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Background: Airway remodeling is a significant pathological characteristic of chronic obstructive pulmonary disease (COPD). In 
recent years, hypoxia-inducible factor 1-α (HIF-1α), a member of the hypoxia-inducible factor protein family, has gained attention. 
However, the potential correlation between HIF-1α and COPD airway remodeling remains unclear.
Objective: This study explored the expression patterns of HIF-1α in patients with COPD and its association with airway remodelling. 
This investigation aims to furnish novel insights for the clinical identification of prospective therapeutic targets for ameliorating 
COPD-related airway remodelling.
Patients and Methods: A total of 88 subjects were included, consisting of 28 controls and 60 COPD patients. Various staining 
methods were employed to observe the pathological changes in airway tissues. Immunohistochemistry was utilized to detect the 
expression of HIF-1α and MMP9 (matrix metalloproteinase 9) in airway tissues. Enzyme-linked immunosorbent assay (ELISA) was 
used to measure the concentration in serum of HIF-1α and MMP9. Computed tomography (CT) airway parameters were measured in 
all participants to assess airway remodeling. The relationship between serum HIF-1α and MMP9 concentrations and airway parameters 
was analyzed.
Results: Staining of airway structures in COPD patients revealed significant pathological changes associated with airway remodelling, 
including mixed cilia and subepithelial fibrosis. The expression of HIF-1α and MMP9 was significantly higher in both human airway 
tissue and serum compared to controls. Chest CT scans exhibited typical imaging features of airway remodeling and increased airway 
parameters.
Conclusion: The findings suggest a correlation between increased HIF-1α expression and COPD airway remodelling. This study 
provides novel evidence that HIF-1α may be a potential biomarker for airway remodelling in COPD patients.
Keywords: hypoxia-inducible factor 1-α, chronic obstructive pulmonary disease, matrix metalloproteinase 9, airway remodelling

Introduction
Chronic Obstructive Pulmonary Disease (COPD) is a major global health issue, ranking among the top three causes of 
death worldwide. Its high morbidity, significant harm, and low awareness have led to severe social and economic 
burdens. Extensive research is needed to understand COPD’s pathogenesis, prevention, and therapeutic targets to reduce 
the burden of respiratory diseases.1,2 COPD is a progressive disease characterized by chronic inflammation and airway 
remodeling, resulting in irreversible lung function damage. Studies have indicated that airway remodeling may occur 
independently and in parallel with airway inflammation.3,4

However, there is currently a lack of effective therapeutic interventions to prevent or reverse airway remodelling in 
COPD patients. Therefore, it is crucial to investigate the biomarkers and molecular mechanisms associated with airway 
remodelling in COPD patients. Oxygen homeostasis is critical in maintaining typical lung structure and function.5 HIF- 
1α, a critical transcriptional regulator involved in cellular responses to hypoxia, oxidants, and inflammation, is over-
expressed in the lungs of COPD patients.6,7 However, the relationship between HIF-1α and airway remodelling remains 
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unclear. This study collected human airway tissue and serum samples and employed quantitative airway CT assessment 
parameters to investigate the correlation between HIF-1α expression and airway remodelling in COPD patients.

Our evaluation of airway remodelling consisted of three main methods: histology, biomarkers, and imaging techni-
ques. The main pathological features of COPD airway remodeling include epithelial-mesenchymal transition (EMT), 
increased collagen deposition, extracellular matrix degradation and repair, ciliary dysfunction, and inflammatory 
infiltration.8 It has been well documented that matrix metalloproteases (MMPs), a family of zinc-dependent protein 
hydrolases, play a role in respiratory remodelling, particularly MMP9.9,10 MMP9 is associated with lung function and 
indicators of small airway disease in COPD patients.11 With the rapid development of imaging technology, CT has 
become a valuable tool for assessing airway dimensions and studying airway diseases.12 Previous studies have indicated 
that quantitative airway CT assessment parameters correlate with pathological changes in airway remodelling.13,14 

However, limited studies currently investigate the relationship between HIF-1α and airway remodeling. Therefore, this 
study aimed to investigate the expression characteristics of HIF-1α in COPD patients and analyze its correlation with 
airway remodelling.

Materials and Methods
Study Design
This clinical case-control study involved 88 participants, including 28 healthy controls and 60 COPD patients. We 
used various staining methods to observe pathological changes in airway tissues and employed immunohistochem-
istry to detect HIF-1α and MMP9 expression in these tissues. HIF-1α and MMP9 concentrations in serum were 
measured using ELISA and airway remodelling in all participants were assessed by measuring CT airway para-
meters. Our analysis focused on the relationship between serum concentrations of HIF-1α and MMP9 and airway 
parameters.

Subject
Airway tissues were obtained from lobectomies or segmental resections in three patients with pulmonary macroglossia 
and three patients with pulmonary macroglossia combined with COPD at Nanhua Hospital, Nanhua University. Serum 
samples were collected from 88 participants (60 COPD patients and 28 controls) between January 2023 and July 2023. 
All COPD patients included in the study conformed to the diagnostic criteria outlined in the 2023 GOLD guidelines, 
were in a stable phase without any acute exacerbations of COPD within the previous two months, and were above 18 
years of age. The control group was recruited from our hospital’s health check-up center during the same period, 
comprising healthy adults over the age of 18 with no history of respiratory diseases, including but not limited to chronic 
obstructive pulmonary disease, asthma, and pulmonary tuberculosis, and no episodes of acute illness or history of long- 
term medication use in the past six months. Exclusion criteria for participants included severe cardiovascular, hepatic, 
and renal impairments, hematological disorders, diabetes, malignancy, psychiatric diseases, other pulmonary conditions 
(such as asthma, acute exacerbation of the chronic obstructive pulmonary disease, pneumonia, cystic fibrosis, active 
tuberculosis, and interstitial lung disease), and a history of regular use of corticosteroids or immunosuppressive agents. 
Our study was approved by the Ethics Committee of the Nanhua Affiliated Hospital (2023-KY-196) and complied with 
the Declaration of Helsinki. Informed consent was obtained from all subjects.

Pulmonary Function Tests
Each subject inhaled 400 μg of salbutamol (Ventolin, GlaxoSmithKline, London, UK) for 15 minutes. Lung function 
testing was conducted by professional technicians in the Pulmonary Function Room of the hospital, and the results were 
analyzed and reported by experienced doctors from the Department of Respiratory and Critical Care Medicine. The 
following parameters were recorded: forced vital capacity (FVC), forced expiratory volume in the first second (FEV1), 
FEV1 as a percentage of predicted value (FEV1%pred), and the FEV1/FVC ratio. According to the GOLD guidelines, 
a FEV1/FVC ratio of <0.7 is diagnostic for COPD.
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Computed Tomography Scanning and Analysis of the Chest
All scans were performed using a Philips Brilliance 64 (Philips Medical Solutions, Netherlands) and Somatom Definition 
Flash (Siemens Medical Solutions, Germany). All parameters were obtained through CT plain image reconstruction and 
reconstructed using a standard algorithm. The lung window (window width 1500 HU, window position −500 HU) and 
mediastinal window (window width 400 HU, window position 40 HU) were utilized for observation. The scanning 
parameters were as follows: a tube voltage of 120 kV, a tube current of 150 mA, a layer thickness of 5.0 mm, and 
a reconstructed layer thickness of 0.625 mm. The quantitative airway measurements of the right upper lobe apical 
segment (RB1) were performed using the thoracic VCAR software provided by GE. The software automatically 
measured the square root of the wall area of the 8-mm area within the airway (Ai8), the percentage of bronchial wall 
area (WA%), and the total airway area (AO).

Determination of HIF1-α and MMP9 Concentrations
Blood samples were collected from all subjects through venipuncture. Serum was obtained by centrifugation at 2000 r/ 
min for 10 minutes and stored at −80°C. HIF1-α and MMP9 concentrations were measured using human enzyme-linked 
immunosorbent assay (ELISA) kits, following the manufacturer’s instructions. The ELISA kits for HIF1-α and MMP9 
were supplied by ELK Biotechnology (Wuhan, China).

Histological Staining of Airway Tissues
Human lung tissue was fixed in 4% neutral formalin and embedded in paraffin. Sections of 3–5 μm were prepared for 
staining purposes. Hematoxylin-eosin (HE) and a Masson staining kit (Servicebio, Wuhan, China) were employed to 
assess structural changes in the human airways. The experimental procedures were conducted under the manufacturer’s 
instructions. Immunohistochemical staining was conducted to examine the expression of HIF1-α and MMP9 in each 
section. Antigens were extracted as per the primary antibody protocol. To block endogenous peroxidase activity, 
a peroxidase blocker was added and incubated for 30 minutes at 37°C. Subsequently, the slides were incubated overnight 
at 4°C with mouse anti-HIF1-α antibody (Reed Bio# RA10339, Wuhan, China; diluted 1:300) and rabbit anti-MMP9 
antibody (Abcam#ab52496, Cambridge, UK; diluted 1:50). After rinsing with PBS, the slides were incubated with 
biotinylated goat anti-rabbit IgG, followed by streptavidin-peroxidase incubation. Staining was performed using a DAB 
solution (ZSGB Bio, Beijing, China) and restained with hematoxylin. An optical microscope (OLYMPUS, CX21) was 
used for visualization. MMP9 and sestrin2 protein expression were semi-quantitatively assessed using Image-ProPlus 6.0 
(Media Cybernetics, Inc., USA). The mean integral optical density of protein staining was calculated by dividing the 
integral optical density of protein-staining-positive epithelium by the corresponding bronchial epithelium area.

Statistical Analysis
Data was analyzed using GraphPad Prism 8.0.2 (San Diego, California, USA) and SPSS 26.0 (IBM, Armonk, NY, USA) 
software. Categorical variables were presented as counts (%). The chi-square test was utilized to compare differences in 
sex ratio and smoking status. For normally distributed data, unpaired t-tests were conducted, and mean values (± standard 
deviation) were reported. Non-normally distributed data were compared using the Mann–Whitney U-test, and the median 
of the interquartile range was reported. Correlations between serum protein concentrations and other measures in the 
COPD group were examined through Pearson or Spearman rank correlation analysis. A p-value of less than 0.05 was 
considered statistically significant.

Results
Demographic Characteristics of All Subjects
All participants enrolled in this study were categorized into the COPD group (n=60) and the control group (n=28). The 
two groups had no significant differences regarding age, gender, BMI, and smoking index. However, other lung function 
indices, including FEV1% and FEV1/FVC, were significantly lower in the COPD group (P < 0.001). The demographic 
characteristics of all participants are summarized in Table 1.
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Histological Staining of Airway Tissues
We isolated airway tissue and employed various staining methods to characterize airway remodelling at a pathological level. The 
HE staining revealed the control group’s integral airway epithelial structures and ciliated cells. In contrast, the COPD group 
displayed various degrees of ciliated cell detachment and retention (Figure 1A). Masson staining exhibited a substantial increase 
in collagen deposition in the bronchioles’ epithelial area within the COPD group compared to the control group (Figure 1B).

Expression of HIF-1α and MMP9 in Airway Tissues
In the DAB immunohistochemical analysis, brown staining indicated positive protein expression. The expression of HIF- 
1α predominantly localized in the cytoplasm of bronchial epithelial cells and exhibited a significant increase in the COPD 
group (Figure 2A). Similarly, MMP9 expression was considerably enhanced in the cytoplasm of the COPD group as 

Table 1 Demographic Characteristics of the Control Group and COPD Group

Variables Control Group (n=28) COPD Group (n=60) P value

Age, year 63.14 (8.40) 63.46 (12.55) 0.902a

Mal sex, n (%) 23 (82.01%) 48 (80.00%) 0.655c

BMI, Kg/m2 22.99 (2.41) 22.55 (3.09) 0.511b

Smoking status
Never smoked, n (%) 19 (67.86%) 38 (63.33%)

Current smoker, n (%) 5 (17.86%) 7 (11.67%)

Ex-smoker, n (%) 4 (14.28%) 15 (25.00%)
Smoking, pack-years* 27.55 (10.48) 29.75 (11.58) 0.627a

Pulmonary function
FEV1/FVC, % 86.90 (8.76) 52.48 (12.80) <0.001b

FEV1, % of predicted 97.41 (20.67) 61.16 (24.88) <0.001b

Notes: Data are presented as number (%) or means (standard deviation) or median (interquartile range). * 
(Number of cigarettes per day × number of years of smoking)/20. at-test; bmann–Whitney U-test; cχ2 test. 
Abbreviations: COPD, chronic obstructive pulmonary disease; BMI, body mass index; FEV1, forced 
expiratory volume in 1 s; FVC, forced vital capacity.

Figure 1 Staining of airway tissues in control and COPD group. 
Notes: (A) H&E stains in control and COPD group; (B) Subepithelial fibrosis by Masson staining in control and COPD group; Magnification, × 400.
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Figure 2 HIF1-α and MMP9 expression in airway tissue and serum in control and COPD group. 
Notes: (A) Expression of HIF1-α by IHC in control and patients with COPD. (B) Expression of MMP9 by IHC in control and patients with COPD. (c) Semiquantitative 
assessment of HIF1-α expression using Image-Pro Plus. (D) Semiquantitative assessment of MMP9 expression using Image-Pro Plus. (E) Serum HIF1-A concentrations in 
control and COPD groups. (F) Serum MMP9 concentrations in control and COPD groups. Positive protein staining appears brown and nuclear staining appears blue. 
Magnification, × 400. *P < 0.05, **P < 0.05, ***P < 0.001 versus control group.
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compared to the control group (Figure 2B). The mean integrated optical density of HIF-1α and MMP9 in the COPD 
group was significantly higher than that in the control group (P < 0.001; Figure 2C–D).

Serum HIF1-α and MMP9 Concentrations
Serum HIF1-α concentrations were significantly higher in COPD patients compared to controls (P < 0.001) (Table 2, 
Figure 2E). Likewise, the serum expression of MMP9 was substantially elevated in COPD patients compared to controls 
(P < 0.001) (Table 2, Figure 2F).

Airway Parameters in Chest CT Scans of Subjects
Chest CT scans of COPD patients exhibited thickened bronchial walls and curved bronchial lumens as compared to 
controls (Figure 3). We observed significantly higher values of airway parameters in chest CT (Ai8, AO, WA%) in COPD 
patients (p < 0.001) (Table 2, Figure 4).

Relationship Between HIF1-α and MMP9, CT Parameters, and Pulmonary Function in 
Patients with COPD
To elucidate the relationship between HIF1-α and airway remodeling in COPD patients, we analyzed the serum HIF1-α 
concentration in correlation with MMP9 and chest CT airway parameters. Results indicated a positive correlation 
between serum HIF1-α concentration and serum MMP9 concentration (r = 0.286, P = 0.027) (Figure 5A), AO (r = 
0.395, P = 0.008) (Figure 5B), Ai8 (r = 0.361, P = 0.017) (Figure 5C), and WA% (r = 0.361, P = 0.016) (Figure 5D). 
However, there were no significant associations between HIF-α concentration and lung function parameters (Table 3).

Discussion
This study investigated the potential relationship between HIF1-α and airway remodeling in COPD. At the histological 
level, this was demonstrated by immunohistochemical staining of HIF1-α and MMP9 expression in human airway tissue, 
revealing significantly higher levels in COPD patients than controls. At the biomarker level, serum concentrations of 
HIF1-α and MMP9 were also elevated in COPD patients. In addition, the airway structure of COPD patients showed 
apparent imaging features of airway remodelling and significantly elevated quantitative airway parameters, as revealed 
by chest CT scans. Further analysis showed that serum levels of HIF1-α were associated with serum MMP9 levels and 
quantitative airway parameters detected by chest CT scans. Therefore, this study suggests that HIF1-α may play a role in 
airway remodeling in COPD.

Airway remodelling is characterized by tissue, cellular, and molecular component alterations leading to pathological 
changes in the epithelium, airway smooth muscle, vasculature, and extracellular matrix.15 This is a well-recognized 
phenomenon in COPD, and in our study, we confirmed the presence of typical pathological features of airway 

Table 2 HIF1-A and MMP9 Concentrations and Quantitative CT Measurements in the Total 
Subjects

Test index Control Group (n=28) COPD Group (n=60) P value

Serum assay

HIF1-A 1.1699 (0.3719) 1.629 (0.763) 0.003b

MMP9 68.18 (31.49) 100.52 (67.62) 0.018a

Airway parameters on chest CT

Ai8 (mm) 4.10 (0.72) 5.09 (0.78) <0.001a

WA percent (%) 62.87 (10.97) 76.35 (5.63) <0.001a

Ao (mm2) 14.88 (5.08) 25.00 (8.02) <0.001a

Notes: Data are presented as means (standard deviation) or median (interquartile range). P-values were calculated by 
statistical analysis of the variable. at-test; bMann–Whitney U-test. 
Abbreviations: CT, computed tomography; HIF-1α, hypoxia-inducible factor 1-α; MMP9, matrix metalloproteinases 9; 
Ai8, Square root of the wall area at an internal airway area of 8 mm2; AO, total airway area; WA%, wall area 
percentage.
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remodelling in COPD airway tissues, including airway subepithelial fibrosis and decreased ciliated cells, as observed in 
histopathological sections of human lungs. Among the various inflammatory pathways and mediators implicated in the 
development of COPD, matrix metalloproteinases (MMPs) are involved in airway remodelling through direct and 
indirect mechanisms.16–18 Consistent with previous studies, it was found that MMP9 expression was significantly 
elevated in airway tissues and serum of COPD patients, suggesting airway remodelling in these patients.

Considering that oxidative stress plays a crucial role in airway remodeling and that HIF-1α is a key regulator of 
oxygen homeostasis during hypoxic conditions, recent evidence suggests a correlation between serum levels of HIF-1α 
and the severity of FEV1/FVC grading in patients with COPD.19 Furthermore, increased expression of HIF-1α 
upregulates the platelet-activating factor receptor (PAFR) on the surface of airway epithelial cells, with a higher 
upregulation observed in smokers, particularly those with COPD.20 Our present study aligns with previous research, 
as we observed significantly higher levels of HIF-1α in both human serum and tissues from COPD patients compared to 
the control group; this suggests that HIF-1α may play an essential role in the development of COPD.

Figure 3 Chest CT image in control and COPD group. 
Notes: (A) Lung tissue extracted automatically by Thoracic VCAR software; (B) Airway tree extracted automatically by software by Thoracic VCAR software; (C) Curved 
planar reformation of the bronchial pathway in COPD group.
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Figure 4 Airway parameters on chest CT in control and COPD group. 
Notes: (A) Comparison of Ai8 in control and COPD group; (B) Comparison of WA% in control and COPD group; (C) Comparison of AO in control and COPD group; 
***P < 0.001.

Figure 5 Correlation between serum HIF1-α concentrations and airway parameters on chest CT. 
Notes: Correlations between serum HIF1-α concentrations and MMP9 (A) AO (B) Ai8 (C) and WA% (D) Correlations were determined by Pearson rank correlation 
analysis.
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To delve further into the relevance of HIF-1α to COPD airway remodeling, we conducted immunohistochemical 
staining of relevant genes in human lung tissues. We found that the expression of HIF-1α in the airways of the COPD 
group was significantly higher than that of the control group. Notably, the bronchial epithelial cells displayed a notable 
increase in MMP9 staining. Additionally, our study revealed a positive correlation between serum HIF-1α concentration 
and serum MMP9 concentration. Recent research indicates that the upregulation of HIF-1α expression may trigger 
a cascade of downstream effects, including an increase in MMP9 expression.21,22 This enzyme directly participates in the 
structural remodeling of airways and lung tissue. Our discussion of the results further supports this notion through the 
positive correlation between HIF-1α and MMP9 concentrations, suggesting a potential interactive role between these 
molecules in the pathological process of COPD, thereby facilitating disease progression. These findings suggest that HIF- 
1α could be a blood biomarker for evaluating airway remodelling in COPD. Moreover, by understanding the role of HIF- 
1α in COPD, it may be helpful to develop therapeutic strategies targeting these molecules to slow down the progression 
of the disease or improve the symptoms of patients.

Considering that chest CT airway parameters have been recognized as radiological biomarkers of COPD and correlate 
with airflow obstruction in all GOLD phases,23,24 this study aimed to assess airway remodelling by examining chest CT 
airway structure and parameters. The findings showed significant alterations in airway structure in the COPD group, 
characterized by thickening of the bronchial wall and rough curvature of the bronchial lumen. Moreover, all three 
quantitative airway parameters (Ai8, AO, and WA%) measured on chest CT were statistically elevated, indicating the 
occurrence of airway remodelling at the imaging level in the COPD group. Additionally, this study substantiates the 
positive correlation between HIF-1α levels and quantitative airway measurements in chest CT imaging, revealing no 
significant association between HIF-1α concentrations and pulmonary function metrics. Our observations corroborate 
that the positive relationship between HIF-1α and CT-derived parameters offers a potential radiographic biomarker for 
evaluating the extent of airway remodelling and disease severity in patients with COPD. This correlation implies that 
utilizing imaging modalities to monitor the expression of these molecular markers may facilitate earlier detection of 
COPD progression and enable the formulation of more targeted therapeutic interventions for affected individuals.

However, it is essential to acknowledge the limitations of this study. Firstly, although three methods were employed to 
evaluate airway remodelling, more detailed information regarding the correlation between HIF1-α expression levels, 
serum biomarkers, and airway remodelling during different stages of COPD progression was not provided. Secondly, 
based on the results of this study, it is proposed to further investigate the expression of HIF1-α using an animal model of 
COPD for subsequent molecular experiments such as immunohistochemistry and Western blotting.

Table 3 Association Between Serum HIF1-α 
Concentrations and Other Measurement Indices in 
COPD Group

Test Index r P-value

Serum assay

MMP9 (ng/mL) 0.286 0.027a

Airway parameters on chest CT

Ai8 (mm) 0.361 0.017a

WA percent (%) 0.361 0.016a

Ao (mm2) 0.395 0.008a

Pulmonary function
FEV1/FVC, % 0.0495 0.707b

FEV1, % of predicted 0.1468 0.263b

Notes: Correlations were determined by Pearson and Spearman rank 
correlation analysis. aPearson rank correlation analysis; bSpearman rank 
correlation analysis; r, Pearson rank correlation coefficient. 
Abbreviations: CT, computed tomography, MMP9, matrix metallo-
proteinases 9, Ai8, Square root of the wall area at an internal airway 
area of 8 mm2, AO, total airway area, WA%, wall area percentage; 
FEV1, forced expiratory volume in 1s; FVC, forced vital capacity.
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Conclusion
The study elucidates significant upregulation of HIF-1α alongside a positive correlation with MMP9 concentrations and 
quantitative CT parameters in patients with COPD. These results underscore the pivotal role of airway remodelling in the 
pathology of COPD and highlight the prospective utility of HIF-1α as a clinical biomarker for assessing airway 
remodelling. By providing deeper insights into the mechanisms underlying airway remodelling in COPD, this research 
suggests novel diagnostic and therapeutic avenues. It significantly advances our understanding of COPD pathophysiology 
and lays the groundwork for innovative approaches in management.
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The authors report no conflicts of interest in this work.
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