
© 2019 Zhou et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you 

hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission 
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of COPD 2019:14 81–91

International Journal of COPD

This article was published in the following Dove Medical Press journal: 
International Journal of COPD

Dovepress

submit your manuscript | www.dovepress.com

Dovepress 
81

O r I g I n a l  r e s e a r C h

open access to scientific and medical research

Open Access Full Text Article

http://dx.doi.org/10.2147/COPD.s190023

Cigarette smoke-induced ranKl expression 
enhances MMP-9 production by alveolar 
macrophages

lu Zhou1

Yanqing le1

Jieyu Tian2

Xia Yang2

rong Jin3

Xiaoyan gai1

Yongchang sun1

1Department of respiratory Medicine, 
Peking University Third hospital, 
Beijing, China; 2Department of 
respiratory Medicine, Beijing Tongren 
hospital, Capital Medical University, 
Beijing, China; 3Department of 
Immunology, school of Basic Medical 
sciences, Peking University health 
science Center, Beijing, China

Background and purpose: Cigarette smoke (CS) induces alveolar destruction through 

overproduction of proteinases including matrix metalloproteinase (MMP)-9 by alveolar macro-

phages (AMs). Receptor activator of nuclear factor-κB ligand (RANKL) functions in immune 

regulation and cytokine secretion; whether it is involved in CS-induced MMP-9 expression is 

unknown. The purpose of our study was to investigate the expression and functional role of 

RANKL pathway in MMP-9 production pertaining to the pathogenesis of COPD.

Materials and methods: We first localized RANKL and its receptor RANK in the lungs 

of mice exposed to long-term CS exposure. Next, we studied RANKL and RANK expression 

under CS extract (CSE) stimulation in vitro. Lastly, we studied the in vitro biological function 

of RANKL in CS-induced production of MMP-9.

Results: Both RANKL and RANK were highly expressed in AMs in CS-exposed mice, but 

not in the control mice. In vitro, CSE increased the expressions of RANKL and RANK in 

macrophages. AMs responded to CSE and RANKL stimulation by overexpressing MMP-9, and 

CSE-induced MMP-9 expression was partly blocked by using monoclonal anti-RANKL antibody.

Conclusion: RANKL/RANK pathway mediates CS-induced MMP-9 expression in AMs, 

suggesting a novel mechanism for CS-associated emphysema.

Keywords: COPD, receptor activator of nuclear factor-κB ligand, RANK, alveolar macro-

phages, MMP-9

Introduction
COPD is a heterogeneous disease associated with cigarette smoke (CS) exposure, 

which is believed to induce proteinase-mediated injury to the alveolar tissue and 

extracellular matrix,1–3 leading to emphysema.

Metalloproteinases (MMPs) are a family of proteolytic enzymes which play 

important roles in tissue remodeling and repair associated with inflammation. MMP-9, 

an important member of MMPs, is found to be involved in airway inflammation and 

development of emphysema.1–3 A major source of MMP-9 in the lung is the alveolar 

macrophage; however, the pathways leading to MMP-9 overproduction associated 

with cigarette smoking have not been fully elucidated.

In our previous studies, we found that the circulatory levels of receptor activator 

of nuclear factor-κB ligand (RANKL) were increased in COPD patients and associ-

ated with bone loss,4,5 suggesting a role of cigarette smoking or inflammation in the 

induction of this molecule. RANKL was originally described for its key roles in bone 

metabolism and later in immune regulation.6–9 RANKL expression has been detected 

in various tissues including T lymphocytes,7 macrophages,10 osteoblasts, osteocytes 
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and bone stroma, and the lung.8,9,11,12 However, the expression 

of RANKL and its potential pathological function in the 

lung, particularly that relates to cigarette smoking, has not 

been studied.

In order to investigate whether cigarette smoking induces 

RANKL expression and its biological function relating to 

COPD, we examined the expression of RANKL and its recep-

tor RANK in a well-described model of COPD by long-term 

CS exposure. We found, for the first time to our knowledge, 

that RANKL as well as RANK were expressed and localized, 

together with MMP-9, in the alveolar macrophages of CS-

exposed mice. In an in vitro culture of alveolar macrophages, 

CS extract (CSE) upregulated RANKL and RANK expres-

sion, and the cells responded to CSE or RANKL stimulation 

by enhanced expression of MMP-9, which was inhibited by 

a monoclonal anti-RANKL antibody neutralizing RANKL. 

These results reveal a novel function of the RANKL/RANK 

system by which CS exposure induces MMP-9 production 

by alveolar macrophages, which may have implications in 

the pathogenesis of emphysema and serve as a potentially 

new target for intervention.

Materials and methods
animals
Female C57BL/6 mice, 6–8 weeks old, supplied by Beijing 

Vital River Laboratory were bred in-house. Food and 

water were provided ad libitum. All mice were housed in 

a light–dark cycle of 12 hours under specific pathogen-free 

conditions. All in vivo manipulations were approved by the 

Ethics Committee of Peking University Third Hospital, and 

performed in accordance with the committee’s animal care 

and use guidelines.

Cs exposure
Six wild-type mice were exposed to CS using a nose-only, 

directed flow inhalation and smoke exposure system (SG-

300; SIBATA, Tokyo, Japan). CS exposure parameters were 

as follows: cigarettes (Baisha cigarettes with filter, Hunan, 

China; tar 11 mg, nicotine 0.9 mg, CO 12 mg), suction 

20 mL smoke per 8 seconds, two times a day for 50 minutes 

with 20-minute smoke-free intervals, 5 days a week for 

24 weeks. An optimal smoke:air ratio of 1:9 was obtained. 

Control mice were exposed to room air only.

lung function
Mouse lung function was measured using Flexivent apparatus 

(Scireq, Montreal, QC, Canada) as previously described.13 

Mice were anesthetized by intraperitoneal injection of 1% 

pentobarbital sodium (0.6 mg/10 g). A tracheostomy was 

performed and a cannula inserted into the trachea. Animals 

were ventilated with a tidal volume of 10 mL/kg at a rate of 

500 breaths/min with a positive end-expiratory pressure of 

2 cm H
2
O. The total lung capacity, lung compliance (C) and 

airway resistance (R) were then measured.

Quantification of emphysema
To evaluate pulmonary emphysema, we determined enlarge-

ment of alveolar spaces by quantifying the mean linear inter-

cept (MLI) and destruction of alveolar walls by measuring 

the destructive index (DI), as described previously.14 Briefly, 

the measurement of MLI was performed by means of a 

100×100 µm grid passing randomly through the lung. The 

total length of each line of the grid divided by the number 

of alveolar intercepts gave the average distance between 

alveolar surfaces. DI was measured by a grid with 42 points 

which were at the center of hairline crosses superimposed 

on the lung field. Structures lying under these points were 

classified as normal (N) or destroyed (D) alveolar and/or duct 

spaces. Points falling over other structures, such as duct walls, 

alveolar walls and so on, did not enter into the calculations. 

DI was calculated as D/(D+N)×100.

Immunohistochemistry and 
immunofluorescence (IF)
The lung tissues obtained from mice were fixed by immer-

sion in formalin and embedded in paraffin. Lung tissues 

were cut into sections that were 5 µm thick and placed 

on glass slides. Briefly, after dewaxing and hydration, 

sections were incubated in 0.3% hydrogen peroxide to block 

endogenous peroxidase activity for 15 minutes, and then 

sections were incubated in citrate buffer 5 mM at pH 6.0 

in a microwave oven for 15 minutes for antigen retrieval. 

Afterward, the sections were treated with goat serum (ZLI-

6056; ZSGB-Bio, Beijing, China) and incubated overnight 

with MMP-9 antibody (Abcam, Cambridge, UK). Sections 

were subsequently incubated with the secondary antibody 

horseradish peroxidase (HRP)-conjugated goat anti-mouse 

IgG (PV-6002; ZSGB-Bio) for 30 minutes. Immunoreactivity 

was visualized with DAB Detection System kit (ZLI-9018; 

ZSGB-Bio), and sections were counterstained with Mayer’s 

hematoxylin. Negative controls for nonspecific binding were 

processed omitting the primary antibody.

Confocal microscopy was applied to evaluate the co-

expression of RANKL (Abcam) and the mouse alveolar 

macrophage marker F4/80 (Abcam). Similar protocol was 

used to evaluate the expression of RANK (Abcam) or 
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MMP-9 (Abcam) in alveolar macrophages. Briefly, after 

dewaxing and hydration, sections were incubated in citrate 

buffer 5 mM at pH 6.0 in a microwave oven for 15 minutes 

for antigen retrieval. Afterward, sections were treated with 

goat serum (ZLI-6056; ZSGB-Bio) and incubated overnight 

with the primary antibody. Sections were subsequently 

incubated with the secondary antibody (goat anti-rabbit IgG 

conjugated with AlexaFluor 488 and goat anti-mouse IgG 

conjugated with AlexaFluor 594; Jackson ImmunoResearch, 

West Grove, PA, USA) for 30 minutes at 37°C. Slides were 

stored at 4°C and analyzed within 24 hours. Negative controls 

for nonspecific binding were processed omitting the primary 

antibody. IF was evaluated with confocal microscopy (TCS-

SP8; Leica Microsystems, Wetzlar, Germany).

Cell culture
The mouse alveolar macrophage cell line MH-S and mouse 

macrophage cell line RAW264.7 were purchased from Bio-

Rad Biological Technology Co. Ltd (Shanghai, China), an 

agent of ATCC. MH-S was cultured in Roswell Park Memo-

rial Institute medium (Thermo Fisher Scientific, Waltham, 

MA, USA) containing 10% fetal calf serum (FCS) (Thermo 

Fisher Scientific) and 1% penicillin/streptomycin (Thermo 

Fisher Scientific), and RAW264.7 was cultured in DMEM 

medium (Thermo Fisher Scientific) containing 10% FCS 

(Thermo Fisher Scientific) and 1% penicillin/streptomycin 

(Thermo Fisher Scientific). Cells were grown at 37°C in the 

presence of 5% CO
2
.

Cse preparation
CSE was prepared by bubbling smoke from five cigarettes 

(Baisha cigarettes with filter; tar 11 mg, nicotine 0.9 mg, CO 

12 mg) through 10 mL of FCS-free cell culture medium at 

a constant airflow, lasting 5 minutes for each cigarette.15,16 

Smoked medium was then sterile filtered through a 0.22 µm 

filter, and this served as the 100% CSE work solution. Cell pro-

liferation was detected with different concentrations of CSE 

(0.5%, 1%, 2%, 4%) by using Cell Counting Kit-8, and 0.5% 

was determined as the optimum experimental concentration.

Cell stimulation
Macrophages were stimulated with CSE at 37°C in the 

presence of 5% CO
2
 for 48 hours to detect RANKL and 

RANK expression. Macrophages were also stimulated 

with CSE, recombinant RANKL (100 ng/mL; R&D sys-

tems, Minneapolis, MN, USA), monoclonal anti-RANKL 

(10 µg/mL; Biolegend, San Diego, CA, USA) and rat IgG2a 

kappa isotype control antibody (10 µg/mL; Biolegend) 

at 37°C in the presence of 5% CO
2
 for 48 hours to detect 

MMP-9 expression.

Flow cytometry
At the termination of cell culture, cells in the 12-well plates 

were harvested, followed by incubation with fluorescence-

conjugated antibodies: phycoerythrin-conjugated anti-mouse 

RANKL antibody (eBioscience, San Diego, CA, USA), 

phycoerythrin-conjugated anti-mouse RANK antibody 

(eBioscience) and phycoerythrin-conjugated rat IgG2a κ 

isotype control (eBioscience). At least 10,000 cells were 

counted for each sample using BD FACSCalibur.

IF for RANK co-localization with 
endosomal vesicles by IF analysis
Untreated and CSE-treated alveolar macrophages (for 

24 hours) were fixed for 15 minutes in 4% paraformaldehyde, 

permeabilized for 15 minutes in PBS/0.1% Triton and stained 

with mouse monoclonal anti-RANK antibody (Santa Cruz 

Biotechnology, Santa Cruz, CA, USA) and rabbit monoclo-

nal anti-LAMP1 antibody (Abcam). They were incubated 

overnight at 4°C, followed by staining with secondary Alexa 

488 anti-rabbit IgG and Alexa 694 anti-mouse IgG (Jackson 

ImmunoResearch) for 30 minutes at room temperature. 

Pictures were taken with a confocal microscope (TCS-SP8; 

Leica Microsystems).

Detection of MMP-9
MMP-9 expression was assessed on the lung tissue sections 

by immunohistochemistry, while its mRNA levels in the lung 

tissue and cells were determined using quantitative PCR.

Cell counts were calculated and standardized to the num-

ber of positive cells/mm2 of the area. The quantification was 

performed with blinded samples, and 20 fields were randomly 

selected under 400× microscopy and the number of positive 

cells per square millimeter was counted.

MMP-9 protein levels in cells were determined using 

Western blotting. Proteins (30 µg) were resolved in 10% 

SDS-PAGE and transferred to polyvinylidene difluoride 

membrane (Merck-Millipore, Carrigtwohill, Ireland), which 

were then blocked and incubated with the following anti-

bodies: MMP-9 (Santa Cruz Biotechnology) and β-actin 

(Abcam). After incubation with HRP-conjugated goat 

anti-mouse IgG antibody, the immunoreactive bands were 

detected using enhanced chemiluminescence from EMD 

Millipore (Billerica, MA, USA). Quantitative image analysis 

was performed with ImageJ software (NIH, Bethesda, MD, 

USA). Results are expressed as relative densities.
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reverse transcriptase PCr
Total RNA was extracted from the total lung tissues of mice 

and cultured cells using TRIZOL (Thermo Fisher Scientific) 

following manufacturer’s instructions. Isolated mRNA (1 µg 

each) was reverse transcribed into cDNA using the reverse 

transcription system in the presence of oligo dT primers 

(Promega, Madison, WI, USA).

real-time PCr
Real-time PCR was performed on QuantStudio 3 and 5 

Real-Time PCR System(Applied Biosystems, Foster City, 

CA, USA) in a 20 μL reaction using SYBR Green One-Step 

qRT-PCR Kit (Tiangen, Beijing, China).

The primer sequences used for the amplifica-

tion were as follows: GAPDH, 5′-AAATGGTGAAG 

GTCGGTGTGAAC-3′ (sense) and 5′-CAACAATCTCCAC 

TTTGCCACTG-3′ (antisense); MMP-9, 5′-GCCCTGG 

AACTCACACGACA-3′ (sense) and 5′-TTGGAAACTC 

A C A C G C C A G A A G - 3 ′  ( a n t i s e n s e ) ;  M M P - 1 2 , 

5′-GATGGATGAAGCGGTACCTCACTTA-3′ (sense) and 

5′-GAGTCACATCACTCCAGACTTGGAA-3′ (antisense); 

TIMP1, 5′-GGAACGGAAATTTGCACATCAG-3′ (sense) 

and 5′-CTGATCCGTCCACAAACAGTGAG-3′ (antisense). 

The real-time PCR conditions were: 95°C for 15 minutes, 

followed by 40 cycles of 95°C for 10 seconds and 60°C for 

32 seconds. Results were presented as fold changes relative 

to GAPDH reference.

statistical analysis
Statistical analysis was performed with SPSS20.0 (IBM 

Corporation, Armonk, NY, USA). Group data are expressed 

as mean ± standard error of the mean. For data with normal 

distribution, comparisons among three or more groups were 

performed with an ANOVA test. For nonparametric data, 

comparisons were performed by Tamhane’s T2 signed-rank 

test. Two-groups comparison was performed using Student’s 

t-test. P-values ,0.05 were considered to be significant.

Results
Expression and cellular localization of 
ranKl and ranK in Cs-exposed mice
After CS exposure for 24 weeks, mice showed a significant 

increase in total lung capacity (Figure 1A) and airway resis-

tance (R; Figure 1B) compared to those exposed to air as con-

trols. However, no significant difference in lung compliance 

(C) was observed between the study groups. Lung histologic 

analysis showed enlargement of airway spaces (HE staining, 

400×; Figure 1C and D), with significantly increased MLI 

Figure 1 Mouse lung function and pulmonary emphysema. 
Notes: (A) TLC and (B) airway resistance (R) were measured in mice; n=6. Lung histology of mice that were exposed to (C) CS and (D) air, by HE staining (400×), scale 
bar=50 µm. (E) MLI and (F) DI were measured in mice; n=6. Bars indicate the mean value and error bars indicate seM. *P,0.05 and ***P,0.001.
Abbreviations: Cs, cigarette smoke; DI, destructive index; MlI, Mean linear intercept; seM, standard error of the mean; TlC, Total lung capacity.
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Figure 2 Expression and cellular localization of RANKL and RANK in CS-exposed mice. 
Notes: Immunofluorescent staining for RANKL in (A) CS-exposed mice and (C) air-exposed mice. Immunofluorescent staining for RANK in (B) CS-exposed mice 
and (D) air-exposed mice. (E) Co-immunofluorescent staining for RANKL (AlexaFluor 594, red) and F4/80 (AlexaFluor 488, green) in the lungs of CS-exposed mice. 
(F) Co-immunofluorescent staining for RANK (AlexaFluor 594, red) and F4/80 (AlexaFluor 488, green) in the lungs of CS-exposed mice. Sections were counterstained with 
DAPI (blue). Arrows indicate positive cells. (A, B, E and F) Scale bar=25 µm. (C and D) Scale bar=50 µm.
Abbreviations: Cs, cigarette smoke; ranKl, receptor activator of nuclear factor-κB ligand.

(Figure 1E) and DI (Figure 1F) in CS-exposed mice, but not 

in air-exposed mice.

We firstly examined the expression of RANKL and 

RANK by IF in lung tissues and found RANKL+ and RANK+ 

cells in the alveoli in CS-exposed mice (Figure 2A and B), 

but scarcely in control mice (Figure 2C and D).

To address the expression pattern of RANKL, we per-

formed IF costaining for RANKL and cellular markers, 

focusing on alveolar macrophages. We found that RANKL+ 

cells in the alveoli were macrophages in CS-exposed mice 

(Figure 2E). Interestingly, RANK+ cells were also identified as 

alveolar macrophages in CS-exposed mice (Figure 2F), sug-

gesting that CS exposure upregulated the expression of both 

RANKL and its receptor RANK in alveolar macrophages.

Upregulation of ranKl and ranK 
expression by Cse in vitro
Two macrophage cell lines, MH-S and RAW264.7, were stim-

ulated with CSE in vitro. The result showed that the mean fluo-

rescence intensity of RANKL measured by flow cytometry was 

increased significantly after CSE stimulation as compared to the 

control (Figure 3A, B, C and D). Similarly, RANK expression 
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Figure 3 Cse promotes ranKl and ranK expression in vitro. 
Notes: MH-S and RAW264.7 cell lines were stimulated as in medium and with 0.5% CSE, and RANKL expression was detected by flow cytometry. The MFI of RANKL 
measured in (A and C) MH-S and (B and D) RAW264.7 cells. MH-S and RAW264.7 cells were stimulated as in medium and with 0.5% CSE, and RANK expression was 
detected by flow cytometry. The MFI of RANK measured in (E and G) MH-S and (F and H) RAW264.7 cells. Black: medium stained with isotype antibody-phycoerythrin; 
red: medium; green and blue: CSE. (C, G and H) n=3; (D) n=5. Bars indicate the mean value, and error bars indicate seM. *P,0.05, **P,0.01 and ***P,0.001.
Abbreviations: CSE, cigarette smoke extract; MFI, mean fluorescence intensity; PE, phycoerythrin; RANKL, receptor activator of nuclear factor-κB ligand; seM, standard 
error of the mean.

in CSE-stimulated cells was also increased significantly, 

and the macrophages had inherent RANK expression 

in the absence of stimulation (Figure 3E, F, G and H).

Intracellular mechanism for enhanced 
ranK expression by Cse
A recent study showed that high expression of RANK in 

cystic fibrosis monocytes was due to decreased receptor 

endocytosis,17 similar to a previous work on the lipopoly-

saccharide receptor.18 To test whether the high expression 

of RANK in alveolar macrophages exposed to CS was due 

to decreased RANK degradation via reduced translocation 

to the lysosomal compartment, RANK co-localization with 

lysosome-associated membrane protein 1 (LAMP1) was 

performed by IF. Interestingly, unstimulated macrophages 

had robust RANK co-localization in the lysosomal compart-

ment (Figure 4A), while in CSE-stimulated cells, there was 

minimal RANK associated with LAMP1-positive vesicles 

(Figure 4B). LAMP1-positive vesicles were clustered in 

the nuclear area in unstimulated cells, while the signal 

was present diffusely throughout the cytoplasm in CSE-

stimulated cells (Figure 4A and B). Rab7, a small GTPase, 

is essential for the transport from early to late endosomes19 

and is a key regulator for proper aggregation and fusion 

of late endocytic structures in the perinuclear region and, 

consequently, for the biogenesis and maintenance of func-

tional lysosomal compartment.20 We found that Rab7 failed 

to increase in CSE-stimulated cells compared to unstimu-

lated cells (Figure 4C and D). Taken together, these data 

suggest that CSE stimulation leads to aberrant location of 

lysosomes and transportation of vesicles in the endosomal–

lysosomal axis, resulting in reduced RANK endocytosis.

Upregulation of MMP-9 expression 
by Cs in vivo and in vitro
As the alveolar macrophages are a major source of MMPs, 

MMP-9 is increased in COPD and plays a critical role in 

airway inflammation and development of emphysema.1–3 We 

firstly examined MMP-9 expression by immunohistochemis-

try in the lung tissues and found MMP-9+ cells in the alveoli 

in CS-exposed mice (Figure 5A), but they were scarcely 

found in control mice (Figure 5B). The number of MMP-9+ 

cells was increased and significantly higher in CS-exposed 

mice compared to the control ones (Figure 5C). The MMP-9 

mRNA level of the total lung tissue was also increased in CS-

exposed mice (Figure 5D). We further found IF costaining 
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Figure 4 alveolar macrophages under Cse stimulation have reduced ranK protein degradation and translocation to the lysosomal compartment. 
Notes: Co-immunofluorescent staining for LAMP1 (AlexaFluor 488, green) and RANK (AlexaFluor 594, red) in (A) unstimulated macrophages and (B) CSE stimulated 
macrophages for 24 hours; nuclei were stained with DAPI (blue). (C and D) Representative Western blot and relative quantification normalized to β-actin for rab7 in Mh-s 
stimulated with Cse for 24 hours; n=3. Bars indicate the mean value, and error bars indicate seM. *P,0.05.
Abbreviations: Cse, cigarette smoke extract; ranKl, receptor activator of nuclear factor-κB ligand; seM, standard error of the mean.

of MMP-9 in the alveolar macrophages of CS-exposed mice 

(Figure 5E). In vitro culture of mouse alveolar macrophages 

with CSE led to enhanced MMP-9 expression at the protein 

level in alveolar macrophages (Figure 5F and G).

MMP-9 expression was regulated 
by ranKl
RANKL functions in bone metabolism via osteoclast differ-

entiation,8,9 and can also promote monocyte and dendritic cell 

survival by upregulation of BCL-XL protein.7,21 However, the 

function of RANKL in alveolar macrophages has not been 

investigated. In order to understand the functions of RANKL 

in the context of CS-induced lung destruction, we firstly used 

RANKL to stimulate alveolar macrophages in vitro, which 

showed upregulation of MMP-9 mRNA (Figure 6A), while 

the MMP-12 and TIMP1 mRNA showed no significant 

change (Figure 6B and C). Similarly, the ratio of MMP-9 

mRNA to TIMP1 mRNA was increased (Figure 6D), but that 

of MMP-12 mRNA to TIMP1 mRNA showed no significant 

difference (Figure 6E) under RANKL stimulation. RANKL 

also upregulated MMP-9 protein expression in alveolar mac-

rophages in vitro (Figure 6F and G).

Because both CSE and RANKL promoted MMP-9 expres-

sion and CSE upregulated RANKL expression, we asked 

whether CSE induction of MMP-9 was dependent or partly 

through the RANKL pathway. In the culture of alveolar mac-

rophages with CSE stimulation, the addition of anti-RANKL 

antibody partly blocked the increase of MMP-9 protein 

(Figure 6H and I). Taken together, these results suggest that 

CS exposure induces MMP-9 expression partly via upregula-

tion of RANKL and RANK, creating an autocrine mode of 

action for the RANKL pathway in alveolar macrophages.

Discussion
By using a well-established mouse model of COPD, we dem-

onstrated that long-term CS exposure induced the expression 

of RANKL and its receptor RANK, together with MMP-9 

in the alveolar macrophages in the lung tissues. We further 

found that CSE markedly enhanced the expression of RANKL 

and RANK in alveolar macrophages in vitro. Interestingly, 
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β

β

Figure 5 Upregulation of MMP-9 expression by Cs. 
Notes: Immunohistochemical detection of MMP-9 (DAB, brown) in (A) CS-exposed mice and (B) air-exposed mice. Sections were counterstained with Mayer hematoxylin 
(blue). Scale bar=50 µm. (C) Number of MMP-9–positive cells per square millimeter, n=5. (D) MMP-9 mRNA level in the lung tissues, n=4. (E) Co-immunofluorescent 
staining for MMP-9 (AlexaFluor 594, red) and F4/80 (AlexaFluor 488, green) in the lungs of CS-exposed mice. Nuclei were stained with DAPI (blue). (F and G) Representative 
Western blot and relative quantification normalized to β-actin for MMP-9 in Mh-s stimulated with Cse for 48 hours; n=3. arrows indicate positive cells. Bars indicate the 
mean value, and error bars indicate seM. *P,0.05, **P,0.01 and ***P,0.001.
Abbreviations: Cs, cigarette smoke; Cse, Cs extract; seM, standard error of the mean.

both CSE and RANKL upregulated MMP-9 expression in 

the alveolar macrophages and CSE-induced MMP-9 over-

production was partly blocked by anti-RANKL antibody. 

Thus, our data support a novel mechanism for CS-induced 

MMP-9 expression relevant to the pathogenesis of COPD.

The RANKL–RANK pathway was found to play key 

roles in bone metabolism8,9,22–24 and immune regulation.6,7 

Recent studies have also shown that RANKL functions in 

thermoregulation and plays a protective role in ischemic 

stroke in the central nervous system.25,26 RANKL expression 

has been detected in various tissues and cells,7–12 includ-

ing the lung;11 however, the expression of RANKL and its 

potential pathological function in the lung, particularly that 

which relates to cigarette smoking, has not been described. 

Here, in a mouse model of COPD induced by long-term CS 

exposure, we found marked expression of RANKL and its 

receptor RANK in alveolar macrophages. To our knowledge, 

for the first time, we have shown that RANKL was local-

ized on alveolar macrophages. To understand the biological 

effect of RANKL, we further localized its receptor RANK 

in alveolar macrophages. Previous studies found that RANK 

expression was detectable on mature dendritic cells6 and 

macrophages.26 Interestingly, RANK expression was also 

localized on alveolar macrophages in the lung tissues from 

the mouse model. Taken together, these findings point to 

a new function of RANKL–RANK pathway via alveolar 

macrophages in the development of COPD.

The upregulation of RANKL–RANK expression in the 

alveolar macrophages by CS exposure had not been described, 

although our previous work had revealed higher levels of 
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Figure 6 MMP-9 expression was regulated by ranKl. 
Notes: (A) MMP-9 mRNA was upregulated in MH-S under RANKL stimulation. (B and C) MMP-12 and TIMP1 mRNA in MH-S under RANKL stimulation. The ratio of (D) 
MMP-9 mRNA to TIMP1 mRNA and (E) MMP-12 mRNA to TIMP1 mRNA under RANKL stimulation. (F and G) Representative Western blot and relative quantification 
normalized to β-actin for MMP-9 in MH-S stimulated with RANKL. (H and I) Representative Western blot and relative quantification normalized to β-actin for MMP-9 in Mh-s 
stimulated with combined Cse with monoclonal anti-ranKl antibody. n=3. Bars indicate the mean value, and error bars indicate seM. *P,0.05, **P,0.01 and ***P,0.001.
Abbreviations: CSE, cigarette smoke extract; NS, not significant; iso, isotype antibody; SEM, standard error of the mean.

RANKL in peripheral blood of COPD patients.4,5 CS was 

capable of promoting alveolar macrophage activation.27,28 

Our in vitro study demonstrated that CSE stimulated 

RANKL–RANK expression in alveolar macrophages, con-

firming the in vivo findings. Macrophages have inherent 

RANK expression,29 and it is intriguing to note that the high 

expression of RANK induced by CSE in alveolar macro-

phages was due to decreased receptor endocytosis. CS inhibits 

phagocytosis of alveolar macrophages,30 and endocytosis 

is a form of phagocytosis. Recent works have shown that 
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decreased receptor endocytosis leads to high expression of 

RANK and the lipopolysaccharide receptor.17,18 Our result 

was consistent with these findings and further demonstrated 

that CSE-induced downregulation of Rab7 might account for 

reduced trafficking of RANK to the degradation pathway in 

alveolar macrophages.

RANKL has a variety of biological functions, including 

activation of monocytes to secrete cytokines and chemokines,21 

protection of monocytes from apoptosis21 and induction of 

osteoclast differentiation by inducing MMP-9 expression.31–33 

Our in vivo model showing CS induction of co-expression 

of RANKL and MMP-9 in alveolar macrophages suggests 

an interaction of these two molecules in the pathogenesis of 

COPD. Indeed, our in vitro study confirmed that RANKL 

stimulated MMP-9 expression in alveolar macrophages. 

Interestingly, CSE was also shown to be able to promote 

MMP-9 expression in alveolar macrophages. Therefore, 

we sought to find whether CSE induction of MMP-9 was 

dependent, at least partly, on the RANKL pathway. The 

result that CSE-induced MMP-9 expression in the alveolar 

macrophages was partly blocked by an anti-RANKL antibody 

confirmed our hypothesis. Because MMP-12 was also found 

to be implicated in the pathogenesis of COPD by previous 

studies,1–3 we concurrently examined its expression under 

RANKL stimulation, which showed that the expression of 

MMP-12 was unresponsive to RANKL.

Smokers with COPD had increased expression of 

MMP-9 in the lung, compared with smokers without COPD 

and nonsmokers.34–36 MMP-9 functions in degradation 

of elastin,37 leading to alveolar destruction. There is also 

supportive evidence that overexpression of MMP-9 in the 

lungs of transgenic mice contributes to the development of 

emphysema.38,39 CS exposure has been found to stimulate 

alveolar macrophages to produce MMPs.40,41 Experimental 

data indicated that CS exposure induced MMP expression 

through different signaling pathways, for example, in the 

alveolar macrophages through the NF-κB pathway42 and in 

epithelial cells via Wingless/integrase-1 (WNT) signaling.43 

Our data added new knowledge to the understanding of the 

molecular mechanisms underlying MMP overproduction 

induced by CS exposure relevant to the development and 

progression of COPD.

Conclusion
In conclusion, the present study showed that CS exposure 

induced the expression of RANKL and its receptor RANK, 

together with increased MMP-9, in alveolar macrophages, 

both in vivo and in vitro. Induction of MMP-9 by CSE in 

the alveolar macrophages was partly through the RANKL 

pathway by an autocrine mechanism of action. These data 

reveal a novel mechanism of interaction between RANKL 

and MMP-9 in the pathogenesis of COPD and a potential 

new target for intervention.
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