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Background: Chronic obstructive pulmonary disease (COPD) is a common inflammatory 

lung disease characterized by inflammatory cells activation and production of inflammatory 

mediators. Methyl-CpG-binding domain protein 2 (MBD2) plays an important role in diverse 

immunological disorders by regulating immune cell functions, such as differentiation and 

mediator secretion. However, the role of MBD2 in COPD remains unknown.

Methods: MBD2 protein expression in lung tissues of patients with COPD and cigarette smoke 

(CS)-exposed mice were evaluated by Western blot and immunohistochemistry. The role of 

MBD2 in cigarette smoke extract (CSE)-induction of inflammatory mediator expression in 

the human bronchial epithelial (HBE) cell line was assessed by silencing MBD2 expression 

in vitro. The involvement of signaling pathways in mediation of inflammation was tested with 

signaling inhibitors.

Results: Compared with controls, MBD2 expression was distinctly reduced in the bronchial 

epithelium of both patients with COPD and CS-exposed mice. Moreover, MBD2 expression 

was decreased in HBE after CSE stimulation in vitro. Moreover, MBD2 knockdown enhanced 

interleukin (IL)-6 and IL-8 expression in HBE in the presence and absence of CSE treatment 

by the ERK signaling pathway.

Conclusion: MBD2 protein expression was reduced in the airway epithelium of COPD. 

In HBE, this reduced expression was associated with increased levels of IL-6 and IL-8 medi-

ated by the ERK pathway. These results suggest that MBD2 could contribute to chronic airway 

inflammation in COPD.

Keywords: chronic obstructive pulmonary disease, methyl-CpG-binding domain protein 2, 

airway inflammation

Introduction
Chronic obstructive pulmonary disease (COPD), characterized by irreversible and 

progressive expiratory airflow limitation, is a worldwide public health problem that 

accounts for 5% of total deaths each year and is predicted to be the third leading 

cause of death by 2020.1–3 Cigarette smoking is the main pathological driver in COPD 

development by causing aberrant inflammation, protease–anti-protease imbalance, 

oxidative stress, apoptosis, and accelerated lung aging.4–6 Inflammation, as one of the 

central features of COPD, causes activation and/or recruitment of immune cells. Human 

bronchial epithelial (HBE) cells, as the first defensive barrier and major effector in 

lung tissue, can trigger immune and inflammatory responses by secreting mediators.7 

Ongoing inflammation in airways can subsequently activate and/or recruit more 

immune cells, leading to production of cytokines, chemokines, reactive oxygen species, 

and enzymes that together contribute to the development and progression of COPD.8 
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However, the underlying mechanisms of smoking-induced 

airway inflammation remain largely undefined.

Methyl-CpG-binding domain protein 2 (MBD2) is 

a member of the MBD protein family that responds to DNA 

methylation signals.9 MBD2 regulates gene transcription by 

acting as a methylation-dependent reader that participates in 

the recruitment of silencing complexes, nucleosome remod-

eling deacetylases, and histone deacetylases.10,11 Cigarette 

smoking is associated with elevated serum homocysteine – a 

well-established risk factor for atherosclerosis.12,13 Yideng 

et al found that homocysteine could reduce MBD2 protein 

expression in vascular smooth muscle cells, which sug-

gests that cigarette smoking might regulate MBD2 protein 

expression.14 Furthermore, accumulating evidence suggests 

that MBD2 is associated with numerous cancers, as well as 

several immunological disorders, including systemic lupus 

erythematosus, autoimmune encephalomyelitis, sclerosis, and 

dermatomyositis.15–23 MBD2 overexpression was reported to 

increase interleukin (IL)-10 and TGF-β levels, but reduce 

the amount of IL-6 in MBD2-/- Treg cells.24 Additionally, 

MBD2 was recognized with implications in Th1 differ-

entiation through repression of interferon gamma (IFN-γ) 

expression.25,26 Besides, MBD2 knockdown activated ERK1/2 

and p38 MAPK pathways, which are involved in regulating 

cytokine production.27 Taken together, MBD2 may play an 

instrumental role in modulating expression of inflammatory 

mediators.

We hypothesize that MBD2 may contribute to airway 

inflammation in COPD pathogenesis. The current study was 

conducted to determine MBD2 expression in the airway epi-

thelium of COPD patients and CS-exposed mice. In in vitro 

experiments, we analyzed the effects of cigarette smoking on 

MBD2 protein levels in HBE. Further, we silenced MBD2 

expression in HBE to explore the function of MBD2 and the 

underlying mechanisms involved in modulating the secretion 

of inflammatory mediators.

Materials and methods
Subjects
Normal lung tissue specimens were obtained from 34 patients 

with operable nonmalignant and solitary pulmonary nodule, 

who were recruited from Tongji Hospital, Wuhan, People’s 

Republic of China. All participants were assigned into 

three groups: COPD group, non-COPD smoker group, and 

non-smoker according to their smoking history and pulmo-

nary function. COPD cases were diagnosed before surgery 

based on a post-bronchodilator forced expiratory volume in 

1 second (FEV
1
)/forced vital capacity ratio less than 70% 

according to the criteria of the Global Initiative for Chronic 

Obstructive Lung Disease. Smokers were patients with smok-

ing history of more than 20 pack-years. Main exclusion cri-

teria were malignant tumors, asthma, severe lung infections, 

or other obstructive lung diseases. Written informed consent 

was obtained from all subjects. This study was approved by 

the Research Ethics Committee of Huazhong University of 

Science and Technology.

Animals and CS exposure
Six-week-old male C57BL/6 mice were purchased from 

the Animal Experiment Center of Wuhan University. Mice 

were housed in sterilized cages with filter tops in specific 

pathogen-free conditions at Tongji Medical College, 

Huazhong University of Science and Technology. All animal 

experiments were approved by the Huazhong University 

Animal Experiment Ethics Committee and were conducted 

in accordance with the animal experimentation guidelines 

of Huazhong University.

Mice were randomly divided into two groups: CS-exposed 

mice and healthy controls (n=8 per group). CS-exposed mice 

were exposed to smoke in a PAB-S200 Animal Passive 

Smoking Exposure System (BioLab Technology Co. Ltd., 

Beijing, People’s Republic of China) using a modified 

method of 10 cigarettes for two separate 2.5-h periods per 

day, 5 days per week for continuously for 8 months.28 Simul-

taneously, healthy controls were exposed to room air.

Lung function measurement and 
histological analysis
The lung function of all mice was measured using AniRes 

2005 lung function system (Bestlab, Beijing, People’s 

Republic of China) as previously described.29 Mice were 

anesthetized intraperitoneally with 90 mg/kg sodium pento-

barbital (Servicebio, Wuhan, People’s Republic of China), 

and a tracheal cannula was inserted via tracheotomy. Then, 

the mouse was quickly placed supine in a sealed whole-body 

plethysmograph and connected to a computer-controlled 

ventilator via a tracheal cannula. The respiratory rate was 

preset at 90 breaths/min with a tidal volume of 5 mL/kg and 

the expiration/inspiration time ratio was set at 1.5:1. When all 

the parameters were stable, lung resistance (R
L
) was recorded. 

After the mouse was allowed to acclimatize for at least 30 s, 

dynamic lung compliance (C
dyn

), forced expiratory volume 

in 0.1 s (FEV
0.1s

), and ratio of FEV
0.1s

 to forced vital capacity 

(FEV
0.1s

/FVC) were evaluated as follows: immediately after 

the ending of the last expiration of volume history, which was 

automatically detected by the system, the lungs was inflated 

to 30 cm H
2
O tracheal pressure (TLC level) and held for a 

brief period (0.4  s). Following this, mice was exposed to 
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a negative pressure reservoir (−30 cm H
2
O), forcing rapid 

exhalation as quickly as possible.

Bronchoalveolar lavage fluid (BALF) 
and histological analysis
The right lung was lavaged three times with 0.8 mL saline 

through the tracheal cannula. The bronchoalveolar lavage 

fluid (BALF) obtained was centrifuged at 1,000 g for 5 min, 

and supernatants of the first BALF were stored at −80°C for 

cytokine measurements. The left lung was not lavaged, but 

instead was inflated and fixed with 10% formalin at a pres-

sure of 25 cm H
2
O for 24 h and then embedded in paraffin. 

Lung tissue sections (5 mm) were stained with hematoxylin–

eosin to detect morphological alternations by measuring the 

mean linear intercept (MLI) under light microscopy.30 Using 

eight parallel lines drawn across the lung section, MLI was 

calculated for each sample based on eight random fields at 

a magnification of 100×. MLI was equal to the ratio of the 

lengths of cross lines over the total number of intercepts 

encountered in eight lines per field.

Cell culture and stimulation
Human lung bronchial epithelial cell line (HBE) were obtained 

from the Wuhan Boster Biotech Co., Ltd. (People’s Republic 

of China). Cells were maintained in RPMI 1640 medium con-

taining 10% heat‑inactivated fetal bovine serum at 37°C with 

5% CO
2
. Cell cultures were maintained and stimulated with 

CSE, which was prepared as previously described.31 Where 

indicated, cells were pretreated for 1 h with the MAPK signal 

pathway inhibitors (Selleck) SB-203580 (10 μM), U-0126 

(10 μM), or SP-600125 (10 μM), dissolved to the relevant 

concentration with dimethyl sulfoxide (DMSO).

Cell viability assay
Approximately 3,000 cells were seeded in each well of 

a 96-well plate (Corning, MA, USA). After treatment, 

10 µL of Cell Counting Kit 8 (CCK 8) solution was added, 

and cells were incubated at 37°C for 3 h according to the 

manufacturer’s instructions (Dojindo Laboratories, Tokyo, 

Japan). Optical density (OD) values (measuring wavelength 

at 450 nm, reference wavelength at 630 nm) were obtained 

using an EL ×800 Universal Microplate Reader (Bio-Tek 

Instruments, Inc., VT, USA).

Immunohistochemical analysis
Human lung and mouse lung tissues were stained with rabbit 

monoclonal MBD2 antibody (1:500, Abcam, Cambridge, 

UK) and rabbit polyclonal MBD2 antibody (1:100, Santa 

Cruz Biotechnology, CA, USA), respectively. These proteins 

were then detected in lung sections with an IgG Streptavidin 

Biotin Complex kit (Boster, Wuhan, People’s Republic of 

China) and developed with DAB substrate according to the 

manufacturer’s protocol (Dako, Glostrup, Denmark). A Nikon 

Spot image acquisition and processing system (USA) was 

used for image assessment. The mean integral OD of MBD2 

protein staining in the bronchiolar epithelium was measured 

as follows.32 We used Image-Pro Plus 4.1 professional image 

analysis software to open all immunohistochemical images 

from one sample slide. Thereafter, we activated the Magnetic 

Lasso tool and dragged selection areas only containing bron-

chial epithelium, then copy and pasted it into a new image. 

Then, the area of bronchial epithelium and the integral OD 

of MBD2-positive epithelium were measured. Finally, the 

mean integral OD of MBD2 protein staining in the bronchial 

epithelium was the ratio of the integral OD of MBD2-positive 

epithelium to area of bronchial epithelium. All of the images 

are assessed with the same parameters.

Western blot analysis
Total proteins were prepared using RIPA lysis supplemented 

with protease inhibitor cocktail. Equal amounts of protein 

(40 μg) were subjected to 10% SDS-PAGE and transferred 

to polyvinylidene fluoride (PVDF) membranes (Millipore, 

Germany). Membranes were incubated with the appropriate 

primary antibody: anti-MBD2 (1:2,000, Santa Cruz 

Biotechnology, CA, USA), anti-GAPDH antibody (1:4,000, 

Sungene biotech, Tianjin, People’s Republic of China). After 

washing with Tris-buffered saline (TBS) containing 0.1% 

Tween-20, blots were incubated with secondary antibody 

conjugated to horseradish peroxidase (HRP; 1:4,000, Pro-

teintech, Hubei, People’s Republic of China). The intensity 

of individual bands was quantified using ImageJ.

SiRNA transfection
MBD2 small interfering RNA (siRNA) and non-targeting 

negative control siRNA were synthesized by Ruibo Bio-

technology, Co. (Guangzhou, People’s Republic of China). 

The target sequences were as follows: MBD2-siRNA sense 

5′-GCGAAACGAUCCUCUCAAU dTdT-3′, MBD2-siRNA 

anti-sense 3′-dTdT CGCUUUGCUAGGAGAGUUA-5′. 
SiRNAs were transfected into HBE cells using Lipofectamine 

2000 according to the manufacturer’s protocol (Invitrogen, 

Carlsbad, CA, USA).

RNA isolation and quantitative 
real-time PCR
Total RNA was extracted using TRIzol (Takara, Dalian, 

People’s Republic of China). RNA was reversed transcribed 

into cDNA using a cDNA RT–PCR kit (Takara, Dalian, 
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People’s Republic of China). Then, cDNA was used as a 

template for quantitating gene expression using a SYBR 

Green real-time PCR kit (Takara) in an ABI PRISM Fast 

7500 system (Applied Biosystems, Foster City, CA, USA). 

Data were analyzed using the 2−ΔΔCt method. Primers were as 

follows: β-actin F-5′-GCAAGCAGGACTATGACGAG-3′, 
β-actin R-5′-CAAATAAAGCCATGCCAATC-3′; IL-6 

F-5′-CTGCTGCCTTCCCTGCC-3′, IL-6 R-5′-CCTCT 

TTGCTGCTTTCACACAT-3′; IL-8 F-5′-TCTGGCAA 

CCCTAGTCTGCT-3 ′, IL-8 R-5 ′-AAACCAAGGC 

ACAGTGGAAC-3′; MBD2 F-5′-AAGTGATCCGAA 

AATCTGGG C-3 ′ ,  MBD2 R-5 ′ -TGCCAACTG 

AGGCTTGCT TC-3′; IL-4 F-5′-CCAACTGCTTC 

CCCCTCTG-3 ′ ,  IL-4 R-5 ′-TCTGTTACGGTCAA 

CTCGGTG-3′; IL-10 F-5′-GACTTTAAGGGTTACC 

TGGGTTG-3′, IL-10 R-5′-TCACATGCGCCTTGAT 

GTCTG-3′; TGF-β F-5′-GGCCAGATCCTGTCCAAGC-3′, 
TGF-β R-5′-GTGGGTTTCCACCATTAGCAC-3′; TNF-α 

F-5′-CCTCTCTCTAATCAGCCCTCTG-3′, TNF-α R-5′-
GAGGACCTGGGAGTAGATGAG-3′.

Enzyme-linked immunosorbent assay
Concentrations of IL-6 and IL-8 in cell-culture supernatants 

were measured using IL-6 and IL-8 DuoSet ELISA kits 

(R&D Systems Europe, Abingdon, UK) according to the 

manufacturer’s instructions.33 The limits of detection for 

the IL-6 and IL-8 ELISA kits were 9.38 and 31.3 pg/mL, 

respectively. Levels of IL-6 and IL-6-inducible CXCL1 (KC) 

in BALF were measured using commercial mouse IL-6 and 

KC ELISA kits (R&D Systems Europe, Abingdon, UK). The 

limits of detection for the mouse IL-6 and KC ELISA kits 

were 1.8 and 2.0 pg/mL, respectively.

Statistical analysis
In human and mouse sample tests, normally distributed data 

were presented as mean ± SD and analyzed using Student’s 

t-test for two groups, or one-way analysis of variance 

(ANOVA) with Newman–Keuls post hoc test for multiple 

comparisons. Data which did not meet normal distribution 

were presented as median with range and evaluated by Mann–

Whitney U-test for two groups. In the in vitro experiments, 

data were analyzed using Student’s t-test for two groups or 

one-way ANOVA with Newman–Keuls post hoc test for mul-

tiple comparisons. The relationship between MBD2 protein 

expression and proinflammatory cytokines was assessed by 

using Pearson analysis. All data were analyzed using Prism 

6.0 (GraphPad Software Inc., San Diego, CA, USA). P,0.05 

was considered statistically significant.

Results
Subject characteristics
The clinical characteristics of subjects are summarized 

in Table 1. Lung tissues were collected from 34 patients. 

Smoking history was similar among smokers with COPD and 

without COPD. Compared with non-COPD smokers or non-

smokers, patients with COPD exhibited lower FEV
1
, FEV

1
% 

of predicted, and FEV
1
/FVC%. No significant differences in 

age were observed among the groups.

MBD2 protein expression was 
decreased in patients with COPD 
and CS-exposed mice
MBD2 protein expression in lung tissues was assessed by 

immunohistochemistry. Bronchial epithelium showed strong 

MBD2 protein staining in lung tissues of non-smokers on 

immunohistochemistry (Figure 1A). Inflammatory cells had 

moderate immunoreactivity, and there was low or negative 

MBD2 protein staining in mesenchymal cells (Figure S1). 

Relative to those of non-COPD smokers (Figure 1A, P,0.05) 

and non-smokers (Figure 1B, P,0.01), MBD2 protein levels 

in the epithelium were markedly decreased in patients with 

COPD (Figure 1C). There was no difference in MBD2 protein 

expression levels between non-COPD smokers and non-

smokers (Figure 1E). We further analyzed MBD2 protein 

expression in whole-lung tissue homogenates by Western 

blot. Consistent with results from immunohistochemistry, 

the relative expression of MBD2 protein was significantly 

decreased in patients with COPD, as compared with the other 

two groups (P,0.05 for both; Figure 1F and G).

Pulmonary function and MLI were measured to confirm 

the establishment of a passive smoking model. Compared 

with controls, forced expiratory volume in 0.1 s (FEV
0.1s

; 

P,0.01), ratio of  FEV
0.1s

 to forced vital capacity (FEV
0.1s

/FVC; 

P,0.01), and dynamic lung compliance (C
dyn

; P,0.001) were 

significantly decreased in CS-exposed mice (Figure 2A–C), 

whereas lung resistance (R
L
) was remarkably increased 

Table 1 Characteristics of study subjects

Characteristics COPD 
(n=10)

Non-COPD 
smokers (n=12)

Non-smokers 
(n=12)

Age (years) 55.60±8.63 54.08±9.24 49.15±10.32
Pack-years smoked 48.10±26.71 37.75±20.98 0*
FEV1 (L) 1.18±0.39 1.88±0.52* 1.95±0.59*
FEV1% of predicted 70.02±19.97 94.87±21.48* 98.24±21.43*
FEV1/FVC % 56.20±13.61 75.65±7.21* 81.51±7.22*

Notes: Data are presented as mean ± SD. *P,0.05 versus COPD group.
Abbreviations: COPD, chronic obstructive pulmonary disease; FEV1, forced 
expiratory volume in 1 second; FVC, forced vital capacity.
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Figure 1 Decreased expression of MBD2 in patients with COPD.
Notes: Representative immunohistochemical images of human lung sections are shown. Relative to the non-smoker (A) and non-COPD smoker (B) groups, MBD2 
immunostaining in bronchial epithelium was markedly decreased in patients with COPD (C). Isotype control was stained with rabbit IgG Ab (D), scale bars =100 μM; 
magnification = ×100. The red-boxed area indicates a region of higher magnification. Semiquantitative analysis of MBD2 expression in airway epithelium using Image-Pro 
Plus (E). Representative MBD2 expression in whole-lung tissue homogenates by Western blot (F). The band intensity for MBD2 was quantified using ImageJ (G). Data are 
displayed as mean ± SD, n=10 for COPD, n=12 for non-COPD smokers, and n=12 for non-smokers. P-values were calculated using one-way ANOVA followed by Newman–
Keuls test, *P,0.05 and **P,0.01 represent significant differences, compared to the non-smoker group.
Abbreviations: ANOVA, analysis of variance; COPD, chronic obstructive pulmonary disease; MBD2, methyl-CpG-binding domain protein 2; IgG Ab, immunoglobulin G antibody.

Figure 2 Lung function and histological measurements in controls and CS-exposed mice.
Notes: Compared with controls, FEV0.1s, FEV0.1s/FVC and Cdyn were significantly decreased in CS-exposed mice (A–C), but RL was elevated (D). Representative lung tissue 
section stained with hematoxylin–eosin of controls and CS-exposed mice (E), scale bars =100 μM; magnification = ×40. Compared with controls, MLI measurement was 
significantly increased in CS-exposed mice (F). Data in C and F panels are presented as mean ± SD; data of other panels are presented as median with range, n=8 for controls 
and n=8 for CS-exposed mice. **P,0.01 and ***P,0.001 represent significant differences compared to controls.
Abbreviations: CS, cigarette smoke; FEV0.1s, forced expiratory volume in 0.1s; FEV0.1s/FVC, ratio of FEV0.1s to forced vital capacity; Cdyn, dynamic lung compliance; RL, lung 
resistance; MLI, mean linear intercept.
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(P,0.01; Figure 2D). Moreover, MLI measurement was 

dramatically elevated in CS-exposed mice (P,0.001; 

Figure 2E and F). Levels of IL-6 and KC in BALF were 

determined by ELISA. Compared with controls, levels of 

IL-6 (Figure S2A) and KC (Figure S2B) in BALF were 

upregulated in CS-exposed mice. These results indicate 

that CS-exposed mice suffer from airflow limitation, 

emphysema, and airway inflammation. Then, we exam-

ined MBD2 expression in lung tissues of model mice. 

MBD2 protein expression was significantly downregulated 

in CS-exposed mice compared with that of controls on 

evaluation by immunohistochemistry (Figure 3A–D) and 

by immunoblot (Figure 3E and F). MBD2 expression in the 

bronchial epithelium were negatively correlated with IL-6 

(P=0.036, R=−0.53, Figure S3A) and KC (P=0.026, R=0.55, 

Figure S3B) levels in BALF of mice. However, there was no 

significant difference in MBD2 mRNA levels between the 

CS-exposed and control groups (Figure S4A).

CSE attenuates MBD2 protein expression 
in HBE
CCK8 cell-activity estimation showed that CSE at con-

centrations ranging from 1.25% to 10% did not affect cell 

viability after incubation for 24–72 h (Figure 4A).

To determine the potential influences of CSE on MBD2 

protein expression in vitro, HBE were treated with various 

concentrations of CSE for 48 h or with 10% CSE for 24, 48, 

and 72 h. MBD2 protein expression began to significantly 

decline when cells were treated with 5% CSE (P,0.05) for 

48 h, and reached the lowest level at 10% CSE (P,0.001; 

Figure 4B and D). Meanwhile, a time-dependent decrease 

in MBD2 protein expression was found for HBE treated 

Figure 3 Downregulated MBD2 expression in CS-exposed mice.
Notes: Immunohistochemical analysis of MBD2 in mice lung sections are shown (A–C). Compared to controls (A), MBD2 expression was significantly reduced in CS-exposed 
mice (B), and isotype control was stained with rabbit IgG Ab (C), scale bars =100 μM; magnification = ×100. The red-boxed area indicates a region of higher magnification. 
Semiquantitative assessment of MBD2 expression using Image-Pro Plus (D). Representative image of Western blots (E). MBD2 band intensity was quantified using ImageJ 
(F). Data are presented as mean ± SD, n=8 for controls and n=8 for CS-exposed mice. P-values were calculated using Student’s t-test; *P,0.05 and **P,0.01 represents 
significant differences compared to controls; IgG Ab, immunoglobulin G antibody.
Abbreviations: CS, cigarette smoke; MBD2, methyl-CpG-binding domain protein 2; IgG Ab, immunoglobulin G antibody.
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with 10% CSE (Figure 4C and E). However, there were 

no changes in MBD2 mRNA expression in HBE treated 

with different concentrations of CSE for different time 

periods (Figure S4B).

MBD2 knockdown increases cytokine 
gene expression in HBE
To investigate whether MBD2 participates in modulating 

cytokines expression in airway epithelium, we silenced the 

MBD2 gene in HBE using siRNA, and then tested cytokine 

expression. As expected, after transfecting HBE with MBD2 

siRNA (MBD2-siRNA), there was a significant decrease in 

MBD2 mRNA and protein expression, compared to cells 

transfected with negative control siRNA (Con-siRNA; 

Figure 5A and B).

We, next, examined levels of the inflammatory cytokines 

IL-4, IL-6, IL-8, IL-10, TGF-β, and TNF-α in MBD2-silenced 

HBE, both at 24 and 48 h after transfection. Compared with 

Con-siRNA-transfected HBE, mRNA levels of IL-6 (P,0.01 

for both) and IL-8 (P,0.05 for 24 h and P,0.01 for 48 h) 

were significantly increased in MBD2-siRNA-transfected 

HBE (Figure 5C and D). However, there were no differences 

in TGF-β, and TNF-α mRNA between the two groups (data 

not shown). IL-4 and IL-10 mRNA expression was near 

or below the detection limit of real-time PCR. Consistent 

with the results for mRNA levels, IL-6 (P,0.05) and IL-8 

(P,0.01) protein expression was significantly elevated in 

MBD2-knockdown HBE (Figure 5E and F).

Decreased MBD2 expression enhanced 
IL-6 and IL-8 secretion promoted by the 
ERK1/2 pathway in HBE
After MBD2-siRNA transfection for 24 h, HBE were treated 

with or without 10% CSE for 24 h. The mRNA expression 

levels of IL-6 (P,0.001) and IL-8 (P,0.05) were markedly 

increased after 10% CSE simulation (Figure 6A and B). 

Similar results were detected in IL-6 (P,0.05) and IL-8 

(P,0.05) protein levels (Figure 6C and D). These data further 

verified that MBD2 knockdown amplified IL-6 and IL-8 

secretion by HBE in a CSE inflammatory milieu.

To evaluate the underlying mechanisms by which MBD2 

affects cytokine production, we next explored whether 

MAPK signaling was activated in HBE after MBD2 

knockdown by using the inhibitors U-0126, SP600125, and 

SB239063 to specifically block the ERK1/2, JNK, and p38 

MAPK pathways, respectively. CCK8 cell-activity estima-

tion showed that U0126 at concentrations ranging from 

2.5 to 20 μM did not affect cell viability after incubation 

Figure 4 CSE attenuated MBD2 expression in HBE cells in vitro.
Notes: The effects of CSE on HBE cell activity (A). Representative images of Western blots are shown. MBD2 protein expression was reduced in HBE exposed to different 
CSE concentrations for 48 h (B) or exposed to 10% CSE for various time periods (C). Band intensity was quantified by ImageJ (D and E). Data are displayed as mean ± SD of 
four independent experiments. P-values were calculated using one-way ANOVA followed by Newman–Keuls test; *P,0.05, **P,0.01, and ***P,0.001 represent significant 
differences compared to control.
Abbreviations: ANOVA, analysis of variance; CSE, cigarette smoke extract; HBE, human bronchial epithelial; MBD2, methyl-CpG-binding domain protein 2.
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Figure 6 MBD2 knockdown enhanced ERK1/2 signal pathway-dependent IL-6 and IL-8 secretion by HBE.
Notes: The increased expression of IL-6 (A, C) and IL-8 (B, D) in HBE after MBD2-siRNA transfection was abrogated by ERK1/2 inhibitors, with or without a CSE milieu. 
Effects of CSE on HBE cell activity after incubation for 72 h (E). HBE were preincubated with U0126 (10 μM) or DMSO for 1 h, followed by stimulation with medium 
or 10% CSE for 1 h (F). Data are displayed as mean ± SD of four independent experiments. P-values were calculated using the Student’s t-test; *P,0.05, **P,0.01, and 
***P,0.001 represent significant differences compared to the corresponding control.
Abbreviations: Con-siRNA, negative control siRNA; CSE, cigarette smoke extract; DMSO, dimethyl sulfoxide; HBE, human bronchial epithelial; IL, interleukin; MBD2, 
methyl-CpG-binding domain protein 2.

Figure 5 MBD2 knockdown increased IL-6 and IL-8 expression in HBE.
Notes: Relative MBD2 mRNA (A) and protein (B) expression was markedly lower in MBD2-siRNA-transfected HBE. Relative IL-6 (C) and IL-8 (D) mRNA expression was 
higher in HBE cells 24 and 48 h after transfection with MBD2-siRNA. Changes in IL-6 (E) and IL-8 (F) protein expression were consistent with mRNA expression. Data are 
displayed as mean ± SD of four independent experiments. P-values were calculated using Student’s t-test, *P,0.05, **P,0.01, and ***P,0.001 represent significant differences 
compared to the corresponding control.
Abbreviations: Con-siRNA, negative control siRNA; HBE, human bronchial epithelial; IL, interleukin; MBD2, methyl-CpG-binding domain protein 2.
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for 72 h (Figure 6E). HBE were preincubated with 10 μM 

U0126 or vehicle control (DMSO) for 1  h, followed by 

treatment with or without 10% CSE for 1 h (Figure 6F). 

As demonstrated in Figure 6B, 10% CSE increased the 

phosphorylation of ERK1/2 (p-ERK1/2), and U0126 could 

diminish the CSE-induced activation of ERK1/2 in HBE. 

Only U-0126, but not SP600125 or SB239063 (data not 

shown), could significantly inhibit IL-6 and IL-8 expression 

in MBD2-knockdown HBE, with or without CSE treatment 

(Figure 6A–D). Those results indicated that decreased 

MBD2 levels could enhance secretion of IL-6 and IL-8 via 

the ERK1/2 pathway.

Discussion
In the present study, we demonstrated for the first time 

that MBD2 protein expression in airway epithelium from 

patients with COPD was decreased relative to non-COPD 

smokers and non-smokers. MBD2 expression was, likewise, 

distinctly reduced in CS-exposed mice and CSE-stimulated 

HBE in vitro. As an additional functional verification, we 

found that MBD2 knockdown promoted HBE to release more 

IL-6 and IL-8 via ERK signaling. These results indicate that 

MBD2 might play an instrumental role in modulating airway 

inflammation associated with COPD.

CS is a complex mixture of more than 4,700 chemical 

compounds, and represents a major pathogenic factor that 

has been implicated in numerous diseases, including cancer, 

cardiovascular diseases, and COPD.34 Cigarette smoking is 

associated with elevated serum homocysteine, and homo-

cysteine was found to reduce MBD2 protein expression 

in vascular smooth muscle cells, suggesting that cigarette 

smoking might influence MBD2 protein expression.12–14 Our 

results showed that MBD2 protein expression was reduced 

in bronchial epithelium from patients with COPD and in 

CSE-treated cells in vitro. It was reported that exposure to 

CSE resulted in no change of MBD2 protein expression in 

other cells.36 The impact of CS on MBD2 protein expression 

appear to be cell-type specific. Given that cigarette smoking 

can affect gene and protein expression in both humans and 

mice, we further confirmed that MBD2 protein expression 

was decreased in bronchial epithelium from CS-exposed 

mice.35 These observations indicated that the decrease in 

MBD2 protein expression seen in the COPD bronchial epi-

thelium is at least partially due to long-term CS exposure. 

Interestingly, MBD2 is not the only one of the MBD protein 

family altered by CSE. Mukhopadhyay showed that MBD3 

and MeCP-2 protein were markedly reduced following expo-

sure to CSE in branchial–arch-derived cells, which contribute 

to the formation of the lip and palate.36

However, we could not detect a distinct difference in MBD2 

mRNA expression in lung tissues from CS-exposed mice and in 

CSE-treated HBE in vitro. Further, Tommasi et al reported no 

significant alteration of MBD2 mRNA between control mice 

and those exposed to secondhand smoke.37 In contrast, MBD2 

mRNA expression was decreased in subjects who had chronic 

occupational exposure to benzene, toluene, and xylene, but 

MBD2 levels were elevated in CD4+ T cells from patients with 

several autoimmune diseases, including systemic erythemato-

sus lupus, dermatomyositis, and multiple sclerosis.20–22 In addi-

tion, Tan et al confirmed a post-transcriptional role for valproate 

(Sigma-Aldrich, St. Louis, MO, USA) – a drug used to treat 

seizures – in downregulating MBD2 expression.38 Therefore, 

CS-induced changes in post-transcriptional regulation might 

explain the observed alterations in MBD2 protein expression. 

Post-transcriptional regulation, such as the processing, export, 

localization, turnover, and translation of mRNAs is an integral 

part of gene expression and adds substantial complexity to tran-

scriptional control.39 Several miRNAs, including miR-520b, 

miR-221, and miR-290/371, were reported to regulate MBD2 

expression.40–42 However, MBD2 protein-specific changes, such 

as cleavage, processing, and degradation, were still unknown. 

As such, further studies are needed to elucidate the underlying 

mechanisms of MBD2 reduction induced by CS.

MBD2 plays multiple and complex roles in regulating 

cytokine secretion. Wang et al reported that MBD2 knock-

down by siRNA markedly reduced expression of IL-10, 

CTLA-4, and TGF-β, which are essential for normal Treg 

function. In a reciprocal study, retroviral transduction of 

MBD2-/- Treg cells with MBD2 enhanced expression of 

IL-10, CTLA-4, and TGF-β, but reduced IL-6 expression.24 

Cheng et al showed that mRNA levels for TNF-α and MCP-1 

were significantly lower in visceral adipose tissues that origi-

nated from MBD2-/- mice fed a high-fat diet as compared 

with that of controls.43 Moreover, researchers demonstrated 

that MBD2-/- CD4+ T cells manifested a significant increase 

in IFN-γ and IL-4 secretion, whereas dendritic cells derived 

from MBD2-/- mice showed a similar capacity to secrete IL-6 

and TNF-α.23 So far, there were no reports on the impact of 

MBD2 on smoking-induced inflammatory responses. There-

fore, we used siRNA to knockdown MBD2 in HBE with 

or without CSE treatment, and found that reduced MBD2, 

together with a CSE milieu, could synergistically enhance 

IL-6 and IL-8 secretion. Negative correlation between 

MBD2 protein expression in the bronchial epithelium of 

mice and IL-6 as well as KC level in BALF were confirmed. 

However, there was no difference in the expression of 

IL-4, IL-10, TGF-β, and TNF-α (data not shown) between 

MBD2-siRNA HBE and Con-siRNA controls. Impacts of 
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MBD2 on cytokine secretion appear to be cell-type specific. 

Both IL-6 and IL-8 exert a role in orchestrating inflamma-

tion associated with COPD.44 Levels of these cytokines in 

sputum are related to lung function, disease severity, and 

clinical outcome of COPD.45–47 Our data implied that the 

smoking-induced reduction in MBD2 levels could increase 

secretion of some inflammatory mediators by HBE. Interest-

ingly, this is not the first example of the MBD protein family 

being involved in regulating the secretion of inflammatory 

cytokines. Specifically, a deficiency in methyl CpG-binding 

protein 2 enhances the expression of IL-6 by promoting 

NF-κB signaling in myeloid-derived cells.48

MAPK signaling possesses critical functions in regulat-

ing COPD-related inflammation by activating transcription 

factors and/or stabilization of post-translational mRNA.49,50 

As noted by Rao et al, p38 MAPK and ERK1/2 signals were 

activated in both MBD2 siRNA-transfected endothelial cells 

and MBD2-/- mice.27 Consistent with the Rao study, we found 

that ERK1/2 inhibitors could block increases in cytokine 

expression caused by knockdown of MBD2 in HBE with or 

without CSE treatment. These data suggested that MBD2 

modulated HBE inflammation probably via ERK1/2 signal-

ing. Several articles demonstrated that the Wnt/β-catenin 

pathway was downregulated in patients with COPD, CS-

exposed mice, and in cellular models.51–53 Guo et al showed 

that the reduced activity of WNT/β-catenin signaling induced 

by CSE may promote cytokine production in airway epithe-

lium by p38 MAPK but not by the ERK pathway.52 Although 

Phesse found that deficiency of MBD2 suppressed the Wnt 

pathway, we speculated that increased levels of IL-6 and 

IL-8 expression is independent of Wnt/β-catenin pathway 

in MBD2-siRNA transfected HBE.54

This study has some limitations. Ideally, primary bron-

chial epithelial cells from COPD patients, non-COPD 

smokers, and non-smokers should be used. Instead, we used 

the HBE cell line for the in vitro studies, and it is unknown 

whether findings obtained with these cells can be extrapo-

lated to humans. MBD2 expression showed a tendency to 

decrease in non-COPD smokers compared to non-smokers; 

however, it failed to reach statistical significance. This might 

partly be due to the relatively small sample size and the many 

uncontrolled factors influencing MBD2 protein expression in 

humans. Moreover, in the future, we should identify genes 

that MBD2 regulates through direct binding to promoters.

In conclusion, our study demonstrated that MBD2 

expression decreased in the lung bronchial epithelium of 

patients with COPD, and this decrease was associated with 

increased levels of IL-6 and IL-8 in HBE. MBD2 enhanced 

the secretion of those inflammatory cytokines via an ERK1/2 

signal pathway-dependent mechanism. Therefore, MBD2 

might contribute to COPD pathogenesis.
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Supplementary materials

Figure S1 Representative immunohistochemical image of cells in non-smokers’ lung tissues.
Notes: The red-boxed area indicates a region of higher magnification. The arrows indicate inflammatory cells and asterisks points to alveolar mesenchymal cells.

Figure S2 Levels of IL-6 and CXCL1 (KC) in BALF in controls and CS-exposed mice.
Notes: Compared with controls, levels of IL-6 (A) and CXCL1 (KC) (B) in BALF were increased in CS-exposed mice. Data are presented as means ± SD, n=8 for controls 
and n=8 for CS-exposed mice. P-values were calculated using Student’s t-test; **P,0.01 and ***P,0.001 represent significant differences compared to controls.
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Figure S3 MBD2 protein expression in bronchial epithelium correlated with cytokines in BALF of mice.
Notes: MBD2 expression in bronchial epithelium were negatively correlated with and IL-6 (A) and CXCL1 (KC) (B) level in BALF of mice. Correlations were assessed by 
using Pearson analysis.

∆

Figure S4 MBD2 mRNA in lung tissues and HBE.
Notes: No significant difference in MBD2 mRNA levels between the CS-exposed samples and controls was observed (A). There were no changes in MBD2 mRNA 
expression in HBE treated with different concentrations of CSE for different time periods (B).
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