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Background: Dental pulp stem cells (DPSCs) are considered excellent candidates for stem cell-based tissue regeneration. In this 
study, we aimed to evaluate the therapeutic effect of DPSCs in a mouse chronic obstructive pulmonary disease (COPD) model and to 
explore whether DPSCs reduce lung inflammation and oxidative stress by regulating the nuclear factor erythroid-2 related factor-2 
(Nrf2) signaling pathway.
Methods: DPSCs were isolated from dental pulp tissue by the tissue block method. Emphysema of C57BL/6 mice was induced by 
endotracheal administration of porcine pancreatic elastase (PPE). Then, the DPSCs were injected into the lungs through the trachea, 
and after 3 weeks of stem cell treatment, various efficacy tests were performed. The AniRes2005 animal lung function analytic system 
was used to detect lung function. Hematoxylin-eosin staining (H&E) and Victoria blue staining was used to assess emphysema 
severity. The animal tissues were detected by Western blot, RT‒qPCR, ELISA and oxidative stress related detection.
Results: In experimental COPD models, DPSCs transplantation improved lung function, body weight, and emphysema-like changes 
better than bone marrow mesenchyml stem cells (BM-MSCs). Compared with the COPD group, the levels of IL-1β, TNF-α and IL-6 
in lung tissue and bronchoalveolar lavage fluid (BALF) were decreased after transplantation of DPSCs. DPSCs may be associated with 
lower malondialdehyde (MDA) levels, and higher catalase (CAT) and glutathione (GSH) levels. Western blot results showed that the 
expression of Nrf2 and its downstream factors increased after transplantation of DPSCs.
Conclusion: The current study showed that DPSCs had good performance in the treatment of a mouse COPD model and could be 
a promising option for stem cell therapy. DPSCs may play antioxidant and anti-inflammatory roles in COPD by activating the Nrf2 
signaling pathway.
Keywords: chronic obstructive pulmonary disease, dental pulp stem cells, Nrf2, inflammation, oxidative stress

Introduction
Chronic obstructive pulmonary disease (COPD) is a common, preventable and treatable disease, and it covers a diverse 
group of diseases with common functional features, such as chronic bronchitis, chronic respiratory failure, and 
emphysema.1,2 Affecting nearly 400 million people, the World Health Organization predicts that COPD will be the 
third leading cause of death worldwide by 2030. Although progress has been made in treating symptoms and preventing 
acute exacerbations, little progress has been made in improving disease progression or affecting mortality.3

COPD is a heterogeneous disease associated with irreversible airway obstruction, destruction of alveoli, and chronic 
inflammation.4 In recent years, a hypothesis about the pathogenesis of chronic obstructive pulmonary disease is that the 
increase in reactive oxygen species (ROS) (directly caused by smoking and indirectly caused by the increase in reactive 
oxygen species released by inflammatory cells) may not be fully balanced by the lung antioxidant system, leading to 
oxidative stress.5,6 Excessive oxidants may lead to increased expression of pro-inflammatory genes and protein release, 
inactivation of antiproteases, and oxidative tissue damage in COPD.7 Therefore, treatments with antioxidant and anti- 
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inflammatory properties may be beneficial in preventing or slowing the progression of COPD. Over the past few years, 
there has been a growing interest in the use of antioxidants as drug treatments for airway diseases.8

Mesenchymal stromal cells (MSCs) are cells of nonhematopoietic origin that have the ability to differentiate into 
multiple lineages of mesenchyme.9 Due to its potent and broad immunomodulatory activities, bacterial clearance, tissue 
regeneration and proangiogenic and antifibrotic properties, it offers a novel and promising therapeutic option, and its 
therapeutic effect has been confirmed in various types of lung disease, including chronic obstructive pulmonary disease.10

While all MSCs have similar general properties, different sources of MSCs have an impact on growth factors, 
cytokines, extracellular vesicles and secreted bioactive factors in regenerative environments, thus affecting clinical 
outcomes.11 Bone marrow is the traditional way of harvesting mesenchymal stem cells; however, the highly invasive 
process of obtaining bone marrow from donors and the need for multiple bone marrow aspirations to obtain a sufficient 
number of transplanted cells make bone marrow mesenchymal stem cells (BM-MSCs) transplantation a very unsatisfac
tory approach in clinical practice.11 Since their first isolation in 2000, dental pulp stem cells (DPSCs) have attracted wide 
attention due to their easy accessibility, lack of ethical issues, low immunogenicity, and multidirectional differentiation 
potential.12–14 Moreover, compared with traditional sources of mesenchymal stem cells, DPSCs have stronger prolif
erative, anti-inflammatory and antifibrotic abilities.15,16 Currently, DPSCs and their derivatives have shown beneficial 
effects in a variety of disease models in different tissues and organs and are considered excellent candidates for stem cell- 
based tissue regeneration.17–19 At present, there are no studies on the application of DPSCs in the treatment of COPD.

Nuclear factor erythroid 2-associated factor 2 (Nrf2) is a key transcription factor that protects the lungs from 
oxidative damage and inflammation.20,21 Bousnaki et al used proteomics to analyze the anti-inflammatory, antioxidant, 
and angiogenesis potential of DPSCs secretome under different conditions and concluded that it can be considered 
a promising therapeutic tool for the treatment of diseases involving oxidative stress and inflammation.22 DPSC secretes 
common anti-inflammatory cytokines, such as matrix metalloproteinase-3 (MMP-3) and IL-10, and DPSCs secretome 
contains several proteins with antioxidant properties, such as superoxide dismutase, catalase, and heme oxygenase 
(HO1).22 Moreover, the secretion of vascular endothelial growth factor (VEGF) and basic fibroblast growth factor 
(bFGF) by DPSC can enhance the proliferation and migration of endothelial cells and induce angiogenesis.23

Therefore, the purpose of this study was to evaluate the therapeutic effect of DPSCs in a mouse COPD model and to 
explore whether DPSCs reduce lung inflammation and oxidative stress by regulating the Nrf2 signaling pathway.

Methods
The Isolation and Culture of DPSCs
The study approved by the institutional ethical Committee of Beijing Chaoyang Hospital Affiliated to Capital Medical 
University. All study donors provided written informed consent, in accordance with the Declaration of Helsinki. We 
isolated DPSCs from the discarded third molars of patients (18–22 years old), and DPSCs were isolated as previously 
described.12 In short, pulp tissue was cut into 0.5 mm^3 pieces, and the tissue was seeded into 60 mm culture dishes 
randomly and covered with alpha Modified Eagle Medium (α-MEM) (Gibco BRL, USA) with 20% foetal bovine serum 
(FBS) (HyClone, Logan, UT, USA) and 1% 100 IU/mL penicillin/streptomycin (Gibco BRL, USA). The dishes were 
incubated at 37°C with 5% CO2, and added culture medium to 4mL after 24 hours. Then the culture medium was 
changed every three days. Cell growth was monitored periodically with an inverted phase contrast microscope (Olympus, 
Japan), when the cells grew to 80~90% confluence, they were subcultured by trypsinastion (Gibco BRL, USA), and the 
third-generation pulp stem cells were harvested and prepared for characterization.

The Characterization of DPSCs
Cell surface markers, including CD73, CD90, CD105, CD45, CD34 and HLA-DR were identified by flow cytometry. All 
fluorescently labeled antibodies were purchased from eBioscience. Third-generation DPSCs were digested with trypsin 
and washed with PBS 1–2 times. The DPSCs suspension was incubated with the antibody and its allotype control at 4°C 
for 30 min. Cell surface markers were then detected by an Attune™ Nxt Acoustic Focusing Flow Cytometer system 
(Thermo Fisher Scientific, Cleveland, OH, USA).
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Identification of multidirectional differentiation ability: When transplanted to the third generation, the complete 
medium was replaced with osteogenic differentiation medium (α-MEM, 10% FBS, 1% penicillin/streptomycin, 1% β- 
sodium glycershate (Sigma‒Aldrich, MO, USA), 1% vitamin C (Sigma‒Aldrich, MO, USA), 0.2% dexamethasone 
(Sigma‒Aldrich, MO, USA)), or lipogenic differentiation medium (Oricell, Guangzhou, China). Then, lipid formation 
was identified by angelic oil red O staining at day 7, and calcium formation was identified by alizarin red staining 
at day 21.

Source and Culture of BM-MSCs
Clinical grade human bone marrow mesenchymal stem cells were provided by ScienCell Research Laboratories. The 
cells were maintained in alpha Modified Eagle Medium (α-MEM) (Gibco BRL, USA) with 10% foetal bovine serum 
(HyClone, Logan, UT, USA) and 1% 100 IU/mL penicillin/streptomycin (Gibco BRL, USA).

Animal Model Preparation
Specific pathogen-free-grade C57BL/6 mice (male, 180–200 g, 8 weeks old) were purchased from Beijing Vital River 
Laboratory Animal Technology Co., Ltd. All animal procedures were approved by the ethical standards of the Animal 
Ethics Committee of Capital Medical University, and were conducted in accordance with the “Guide for the Care and 
Use of Laboratory Animals published by the US NIH (NIH publication No. 85-23, revised 2011)” and Basel Declaration. 
The mice were randomly assigned to different groups with at least six mice in each group. The COPD model was induced 
by intratracheal injection (IT) of 0.01 (U/g body weight) PPE (Sigma‒Aldrich, MO, USA).24 After 2 weeks, mice were 
randomly selected for intratracheal injection of 5*10^5 fifth generation BM-MSCs in 50 µL PBS (COPD/BM-MSCs 
group), 5*10^5 fifth generation DPSCs in 50 µL PBS (COPD/DPSCs group), or 50 µL PBS (COPD group). The mice 
were sacrificed at the fifth week (Figure 1A).

Lung Function Tests
Mice were intraperitoneally injected with 2% pentobarbital (75 mg/kg) and subjected to tracheotomy. Then, the mice 
were placed in a plexiglass whole-body plethysmograph in a supine position. Expiratory velocity is monitored using 
a tube attached to the trachea in a pressure sensor, and changes in lung volume are assessed based on changes in pressure 
in the plethysmographic chamber. The AniRes2005 animal lung function analytic system (Beijing Bestlab High-Tech, 
China) was used to detect lung function, and the function parameters were automatically measured, including the ratio of 
forced expiratory volume in 0.1 s to forced vital capacity (FEV0.1/FVC), resistance of lung (RL), and respireatory 
dynamic compliance (Cydn).

Histological Assessment
Mouse lung tissues were placed in 4% paraformaldehyde, embedded in paraffin, cut into 4-µm sections. Then the lung 
tissue sections were subjected to hematoxylin and eosin (H&E) and Victoria blue staining. Image-Pro Plus 6.0 software 
was used to calculate the proportion of alveolar space area and mean linear intercept (MLI) of lung tissue according to 
the previously described method.25,26 ImageJ software (NIH, USA) was used to calculate the content of elastic fibers 
around small airways and in lung parenchyma.

Airway Inflammation Assay
The right lung was ligated, and the left lung was repeatedly lavaged with 400 µL PBS through endotracheal intubation to 
obtain bronchoalveolar lavage fluid (BALF). After centrifugation (1000 rpm, 10 minutes), the supernatant was tested for 
inflammatory factors (TNF-α and IL-1β) by commercial ELISA kits (Solarbio, Beijing, China) according to the 
manufacturers’ instructions.

Real-Time qPCR
Total RNA was extracted from lung tissues using an RNAeasy™ Animal RNA Isolation Kit with a Spin Column 
(Beyotime Biotechnology, Shanghai, China) and reverse-transcribed to cDNA using a FastKing cDNA First Strand 
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Synthesis Kit (Tiangen, Beijing, China). Real-time qPCR was performed using AceQ Universal SYBR qPCR Master Mix 
(Vazyme, Nanjing, China) and an ABI 7500 system (Applied Biosystems, Waltham, MA, USA) according to the 
manufacturer’s instructions. The primers were as follows: IL-6, 5′-CCACTTCACAAGTCGGAGGCTTA-3′ (Forward), 
5′-GCAAGTGCATCATCGTTGTTCATAC-3′ (Reverse); IL-1β, 5′-CGCAGCAGCACATCAACAAGAGC-3′ (Forward), 
5′-TGTCCTCATCCTGGAAGGTCCACG-3′ (Reverse); TNF-α, 5′- AAAGGGGATTATGGCTCAGG-3′ (Forward), 5′- 
CTCCCTTTGCAGAACTCAGG-3′ (Reverse); GAPDH, 5′-AGAAGGTGGTGAAGCAGGCATC-3′ (Forward), 5′- 
CGAAGGTGGAAGAGTGGGAGTTG-3′ (Reverse); NFE2L2, 5′-CTTTAGTCAGCGACAGAAGGAC-3′ (Forward), 
5′-AGGCATCTTGTTTGGGAATGTG-3′ (Reverse); and Hmox1, 5′-AGGTACACATCCAAGCCGAGA-3′ (Forward), 
5′-CATCACCAGCTTAAAGCCTTCT-3′ (Reverse).

Immunohistochemical Analysis
The paraffin sections were dewaxed and rehydrated, followed by antigen retrieval, inactivation of endogenous peroxidase 
and non-specific block. Then, sections were incubated with anti-NRF2 antibodies (1:300 dilution; Proteintech) at 4°C for 
12 h and incubated with horseradish peroxidase-conjugated secondary antibodies (ZSGB-BIO, Beijing, China) at 37°C 

Figure 1 Isolation and characterization of dental pulp stem cells (DPSCs). (A) The experimental schedule. (B)The morphology of primary DPSCs. (C)The morphology of 
the third generation of DPSCs. (D) The identification of DPSCs by flow cytometry with CD73, CD90, CD105, CD34, CD45 and HLA-DR antibodies. (E) Calcium formation 
was identified by alizarin red staining. (F) Lipid formation was identified by angelic oil red O staining. 
Abbreviations: IT, intratracheal administration; PPE, porcine pancreatic elastase; PBS, phosphate buffer saline; BM-MSCs, bone marrow mesenchyml stem cells.
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for 50 min. DAB (ZSGB-BIO, Beijing, China) was used to visualize nrf2 expression, and the positive result was 
brownish yellow. Hematoxylin was used for nuclear staining.

Western Blot
Lung tissues were lysed in RIPA buffer (Beyotime Biotechnology, Shanghai, China) containing protease and phosphatase 
inhibitors. Protein extracts were separated by 10% SDS‒PAGE and transferred to 0.22 μm polyvinylidene fluoride 
membranes at 240 mA at constant flow. After blocking the membrane at room temperature for 1 hour, the membranes 
were incubated overnight at 4 °C with the following primary antibodies: anti-Nrf2 (1:1500, Proteintech), anti-NQO1 
(1:5000, Proteintech), anti-HO-1 (1:1500, Proteintech), anti-SOD2 (1:5000, Proteintech), and anti-tubulin (1:6000, 
Proteintech). Then, the membranes were washed with TBST 3 times and incubated with HRP-conjugated secondary 
antibodies (1:5000, Proteintech) for 1.5 hours at room temperature in 1:1000 diluent. Proteins were visualized with an 
ECL detection kit, and protein band intensity was analyzed by ImageJ software (NIH, USA).

MDA, CAT and GSH Level Measurements
The contents of malondialdehyde (MDA), catalase (CAT), and glutathione (GSH) were measured using a kit purchased 
from Nanjing Jiancheng Bioengineering Institute, according to the manufacturer’s instructions.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism 7 version 7.0, and values are expressed as the mean ± standard  
deviation. One-way ANOVA followed by Tukey’s test was used to compare the different groups. When results were not 
normally distributed, Kruskal–Wallis test was used, followed by Dunn’s test. P value <0.05 was considered significant.

Results
Isolation and Characterization of DPSCs
After 5–8 days, cells penetrated out from pulp tissue pieces (Figure 1B), and primary DPSCs were long spindle or polygonal 
with different morphologies. By the third passage, DPSCs displayed a homogeneous, fibroblast-like morphology (Figure 1C). 
Flow cytometry analysis demonstrated that the third-generation DPSCs expressed high levels of CD73 (99.2%), CD90 
(99.7%), and CD105 (98.2%) but almost did not express CD45 (0.17%), CD34 (0.045%) and HLA-DR (0%) (Figure 1D). To 
identify the multidirectional differentiation ability of DPSCs, osteogenic differentiation culture and lipogenic differentiation 
culture were performed on the third generation of DPSCS. The results of oil red staining and alizarin red staining showed that 
DPSCs could differentiate into adipocytes and osteocytes (Figure 1E and F). Thus, these results confirmed that the cells 
cultured in our study are dental pulp stem cells, which can be used in subsequent experiments.

DPSCs Transplantation Improves Body Weight in a Mouse COPD Model
To investigate the effects of DPSCs on the reversal of emphysematous tissue damage induced by PPE, we transferred 
DPSCs and BM-MSCs into mice 2 weeks after intratracheal elastase infusion.

Figure 2A shows the body weight changes of mice during the experimental period. The body weight of mice in the 
four groups increased, among which the COPD group had the least weight gain, and the DPSCs/COPD group and BM- 
MSCs/COPD group had less weight gain than the control group.

DPSCs Transplantation Improves Lung Function in a Mouse COPD Model
To further investigate the functional effects of DPSCs transplantation, lung function tests were performed at the fifth 
week. The results (Figure 2B) showed that the DPSCs transplantation groups had significantly improved respiratory 
dynamic compliance (Cydn) and lung resistance (RL) compared with the COPD group, while BM-MSCs transplantation 
group had no significant statistical difference compared with COPD group. Both DPSCs group and BM-MSCs group 
showed significant improvement in FEV0.1/FVC compared with COPD group.
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Figure 2 The effect of dental pulp stem cells (DPSCs) on chronic obstructive pulmonary disease (COPD) mice. (A) The weight of mice changed over time. (B) Respiratory 
dynamic compliance (Cydn), resistance of lung (RL), and ratio of forced expiratory volume in 0.1 s to forced vital capacity (FEV0.1/FVC) were measured by the pulmonary 
function analysis system. (C) Representative HE staining lung tissue sections 3 weeks after transplantation. The blue arrows represent the pulmonary bulla. Original 
magnification ×100. (D) The mean linear intercept (MLI) and the proportion of alveolar space for the control, COPD, COPD/BM-MSCs, COPD/DPSCs. (E) Representative 
Victoria blue staining lung tissue sections 3 weeks after transplantation. The dark arrows represent elastic fiber. Original magnification ×200. (F) Statistical diagram of the 
proportion of elastic fibers. *p<0.05, **p<0.01, ***p<0.001.
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DPSCs Transplantation Improves Emphysematous Changes in a Mouse COPD Model
Mice were sacrificed after 3 weeks of stem cell treatment, and HE staining showed that in the COPD group, the alveolar 
space was enlarged, the alveolar number was decreased, and some alveolar septa were thinner or even fractured to the 
pulmonary bulla. Compared with the COPD group, the BM-MSCs or DPSCs transplantation group had significantly 
fewer emphysematous changes (Figure 2C). Then, the expansion of alveolar space was quantified by measuring the 
proportion of alveolar space area and the mean linear intercept (MLI) of alveolar space using the Image-Pro Plus 
program. The results showed that the mean linear intercept of the BM-MSCs or DAPCs transplantation group was lower 
than that of the COPD group (P<0.05), but there was no significant difference between the two groups (Figure 2D). The 
proportion of alveolar space in the BM-MSCs and DAPCs treatment groups was lower than that in the COPD group, and 
the reduction was more obvious in the DAPCs/COPD group (P<0.05) (Figure 2D).

Victoria Blue staining was used to show the amount of elastic fibers in lung tissue. The elastic fiber is blue, nucleus is 
red and the results showed that elastic fibers decreased in COPD group, while stem cell transplantation therapy restored 
elastic fibers in lung tissue and around small airways, and the content of elastic fibers in DPSCs group was higher than 
that in BM-MSCs group (P<0.05) (Figure 2E and F).

DPSCs Transplantation Reduces the Level of Inflammation in a Mouse COPD Model
To assess the effect of DPSCs transplantation on the inflammatory process in PPE-induced pulmonary emphysema mice, 
we examined the mRNA expression levels of pro-inflammatory cytokines, including IL-1β, IL-6, and TNF-α. Figure 3B 
suggests that the mRNA expression levels of IL-1β, TNF-α and IL-6 in the lung tissues of the COPD group were 
significantly higher than those of the control group, but DPSCs transplantation reversed the expression of inflammatory 
genes in PPE-induced pulmonary emphysema mice. Furthermore, ELISA analysis confirmed that the levels of IL-1β and 
TNF-α in BULF decreased significantly 3 weeks after DPSCs transplantation (Figure 3A) (all p < 0.05).

Figure 3 Dental pulp stem cells (DPSCs) reduce the level of inflammation in a mouse COPD model. (A) An ELISA kit was used to measure the levels of IL-1β and TNF-α in 
BALF (n=4). (B) RT-qPCR was used to measure the mRNA expression of IL-1β, IL6 and TNF-α in lung tissue (n=6). *p<0.05, **p<0.01, ***p<0.001.
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DPSCs Transplantation Reduces Oxidative Stress in a Mouse COPD Model
Oxidative stress drives the pathology of COPD;20 therefore, we studied the levels of oxidative damage indicators, 
including MDA, CAT and GSH. We found that MDA, an indicator of oxidative damage, was significantly increased in 
the COPD group, and DPSCs transplantation was able to reduce the level of MDA. In addition, CSH and CAT, as 
antioxidant substances, decreased in the COPD group but significantly increased in the DPSCs/COPD group (Figure 4). 
These results indicate that DPSCs have an antioxidant effect.

Effects of DPSCs on the Expression of Nrf2 and Its Downstream Factors in Lung 
Tissue
Nuclear factor erythrocyte 2-related factor 2 (Nrf2) is an important transcription factor that regulates inflammation and 
oxidative stress.27 Immunohistochemical results showed that nrf2 expression in the alveolar and bronchial epithelium in 
COPD/DPSCs group was significantly higher than that in the COPD group (Figure 5A) (P<0.05). Furthermore, we 
measured the mRNA levels of Nrf2 and its downstream target HO-1 by RT-qPCR (Figure 5B). The results showed that 
the mRNA levels of Nrf2 and HO-1 increased in lung tissues after DAPCs transplantation. In addition, we evaluated the 
protein expression of total Nrf2 and HO-1, NQO1, and SOD2 by Western blotting. We found that these proteins were 
downregulated in the COPD group but upregulated in the DPSCs/COPD group, and the difference between the two 
groups was statistically significant (P<0.05) (Figure 5C–F).

Discussion
In this study, we successfully extracted dental pulp stem cells from dental pulp tissue and transplanted them into PPE- 
induced emphysema mouse models by intratracheal injection. By comparing the efficacy of dental pulp stem cells and 
bone marrow mesenchymal stem cells in the treatment of COPD from the perspective of lung function, body weight, and 
histology, we found that dental pulp stem cells had a better performance in the treatment of COPD. To the best of our 
knowledge, this is the first study to evaluate the potential therapeutic effect of dental pulp stem cells on COPD.

A good animal model should have a lung anatomy similar to that of humans. Unfortunately, all known animal models 
meet only some of these criteria. In this study, we used endotracheal injection of porcine pancreatic elastase to induce 
a COPD model, the main advantage of which is that emphysema can be rapidly induced with a single treatment using an 
inexpensive reagent, making it cheaper and easier to administer than 6 months of smoke exposure. In addition, disease 
severity can be controlled by the selection of enzyme doses, which are more likely to produce severe emphysema than 
smoke-induced emphysema. Therefore, it can help detect abnormalities in lung function, especially in evaluating the 

Figure 4 Dental pulp stem cells (DPSCs) inhibited oxidative stress in a mouse COPD model. Levels of malondialdehyde (MDA), catalase (CAT) and glutathione (GSH) as 
markers of oxidative stress. *p<0.05, **p<0.01, ***p<0.001.
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effectiveness of inhibitors or interventions.28 In this study, both the pulmonary function test and pathological evaluation 
verified the successful establishment of a mouse model of COPD.

Apart from the source of the cells, another key factor in stem cell therapy is the optimal transplant route. Intravenous 
injection of mesenchymal stem cells is commonly used in preclinical studies of experimental emphysema, but pulmonary 
capillary embolism is an inevitable result.29 In contrast, endotracheal transplantation is easier to perform, and it has been 
found to reduce alveolar hyperinflation more than intravenous administration.30

Our HE staining results confirmed that DPSCs can improve elastase-induced emphysema, even when they are 
injected 2 weeks after injury. Specifically, the decrease in alveolar space and MLI indicated that stem cells can reduce 
the destruction of alveolar structures in damaged lungs. In addition, elastic fibers have an important effect on the loss of 
structural integrity of alveolar walls. Enzymatic and oxidative breakdown of elastic fibers impairs tissue recoil and 
increases residual lung capacity and pressure in the airspaces.31 In this study, we found that the transplantation of DPSCs 
and BM-MSCs can increase the content of elastic fibers in lung tissue, which is consistent with the study of Antunes 
et al30. COPD not only causes emphysema changes in the lungs but also leads to airflow obstruction. Similar to human 
spirometry, devices have been developed for testing lung function in mice.32 FEV0.1/FVC, its actual significance is the 
average flow rate within 0.1 s. Dynamic lung compliance refers to the change in lung volume caused by the change in 
unit pressure when the air flow is not blocked. The resistance of the lung is the ratio between the pressure difference 
needed to maintain a certain flow rate and the flow rate. We found that FEV0.1/FVC and Cydn were significantly 
decreased and RL was significantly increased in elastase-induced emphysema mice, as reported previously.32 Current 
results show that DPSCs improve the respiratory flow rate within 0.1 s of emphysema, dynamic lung compliance and 
resistance of the lung better than BM-MSCs. The above results indicate that DPSCs can not only improve COPD 
histologically but also improve lung function.

Figure 5 Dental pulp stem cells (DPSCs) transplantation activated Nrf2 and downstream cytokine expression. (A) Immunohistochemical staining of Nrf2; the positive result 
is brownish yellow, and the nucleus is blue. (B) The effects of DPSCs on the expression of Nrf2 and HO-1 at the RNA level. (C–F) The expression of Nrf2, NQO1, HO-1 
and SOD2 at the protein level. *p<0.05, **p<0.01, ***p<0.001.
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At present, the mechanism of stem cell transplantation in treating COPD remains unclear. Previous studies have found 
that stem cells can alleviate lung injury in a variety of ways, such as paracrine signaling, immune regulation, and 
differentiation into alveolar epithelial cells.33,34 In this study, we confirmed that DPCSs can reduce inflammation and 
oxidative stress in COPD. The results of this study showed that DPSCs can reduce IL-1β, TNF-α and IL-6 levels in lung 
tissue, which may be related to their anti-inflammatory properties. Malondialdehyde (MDA), a byproduct of polyunsa
turated fatty acid peroxidation, may be a reliable marker of oxidative stress in various diseases.35 Glutathione (GSH) and 
catalase (CAT) protect cells from the effects of hydrogen peroxide and play an important role in the cellular adaptive 
response to oxidative stress tolerance.36 We found that DPSCs can upregulate the level of CAT and GSH, downregulate 
the level of MDA and have a protective effect on PPE-induced oxidative stress.

The Nrf2 signaling pathway maintains a balanced intracellular redox process. As a master transcription factor, it 
regulates the expression of various antioxidant genes, including NQO1, SOD2, and HO-1. Animal and human studies 
have shown that Nrf2/Keap-1 and its target genes protect against inflammation and oxidative stress caused by cigarette 
smoke.37 Our animal experiments suggest that DPSCs may inhibit inflammation and oxidative stress by increasing the 
expression of Nrf2 and its downstream factors.

Conclusion
The local application of DPSCs in the lungs of experimental emphysema mice can effectively improve the oxidative 
stress and inflammation state of lung tissue and alleviate the COPD-like performance of mice, indicating that DPSCs 
have good potential application in the clinical treatment of COPD.
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