically significant difference.

levels were 109.0 + 8.8 pg/mL in the asthma group, compared to 125.70 + 7.71 pg/mL in the control group. Lastly, Nrf2
levels were measured at 104.33 + 10.31 ng/L in asthma patients and 121.77 + 12.55 ng/L in controls (Figure 2C-F).

In asthma patients, there were no significant differences in PBMC SOD and GSH-Px activity compared to the control
group (Figure 2A and B). However, the levels of HIF-1o and MDA, as well as the relative expression of HMGB1, were
significantly elevated (Figures 2C and D, 3A). In contrast, Nrf2 and SOD levels, as well as the relative expression of
GPX4, SLC7A11 and NCOA4, were significantly lower in the asthma group compared to the control group (Figures 2E
and F, 3B-D).

Correlation Analysis of HIF-1a, MDA, and Nrf2 with Clinical Indicators in Asthma

Patients, and Correlation Between EOS Counts and Related Indicators

In asthma patients, HIF-1a and MDA levels in PBMCs were negatively correlated with lung function parameters,
including arterial blood gas pO2, FEV1/FVC ratio, and FEV1%pred. Specifically, HIF-lo levels showed
a significant negative correlation with pO2 (r = —0.655, P < 0.05), FEV1/FVC ratio (r = —0.417, P < 0.05),
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Figure 3 Expression levels of HMGBI, GPX4, SCL7All, NCOA4 in PBMCs of asthma patients compared to healthy controls (A-D). Symbols indicate statistical
significance: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns indicates no statistically significant difference.

and FEV1%pred (r = —0.369, P < 0.05). Similarly, MDA levels were negatively correlated with pO2 (r = —0.516,
P < 0.05), FEV1/FVC ratio (r = —0.62, P < 0.05), and FEV1%pred (r = —0.493, P < 0.05) (Figure 4A—F). In
contrast, Nrf2 levels in asthma patients were positively correlated with pO2 (r = 0.564, P < 0.05), FEV1%pred (r
= 0.558, P < 0.05), and FEV1/FVC ratio (r = 0.542, P < 0.05) (Figure 5A—-C). Additionally, Nrf2 levels were
negatively correlated with serum IL-4 (r = —0.409, P < 0.05), IL-13 (r = —0.454, P < 0.05), and total IgE (r =
—0.546, P < 0.05) levels (Figure 5D-F).

Additionally, EOS counts were not only correlated with clinical indicators but also showed significant correlations
with HIF-1a, Nrf2, SOD, and MDA levels, with the strongest correlation observed between EOS counts and Nrf2
(Table 2).
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Table 2 Correlation Analysis Between
Peripheral Blood EOS Count and Other
Indicators in Asthma Patients

Variable EOS Counts (*10°/L)
r P
FEV1%pred (%) —0.458 0.011
FEVI/FVC (%) —0.457 0.011
pO2 (mmHg) —0.573 0.001
IgE (IU/mL) 0.477 0.008
Nrf2 (ng/L) —0.701 0.001
HIF-la (pg/mL) 0.653 0.001
SOD (pg/mL) —0.423 0.020
MDA (nmol/mL) 0.634 0.001
IL-4 (ng/L) 0.469 0.009
IL-13 (ng/L) 0.409 0.025

Abbreviations: FEVI%pred, Forced Expiratory Volume in
| second percentage predicted; FEVI/FVC, Forced Expiratory
Volume in | second to Forced Vital Capacity ratio; pO2, Partial
pressure of oxygen; IgE, Immunoglobulin E; Nrf2, Nuclear
factor erythroid 2-related factor 2; HIF-10, Hypoxia-inducible
factor | alpha; SOD, Superoxide dismutase; MDA,
Malondialdehyde; IL-4, Interleukin 4; IL-13, Interleukin 13.

Diagnostic Value of Hypoxia, Oxidative Stress, and Ferroptosis-Related Indicators for

Asthma and Its Severity
EOS, IL-4, IL-13, HIF-1a, Nrf2, MDA, SOD, and GPX4 showed different levels of diagnostic value for asthma
prediction (Figure 6A—H), as well as for predicting severe asthma (Figure 61-P).

Among these, EOS, IL-13, MDA, and SOD had an area under the ROC curve (AUC) exceeding 0.9 for asthma
diagnosis (Figure 6A, C, F, G), with IL-13 showing the highest AUC (Figure 6C), SOD demonstrating the highest
sensitivity (Table 3), and MDA exhibiting the highest specificity (Table 3). Nrf2 had an AUC of 0.876, with the optimal
cutoff value yielding the highest positive likelihood ratio (PLR) of 22.5 (Figure 6E and Table 3).

For diagnosing severe asthma, EOS had the highest diagnostic value, with an AUC of 0.935 (Figure 6I) and the
highest PLR value of 17.333 (Table 4), followed by Nrf2, HIF-1a, SOD, MDA, and IL-4 (Figure 6M, L, N, O, G and
Table 4). Among these, Nrf2 and HIF-1a demonstrated the highest sensitivity (Figure 6M and L, Table 4), while Nrf2 and
SOD also had relatively high PLR values of 5 and 7, respectively (Table 4). IL-13 and GPX4, however, did not exhibit
significant diagnostic value for severe asthma (Figure 6K and P).

Correlation Analysis of HIF-1a with SOD and MDA, and the Correlation of Nrf2 with

HIF-1a, GPX4, and MDA in PBMCs of Asthma Patients

In asthma patients’ PBMCs, the levels of HIF-1a were positively correlated with MDA levels (r = 0.559, P < 0.05) and
negatively correlated with SOD levels (r = —0.565, P < 0.05) (Figure 7A and B). Nrf2 expression was negatively
correlated with MDA (r = —0.5394, P < 0.05) and HIF-1a levels (r = —0.684, P < 0.05) (Figure 7C and D), and positively
correlated with SOD (r = 0.6308, P < 0.05) and GPX4 expression (r = 0.731, P < 0.05) (Figure 7E and F).
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Figure 6 Diagnostic accuracy of Hypoxia, Oxidative Stress, and Ferroptosis-Related Indicators in Diagnosing Asthma in the Healthy Population and Severe Asthma in
Asthmatic Patients. ROC curves show the diagnostic value of EOS, IL-4, IL-13, HIF-1a, Nrf2, MDA, SOD and GPX4 in asthma patients and healthy population (A—H). ROC
curves show the diagnostic value of EOS, IL-4, IL-13, HIF-1a, Nrf2, MDA, SOD and GPX4 in mild asthma and severe asthma (I-P).

Discussion

This study initially assessed the inflammation levels in asthma patients and found that during the acute exacerbation
phase, EOS counts and serum IL-4 and IL-13 levels were significantly elevated. Furthermore, it was observed that in the
asthma group, the levels of HIF-1a and MDA, as well as the relative expression of NCOA4 and HMGBI1 in PBMCs,
were significantly higher, whereas the levels of Nrf2 and SOD, along with the relative expression of GPX4 and
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Table 3 Diagnostic Performance of Hypoxia, Oxidative Stress, and Ferroptosis-Related Indicators in Diagnosing Asthma Patients in
a Healthy Population

Variable Cut-off AUC (95% CI) Sensitivity Specificity PLR NLR PPV (%) NPV (%)
Value (%) (%)
EOS (¥1079/L) >0.075 0.935 0.867 0.950 17.333 0.056 0.963 0.826
(0.865-1.000) (0.745-0.988) | (0.854-1.000) | (2.533-117.702) | (0.351-0.963) | (0.892-1.034) | (0.671-0.981)
IL-4 (ng/mL) >280.221 0.808 0.700 0.900 7.000 0.333 0913 0.667
(0.685-0.930) (0.536-0.864) | (0.769-1.000) (1.841-26.614) (0.189-0.587) | (0.798-1.028) | (0.489-0.844)
IL-13 (ng/mL) >16.675 0.966 0.933 0.900 9.333 0.074 0.933 0.900
(0.923-1.000) (0.844-1.000) | (0.769-1.000) (2.498-34.879) (0.019-0.285) | (0.844-1.023) | (0.769-1.031)
MDA (nmol/mL) >3.576 0.933 0.867 1.000 —_— 0.133 1.000 0.833
(0.861-1.000) (0.745-0.988) | (1.000-1.000) —_— (0.054-0.332) | (1.000-1.000) | (0.863-0.982)
HIF-la (pg/mL) >347.055 0.736 0.733 0.650 2.095 0.410 0.759 0.619
(0.598-0.874) (0.575-0.892) | (0.441-0.859) (1.110-3.954) (00.209-0.806) | (0.603-0.914) | (0.411-0.827)
Nrf2 (ng/mL) <117.374 0.876 0.750 0.967 22.500 0.259 0.938 0.853
(0.761-0.990) (0.560-0.940 | (0.902-1.000) | (3.222-157.136) | (0.121-0.554) | (0.819-1.056) | (0.734-0.972)
SOD (pg/mL) <114.325 0.933 1.000 0.800 5.000 0.000 0.769 1.000
(0.863-1.000) (1.000-1.000) | (0.657-0.943) (2.444-10.228) —_— (0.607-0.931) | (1.000-1.000)
GPX4 <0.045 0.786 0.700 0.833 4.200 0.360 0.737 0.806
(0.651-0.921) (0.499-0.901) | (0.700-0.967) (1.795-9.827) (0.181-0.717) | (0.539-0.935) | (0.667—0.946)

Abbreviations: EOS, Eosinophils; IL-4, Interleukin 4; IL-13, Interleukin 13; MDA, Malondialdehyde; HIF-1a, Hypoxia-inducible factor | alpha; Nrf2, Nuclear factor erythroid
2-related factor 2; SOD, Superoxide dismutase; GPX4, Glutathione peroxidase 4; AUC, Area Under the Curve; PLR, Positive Likelihood Ratio; NLR, Negative Likelihood
Ratio; PPV, Positive Predictive Value; NPV, Negative Predictive Value.

Table 4 Diagnostic Performance of Hypoxia, Oxidative Stress, and Ferroptosis-Related Indicators in Diagnosing Severe
Asthma Patients

Variable Cut-off Value AUC (95% CI) Sensitivity (%) Specificity (%) PLR NLR PPV (%) NPV (%)
EOS (*1079/L) >0.075 0.935 0.867 0.950 17.333 0.056 0.963 0.826
(0.865-1.000) (0.745-0.988) (0.854-1.000) | (2533-117.702) | (0.351-0.963) | (0.892-1.034) | (0.671-0.98I)
IL-4 (ng/mL) >360.341 0.765 0.700 0.850 4.667 0.353 0.700 0.850
(0.565-0.965) (0.416-0.984) (0.694-1.000) (1.524-14.294) (0.135-0.926) (0.416-0.984) (0.694-1.006)
MDA (nmol/mL) >5.010 0.850 0.900 0.750 3.600 0.133 0.643 0.938
(0.717-0.993) (0.714-1.000) (0.560-0.940) (1.639-7.906) | (0.020-0.871) | (0.392-0.894) | (0.819-1.056)
HIF-la (pg/mL) >380.157 0.870 1.000 0.650 2.857 0.000 0.588 1.000
(0.744-0.996) (1.000-1.000) (0.441-0.859) (1.572-5.192) — (0.354-0.822) | (1.000-1.000)
Nrf2 (ng/mL) <98.541 0.890 1.000 0.800 5.000 0.000 0.909 1.000
(0.738-1.000) (1.000-1.000) (0.552-1.000) (1.447-17.271) — (0.789-1.029) | (1.000-1.000)
SOD (pg/mL) <108.867 0.877 0.700 0.900 7.000 0.333 0.933 0.600
(0.755-1.000) (0.499-0.901) (0.714-1.000) (1.067-45.940) (0.165-0.672) (0.807-1.060) (0.352-0.848)

Abbreviations: EOS, Eosinophils; IL-4, Interleukin 4; MDA, Malondialdehyde; HIF-la, Hypoxia-inducible factor | alpha; Nrf2, Nuclear factor erythroid
2-related factor 2; SOD, Superoxide dismutase; AUC, Area Under the Curve; PLR, Positive Likelihood Ratio; NLR, Negative Likelihood Ratio; PPV, Positive
Predictive Value; NPV, Negative Predictive Value.
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Figure 7 Correlation Analysis of Hypoxia, Oxidative Stress, and Ferroptosis-Related Indicators. Correlation analysis of HIF-1a with MDA and SOD in PBMCs of asthma
patients (A and B), and Correlation Analysis of Nrf2 with MDA, HIF-10, SOD and GPX4 (C-F).

SCL7A11, were markedly lower compared to the control group. These findings suggest that asthma may be associated
with hypoxia, oxidative stress, and ferroptosis.

Previous studies have demonstrated that changes in Nrf2 levels in PBMCs can reflect the state and severity of
different disease stages and may serve as a potential biomarker for various diseases.”® We found that HIF-1a and MDA
levels were negatively correlated with lung function and pO2, whereas Nrf2 showed a positive correlation with lung
function and pO2. Additionally, Nrf2 was negatively correlated with IL-4 and IL-13 levels. Further analysis using ROC
curves was conducted to evaluate the diagnostic performance of these biomarkers for asthma and severe asthma. The
results demonstrated that EOS and IL-13 exhibited good diagnostic performance for asthma, but IL-13 did not show
significant value for diagnosing severe asthma. Other biomarkers also displayed varying degrees of diagnostic utility.
Notably, Nrf2 showed a high diagnostic value for asthma, with an area AUC of 0.876. At the optimal cutoff value, the
PLR for Nrf2 was the highest at 22.5. For diagnosing severe asthma, Nrf2 and HIF-lo demonstrated the highest
sensitivity, with Nrf2 and SOD also showing relatively high PLR values of 5 and 7, respectively. These findings suggest
that Nrf2 may play a role in diagnosing asthma and assessing disease severity.

Exposure to NO2 in mouse models has been shown to exacerbate lung inflammation and airway hyperresponsiveness,
increasing oxidative stress markers such as ROS and MDA.>’ Co-exposure to NO2 and high humidity further worsened
asthma symptoms by elevating oxidative stress and inflammatory cytokines.*® These findings underscore the significant role
of oxidative stress in asthma pathogenesis and its interaction with environmental factors. Additionally, oxidative stress levels
are significantly elevated under hypoxic conditions,”” and studies have demonstrated that oxidative stress can drive hypoxic
responses, leading to proinflammatory effects in asthma.” Notably, HIF-1a has been identified as a potential therapeutic
target for managing oxidative stress in asthma.*® This finding highlights the intricate interplay between hypoxia and oxidative
stress. We found that HIF-1a levels in PBMCs were negatively correlated with SOD levels and positively correlated with
MDA levels (P < 0.05), suggesting a relationship between hypoxia and oxidative stress in asthma patients. Additionally, this
study revealed a negative correlation between Nrf2 and HIF-1a expression. Based on these findings, we hypothesize that the
downregulation of Nrf2 in asthma patients may be associated with increased HIF-1a expression, which could potentially
suppress the antioxidant function of Nrf2. This dysregulation might contribute to enhanced oxidative stress and the
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worsening of asthma severity. Another study have shown that Nrf2 activators can reduce HIF-1a expression by increasing
PhD levels, while HIF-1a expression is restored upon Nrf2 knockout.?! However, in breast cancer, Nrf2 was shown to
promote cancer cell migration by upregulating the GGPD/HIF-1a/Notch1 axis.** Collectively, these studies highlight the
complexity of the interaction between Nrf2 and HIF-1a in different diseases. It is likely that the Nrf2 signaling pathway and
HIF-1a are part of a complex and interactive signaling network, with their interplay varying across pathological conditions.

Given the unique mechanism of ferroptosis, recent studies have increasingly focused on targeting specific signaling
pathways to regulate oxidative stress and ferroptosis as a therapeutic strategy for asthma, Nrf2 has emerged as one of the
most prominent targets.>® Athari highlighted the potential and feasibility of targeting the Nrf2 signaling pathway in asthma
treatment.>* However, the relationship between Nrf2 and ferroptosis in asthma remains unclear. In this study, we found that
Nrf2 levels in PBMCs of asthma patients were positively correlated with SOD and GPX4 levels, and negatively correlated
with MDA levels. Based on these findings, and in addition to its interaction with HIF-1a, we propose that Nrf2 may play
a role in the pathogenesis of asthma. During acute exacerbations, an imbalance in oxidative stress could be associated with
the downregulation of Nrf2 expression, which might lead to decreased SOD levels and reduced GPX4 expression. This could
impair antioxidant defenses, potentially contributing to the worsening of oxidative stress and ferroptosis, and influencing the
progression of asthma. However, this hypothesis requires further in-depth studies for confirmation.

This study also found that a higher EOS count was associated with elevated IL-4 and IL-13 levels, as well as
reduced FEV1%pred, FEV1/FVC, and pO2, indicating that increased EOS counts are correlated with airflow
obstruction, decreased lung function, and poor asthma symptom control. These findings are consistent with the
results of Hancox RJ and Jackson DJ.*>*¢ In asthma, HIF-1a, in coordination with its downstream target protein
vascular endothelial growth factor (VEGF), promotes the infiltration of EOS and other inflammatory cells, EOS
contribute to oxidative stress by producing ROS and EOS peroxidase, which reduce the production of antioxidant
enzymes, leading to lung tissue damage and inflammatory injury.’’” A deficiency in Nrf2 not only results in
increased EOS counts but also leads to reduced expression of antioxidant genes that counteract oxidative
damage.*® In this study, we found that EOS counts were positively correlated with HIF-1a levels and negatively
correlated with Nrf2 levels. These results suggest that the downregulation of the Nrf2 signaling pathway is
associated with increased EOS levels, which may be linked to the exacerbation of asthma severity.

In conclusion, this study preliminarily reveals the potential associations between Nrf2 and hypoxia, oxidative stress,
and ferroptosis. However, further in vitro and in vivo experiments are needed to validate the exact mechanisms
underlying these associations. Additionally, future studies with larger sample sizes are needed to further evaluate the
potential of Nrf2 as a biomarker for diagnosing asthma and assessing its severity.

Limitations

This study has some limitations, including its single-center design and relatively small sample size, which may affect the
generalizability of the findings. Additionally, the study primarily focused on correlation analyses without exploring the
underlying mechanisms. Future research with larger and more diverse cohorts, as well as deeper mechanistic investiga-
tions, is needed to confirm these findings and further understand the involved pathways.

Conclusion

The findings suggest that oxidative stress, hypoxia, and ferroptosis may contribute to the pathogenesis of asthma. Nrf2
shows promise as a potential biomarker for asthma; however, due to the study’s limitations, additional research is
required to validate these associations and clarify the role of Nrf2 in the diagnosis and progression of asthma.
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