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Abstract 

Chronic obstructive pulmonary disease (COPD) is a serious chronic lung disease. Schisandrin A (SchA) is one of the 

most important active ingredients in Schisandra chinensis and has been used to treat various lung diseases in several 

countries. Here, we studied the pharmacological effect of SchA on airway inflammation induced by cigarette smoke 

(CS) and explored the therapeutic mechanism of SchA in COPD model mice. Our results showed that SchA treatment 

significantly improved the lung function of CS-induced COPD model mice and reduced the recruitment of leukocytes 

and hypersecretion of interleukin-6 (IL-6), interleukin-1β (IL-1β) and tumor necrosis factor α (TNF-α) in bronchoalveo-

lar lavage fluid (BALF). H&E staining showed that SchA treatment could effectively reduce emphysema, immune cell 

infiltration and airway wall destruction. In addition, we found that SchA treatment can stimulate the expression of 

heme oxygenase-1 (HO-1) through the nuclear factor-erythroid 2-related factor (Nrf2) pathway, significantly reduce 

oxidative stress, increase catalase (CAT) and superoxide dismutase (SOD) levels, and suppress the level of malondial-

dehyde (MDA) in COPD model mice. Moreover, SchA treatment suppressed the generation of the NLRP3/ASC/Cas-

pase1 inflammasome complex to inhibit the inflammatory response caused by IL-1β and IL-18 and pyroptosis caused 

by GSDMD. In conclusion, our study shows that SchA treatment can inhibit the production of ROS and the activation 

of the NLRP3 inflammasome by upregulating Nrf-2, thereby producing anti-inflammatory effects and reducing lung 

injury in COPD model mice. More importantly, SchA exhibited similar anti-inflammatory effects to dexamethasone in 

COPD model mice, and we did not observe substantial side effects of SchA treatment. The high safety of SchA makes 

it a potential candidate drug for the treatment of COPD.

Introduction

Chronic obstructive pulmonary disease (COPD) is a 

common, preventable and treatable disease characterized 

by persistent respiratory symptoms and airflow limita-

tion due to airway and alveolar abnormalities. COPD is 

usually associated with significant exposure to toxic par-

ticles and gases and is currently the third leading cause 

of death in China [1]. �e prevalence of COPD in peo-

ple over 40 years old is 10% worldwide [2] and more than 
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13% in China, representing a total of 99.9 million people 

in the country, which causes a significant social burden.

Nuclear factor erythroid 2-related factor 2 (Nrf2) is 

an important endogenous antioxidant transcription fac-

tor in the body. When activated, Nrf2 translocates into 

the nucleus and binds to antioxidant response elements 

(AREs) in the promoter region of target genes; its dele-

tion or activation can cause intracellular oxidative-

antioxidative imbalance, and the persistent presence of 

reactive oxygen species (ROS) leads to reduced cellular 

repair. In severe cases, cells undergo irreversible senes-

cence or even cell death. Activation of the Nrf2 pathway 

can reduce the degree of oxidative stress in COPD, ame-

liorate lung tissue damage, and slow the progression of 

COPD. Numerous studies have shown that regulating the 

Nrf2 pathway plays a very important role in preventing 

pyroptosis [3–6].

Pyroptosis is different from other forms of pro-

grammed cell death, which mainly depend on caspase-1, 

4, 5 and 11. �e basic characteristics of pyroptosis are cell 

swelling, formation of plasma membrane pores (dissolu-

tion) and release of the proinflammatory cytokine inter-

leukin, but it is still a new cell death mode that causes 

cell death represented by the NLR family [7]. In the NLR 

family, the NLRP3 inflammasome is widely studied and 

well known by researchers because of its close relation-

ship with clinical practice. NLRP3 inflammasome acti-

vation plays an important role in the formation of early 

inflammation, and it is regulated by damage-associated 

molecular patterns in  vivo. NLRP3 inflammatory cor-

puscles are composed of three parts: receptor (NLRP3), 

apoptosis-related speckle-like protein (ASC) and effec-

tor protein (activated caspase-1). Activation in the clas-

sical pyroptosis pathway depends on caspase-1 cutting 

the key mediator Gasdermin D (GSDMD), and the 

amino terminal domain of GSDMD can cause a series of 

inflammatory cascade reactions by activating the NLRP3 

inflammasome in the pyroptosis pathway [8, 9]. Moreo-

ver, it can activate a variety of immune cells, including 

macrophages, neutrophils and dendritic cells, to aggre-

gate and release more inflammatory factors, thereby 

regulating innate and adaptive immunity and mediating 

pyroptosis. Regulation of the Nrf2 pathway can reduce 

the level of intracellular ROS, which may inhibit the acti-

vation of the NLRP3 inflammasome.

Schisandrin A (SchA) is a diphenyl cyclooctadiene lig-

nan isolated from the fruit of Schisandra chinensis that 

has various pharmacological effects [10]. SchA is widely 

used in traditional Chinese medicine as a cough suppres-

sant, tonic and sedative and is also a component of die-

tary supplement products in the United States [11, 12]. 

Some scholars have shown that SchA has an anti-inflam-

matory effect in acute respiratory distress syndrome 

[13]. �erefore, we hypothesized that SchA might also 

regulate inflammation in COPD. �e regulation of the 

Nrf2 pathway by dexamethasone (Dex) has been con-

firmed by other scholars [14], but whether the underly-

ing mechanism of its effective treatment of COPD is to 

interfere with pyroptosis by inhibiting NLRP3 remains to 

be explored.

�e main purpose of this study was to clarify the mech-

anism by which SchA interferes with pyroptosis in the 

lungs of a COPD mouse model. �erefore, we proposed 

a scientific hypothesis: SchA plays a role in the treatment 

of COPD by regulating the Nrf2 pathway, accelerating the 

clearance of ROS in the lung, and inhibiting the activa-

tion of the NLRP3 inflammasome, thereby interfering 

with cell pyroptosis.

Materials and methods

Construction of the mouse COPD model and treatments

All experimental protocols were approved by the Ethics 

Committee of Guangzhou Medical University. Cigarette 

smoke (CS) is a major factor driving the onset and pro-

gression of COPD [15]. Studies have shown that CS can 

accelerate lung inflammation in both mice and humans 

[16]. �erefore, we followed the method reported in a 

paper on animal model construction. Briefly, healthy 

C57BL/6J male mice (6–8  weeks old, wild-type) were 

purchased from Vital River Animals and housed in a 

specific pathogen-free facility with free access to food 

and water. Mice were placed in a chamber and exposed 

to CS from week 0 to week 30 (10 cigarettes/1, 2 h/ses-

sion, twice/day, 6 days/week) after a 2-week acclimation 

period. �e weight of each mouse was measured every 

Saturday from 8 to 9 am using the same scale, and weight 

gain was calculated from the weekly weight data. �e cig-

arettes used in this study were commercial Meihua brand 

cigarettes (Tobacco Industry, China). Each cigarette 

produces 11 mg of tar, 0.9 mg of nicotine and 12 mg of 

carbon monoxide. �irty mice were randomly assigned 

to the following groups (total of 30 mice, 6 per group) 

and treated with drugs from 24 to 30  weeks. �e doses 

of the drugs used were based on conventional doses used 

by other scholars [14, 17]. Schisandrin A was purchased 

from MedChemExpress.

1. Control group: Mice were only exposed to room air 

and had free access to sterile water and food. In this 

group, 10  mL/kg physiological saline was given by 

gavage.

2. CS group: Mice were subjected to CS as previously 

described and had free access to water and food. In 

this group, 10  mL/kg physiological saline was given 

by gavage. �e whole course lasts for 30 weeks.
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3. CS + Dex group: �e smoke exposure method was 

the same as that of the CS group. At the 24th week 

of smoke exposure, mice received Dex (0.6 mg/kg/d 

treatment) by gavage for 6 weeks according to other 

scholars [14], along with smoke exposure. �e whole 

course lasts for 30 weeks.

4. CS + SchA group: �e smoke exposure method was 

the same as that of the CS group. At the 24th week 

of smoke exposure, mice received Sch A by gavage 

for 6 weeks, along with smoke exposure. �e whole 

course lasts for 30 weeks.

5. CS + SchA + Dex group: �e smoke exposure method 

was the same as that of the CS group. �e adminis-

tration plan of Dex and SchA was as described in the 

third and fourth groups. �e two drugs were admin-

istered at the same time in weeks 24–30 (see Fig.  1 

for details)

In addition to modeling, as shown in Fig.  1, we con-

ducted pharmacological exploration of the therapeutic 

mechanism of SchA. In summary, our study discussed 

the efficacy of SchA in the treatment of COPD model 

mice in  vivo and compared it with the efficacy of 

Dex treatment. We further discussed its therapeutic 

pharmacological mechanism. We propose that SchA 

administration can treat COPD by regulating the Nrf2 

signaling pathway and inhibiting NLRP3 activation, as 

shown in Fig. 1.

Lung function tests

Mice in each group were anesthetized with 2% avertin 

(17.5  μL/g intraperitoneally) and then tracheotomized 

and intubated. Mechanical ventilation was performed 

using the Pulmonary Maneuver System (Buxco Research 

Systems, Wilmington, NC, USA) according to the man-

ufacturer’s instructions. After assessing lung function 

metrics, we collected two lung tissue samples for further 

analysis.

Bronchoalveolar lavage �uid (BALF) analysis

BALF was collected from each group of mice. �e right 

lung was slowly injected with 0.3  mL of physiological 

saline 3 times, the recovery rate was over 80%, and BALF 

was collected in test tubes and placed on ice. After BALF 

centrifugation (300 × g, 10  min, 4  °C), the supernatant 

was stored at − 80  °C for subsequent cytokine assays. 

�en, the cell pellet was resuspended in 1 mL phosphate 

buffer saline (PBS), 10  μL was collected, and the total 

Fig. 1 Schematic diagram of SchisandrinA regulating Nrf2 to inhibit NLRP3 interference with cell pyroptosis
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number of cells was counted using a hemocytometer. �e 

remaining BALF was centrifuged again (300 × g, 5  min, 

4  °C) to pick up the bottommost cells and spread them 

evenly on the microscope slide. �en, the cells were fixed 

and subjected to Diff Quik (BASO Biology, China) stain-

ing for identification and quantification of neutrophils 

and macrophages. �e proportion of inflammatory cells 

was quantitatively analyzed. In addition, ELISA kits (Inv-

itrogen, China) were used to analyze the BALF superna-

tant, and the levels of the inflammatory factors TNF-α, 

IL-1β and IL-6 were measured.

Histopathological examination and morphological analysis

�e left lung tissue samples from mice were first fixed 

in 4% paraformaldehyde for 24  h. �e fixed lung tissue 

was then embedded in paraffin, cut into 4 µm thick sec-

tions, and stained with hematoxylin and eosin (Service-

bio, China). H&E staining images were analyzed and 

measured using ImageJ software. We used a pathological 

scoring system as a semiquantitative analysis to assess 

the severity of CS-induced pulmonary inflammation in 

mice, defined as follows: 0 = no detectable inflamma-

tion; 1 = mild inflammation: occasional accumulation 

of inflammatory cells in bronchial or vessel walls and 

alveolar septa; 2 = moderate inflammation: most alveoli, 

bronchi, or blood vessel walls have 1 to 5 layers of inflam-

matory cells; and 3 = severe inflammation: most walls of 

bronchi or blood vessels and alveoli are separated by five 

or more layers of inflammatory cells [18].

Next, emphysema lesions were quantified by the mean 

linear intercept (MLI), which is the total length of the 

intersection line (L) in each random field divided by the 

number of alveoli (NA) in each field that crosses the 

intersection line. �e MLI was calculated by the follow-

ing formula: MLI = L/NA.

To calculate the tracheal wall thickness, a complete 

small trachea cross-section was selected for measuring 

the total bronchial wall area (WAt, μm2) and the perime-

ter of the bronchial basement membrane (Pbm, μm). �e 

WAt/Pbm ratio was used to evaluate airway remodeling 

[19].

For immunohistochemical evaluation of the tissue, 

lung tissue sections were dewaxed in water, washed after 

microwave repair, and sealed with goat serum. �e sec-

tions were then stained with primary antibodies against 

NRF2 (Servicebio, China) and NLRP3 (R&D Systems, 

America) at 4 °C overnight. After 1 h of incubation with 

secondary antibodies, nuclei were counterstained with 

DAPI for 5 min. �en, the samples were observed with a 

microscope.

Western blotting and quantitative analysis

To determine the expression levels of Nrf2, NLRP3 and 

their downstream related proteins in lung tissue, we con-

ducted a Western blotting (WB) experiment. �e right 

lung tissue was homogenized with phenylmethylsulfonyl 

fluoride (PMSF) in ice-cold RIPA lysis buffer (Beyotime 

Biotechnology, China), and the supernatant was obtained 

by centrifugation (13,000  rpm, 30  min, 4  °C). �en, the 

total protein concentration in the supernatant was meas-

ured using a bicinchoninic acid protein (BCA) assay kit 

(Vazyme, China). Equal amounts of proteins were sepa-

rated by SDS–polyacrylamide gel electrophoresis and 

transferred to PVDF membranes. �e membranes were 

blocked in blocking solution (5% dry skim milk) for 24 h 

at 4  °C. �en, the PVDF membranes were incubated 

with specific primary antibodies for 24  h at 4  °C. Next, 

the secondary antibody was added and incubated for 

2  h at room temperature. Finally, specific proteins were 

visualized with an ECL reagent in the Tanon5200 imag-

ing system and semiquantitatively analyzed based on the 

grayscale values of the bands. Protein from one animal 

per group was used for a single WB experiment. Primary 

antibodies against NLRP3 and ASC were obtained from 

Cell Signaling, Caspase1 was obtained from ABclonal, 

and Nrf2, HO-1, IL-1β, IL18, GSDMD and β-actin were 

obtained from Abcam and used at a ratio of 1:1000.

Measuring oxidative stress-related proteins and molecules

We used a fluorescent dye probe to measure ROS produc-

tion in cells. Briefly, fresh right lung tissue was embedded 

in OCT compound, sectioned, and stained with dihy-

droethidium (DHE) to measure ROS levels. After DHE 

enters the cell, it is oxidized by superoxide and emits red 

fluorescence, which is detected by a fluorescence micro-

scope (Leica, Germany). Based on 6 mice in each group, 

three slices were randomly taken, with a total of 18 pic-

tures in each group, and then the area where the relative 

fluorescence intensity value was selected was measured 

and analyzed with ImageJ software (v1.8.0). For the 

detection of malondialdehyde (MDA), catalase (CAT) 

and superoxide dismutase (SOD) levels, we collected the 

right lung of each group of mice and used detection kits 

following the manufacturer’s protocol (Beyotime, China).

Statistical analysis

All data are from three or more independent experiments 

and were analyzed by SPSS 25.0 statistical software 

(IBM, Armonk, NY, USA). �e results of the normality 

test are expressed as the mean ± standard error (SEM), 

and the failed data are expressed as the median ± quar-

tile (IQR). Normally distributed data among the groups 

were analyzed for statistical significance using one-way 
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analysis of variance (ANOVA) and Tukey’s post hoc test 

for multiple comparisons if the population variance was 

equal; otherwise, Games–Howell’s post hoc test was 

used. For nonnormally distributed data, the nonparamet-

ric Kruskal‒Wallis test was used for group comparisons 

among the different groups. A value of p < 0.05 was con-

sidered statistically significant.

Results

SchA treatment improves lung function in CS-induced 

COPD model mice

Obviously, the lung tissue that was exposed to CS for 

a long period displayed significant changes in appear-

ance, including darker tissue color (Fig. 2a). In the pro-

cess of modeling, we found that mice exposed to CS 

for a long time showed typical clinical manifestations 

of COPD. After our long-term observation, we found 

that compared with the control group, the mice in the 

CS group were more prone to some specific abnormal 

symptoms, such as fluffy and yellow hair, irritable per-

sonality, and significantly reduced activity. In addition 

to respiratory manifestations, the typical symptoms 

of COPD often have systemic manifestations, such as 

changes in weight. Compared with the control group, 

the weight of mice exposed to smoke significantly 

differed (Fig.  2b). Similarly, we found that the body 

weight of CS mice was significantly lower than that of 

control mice. However, treatment with DEX and SchA 

appeared to have little effect on weight.

Notably, there was obvious improvement in the lung 

function decline caused by CS in the SchA group. Con-

sidering the continuous airway inflammation in the 

lungparenchyma of COPD model mice, which resulted 

in small airway dysfunction, we carefully evaluated the 

effect of drugs on the lung function of mice exposed 

to CS. Compared with the control group, the mice 

exposed to CS had obvious pulmonary dysfunction, 

such as airflow restriction. In terms of airway resist-

ance, we observed a significant increase caused by CS. 

�e DEX, SchA, and combination therapy groups all 

improved this indicator (Fig. 2e). In addition, CS expo-

sure increased chord compliance (Fig.  2f ). As shown 

in Fig.  2c–g, Dex treatment significantly reduced the 

increase in chord compliance, functional reserve capac-

ity (FRC) and forced vital capacity (FVC) and decreased 

the trend of deterioration in FEV50/FVC. Interestingly, 

the addition of SchA does not interfere with the thera-

peutic effect of Dex. Specifically, compared with Dex 

treatment alone, the combination treatment of SchA 

Fig. 2 Comparison of lung tissue morphology, body weight and lung function of mice in each group. A The lung tissue of the control group mice 

is on the left, and the lung of the CS-induced COPD group mice is on the right. B Mouse weight changes during the experiments. C Forced vital 

capacity. D Functional residual capacity. E Resistance. F Chord compliance. G FEV50/FVC. n = 6 mice per group. Data are shown as the mean ± SEM 

(D) and median ± IQR (C, E–G). To test for group differences, Games–Howell (D) and Kurskal–Wallis (C, E–G). *p < 0.05, **p < 0.01, ***p < 0.001 versus 

control group, #p < 0.05, ##p < 0.01, ###p < 0.001 versus CS group
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and Dex had a more positive effect on FRC and had no 

significant difference compared to the control group.

SchA treatment reduces emphysema and in�ammatory 

cell in�ltration in CS-induced COPD model mice

To evaluate the therapeutic effect of drugs on emphy-

sema and inflammatory cell infiltration, we used H&E 

staining to conduct histopathological examination on 

the lung tissue of different treatment groups. We found 

that, compared with the control group, pathological 

analysis of the lung tissue of CS-induced COPD model 

mice showed obvious alveolar expansion, alveolar wall 

damage and fusion, which was consistent with the path-

ological characteristics of typical emphysema (Fig. 3a).

As shown in Fig. 3a, d, the MLI in the CS group was 

significantly higher than that in the control group. 

Furthermore, Dex, SchA, and SchA + Dex can mark-

edly inhibit the lung structure damage caused by CS 

exposure. Dex treatment was superior in improving 

MLI over SchA treatment, but SchA treatment still sig-

nificantly improved MLI compared with that of the CS 

group, indicating that it also has a therapeutic effect.

In addition, compared with the lung tissue in the 

control group mice (Fig.  3b, c), the lung tissue in the 

CS group mice had obvious inflammatory changes 

that mainly manifested as thickening of the bronchial 

wall, dysfunction of epithelial cells, and massive infil-

tration of inflammatory cells. In contrast, the patho-

logical damage was ameliorated in mice treated with 

SchA or Dex (Fig.  3e, f ). Additionally, Dex treatment 

had an obvious inhibitory effect on emphysema and 

inflammatory cell infiltration in CS-induced COPD 

model mice, which further confirmed the clinical anti-

inflammatory effect of the drug (Fig.  3e, f ). Moreover, 

there was no significant difference between the use of 

SchA and Dex individually in increasing airway remod-

eling and reducing inflammatory cell infiltration, while 

SchA + Dex showed a similar effect. HE staining results 

showed typical pathological characteristics of COPD 

in mice. We found that the lung tissue damage in the 

SchA group showed an obvious reduction compared to 

that in the CS group, which significantly differed.

SchA reduces in�ammatory cells and factors in the BALF 

of CS-induced COPD model mice

To study the regulatory effect of SchA on airway inflam-

mation, we collected BALF, counted inflammatory 

cells, and measured the levels of the inflammatory fac-

tors TNF-α, IL-1β and IL-6. First, we analyzed the total 

number of inflammatory cells in the BALF of each group 

(Fig. 4).

We found that the total number of inflammatory cells 

in the BALF of the CS group was significantly higher than 

that of the control group, while Dex treatment and com-

bination treatment significantly reduced the total num-

ber of inflammatory cells in the BALF of COPD model 

mice. Furthermore, CS mainly triggers the recruitment of 

many neutrophils and macrophages to engulf soot par-

ticles, which was reduced by DEX and SchA treatment 

individually. Moreover, it appeared that SchA + DEX 

treatment had marked efficacy in inhibiting the recruit-

ment of inflammatory cells, similar to the DEX group.

�en, we analyzed the effect of SchA treatment on 

cytokine secretion in CS-exposed mice. Consistently, 

DEX or SchA treatment alone significantly reduced 

CS-induced TNF-α, IL-1β and IL-6 cytokine secre-

tion. Although SchA treatment has a weaker effect on 

cytokine reduction than DEX, it still has a significant 

therapeutic effect when compared to cytokine release in 

the CS group. In addition, the efficacy of SchA and Dex 

combination therapy does seem to show a better result in 

descending the inflammatory factors. �is may be due to 

the effect of SchA.

SchA treatment reduces oxidative stress in CS-induced 

COPD model mice

To further study the antioxidant activity of SchA in 

CS-induced inflammation, we measured the activ-

ity of superoxide dismutase (SOD) and catalase (CAT) 

and the levels of malonaldehyde (MDA) in lung tis-

sue. For oxidative stress damage, we labeled DHE with 

fluorescence and performed quantitative and qualita-

tive analyses to determine ROS levels. As shown in 

Fig.  5a–c, we found that the CAT activity and MDA 

content in the lung tissue of CS-induced COPD mice 

were significantly higher than those of the control 

Fig. 3 Schisandrin A (SchA) and dexamethasone (Dex) reduce emphysema, inflammatory cell infiltration and small airway remodeling in 

CS-induced COPD model mice. Lung tissues were stained with H&E. Representative histopathological sections of mouse lungs show A expandable 

alveolar spaces of different degrees (scale bar 200 μm), B invasive inflammatory cells (scale bar 100 μm), and C thickened bronchial wall (scale bar 

50 μm). Different indicators were used to quantify these injuries for statistical analysis, as shown in figure (D), the mean linear intercept, which is a 

quantitative analysis of the severity of emphysema. In addition, quantitative analysis of pulmonary inflammation was determined by E pathological 

score and F measurement of the total wall area (Wat/Pbm). n = 6 mice per group. Data are shown as the mean ± SEM (F) and median ± IQR (D–E). 

To test for group differences, Games–Howell (F) and Kruskal‒Wallis (D–E) tests were used. *p < 0.05, **p < 0.01, ***p < 0.001 versus control group, 
#p < 0.05, ##p < 0.01, ###p < 0.001 versus CS group, +p < 0.05, ++p < 0.01, +++p < 0.001 versus CS + DEX group, §p < 0.05, §§p < 0.01, §§§p < 0.001 versus 

CS + SchA group

(See figure on next page.)
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group, while SOD activity was significantly reduced. 

SchA and Dex treatment can markedly reverse the CS-

induced changes in antioxidant activity. In the analysis 

of the ROS level (Fig.  5d, e), we also observed a simi-

lar phenomenon. In CS-induced COPD model mice, 

the red fluorescence of DHE representing ROS was 

Fig. 3 (See legend on previous page.)
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significantly increased, indicating higher ROS, and 

SchA and Dex treatment apparently downregulated it.

SchA treatment upregulates the Nrf2 pathway 

in CS-induced COPD model mice

Next, we explored the potential mechanism by which 

SchA treatment inhibits inflammation in COPD model 

mice. �e Nrf2 pathway has been widely reported to 

play a major role in COPD inflammation [20]. As shown 

in Fig.  6, we measured the expression levels of Nrf2 

and HO-1 and found that SchA treatment significantly 

upregulated their expression levels as well as DEX treat-

ment. Compared with the control group and CS group 

mice, the expression of Nrf2 protein was upregulated 

in SchA, Dex and combination treatment group mice 

(Fig.  6a, b). �e protein expression of HO-1 was also 

higher than that in the control group and the CS group 

after treatment, especially in the SchA + DEX combina-

tion treatment groups (Fig. 6a, b). We also obtained simi-

lar results in immunohistochemistry of Nrf2 (Fig. 6c, d). 

SchA, Dex, and the combined treatment significantly 

increased the level of Nrf2 in lung tissues.

Fig. 4 SchA Ameliorates Inflammatory Cells and Factors in the BALF of CS-induced COPD Model Mice. A Representative images of leukocytes in 

BALF from each group (scale bar = 100 μm). B The numbers of total cells, macrophages and neutrophils in BALF. C The levels of IL-6, IL-1β and TNF-α 

in BALF were measured. n = 6 mice per group. Data are shown as the mean ± SEM (B Neutrophils and Macrophages in BALF, C) and median ± IQR 

(B Total cell counts in BALF). To test for group differences, Games–Howell (B Neutrophils and Macrophages in BALF, C IL-6 and TNF-α), Tukey (C 

IL-1β) and Kruskal‒Wallis (B Total cell counts in BALF) tests were used. *p < 0.05, **p < 0.01, ***p < 0.001 versus control group, #p < 0.05, ##p < 0.01, 
###p < 0.001 versus CS group, +p < 0.05, ++p < 0.01, ++p < 0.001 versus CS + DEX group, §p < 0.05, §§p < 0.01, §§§p < 0.001 versus CS + SchA group
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SchA treatment inhibits NLRP3 pathway interference 

with cell pyroptosis in CS-induced COPD model mice

�is study explored the effects of SchA on NLRP3 and its 

downstream molecules to determine the potential mech-

anism by which SchA treatment alleviates COPD symp-

toms. CS-induced lung injury leads to oxidative stress, 

and oxidative stress further increases NLRP3 inflam-

masome activation. Our results further confirm this 

phenomenon.

Compared with the control group, the levels of NLRP3, 

ASC, and pro-Caspase1 in the CS group were signifi-

cantly higher, while Dex or SchA treatment inhibited the 

expression of proteins related to this inflammatory pro-

tein complex (Fig.  7a, b), and the immunohistochemis-

try results were also consistent (Fig. 7d, e). CS exposure 

significantly increased the expression of the downstream 

inflammatory molecules IL-1β and IL-18, but Dex and 

SchA treatment inhibited this effect (Fig. 7a, c). Moreo-

ver, GSDMD is a protein naturally existing in cells. 

Under oxidative stress conditions, GSDMD converts into 

GSDMD-N and forms holes in the cell membrane, lead-

ing to pyroptosis. From our WB experimental results, 

Dex and SchA treatment can inhibit this process.

Discussion

To our knowledge, this study is the first animal experi-

mental study in the treatment of COPD induced by CS 

with SchA. Our results show that SchA treatment can 

improve lung function and ameliorate COPD symptoms 

by significantly reducing the excessive secretion of proin-

flammatory cytokines, inflammatory cell infiltration and 

emphysema in CS-induced COPD mice. In addition, we 

explored the mechanism by which SchA exerts its anti-

inflammatory effects on COPD model mice and found 

that SchA may modulate the Nrf2 signaling pathway and 

NLRP3 inflammasome activation, which may be signifi-

cant in the treatment of COPD.

Similar to Dex treatment, SchA treatment significantly 

reversed the decline in lung function. CS exposure can 

cause significant weight loss, which we used as a sign 

of successful modeling. Other scholars found that Dex 

treatment can further reduce the weight of mice after CS 

exposure [14]. �is is mainly because the body weight 

of mice after Dex treatment shows a downward trend, 

which may be related to the decrease in protein synthe-

sis, increase in protein decomposition, and slow growth 

of muscles and other tissues after the application of large 

Fig. 5 SchA Treatment Reduces Oxidative Stress in CS-induced COPD Model Mice. The activity of A CAT and B SOD and the levels of C MDA in the 

right lung tissue. D The relative DHE fluorescence intensity in lung tissues in the different groups. E Representative images of lung sections stained 

with DHE (rad) and DAPI (blue) (scale bar = 50 μm). n = 6 mice per group. Data are shown as the mean ± SEM (B–D) and median ± IQR (A). To test 

for group differences, Games–Howell (B–D) and Kruskal‒Wallis (A) tests were used. *p < 0.05, **p < 0.01, ***p < 0.001 versus control group, #p < 0.05, 
##p < 0.01, ###p < 0.001 versus CS group, +p < 0.05, ++p < 0.01, ++p < 0.001 versus CS + DEX group, §p < 0.05, §§p < 0.01, §§§p < 0.001 versus CS + SchA 

group
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concentrations of glucocorticoids. However, our results 

did not find any significant difference in weight between 

the SchA and Dex treatment groups, which we believe 

may be related to the different administration methods of 

Dex we used. We did not use the early high-dose admin-

istration method similar to other studies, so we specu-

late that this is the reason body weight did not further 

decrease with Dex treatment.

Pulmonary function is more sensitive than lung mor-

phological changes and is considered the most impor-

tant auxiliary examination in the diagnosis of COPD, and 

small airway lesions can be observed in COPD patients 

[21]. Our data showed that the mice exposed to CS 

showed significant airflow restriction and malignant lung 

expansion, decreased FEV50/FVC values, and increased 

FVC, RI and chord compliance values. Impressively, after 

treatment with SchA, we observed that the impaired 

lung function of CS-induced COPD model mice was sig-

nificantly ameliorated. However, it should also be noted 

that the therapeutic effect of SchA is not better than 

that of Dex. As a classical drug for treating COPD, Dex 

significantly improved the lung function of CS-induced 

COPD mice.

Compared with the control group, SchA treatment sig-

nificantly reduced the infiltration of inflammatory cells, 

the secretion of proinflammatory cytokines and lung 

pathological damage, which is similar to the treatment 

effect of Dex. Abnormally activated monocytes/mac-

rophages and neutrophils are often considered the core of 

the inflammatory response in COPD. �ey produce pro-

inflammatory mediators, such as IL-6, IL-1β and TNF-

α. Moreover, inflammatory cells in the lungs of patients 

with COPD accumulate in the lung and show a persistent 

inflammatory state, which leads to further destruction of 

the alveolar structure and decline in lung function [22]. 

Some scholars have confirmed that cytokines, mainly 

IL-6 secreted by macrophages, have strong neutrophil 

chemotaxis and have been confirmed to be related to the 

severity of COPD, the rate of decline in lung function, 

and the progression of emphysema [23, 24]. In addition, 

IL-1β is also an important cytokine in the inflamma-

tory reaction [25, 26]. Moreover, IL-6, as an important 

Fig. 6 SchA Treatment Upregulates the Nrf2 Pathway in CS-induced COPD Model Mice. A The protein expression levels of Nrf2 and HO-1 were 

measured by Western blotting. β-Actin was used as the internal reference. B The band intensities of Nrf2 and HO-1 were semiquantified using 

ImageJ software. C Detection of Nrf2 levels in lung tissue by immunohistochemistry (scale bar = 100 μm). D Quantitative analysis statistics of 

Nrf2 in immunohistochemistry. n = 3 mice per group (A, B), n = 6 mice per group (C, D). Data are shown as the mean ± SEM (B, D). To test for 

group differences, Games–Howell (B Nrf2/β-Actin) and Tukey (B HO-1/β-Actin, D). *p < 0.05, **p < 0.01, ***p < 0.001 versus control group, #p < 0.05, 
##p < 0.01, ###p < 0.001 versus CS group, +p < 0.05, ++p < 0.01, ++p < 0.001 versus CS + DEX group, §p < 0.05, §§p < 0.01, §§§p < 0.001 versus CS + SchA 

group
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marker of inflammation, is also associated with the sys-

temic manifestations of COPD [27]. Tumor necrosis 

factor (TNF-α) is a multieffect cytokine with several 

functions, such as growth promotion, growth inhibition, 

angiogenesis, cytotoxicity, inflammation and immune 

regulation, which are involved in a variety of inflamma-

tory conditions. It plays an important role in many pul-

monary inflammatory diseases. Many studies support 

the hypothesis that TNF-α plays an important pathobio-

logical role in lung diseases, including severe refractory 

asthma and COPD. In our study, we also confirmed that 

SchA treatment can effectively reduce the levels of IL-6, 

IL-1β and TNF-α. �is reduction in cytokines is also one 

of the reasons for the improvement in COPD symptoms.

SOD is an important enzyme that restrains oxidative 

stress [28]. It is widely distributed in the biological world, 

from animals to plants and even from humans to single-

celled organisms. SOD is regarded as a scavenger of free 

radicals in the human body [29]. In our study, we found 

that administration of Dex and SchA can effectively 

increase the level of SOD, which is of great significance 

for the treatment of COPD. CAT exists in red blood cells 

and peroxides in some tissues. Its main role is to cata-

lyze the decomposition of  H2O2 into  H2O and  O2 so that 

Fig. 7 SchA Treatment Inhibits NLRP3 Pathways in CS-induced COPD Model Mice. A The protein expression levels of NLRP3, ASC, pro-Caspase1, 

cleaved-Caspase1 IL-1β, IL-18, GSDMD and GSDMD-N were measured by Western blotting. β-Actin was used as the internal reference. B The band 

intensities of NLRP3, ASC, pro-Caspase1, cleaved-Caspase1 IL-1β, IL-18, GSDMD and GSDMD-N were semiquantified using ImageJ software. C 

Detection of NLRP3 levels in lung tissue by immunohistochemistry. D Quantitative analysis statistics of NLRP3 in immunohistochemistry. n = 3 mice 

per group (A–C), n = 6 mice per group (D, E). Data are shown as the mean ± SEM (B, C, E). To test for group differences, Games–Howell (E) and Tukey 

(B, C) tests were used. *p < 0.05, **p < 0.01, ***p < 0.001 versus control group, #p < 0.05, ##p < 0.01, ###p < 0.001 versus CS group, +p < 0.05, ++p < 0.01, 
++p < 0.001 versus CS + DEX group, §p < 0.05, §§p < 0.01, §§§p < 0.001 versus CS + SchA group
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 H2O2 will not react with  O2 under the action of iron che-

lates to generate very harmful OH. Almost all biological 

organisms have CAT. However, in our study, CAT was 

increased in the CS group, which is considered the result 

of a self-protection effect. More importantly, after treat-

ment, the levels of CAT and SOD increased. �e enzy-

matic activity of SOD and CAT provides an antioxidant 

defense mechanism for the body. Free radicals act on 

lipid peroxidation, and the end product of oxidation is 

MDA, which causes cross-linking and polymerization of 

biological macromolecules such as proteins and nucleic 

acids and is cytotoxic. MDA is one of the most important 

products of membrane lipid peroxidation [30, 31], and 

its production can also damage the cell membrane. We 

found that SchA reduced the level of MDA. Moreover, 

DHE staining intuitively shows the severity of oxidative 

stress [32]. In our qualitative and quantitative studies, we 

found that SchA plays an important role in reducing oxi-

dative stress.

Many scholars have reported that the Nrf2/HO-1 

pathway protects cells from oxidative stress [33–35]. 

�is study confirmed that SchA can modulate the Nrf2/

HO-1 pathway. �e role of the Nrf2 signaling pathway in 

COPD airway inflammation has been widely confirmed 

as a protective protein after injury. An increasing number 

of studies have reported that the activation of Nrf2 has a 

positive effect on the treatment of COPD inflammation 

[36]. Some scholars believe that CS exposure leads to a 

reduction in Nrf2 [14].

Conversely, other scholars believe that the lung tissue 

product Nrf2 responds to CS exposure [37] since Nrf2 

is a transcription factor that regulates the expression of 

genes involved in cellular defense mechanisms, including 

antioxidant and anti-inflammatory pathways. Similarly, 

in our study, we found that CS exposure caused lung 

tissue damage in mice, which led to an increase in Nrf2 

levels. Furthermore, our results illustrated that SchA and 

Dex treatment markedly stimulated the production of 

Nrf2, which indicated that the increased Nrf2 level can 

effectively reverse oxidative stress. �e activation of Nrf2 

not only alleviates the inflammatory response of COPD 

by inducing HO-1 but also prevents elevated levels of 

proinflammatory mediators, including IL-6 [38]. More 

importantly, SchA treatment also upregulated protec-

tive factors downstream of Nrf2, such as HO-1, which 

may explain the anti-inflammatory effect of SchA on CS-

induced COPD. Our research has some limitations, such 

as not investigating whether the regulation of SchA in 

Nrf2 signaling plays an anti-inflammatory role by reduc-

ing oxidative stress, although Nrf2 is indeed related to 

oxidative stress in other scholars’ reports. However, our 

study does indicate that SchA has the same anti-inflam-

matory effect as Dex in the treatment of COPD model 

mice, and we have not observed any obvious side effects 

of SchA treatment. �e high safety of SchA may make 

it a potential candidate drug for COPD, especially when 

Dex treatment is unavailable or not appropriate in certain 

clinical circumstances.

In cell biology, cell death has always been a research 

hotspot. Cell pyroptosis, also known as inflammatory 

necrosis of cells [39–41], is a new proinflammatory and 

programmed cell death mode that was recently discov-

ered [7]. �e activation of cell pyroptosis involves differ-

ent caspases, which are mainly divided into the classical 

cell pyroptosis pathway depending on Caspase-1 and the 

nonclassical cell pyroptosis pathway depending on Cas-

pase-4/5/11 [42]. Caspase-1 is an important part of the 

NLRP3 inflammasome.

When cells are stimulated by exogenous or endogenous 

stimuli, such stimulation will promote the expression of 

NLRP3 in cells [43]. In short, the intracellular NOD-like 

receptor (NLR) recognizes these signals, activates the 

assembly of the inflammasome complex, and recruits 

pro-Caspase-1 to bind to the inflammasome complex 

through the adaptor protein ASC [44]. �e local con-

centration of the recruited pro-Caspase-1 increases, and 

autogenous splicing occurs in Caspase-1 and enzymati-

cally activates pro-IL-1β and pro-IL-18. Moreover, the 

activation of Caspase-1 mediates the subsequent acti-

vation of Gasdermin D (GSDMD) protein, which is the 

key mediator of cell death [42]. In our research, we found 

that the expression of NLRP3 in the lung tissue of the 

CS group was significantly higher than that in the con-

trol group, and the expression of ASC and pro-Caspase-1 

increased synchronously. We speculated that the CS 

group had produced obvious inflammasome complexes 

at this time. �is finding is similar to the results of other 

scholars studying long-term CS exposure in mice [45]. In 

turn, SchA significantly attenuated the expression of the 

NLRP3 inflammasome and downstream molecules, while 

DEX and SchA + DEX also showed better efficacy. More 

importantly, the Nrf2 pathway has been shown to regu-

late the activation of the NLRP3 inflammasome, thereby 

modulating the inflammatory response and preventing 

pyroptosis.

Furthermore, we observed the expression of GSDMD, 

which has two conserved domains [46]: an N-terminal 

effect domain and a C-terminal inhibition domain. �e 

N-terminus is the main functional domain. �e N-ter-

minus can participate in the occurrence of pyroptosis, 

while the C-terminus functions in autoinhibition. Under 

stimulation, for example, oxidative stress, activated Cas-

pase-1 cleaves the GSDMD protein to induce cell pyrop-

tosis [47, 48]. GSDMD-N can target the phospholipid 

protein on the cell membrane, polymerize and form 

holes on the cytoplasmic membrane, which leads to cell 
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pyroptosis [49]. In addition, activated IL-1β and IL-18 are 

released out of the cells through the pores, leading to the 

occurrence of inflammatory reactions [50]. In our study, 

we also found that compared with other experimental 

groups, the expression of GSDMD was the highest in the 

lung tissue of healthy mice. CS exposure causes GSDMD 

to be activated into GSDMD-N. Moreover, SchA treat-

ment inhibited this process and reduced GSDMD. Simi-

larly, Dex treatment also inhibits this process. We believe 

that SchA can be used as a new alternative drug in the 

treatment of COPD.

Interestingly, in our results, the combination of DEX 

and SchA did not show objective advantages in the 

results. We believe that this may be due to the mecha-

nism of action of SchA being similar to that of DEX and 

the inhibitory effect of inflammation and pyroptosis 

caused by the same pathway. �erefore, the combina-

tion of the two drugs has no synergistic effect; this may 

be an ’occupying’ effect, but of course, further research is 

needed to confirm it.

In summary, this study discussed the efficacy of SchA 

in the treatment of COPD caused by CS and compared 

it with Dex and further investigated its underlying 

therapeutic mechanism. It has been proven that SchA 

plays a role in the treatment of COPD in lung func-

tion, as observed in the BALF, pathology and others of 

COPD model mice. However, we found that the thera-

peutic effect of SchA is clearly weaker than that of Dex 

in some respects. Notably, if Dex cannot be used under 

certain circumstances, that is, if it cannot be used due to 

the contraindication of Dex or other reasons, SchA can 

be used as an alternative drug, which is of great clinical 

significance.

Conclusion

Our research shows that SchA treatment significantly 

inhibits the inflammatory response in CS-induced 

COPD model mice, mainly by affecting the Nrf2/NLPR3 

pathway.

Author contributions

Conception and design: JZ, SL, and ZZ. Establishment of models and treat-

ment of animals: JZ and ZL. Collection and assembly of data: JZ, CL, YL, SH, WL, 

RL and ZJ. Data analysis and interpretation: YH, DS, JZ, SL and ZZ. Manuscript 

writing: SL, LL and JZ. Final approval of manuscript: All authors.

Funding

This work was supported by the Guangzhou Municipal Science and Technol-

ogy Bureau (Fund No. 202201020463), Guangzhou Municipal Science and 

Technology Bureau, The Project of Basic and Applied Basic Research Jointly 

Funded by Municipality and University (Hospital) (Fund No. 2023A03J0345), 

and Zhongnanshan Medical Foundation of Guangdong Province (Fund Nos. 

202102010363; ZNSA-2020013).

Availability of data and materials

The data sets are not publicly available due to restrictions used under the 

license for the current study. However, they are available on reasonable 

request from the corresponding author.

Declarations

Ethics approval and consent to participate

All experimental protocols were approved by the Ethics Committee of Guang-

zhou Medical University.

Competing interests

The authors declare no competing interests.

Received: 30 April 2023   Accepted: 23 June 2023

References

 1. Postma DS, Bush A, van den Berge M. Risk factors and early origins of 

chronic obstructive pulmonary disease. Lancet. 2015;385(9971):899–909.

 2. Vos T, Allen C, Arora M, Barber RM, Bhutta ZA, Brown A, Carter A, Casey 

DC, Charlson FJ, Chen AZ, Coggeshall M. Global, regional, and national 

incidence, prevalence, and years lived with disability for 310 diseases and 

injuries, 1990–2015: a systematic analysis for the Global Burden of Disease 

Study 2015. Lancet. 2016;388(10053):1545–602.

 3. Senthil KK, Gokila VM, Mau JL, Lin CC, Chu FH, Wei CC, Liao VH, Wang 

SY. A steroid like phytochemical Antcin M is an anti-aging reagent 

that eliminates hyperglycemia-accelerated premature senescence in 

dermal fibroblasts by direct activation of Nrf2 and SIRT-1. Oncotarget. 

2016;7(39):62836–61.

 4. Sachdeva MM, Cano M, Handa JT. Nrf2 signaling is impaired in the aging 

RPE given an oxidative insult. Exp Eye Res. 2014;119:111–4.

 5. da Cunha MSB, Arruda SF. Tucum-do-Cerrado (Bactris setosa Mart.) may 

promote anti-aging effect by upregulating SIRT1-Nrf2 pathway and 

attenuating oxidative stress and inflammation. Nutrients. 2017;9(11):1243.

 6. MacNee W. Is chronic obstructive pulmonary disease an accelerated 

aging disease? Ann Am Thorac Soc. 2016;13(Suppl 5):S429–37.

 7. Fang Y, Tian S, Pan Y, Li W, Wang Q, Tang Y, Yu T, Wu X, Shi Y, Ma P, 

Shu Y. Pyroptosis: a new frontier in cancer. Biomed Pharmacother. 

2020;121:109595.

 8. Zheng M, Kanneganti TD. The regulation of the ZBP1-NLRP3 inflam-

masome and its implications in pyroptosis, apoptosis, and necroptosis 

(PANoptosis). Immunol Rev. 2020;297(1):26–38.

 9. Zuo Y, Chen L, Gu H, He X, Ye Z, Wang Z, Shao Q, Xue C. GSDMD-mediated 

pyroptosis: a critical mechanism of diabetic nephropathy. Expert Rev Mol 

Med. 2021;23:e23.

 10. Li RT, Xiang W, Li SH, Lin ZW, Sun HD. Lancifodilactones B–E, new nortrit-

erpenes from Schisandra lancifolia. J Nat Prod. 2004;67(1):94–7.

 11. Xu M, Wang G, Xie H, Huang Q, Wang W, Jia Y. Pharmacokinetic compari-

sons of schizandrin after oral administration of schizandrin monomer, 

Fructus Schisandrae aqueous extract and Sheng-Mai-San to rats. J 

Ethnopharmacol. 2008;115(3):483–8.

 12. Böhmer V, Meshcheryakov D, Thondorf I, Bolte M. 3-Oxa-6,8-diaza-

1,2:4,5-dibenzocycloocta-1,4-dien-7-one: a three-dimensional network 

assembled by hydrogen-bonding, pi–pi and edge-to-face interactions. 

Acta Crystallogr C. 2004;60(Pt 2):o136-139.

 13. Li D, Ci X, Li Y, Liu C, Wen Z, Jie J, Peng L. Alleviation of severe inflamma-

tory responses in LPS-exposed mice by Schisantherin A. Respir Physiol 

Neurobiol. 2014;202:24–31.

 14. Xu Y, Li J, Lin Z, Liang W, Qin L, Ding J, Chen S, Zhou L. Isorhamnetin 

alleviates airway inflammation by regulating the Nrf2/Keap1 pathway in 

a mouse model of COPD. Front Pharmacol. 2022;13:860362.

 15. Park GY, Christman JW. Is the cellular response to cigarette smoke predic-

tive of the phenotypic variation of COPD? Am J Physiol Lung Cell Mol 

Physiol. 2011;300(6):L809-810.



Page 14 of 14Zeng et al. European Journal of Medical Research          (2023) 28:217 

•

 

fast, convenient online submission

 
•

  

thorough peer review by experienced researchers in your field

• 

 

rapid publication on acceptance

• 

 

support for research data, including large and complex data types

•

  

gold Open Access which fosters wider collaboration and increased citations 

 

maximum visibility for your research: over 100M website views per year •

  
At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research   ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 16. Moazed F, Burnham EL, Vandivier RW, O’Kane CM, Shyamsundar M, 

Hamid U, Abbott J, Thickett DR, Matthay MA, McAuley DF, Calfee CS. Ciga-

rette smokers have exaggerated alveolar barrier disruption in response to 

lipopolysaccharide inhalation. Thorax. 2016;71(12):1130–6.

 17. Wang Q, Liu L, Guan H, Zhou Y, Li Q. Schizandrin A ameliorates cognitive 

functions via modulating microglial polarisation in Alzheimer’s disease 

mice. Pharm Biol. 2021;59(1):860–7.

 18. Ren Q, Li X, Li Q, Yang H, Wang H, Zhang H, Zhao L, Jiang-Yong S, Meng 

X, Zhang Y, Shen X. Total flavonoids from sea buckthorn ameliorates 

lipopolysaccharide/cigarette smoke-induced airway inflammation. 

Phytother Res PTR. 2019;33(8):2102–17.

 19. He Q, Liu C, Shen L, Zeng L, Wang T, Sun J, Zhou X, Wan J. Theory of the 

exterior–interior relationship between the lungs and the large intestine 

to explore the mechanism of Eriobotrya japonica leaf water extract in the 

treatment of cough variant asthma. J Ethnopharmacol. 2021;281:114482.

 20. Cho HY, Kleeberger SR. Nrf2 protects against airway disorders. Toxicol 

Appl Pharmacol. 2010;244(1):43–56.

 21. Rinaldi M, Maes K, De Vleeschauwer S, Thomas D, Verbeken EK, Decramer 

M, Janssens W, Gayan-Ramirez GN. Long-term nose-only cigarette smoke 

exposure induces emphysema and mild skeletal muscle dysfunction in 

mice. Dis Model Mech. 2012;5(3):333–41.

 22. Barnes PJ. Inhaled corticosteroids in COPD: a controversy. Respiration. 

2010;80(2):89–95.

 23. Aslani MR, Amani M, Moghadas F, Ghobadi H. Adipolin and IL-6 serum 

levels in chronic obstructive pulmonary disease. Adv Respir Med. 

2022;90(5):391–8.

 24. Fu J, Wu H. Structural mechanisms of NLRP3 inflammasome assembly 

and activation. Annu Rev Immunol. 2023;41:301–16.

 25. Bradford E, Jacobson S, Varasteh J, Comellas AP, Woodruff P, O’Neal W, 

DeMeo DL, Li X, Kim V, Cho M, Castaldi PJ, Hersh C, Silverman EK, Crapo 

JD, Kechris K, Bowler RP. The value of blood cytokines and chemokines in 

assessing COPD. Respir Res. 2017;18(1):180.

 26. Lopez-Castejon G, Brough D. Understanding the mechanism of IL-1β 

secretion. Cytokine Growth Factor Rev. 2011;22(4):189–95.

 27. Barnes PJ. Inflammatory endotypes in COPD. Allergy. 2019;74(7):1249–56.

 28. Inoue M, Watanabe N, Utsumi T, Sasaki J. Targeting SOD by gene and 

protein engineering and inhibition of free radical injury. Free Radic Res 

Commun. 1991;12–13(Pt 1):391–9.

 29. McCord JM, Edeas MA. SOD, oxidative stress and human patholo-

gies: a brief history and a future vision. Biomed Pharmacother. 

2005;59(4):139–42.

 30. Frijhoff J, Winyard PG, Zarkovic N, Davies SS, Stocker R, Cheng D, Knight 

AR, Taylor EL, Oettrich J, Ruskovska T, Gasparovic AC, Cuadrado A, Weber 

D, Poulsen HE, Grune T, Schmidt HH, Ghezzi P. Clinical relevance of bio-

markers of oxidative stress. Antioxid Redox Signal. 2015;23(14):1144–70.

 31. Schoots MH, Gordijn SJ, Scherjon SA, van Goor H, Hillebrands JL. Oxida-

tive stress in placental pathology. Placenta. 2018;69:153–61.

 32. Münzel T, Templin C, Cammann VL, Hahad O. Takotsubo syndrome: 

impact of endothelial dysfunction and oxidative stress. Free Radic Biol 

Med. 2021;169:216–23.

 33. Choi YH. The cytoprotective effect of isorhamnetin against oxidative 

stress is mediated by the upregulation of the Nrf2-dependent HO-1 

expression in C2C12 myoblasts through scavenging reactive oxygen spe-

cies and ERK inactivation. Gen Physiol Biophys. 2016;35(2):145–54.

 34. Zhang Q, Liu J, Duan H, Li R, Peng W, Wu C. Activation of Nrf2/HO-1 

signaling: an important molecular mechanism of herbal medicine in the 

treatment of atherosclerosis via the protection of vascular endothelial 

cells from oxidative stress. J Adv Res. 2021;34:43–63.

 35. Loboda A, Damulewicz M, Pyza E, Jozkowicz A, Dulak J. Role of Nrf2/HO-1 

system in development, oxidative stress response and diseases: an evolu-

tionarily conserved mechanism. Cell Mol Life Sci. 2016;73(17):3221–47.

 36. Park HA, Lee JW, Kwon OK, Lee G, Lim Y, Kim JH, Paik JH, Choi S, Paryanto 

I, Yuniato P, Kim DY, Ryu HW, Oh SR, Lee SJ, Ahn KS. Physalis peruviana L. 

inhibits airway inflammation induced by cigarette smoke and lipopoly-

saccharide through inhibition of extracellular signal-regulated kinase and 

induction of heme oxygenase-1. Int J Mol Med. 2017;40(5):1557–65.

 37. Kubo H, Asai K. Exercise ameliorates emphysema of cigarette smoke-

induced COPD in mice through the exercise-irisin-Nrf2 axis. Int J Chronic 

Obstruct Pulmonary Dis. 2019;14:2507–16.

 38. Kobayashi EH, Suzuki T, Funayama R, Nagashima T, Hayashi M, Sekine 

H, Tanaka N, Moriguchi T, Motohashi H. Nrf2 suppresses macrophage 

inflammatory response by blocking proinflammatory cytokine transcrip-

tion. Nat Commun. 2016;7:11624.

 39. Yu P, Zhang X, Liu N, Tang L, Peng C, Chen X. Pyroptosis: mechanisms and 

diseases. Signal Transduct Targeted Ther. 2021;6(1):128.

 40. Kovacs SB, Miao EA. Gasdermins: effectors of pyroptosis. Trends Cell Biol. 

2017;27(9):673–84.

 41. Frank D, Vince JE. Pyroptosis versus necroptosis: similarities, differences, 

and crosstalk. Cell Death Differ. 2019;26(1):99–114.

 42. Shi J, Gao W, Shao F. Pyroptosis: gasdermin-mediated programmed 

necrotic cell death. Trends Biochem Sci. 2017;42(4):245–54.

 43. Broz P, Dixit VM. Inflammasomes: mechanism of assembly, regulation and 

signalling. Nat Rev Immunol. 2016;16(7):407–20.

 44. Fritz JH, Ferrero RL, Philpott DJ, Girardin SE. Nod-like proteins in immunity, 

inflammation and disease. Nat Immunol. 2006;7(12):1250–7.

 45. Tian X, Xue Y, Xie G, Zhou Y, Xiao H, Ding F, Zhang M. (-)-Epicatechin 

ameliorates cigarette smoke-induced lung inflammation via inhibiting 

ROS/NLRP3 inflammasome pathway in rats with COPD. Toxicol Appl 

Pharmacol. 2021;429:115674.

 46. Wang K, Sun Q, Zhong X, Zeng M, Zeng H, Shi X, Li Z, Wang Y, Zhao Q, 

Shao F, Ding J. Structural mechanism for GSDMD targeting by auto-

processed caspases in pyroptosis. Cell. 2020;180(5):941-955.e920.

 47. Shi J, Zhao Y, Wang K, Shi X, Wang Y, Huang H, Zhuang Y, Cai T, Wang F, 

Shao F. Cleavage of GSDMD by inflammatory caspases determines pyrop-

totic cell death. Nature. 2015;526(7575):660–5.

 48. Karmakar M, Minns M. N-GSDMD trafficking to neutrophil organelles 

facilitates IL-1β release independently of plasma membrane pores and 

pyroptosis. Nat Commun. 2020;11(1):2212.

 49. Ding J, Wang K, Liu W, She Y, Sun Q, Shi J, Sun H, Wang DC, Shao F. Erra-

tum: Pore-forming activity and structural autoinhibition of the gasdermin 

family. Nature. 2016;540(7631):150.

 50. He WT, Wan H, Hu L, Chen P, Wang X, Huang Z, Yang ZH, Zhong CQ, Han J. 

Gasdermin D is an executor of pyroptosis and required for interleukin-1β 

secretion. Cell Res. 2015;25(12):1285–98.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-

lished maps and institutional affiliations.


	Schisandrin A regulates the Nrf2 signaling pathway and inhibits NLRP3 inflammasome activation to interfere with pyroptosis in a mouse model of COPD
	Abstract 
	Introduction
	Materials and methods
	Construction of the mouse COPD model and treatments
	Lung function tests
	Bronchoalveolar lavage fluid (BALF) analysis
	Histopathological examination and morphological analysis
	Western blotting and quantitative analysis
	Measuring oxidative stress-related proteins and molecules
	Statistical analysis

	Results
	SchA treatment improves lung function in CS-induced COPD model mice
	SchA treatment reduces emphysema and inflammatory cell infiltration in CS-induced COPD model mice
	SchA reduces inflammatory cells and factors in the BALF of CS-induced COPD model mice
	SchA treatment reduces oxidative stress in CS-induced COPD model mice
	SchA treatment upregulates the Nrf2 pathway in CS-induced COPD model mice
	SchA treatment inhibits NLRP3 pathway interference with cell pyroptosis in CS-induced COPD model mice

	Discussion
	Conclusion
	References


