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Background: Chronic obstructive pulmonary disease (COPD) has emerged as a very consequential issue threatening human life and 
health; therefore, research on its pathogenesis is urgently needed. A prior investigation discovered a significant elevation in the 
phosphoglycerate mutase 5 (PGAM5) expression in the lung tissue of COPD smoking patients. This rise in expression is closely 
associated with COPD severity. Nevertheless, the precise molecular processes by which PGAM5 influences the COPD initiation and 
advancement remain unknown.
Materials and Methods: A COPD model was created using murine alveolar macrophages (MH-S). Flow cytometry, enzyme-linked 
immunosorbent assay, Western blotting, and other methods were used to detect macrophage polarization, inflammatory factor secretion 
levels, and changes in PGAM5 and the nuclear factor-κB (NF-κB) pathway.
Results: PGAM5 stimulated macrophage M1 polarization and secretion of the proinflammatory factors interleukin-1β (IL-1β) and 
tumor necrosis factor-alpha (TNF-α). PGAM5 bound and activated apoptotic signaling-regulated kinase 1 (ASK1), further activating 
the NF-κB pathway. These implications were reversed when PGAM5 expression was silenced.
Conclusion: PGAM5 can cause an increase in p-ASK1T838, trigger the NF-κB pathway activation, and stimulate the M1 macrophage 
polarization and production of proinflammatory factors. This finding has significant implications for preventing and treating COPD.
Keywords: COPD, phosphoglycerate mutase 5, macrophage polarization, NF-κB pathway, apoptosis signal-regulating kinase 1

Introduction
In recent years, with the advent of an aging population and the intensification of environmental pollution, the chronic 
obstructive pulmonary disease (COPD) prevalence has risen, making it the third prevailing common cause of mortality 
globally.1 Annually, almost 3 million individuals die from COPD.2 COPD is a significant concern for public health and 
socioeconomic challenges.3 Therefore, the study of the pathologic mechanisms of COPD is vital.

Recent investigations have reported a strong connection between macrophage polarization and COPD development 
and progression.4,5 Macrophage polarization refers to the function and morphology of macrophages that can change 
according to specific microenvironmental signals and create distinct functional phenotypes.6 The macrophage polariza
tion process involves a series of key signaling pathways and factors. Under the regulation of key factors, the binding of 
receptors and ligands promotes the activation of multiple signaling pathways, which ultimately leads to the polarization 
of M0 macrophages toward M1 or M2, inflammation is driven by M1 macrophages, while M2 macrophages have anti– 
inflammatory and tissue healing-supporting roles, and M1/M2 is constantly in a state of dynamic equilibrium.7–9 

Currently, different scholars have different opinions on the direction of macrophage polarization in the lungs of COPD 
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patients. It has been suggested that M2 macrophages are increased in COPD patients and that M2 macrophage 
polarization leads to airway remodeling, resulting in the development of COPD.10,11 However, there are also studies 
suggesting that increased M1 macrophages in the lungs of COPD patients are involved in the inflammatory response and 
tissue damage in COPD.12,13 There is still controversy over which macrophage phenotype is more dominant in the 
progression of COPD. An in vitro investigation has demonstrated that cigarette smoke extract (CSE) promotes macro
phage M1 polarization and proinflammatory cytokines release, encompassing tumor necrosis factor-alpha (TNF-α) and 
interleukin (IL-1β);14 Nevertheless, more investigations are necessitated to possess a thorough grasp of the exact process 
of macrophage polarization. The macrophage polarization was potentially controlled by NF-κB pathway.15 The tran
scription factor NF-κB exists in the cytoplasm as heterodimers and/or homodimers, primarily p65 and p50, which 
contribute to the M1 and M2 macrophage polarization, respectively.16 Cigarette smoke activates the NF-κB pathway and 
is strongly linked to COPD occurrence and development.17,18

A recent investigation demonstrated that the presence of phosphoglycerate mutase 5 (PGAM5), an unusual mitochon
drial threonine/serine phosphatase, is notably raised in the lungs of smokers with COPD contrasted with normal 
individuals.19 PGAM5 is an unconventional mitochondrial serine/threonine phosphatase enzyme that involved in several 
mitochondrial processes, such as the balance of organelles, mitophagy, and cell death.20 PGAM5 activity may also 
control the dephosphorylation from Drp1 in macrophages, resulting in stimulating proinflammatory responses in 
macrophages.21 Moreover, PGAM5 is a newly discovered controller of inflammasome function that operates autono
mously from receptor-interacting serine/threonine-protein kinase 3 (RIPK3) and has been demonstrated to contribute to 
inflammasome activation and is associated with key inflammatory cytokines that play profound roles in various immune 
diseases.22,23 Thus, PGAM5 is closely related to COPD and macrophage polarization.24 Nevertheless, the current 
understanding of the molecular regulatory mechanisms is inadequate.

Our study showed that PGAM5 increased the expression of p-ASK1T838, thereby activating apoptotic signaling- 
regulated kinase 1 (ASK1) and the NF-κB pathway. This could impact the macrophage’s polarization and increase the 
production of inflammatory cytokines, leading to COPD development. Therefore, exploring the contribution of PGAM5 
to COPD onset and progression will offer reference and new ideas for innovative prevention and treatment targets 
for COPD.

Materials and Methods
Cell Purchase and Culture
Murine alveolar macrophages (MH-S) were obtained from Wuhan Pu-nuo-sai Life Technology Co, Ltd, in Wuhan, 
China. The cells were cultivated in RPMI 1640 medium (CM-0597; Wuhan Pu-nuo-sai Life Technology Co, Ltd (Wuhan, 
China) enriched with 10% fetal bovine serum (FND500; Excell Bio, Jiangsu, China), 1% penicillin-streptomycin 
(15070–063, GIBCO, California, USA), and 0.05 mm β-mercaptoethanol. Cell culture conditions were 37 °C and 5% 
CO2.

Patients and Specimens
All clinical specimens were acquired from the Second Affiliated Hospital of Hainan Medical University. Smoker control 
lung tissues (n = 4) were procured from patients who underwent surgery for a benign lung nodule. Tissue specimens were 
collected from a group of 9 individuals with COPD who underwent lung transplantation and the investigation was 
accepted with the Ethics Committee of the Second Affiliated Hospital of Hainan Medical University (LW2022178). 
Patient data is shown in Supplementary Table 1.

CSE Preparation
The tobacco used in the study was a Honghe® Filter tip cigarette with a tar content of 10 mg, nicotine content of 0.7 mg, 
and carbon monoxide fumes of 12 mg. The cigarette was purchased from Hongyunhonghe Tobacco Co., Ltd (Kunming, 
China). The smoke from the cigarette was obtained by combusting it in an experimental apparatus with a continuously 
vacuum-driven airflow. Subsequently, a serum-free medium was introduced to generate a suspension. Prior to adding it to 
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the cell cultures, a sterile filter with a pore size of 0.22 µm was implemented to filter the gathered CSE.25 The suspension 
obtained was considered to be 100% CSE and was diluted with a full culture medium to create a 5% CSE solution for 
cell culture.

Hematoxylin and Eosin (H&E) Staining
An appropriate amount of lung tissue was collected and placed in 10% neutral formalin, embedded in paraffin, and 
4-μm-thick sections were created by a pathological technologist. The sections were processed using a standard histolo
gical protocol and stained with H&E.26

Immunohistochemical (IHC) Staining
IHC staining was conducted using conventional techniques. The paraffin-embedded tissues were sectioned into 4 µm 
sections. The tissue pieces were soaked in xylene to remove the wax and then washed with different concentrations of 
alcohol to restore their moisture. They were then submerged in boiling 0.01 M citric acid buffer (pH 6.0) in a pressure 
cooker to repair antigens, which was sealed and brought to full pressure for 10 min. The sections were treated for 
10 min at ambient temperature with a 3% solution of H2O2 for blocking in order to remove any endogenous peroxidases. 
The specimens were thereafter placed in an incubator at 4 °C overnight, together with the primary antibodies (ABs): 
mouse anti-CD86 (1:200, ab270719; Abcam, Cambridge, UK), rabbit anti-Akt1 (1:200, ab126534; Abcam, Cambridge, 
UK), mouse CD206 monoclonal AB (1:50, 60143-I-Ig; Proteintech Group, Wuhan, China), mouse CD68 monoclonal AB 
(1:100, 66,231-2-Ig; Proteintech Group, Wuhan, China), and rabbit NGAL polyclonal AB (1:100, PA5-79589; Thermo 
Fisher Scientific, MA, USA). Subsequently, they were incubated with a secondary AB that was coupled to horseradish 
peroxidase (HRP). The sections were then treated with a developing solution and then stained with hematoxylin as 
a counterstain. The color was fixed using acidic alcohol and then dried. The tissue slices were observed with a Nikon 
biological microscope (Nikon UK Ltd, Kingston upon Thames, UK). The IHC pictures were examined with Image-Pro 
Plus 6.0, and the positivity rate was calculated after quantitative processing (integral optical density (sum)/area (sum)).

Cell Transfection and Small Interfering RNA (siRNA) Knockdown
The conditions for the highest transfection efficiency were determined to be 0.1μM siRNA and 48 h after transfection and 
were chosen for subsequent siRNA experiments. MH-S cells were collected, counted, and resuspended in a complete 
medium. The cellular density was calibrated to 1×105 cells/mL, and 2 mL of the cellular suspension was introduced into 
each well of 6-well plates. The cells were allocated into control, siRNA-NC, siRNA-PGAM5-257, siRNA-PGAM5-630, 
and siRNA-PGAM5-713. The control group contained no siRNA at the time of transfection. All siRNAs were purchased 
from Gempharmatech (Jiangsu, China). After transfection of the four different siRNA plasmids into MH-S cells, changes 
in PGAM5 expression were detected using reverse transcription quantitative-PCR. siRNA-PGAM5-257, which most 
efficiently suppressed PGAM5, was selected for the follow-up experiments. Knockdown efficiency was ascertained 
48 h following transfection using Western blotting. The detailed methodology used for siRNA screening is shown in 
Supplementary Figure 1.

Flow Cytometry
MH-S cells were collected, and different groups of interventions were performed. The cells were labeled with the 
fluorescent-conjugated ABs CD86-FITC (MultiSciences, Zhejiang, China) and CD206-PE-Cyanine7 (eBioscience, 
California, USA) and incubated at 4 °C for 15 min in the absence of light. The supernatant was eliminated, the cells 
were rinsed once, 500 μL of phosphate-buffered saline (PBS) was introduced, and the mixture was vigorously mixed. 
The levels of CD86 and CD206 expression were measured using a FACS flow cytometer (URIT Medical Electronics Co, 
Ltd, Guilin, China). Flow cytometry gates were determined by Fluorescence minus one (FMO) controls. FMO control 
tubes were prepared, add CD206 antibody to CD86 FMO control tube, add CD86 antibody to CD206 FMO control tube, 
they were detected by flow cytometry. Finally, determine fluorescence dispersion and set precise gates based on the 
fluorescence signals of FMO control samples and negative control samples.
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Enzyme-Linked Immunosorbent Assay (ELISA)
The TNF-α, IL-1β/10, and transforming growth factor-beta (TGF-β) levels in the culture supernatant were quantified 
using an ELISA test kit (MultiSciences, Zhejiang, China) and adjusted based on standard curves, following the 
manufacturer recommendations.

Western Blotting
Standard protocols were used for Western blot analysis. In summary, MH-S cells were disrupted with RIPA lysis buffer, 
and a suitable quantity of 5 x sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer 
was introduced containing β-sulfhydryl ethanol was heated in boiling water at 100 °C for 5 min to completely degrade 
the protein and added. Upon separation, the proteins were electrotransferred onto polyvinylidene difluoride (PVDF) 
membranes. The membranes were obstructed with 5% skim milk for 1 h at ambient temperature and afterward incubated 
overnight at 4 °C with the diluted primary ABs listed below: anti-mouse PGAM5 AB (A-3) (1:1000, sc-515880; Santa 
Cruz Biotechnology, Dallas, TX, USA), phospho-ASK1 (Ser1029) AB (1:1000, AF3549; Affinity Biosciences, OH, 
USA), rabbit-anti-ASK1 (pT838) polyclonal AB (1:1000, abs149098; Absin, Shanghai, China), recombinant anti-NF-κB 
p65 (phospho S536) AB [EP2294Y] (1:800, ab76302; Abcam, Cambridge, UK), and recombinant anti-NF-κB p65 AB 
[E379] (1:800, ab32536; Abcam, Cambridge, UK). Beta-actin AB (1:1000, 100166-MM10; Sino Biological Inc, Beijing, 
China) was implemented as the loading control. Next, appropriately diluted secondary ABS, goat anti-rabbit IgG H&L 
(HRP) (1:5000, ab205718; Abcam, Cambridge, UK), and goat anti-mouse IgG H&L (HRP) (1:5000, ab205719; Abcam, 
Cambridge, UK), were introduced and incubated at ambient temperature for 1 h. Subsequent to the washing step with 
Tris-buffered saline with 0.1% Tween® 20 detergent (TBS-T), the immunoreactive bands were visualized using 
a Chemiluminescence Imaging System (Chemiscope 3000; Shanghai Qinxiang Scientific Instrument Co, Ltd, 
Shanghai, China).

Co-Immunoprecipitation (Co-IP)
Co-IP was performed with an immunoprecipitation kit (ab206996; Abcam, Cambridge, UK). MH-S cells (1×106 cells/ 
mL) overexpressing PGAM5 were collected. The cells were chilled to 4 °C and incubated for 30 min. After that, they 
were centrifugated at a force of 14,000 ×g for 10 minutes at 4 °C with an ice-cold lysis buffer. The supernatants were 
obtained as whole-cell lysates. The supernatants were then divided into three groups: the cell lysate was implemented as 
the Input group, an experimental group (PGAM5 flag IP) with FLAG AB (1:30, ab205606; Abcam, Cambridge, UK), 
and an IgG control group (IgG IP) with IgG ABs (1:100, ab172730; Abcam, Cambridge, UK). The ABs were introduced 
and incubated overnight at 4 °C. The Protein A/G was rinsed two times with a wash buffer. The mixture was centrifuged 
with 2000 ×g for an interval of 2 min. The resulting beads were then gathered and rinsed three times with a wash buffer. 
The beads were immersed in 2 × SDS-PAGE loading buffer and heated for 5 min. They were then centrifugated at 14,000 
×g for 1 min at a temperature of 4 °C. SDS-PAGE was implemented to separate the proteins present in the collected 
supernatants. The proteins that were separated were deposited electrically onto PVDF membranes. The membranes were 
obstructed with 5% skim milk for 1 h at ambient temperature and subsequently incubated with diluted primary ABs 
overnight at 4 °C: anti-mouse PGAM5 AB (A-3) (1:1000, sc-515880; Santa Cruz Biotechnology, Dallas, Texas, USA) 
and recombinant anti-ASK1 AB [EP553Y] (1:800, ab45178; Abcam, Cambridge, UK). The appropriate secondary ABs, 
goat anti-rabbit IgG H&L (HRP) (1:5000, ab205718; Abcam, Cambridge, UK) and goat anti-mouse IgG H&L (HRP) 
(1:5000, ab205719; Abcam, Cambridge, UK), were added following three rounds of washing with TBS-T. The ABs were 
then incubated for 1 h at ambient temperature. Subsequent to the washing with TBS-T, the immunoreactive bands were 
identified and captured using a Chemiluminescence Imaging System (Chemiscope 3000; Shanghai Qinxiang Scientific 
Instrument Co, Ltd., Shanghai, China).

Immunofluorescence
Proteins in the cell lines were localized with immunofluorescence. Subsequently, the slides were eliminated and fixed 
with 4% paraformaldehyde for a duration of 10 min. In summary, the cells were cultivated on glass coverslips and then 
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fixed in a solution containing 4% paraformaldehyde for 30 min at ambient temperature. Afterward, they were subjected 
to a 0.5% Triton X-100 solution for an interval of 20 min. The cells were afterward treated with a solution containing 1% 
bovine serum albumin at ambient temperature for 1 h in order to hinder any non-specific binding. Lastly, the cells were 
incubated overnight at 4°C with a solution incorporating 2 μg/mL of both anti-ASK1/PGAM5 ABs. The cells were rinsed 
with PBS and then incubated at 2 μg/mL of goat anti-rabbit (ab150077) and -mouse (ab150116) IgG H&L (Alexa Fluor® 

488 and 594) (Abcam, Cambridge, UK) at 37 °C for a duration of 1 h, while being kept in darkness. The nuclei were 
labeled with 4′,6-diamidino-2-phenylindole (DAPI). The slides were coated with a solution containing 50% glycerol. The 
ASK1 and PGAM5 proteins were examined for their expression and localization with a laser confocal microscopy 
(Eclipse TS100-F; Nikon Corporation, Japan). The fluorescence intensity was estimated utilizing the ImageJ program.

Data Analysis
Values reported for all data are shown as mean ± standard deviation. SPSS19.0 software was deployed for statistical 
analysis of the data of each group, and one-way analysis of variance was used for statistics. Significance was deemed at 
P < 0.05. GraphPad Prism 9.5.1 was implemented for mapping.

Results
Patients with COPD Had Increased PGAM5 Expression and Numbers of M1 Cells
Significant pathological differences were observed between the control and COPD groups. H&E staining of lung tissues 
from patients with COPD revealed fusion of alveoli with a higher mean linear intercept than that of the controls 
(Figure 1A and B). Furthermore, we estimated the PGAM5, CD86, and CD206 expressions with IHC staining. 
Contrasted with the control group, COPD patients lung tissues experienced an elevation in PGAM5 expression, and 
the expression for the CD86 marker for M1 macrophages was increased, whereas the CD206 expression, an indicator for 
M2 macrophages, was reduced (Figure 1C–H). To investigate the role of PGAM5 and macrophage polarization in the 
pathogenesis of COPD, double immunofluorescence staining was used to co-label PGAM5 expression and M1/M2 
macrophage markers in human lung tissue. The results showed that the rate of double-label positivity for CD86+PGAM5+ 

was higher in the COPD group than in the smoker control group, but the double-label positivity for CD206+PGAM5+ did 
not show a significant difference between the COPD group and the smoker control group (Figure 1I–L).

CSE Led to Increased PGAM5 Expression in Macrophages, an Elevation in M1, and 
Hindrance in M2 Macrophages
We exposed the MH-S cells to either saline or CSE for a duration of 24 h. Moreover, we ascertained PGAM5 expression 
with Western blot analysis, whereas we determined the quantity of M1/2 macrophages using flow cytometry. The CSE 
group possessed an elevated PGAM5 expression (Figure 2A and B). This boost was followed by a rise in the population 
of M1 macrophages (Figure 2C and D) and a reduction in the number of M2 macrophages (Figure 2E and F).

PGAM5 Knockdown Reversed CSE-Induced M1 Macrophage Polarization and 
Reduced Inflammatory Factor Expression
We allocated MH-S cells into four groups in order to further ascertain the PGAM5 implication on macrophage 
polarization. The first group served as the control, consisting of cells gathered after 24 h of normal incubation. 
The second group referred to as the CSE group, involved cells treated with 5% CSE for 24 h. The third group, known 
as the CSE+siRNA-NC group, included cells transfected with siRNA-negative control for 24 h, followed by treatment 
with 5% CSE for 24 h. Lastly, the fourth group, referred to as the CSE+PGAM5-siRNA group, consisted of cells 
transfected with siRNA-PGAM5-257, followed by treatment with 5% CSE for 24 h. We ascertained the positivity 
rates of M1/2 macrophages with the flow cytometry. Additionally, we estimated the inflammatory cytokines IL-1β, 
TNF-α, TGF-β1, and IL-10 expression levels with the ELISA method. The outcomes demonstrated that CSE 
administration led to an upregulation of M1 macrophage expression and a downregulation of M2 macrophage 
expression (Figure 3A–C). CSE also caused changes in the inflammatory factors expression levels, with elevated 
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Figure 1 Differences in lung tissue structure and PGAM5 and CD86/206 expression levels in COPD patients and Smoker controls. (A and B) H&E staining of lung tissue in COPD 
patients and the smoker control group, and between-group differences in MLI. Magnification 4×, scale bar: 500 µM. (C–H) Expression of PGAM5, CD86, and CD206 in the lung 
tissues of patients with COPD and without COPD. Representative IHC staining (200×, scale bars: 100 μm) and measurement of positivity rate. (I-L) Immunofluorescence staining 
for the distribution of PGAM5, CD86 and CD206 in lung tissues. Representative photomicrographs of double-labeled immunofluorescence staining of PGAM5 (red), CD86/CD206 
(green) and nucleus (blue) in human lung tissue, images were observed by laser confocal microscopy. (magnification, 40×,scale bars: 100 μm). The percentage of double- 
label positive cells was calculated in Image J software. Values are mean ± SD of three replications; Smoker controls n = 4, COPD group n = 9. (*P < 0.05, ***P < 0.001). 
Abbreviations: COPD, chronic obstructive pulmonary disease; H&E, Hematoxylin and eosin; MLI, mean linear intercept; IHC, immunohistochemical; SD, standard 
deviation.
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IL-1 β, TNF- α, and TGF- β1 levels and mitigated IL-10 levels (Figure 3D–G). These results were reversed after the 
PGAM5 knockdown.

PGAM5 Activated ASK1 and NF-κB Pathways
Furthermore, we quantified the p-ASK1 and NF-κB pathway protein expression in MH-S cells with Western blotting to ascertain 
the mechanism of PGAM5-induced macrophage polarization. The outcomes reported that CSE increased the PGAM5 and 
p-ASK1T838 expression levels in MH-S cells; however, the p-ASK1ser1029 levels decreased and there was no significant 
difference in the expression level of ASK1 among all groups (Figure 4A–E). In addition, CSE increased p-p65 expression, 
but P65 expression was constant (Figure 4F and G). When PGAM5 was silenced, the level of p-ASK1ser1029 returned to 
its initial level, and the expression of p-ASK1T838 and p-p65 decreased. To substantiate this conclusion, we performed rescue 
experiments. See Supplementary Figure 2 for rescue experiments.

PGAM5 Co-Localizes and Combines with ASK1
Subsequently, we investigated the interactions between PGAM5 and ASK1 and detected the expression and co- 
localization of PGAM5 and ASK1 using immunofluorescence. This result indicated that CSE treatment raised the 
PGAM5 and ASK1 expression level and co-localization; when PGAM5 was knocked down, the fluorescence intensity 
of ASK1 and PGAM5 decreased, and co-localization was reduced (Figure 5A and B). Co-IP experiments also confirmed 
that PGAM5 and ASK1 could bind to each other (Figure 5C).

Figure 2 CSE increased the PGAM5 expression and M1 macrophages and mitigated the expression of M2 macrophages. (A and B) PGAM5 protein expression. (C-F) 
Differences in CD86 and CD206 expression between the CSE treatment and control groups. Values are mean ± SD of three replications. (***P < 0.001). 
Abbreviations: CSE, Cigarette smoke extract; SD, standard deviation.
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Discussion
Smoking is widely known to be the primary cause of COPD, with inflammation being a key factor in its development.27 

Smoke’s toxic components may trigger the antigen-presenting cells activation, resulting in the T-helper-1 (Th1) cells 
activation. This activation can impact macrophage polarization and the release of inflammatory factors.18,28,29 

Macrophages are the primary immune cells found in the lungs and possess a crucial function in initiating inflammation. 
They may be polarized to M1 /2 macrophages.30 M1-type macrophages induce inflammation, whereas M2-type macro
phages mitigate it.31,32 PGAM5 is an exceptional Ser/Thr-specific phosphatase and has been shown to be closely related 
to inflammation.33 Moreover, Ng Kee Kwong et al reported that the lungs of COPD patients possessed an elevated 
PGAM5 expression.19 Our results were consistent with the results of their investigation. We reported that PGAM5 had an 
elevated expression in the COPD patients’ lung tissues, which was accompanied by alveolar rupture and fusion. 
Importantly, we also found that PGAM5 was expressed in lung macrophages, and COPD group had significant 
upregulation of PGAM5 expression, which was concomitant with an elevation in CD86 expression, a recognized 
indicator of M1 macrophages.34 Thus, we posit that there is a strong correlation between PGAM5 and both macrophage 
polarization and the development of COPD.

Liu et al indicated that PGAM5 is closely related to macrophage polarization in osteoarthritis.35 Herein, we observed 
an elevation of PGAM5 expression in CSE-treated MH-S cells, followed with a rise in M1 macrophages and a reduction 
in M2 macrophages. We silenced PGAM5 to further verify the role of PGAM5 and found that when PGAM5 was 
silenced, the M1 macrophage’s polarization decreased, and that of M2 macrophages increased. Concurrently, we found 
that the rise in PGAM5 coincided with an elevation in the inflammatory cytokines IL-1β and TNF-α release by M1 
macrophages, whereas there was a decline in the secretion of IL-10 by M2 macrophages. These results align with those 
of studies conducted by Sun and Feng.12,36 This confirmed our hypothesis that PGAM5 is closely related to macrophage 
polarization and secretion of inflammatory factors in COPD and that silencing PGAM5 can reverse the effect of CSE on 
macrophages. Our study also revealed unexpected changes in the TGF-β1 levels. TGF-β1 belongs to the TGF-β protein 

Figure 3 Number of M1/2 macrophages and expression of inflammatory factors among the various groups. (A) CD86/206 expression levels in various treatment groups. 
(B and C) CD86 and CD206 positivity rates in different treatment groups. (D–G) IL-1β, TNF-α, IL-10, and TGF-β1 expression levels. Values are mean ± SD of three 
replications (*P < 0.05, **P < 0.01, ***P < 0.001). 
Abbreviations: CSE, cigarette smoke extract; SD, standard deviation.
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family, which possesses an significant function in controlling cell proliferation and differentiation, wound healing, and 
the immune system.37 In the MH-S cells treated with CSE, the TGF-β1 expression level associated with M2-type 
macrophages increased. This could be associated with airway remodeling in COPD patients. Mihara et al showed that the 
bronchial epithelial cells function as the primary anatomical barrier against noxious gasses and cigarette smoke particles. 

Figure 5 PGAM5 co-localizes and combines with ASK1. (A) ASK1 and PGAM5 protein expression and localization were observed using laser confocal microscopy 
(original magnification ×200; scale bars=20 μm). Green: ASK1 immunofluorescence; red: PGAM5 immunofluorescence; blue: DAPI. (B) Fluorescence intensity expression 
levels of ASK1 and PGAM5 proteins in various treatment groups of cells. (C) Co-immunoprecipitation assays. Data were expressed as the means ± SD of triplicate 
experiments. (*P < 0.05. **P < 0.01,***P < 0.001). 
Abbreviation: SD, standard deviation.

Figure 4 PGAM5 associates with ASK1 and NF-κB pathways. (A) Expression of PGAM5, ASK1, p-ASK1ser1029, p-ASK1T838, p65, and p-p65 in MH-S cells. (B–G) 
Quantification of WB results in (A). Data were expressed as the means ± SD of triplicate experiments. (*P < 0.05, **P < 0.01, ***P < 0.001). 
Abbreviations: CSE, cigarette smoke extract; MH-S, mouse alveolar macrophage; WB, Western blotting; SD, standard deviation.
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CSE triggers the reactive oxygen species generation inside the cells and the subsequent release of TGF-β1, inducing 
epithelial-mesenchymal transition in differentiated bronchial epithelial cells, leading to airway remodeling in COPD.38,39 

Therefore, a similar mechanism may exist in MH-S cells, resulting in an increase in TGF-β1 levels in the CSE-treated 
group. However, the specific mechanisms involved require further investigation. Collectively, these outcomes suggest 
that PGAM5 stimulates M1 macrophage polarization and secretion of proinflammatory factors.

Previous studies have shown that PGAM5 expression correlates with ASK1 expression. Sadatomi et al demonstrated 
that elevated PGAM5 levels stimulate the ASK1-JNK and ASK1-38 pathways, and the reduction of PGAM5 levels 
mitigated the ASK1 fundamental activity.40 Ding and Takeda revealed that PGAM5 influences the phosphorylation of 
ASK1.41,42 ASK1 is a protein kinase that triggers cell division and serves as a crucial sensor of cellular stress.43 ASK1 is 
commonly triggered in living organisms with oxidative stress and contributes to oxidative damage,44,45 and is strongly 
associated with the signaling pathways activation that participate in cell death, inflammation, and fibrosis.46 Prior 
investigations also have demonstrated that distinct mechanisms govern the ASK1 phosphorylation in response to various 
stimulators, and within the ASK1 kinase domain, different loci have diverse functions, including inhibition and 
activation. Thr-838 phosphorylation activates ASK1,42,47 whereas the serine residues phosphorylation at Ser-83/966 
possesses a contrasting impact.43 Agrahari et al demonstrated that PGAM5 dephosphorylates ASK1 inhibitory phos
phorylation sites other than Ser-83/966/1033, leading to ASK1 activation.47,48 Ser-1036/Ser-1040 (Ser-1029/Ser-1033 in 
humans) is linked to the suppression of ASK1 pro-apoptotic activity.49 The exact location of PGAM5 phosphorylation of 
ASK1 remains unknown, and our results also suggest that the effect of PGAM5 on ASK1 varies for different sites. 
Our experimental findings showed that high PGAM5 expression led to increased p-ASK1T838 expression and decreased 
p-ASK1ser1029 expression. These results indicated that PGAM5 may activate ASK1 in this manner.

Additionally, ASK1 activation contributes to the NF-κB pathway activation, which is essential for regulating the 
immune system and macrophage polarization.50–52 The inflammatory cytokines and NF-κB mRNA levels are major 
factors in COPD.53 Within the cytoplasm, NF-κB is present as either heterodimers or homodimers,16,54 NF-κB is 
commonly present in cells in a dimeric state, with the p65/p50 heterodimer being the most common. p50 contains 
nuclear localization signals and is the binding site between nuclear factors and DNA. As the most important functional 
subunit, p65 has a special transactivation domain (TAD), may control the process of transcribing numerous downstream 
target genes and participates in various important cellular life activities.55–58 The serine at position 536 (Ser-536) located 
in the TAD domain is highly conserved in p65. Phosphorylation is catalyzed by various kinases that exert different 
biological effects. Currently, the phosphorylation modification of Ser-536 is the most studied modification site in p65, 
and p65 phosphorylation can enhance NF-κB transcriptional activation. Phosphorylation of p65 can be achieved without 
relying on IκB and participates in the regulation of NF-κB.55,59–61 Our findings indicate that CSE treatment leads to an 
increase in p-p65 and activates the NF-κB signaling pathway, and these effects are reversed after PGAM5 silencing. Co- 
IP and immunofluorescence experiments verified that PGAM5 and ASK1 bind to each other. These outcomes were 
aligned with those of prior investigations. Hence, we suggest that the combination of PGAM5 and ASK1 is responsible 
for the NF-κB pathway activation and COPD development.

These findings advance the research on the molecular basis of COPD, which is crucial for developing new treatment 
goals and drugs and refining clinical therapeutic strategies. However, PGAM5 acts as a phosphorylase, and the reason it 
can increase the phosphorylation levels of ASK1T838 is unknown; in addition, this present study was obtained mainly 
from MH-S cells, and there is a lack of in vivo experimental data, and due to the difficulty in obtaining human lung 
tissue, the number of human lung tissue specimens in this study is relatively small. Therefore, Further studies are needed 
to investigate this further.

Conclusion
PGAM5 can cause an increase in p-ASK1T838, contributing to the ASK1 activation and activating the NF-κB pathway, 
causing macrophages to polarize into M1 macrophages and stimulating the generation of proinflammatory factors TNF-α 
and IL-1β (Figure 6). This process contributes to COPD development. The outcomes of our investigation demonstrate the 
role of PGAM5 in COPD development and advancement. We offer valuable insights and novel concepts for the 
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identification of creative strategies for preventing and treating COPD. These findings have important implications for 
future efforts in preventing and treating COPD.
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