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Background: Macrophage-derived matrix metalloproteinase 12 (MMP12) can cause destruction of lung tissue structure and plays 
a significant role in the development and progression of chronic obstructive pulmonary disease (COPD). MTOR is a serine/threonine 
kinase that plays a crucial role in cell growth and metabolism. The activity of MTOR in the lung tissues of COPD patients also shows 
significant changes. However, it is unclear whether MTOR can regulate the development and progression of COPD by controlling 
MMP12. This study primarily investigates whether MTOR in macrophages can affect the expression of MMP12 and participate in the 
progression of COPD.
Methods: We tested the changes in MTOR activity in macrophages exposed to cigarette smoke (CS) both in vivo and in vitro. 
Additionally, we observed the effect of MTOR on the expression of MMP12 in macrophages and on lung tissue inflammation and 
structural damage in mice, both in vivo and in vitro, using MTOR inhibitors or gene knockout mice. Finally, we combined inhibitor 
treatment with gene knockout to demonstrate that MTOR primarily mediates the expression of MMP12 through the NF-κB signaling 
pathway.
Results: Exposure to CS can enhance MTOR activity in mouse alveolar macrophages. Inhibiting the activity of MTOR or suppressing 
its expression leads to increased expression of MMP12. Myeloid-specific knockout of MTOR expression can promote the occurrence 
of CS-induced pulmonary inflammation and emphysema in mice. Inhibiting the activity of NF-κB can eliminate the effect of MTOR 
on MMP12.
Conclusion: Macrophage MTOR can reduce the expression of MMP12 by inhibiting NF-κB, thereby inhibiting the occurrence of 
COPD inflammation and destruction of lung tissue structure. Activating the activity of macrophage MTOR may be beneficial for the 
treatment of COPD.
Keywords: matrix metalloproteinase 12, MMP12, pulmonary emphysema, cigarette smoke, CS, mechanistic target of rapamycin, 
MTOR

Introduction
Chronic obstructive pulmonary disease (COPD) is associated with an inflammatory response to inhaled toxins, especially 
cigarette smoke (CS), and is a leading cause of mortality in the world.1,2 However, the underlying mechanisms of COPD 
pathogenesis are still unclear.
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Mechanistic target of rapamycin (MTOR), a serine/threonine kinase, plays a central role in cellular growth and 
metabolism.3,4 MTOR exists in two distinct multiprotein complexes, MTORC1 and MTORC2.5 MTORC1 can activate 
multiple downstream molecules to regulate different cellular functions, including mRNA transcription, protein synthesis, 
lipid synthesis, nucleotide synthesis, and autophagy.4 It has been shown that MTOR plays a crucial role in a variety of 
physiological and pathological processes, containing neurodegenerative diseases, aging, cancer, and obesity.6–8 However, 
much remains to be explored about the in vivo function of MTOR in the pathogenesis of COPD. We have previously 
reported that reduced MTOR expression was observed in lung tissue of patients with COPD, and knockout of MTOR in 
bronchial epithelial or alveolar type 2 cells contributed to the formation of emphysema.9 In contrast, increased MTOR 
activity was found in peripheral blood monocytes from COPD patients.10 Besides, inhibition of MTOR activity can 
ameliorate corticosteroid resistance in COPD.10 These results suggest that MTOR may play different roles in distinct cell 
types.

Prior research has demonstrated that emphysema’s pathogenesis involves crucial stages such as protease-antiprotease 
imbalance, oxidative stress, chronic lung inflammation, alveolar cell apoptosis, and autophagy.11 Recently, alveolar 
macrophages have garnered increasing attention as significant endogenous suppliers of matrix-degrading proteinases in 
the lungs of emphysematous patients.12 Multiple proteases are released by macrophages and neutrophils, which can 
degrade loose connective tissue.13,14 These proteases are capable of causing the apoptosis of vascular endothelial cells 
and destruction of lung parenchyma. Among these proteases, matrix metalloproteinase 12 (MMP12) plays a crucial role 
in the progression of COPD.15,16 MMP12 is a 54-kDa enzymatic protease primarily expressed by macrophages, and an 
elevation in macrophage MMP12 has been noted both clinically and experimentally in conjunction with the development 
of emphysema and COPD.15–17 It has been reported that MMP12 protein level was increased in induced-sputum 
collected from COPD patients.18 Besides, mice lacking MMP12 have been reported to protect from emphysema.16 

Follow-up study found out that elastin fragments degraded by MMP12 possessed monocyte chemotactic activity, which 
may account for the presence of chronic airway inflammation.19–21 However, further mechanisms concerning the 
regulation of MMP12 have yet to be clearly investigated.

Hence, we addressed whether MTOR might integrate environmental stresses due to CS with activation of inflamma-
tion and release of MMP12, leading to lung tissue damage and emphysematous destruction. We demonstrate that MTOR 
is important for CS-induced activation of nuclear factor-κB (NF-kB), and subsequent MMP12 production, airway 
inflammation and emphysema, adding fresh insight into the pathogenesis of emphysema.

Materials and Methods
Chemicals and Reagents
The antibodies against phosphorylated p-rpS6 (4858), rpS6 (2217), MTOR (2972), (p)-MTOR (5536), RELA (8242), 
p-RELA (4812) were sourced from Cell Signaling Technology. The antibody against MMP12 (ab52897) was acquired 
from Abcam, and the one against ACTB (sc-47778) was obtained from Santa Cruz Biotechnology. All these antibodies 
were diluted in accordance with the manufacturer’s instructions using either 5% nonfat dried milk (Sangon Biotech, 
A600669) or 5% BSA (Sangon Biotech). For flow cytometry, we used anti-mouse CD45 PE-Cyanine7 (25-0451-82), 
anti-mouse CD11c+ FITC (11-0114-82), anti-human/mouse phospho-MTOR (S2448) eFluor 450 (48-9718-42), and anti- 
human/mouse phosphor-rpS6 (S235/S236) APC (17-9007-42) antibodies from eBioscience. The anti-mouse Siglec-F PE 
(562068) antibody was purchased from BD Biosciences. BAY 11-7082 (HY-13453) was obtained from Medchem 
Express and was used at a final concentration of 2.5 μM in the culture medium. Rapamycin (S1039) and Torin 1 
(S2827) were sourced from Selleck, and their final concentrations were 1.25 and 125 nM, respectively.

CSE Preparation and Vivo CS Exposures
CS extract (CSE) was prepared and incorporated into the culture media following previously described methods.9 In 
summary, mainstream smoke from 20 Marlboro cigarettes with filters was bubbled through 100mL RPMI 1640 (Gibco, 
C11875500BT) using a pump. The resulting smoke extract was then filter-sterilized, stored at −80°C, and used 
immediately after thawing. This CSE was considered to be 100% strength and was further diluted in complete RPMI 
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1640 medium for cell treatment. For the animal study, we randomly selected age- and gender-matched mice, starting at 
6–8 weeks of age. These mice were exposed to total body CS in a CS chamber using a whole-body smoke exposure 
device (Teague Enterprises). The exposure regimen consisted of 2 hours per day, 5 days per week, for 3–6 months. The 
mice were exposed to both mainstream and sidestream smoke from 100 Marlboro cigarettes, which resulted in an average 
total particulate matter (TPM) of 150–200mg/m3.

Peritoneal Macrophages and Bone Marrow–Derived Macrophages Proliferation
The procedure for isolating and culturing bone marrow-derived macrophages (BMDM) followed a previously described 
method with some minor modifications.22 Briefly, mice aged 6–8 weeks were euthanized by cervical dislocation and 
immersed in 75% ethanol. The femurs and tibias were then extracted, and bone marrow (BM) cells were flushed out from 
all bones. After centrifugation at 400 × g for 5 minutes, erythrocytes were removed using RBC Lysing Buffer. The 
remaining cells were seeded in plates and incubated in DMEM with 10% (v/v) heat-inactivated FBS and 10ng/mL 
recombinant mouse M-CSF (Novoprotein, P07141) for 7 days to promote the growth of non-activated proliferative cells. 
Primary mouse peritoneal macrophages were acquired from the peritoneal exudates of mice aged 6–8 weeks. These mice 
were injected intraperitoneally (i.p.) with 1 mL of fluid thioglycolate medium three times. Afterward, the peritoneal 
exudate cells were washed twice with PBS and cultured in RPMI 1640 for 3–4 hours at 37°C and 5% CO2. The 
nonadherent cells were then removed by washing with warm PBS.

Flow Cytometry for AMs
Following euthanasia, mice underwent intracardial perfusion with approximately 20mL of PBS. The lungs were carefully 
extracted and cut into small pieces, followed by digestion in collagenase type I (Gibco, 17100017) within HBSS (with 
Ca2+/Mg2+) supplemented with FBS for 30 minutes at 37°C. Subsequently, the cells were filtered through a 40-mm filter. 
The cell pellets were resuspended in an antibody mix in PBS and subjected to staining at 4 °C for 15 minutes. 
CD45+CD11c+SlglecF+ cells were then selected for analyzing the intracellular expression of p-MTOR or p-rpS6 using 
Cytoflex (Beckman Coulter). The data were subsequently analyzed using FlowJo software (Tree Star).

Animals
Wild-type mice were acquired from the Animal Center of Slaccas (Shanghai, China). Mtorfl/fl mice, having a C57BL/6 
background, were acquired from the Jackson Laboratory, while LysMCre mice with a C57BL/6 background were generously 
provided by Dr. G. Feng (University of California at San Diego, CA). Myeloid cell-specific MTOR conditional knockout mice 
(Mtorfl/fl-LysMCre) were generated through the crossing of Mtorfl/fl mice with those carrying Cre recombinase under the control 
of the lysozyme promoter (LysMCre). Control groups consisted of age- and gender-matched LysMCre-negative, Mtorfl/fl 

littermates. For in vitro BMDM experiments, mice aged 4–5 weeks were usually employed. Meanwhile, mice aged 6–8 
weeks were used for in vitro peritoneal macrophage experiments and in vivo CS exposure models. All mice were housed in 
a specific pathogen-free facility. Ethical approval for all experimental procedures was granted by the Zhejiang University 
Medical Laboratory Animal Care and Use Committee and the Ethics Committee for Animal Studies at Zhejiang University. All 
operations adhere to the “Basic Requirements for Laboratory Animal Welfare and Ethics in Experiments” (GB/T 35892-2018). 
The following primers were utilized to identify genetically modified mice: MTOR forward: 5’- 
TTATGTTTGATAATTGCAGTTTTGGCTAGCAGT-3’, reverse: 5’- TTTAGGACTCCTTCTGTGACATACATTTCCT-3’; 
LysMcre common: 5’- CTTGGGCTGCCAGAATTTCTC-3’, WT: 5’- TTACAGTCGGCCAGGCTGAC-3’, mutant: 5’- 
CCCAGAAATGCCAGATTACG-3’.

Western Blot Assay
After treatment with CSE, BMDMs and peritoneal macrophages were lysed in radio immunoprecipitation assay lysis 
buffer (Biosharp, BL504A) containing protease (Roche Diagnostics, 04-693-116-001) and phosphatase inhibitors (Roche 
Diagnostics, 04-906-837-001). After obtaining the lysates, standard gel electrophoresis was performed, and the proteins 
were subsequently immunoblotted with relevant antibodies following standard procedures. ACTB was used as the protein 
loading control.
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Isolation of RNA and Analysis Using Quantitative Real-Time PCR
RNA was extracted using RNAiso Plus reagent (Takara, 9109). Complementary DNA was synthesized with Oligo-dT 
primer using the Reverse Transcription Reagents (Takara, DRR037A) according to the manufacture’s protocols. 
Quantitative PCR was performed using SYBR Green Master Mix (Takara, DRR041A) on a StepOne real-time PCR 
system (Applied Biosystems). The samples were individually normalized to ACTB. The following primers were used: 
Actb forward: 5’- GGCTGTATTCCCCTCCATCG-3’, reverse: 5’-CCAGTTGGTAACAATGCCATGT-3’; Mmp12 for-
ward: 5’-TGGTACACTAGCCCATGCTTT-3’, reverse: 5’-AGTCCACGTTTCTGCCTCATC-3’.

ELISA and MMP12 Activity Kit
The levels of secreted protein MMP12 (Rockland, KOA0622) and its activity (Anaspec, AS-71157) in cell culture 
supernatants or bronchoalveolar lavage fluid (BALF) supernatants were assessed using ELISA kits according to the 
manufacturer’s instructions.

BALF Collection and Analysis
At the 24-hour mark after the final CS exposure, bronchoalveolar lavage fluid (BALF) was obtained by instilling the 
lungs with three injections of 0.4 mL PBS, which was subsequently withdrawn to collect the cells. The total count of 
BALF cells was calculated, and the remaining BALF was centrifuged at 6000 × rpm for 10 minutes at 4°C. The resulting 
supernatants were stored at −80°C for cytokine analysis. The cell pellets were resuspended in 200 μL of PBS, and 50 μL 
of the suspension was then placed onto glass microscope slides. After staining the cells with Wright-Giemsa stain (Baso, 
BA-4017), differential counts were performed by examining 200 total cells.

Lung Morphometry
Upon euthanasia, the mouse lungs were fixed using 4% paraformaldehyde at a pressure of 30-cm H2O for 15 minutes 
and subsequently stored in 4% paraformaldehyde for 24 hours. The collected lungs were embedded in paraffin and 
subjected to standard H&E staining protocols.23,24 Airspace enlargement was quantified using the mean linear intercept 
(MLI) method, which has been previously described.25,26

Statistics
Statistical analysis was performed using GraphPad Prism software (GraphPad Software). The data are presented as the 
mean ± SEM. Differences in measured variables between experimental and control groups were evaluated using one-way 
ANOVA. A p-value of less than 0.05 was considered to indicate statistical significance.

Results
CS Activates MTOR in Macrophages in vivo and in vitro
In order to investigate the potential biological modulation of MTOR in macrophages after exposure to CS, we first analyzed the 
expression of MTOR phosphorylation in vivo and in vitro. The mean fluorescence intensity of both p-MTOR and p-rpS6 in 
alveolar macrophages was elevated, irrespective of exposure duration to CS, as evidenced in both short-term (Figure 1A and C) 
and long-term (Figure 1B and D) scenarios. Similarly, the expression of p-MTOR was significantly increased in BALF cells after 
12 weeks CS exposure (Figure 1E and F). Next, bone marrow derived macrophages (BMDM) were stimulated with CS extract 
(CSE), and the activities of MTOR and rpS6 were measured. The expression of MTOR and p-MTOR was quickly and transiently 
increased after CSE stimulation, and the levels of p-MTOR and p-rpS6 were gradually returned to basal levels at 4h post CSE 
stimulation (Figure 1G).

Pharmacological Inhibition or Genetic Knockdown of MTOR in Macrophages 
Deteriorates CSE-Induced MMP12 Production in Macrophages
Previous studies have found that MMP12 was correlated with the progress of emphysema, and CS could induce 
MMP12.16,21 Therefore, we examined a possible role of MTOR in CSE-induced MMP12 expression. We utilized two 
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MTOR inhibitor (rapamycin and torin 1) to avoid contingency. Interestingly, mRNA expression of Mmp12 induced by 
CSE were markedly upregulated in BMDMs (Figure 2A), peritoneal macrophages (Figure 2B) and alveolar macrophages 
(Figure 2C) treated with MTOR inhibitors.

To further examine the function of MTOR in regulation of MMP12 level in macrophages, we used Mtorfl/fl-LysMCre 
mice, which are known to have impaired MTOR expression in myeloid cells.27–29 As expected, Mtor-deficient BMDMs 
exhibited amplified MMP12 production upon CSE treatment, including mRNA transcripts (Figure 2D) and protein levels 
(Figure 2E and F).

Mtorfl/fl-LysMCre Mice Display Increased MMP12 Expression, Enhanced Airway 
Inflammation, and Airspace Enlargement in Response to CS Exposure
To further examine the role of MTOR in regulation of MMP12 production and airway inflammation in vivo, Mtorfl/fl- 
LysMCre mice were used for two experimental COPD models. After 12 weeks of chronic CS exposure, there was 
a notable rise in the overall count of inflammatory cells in the bronchoalveolar lavage fluid (BALF). Notably, these 

Figure 1 CS activates MTOR in macrophages both in vivo and in vitro. Mice were exposed to CS for the indicated times, and CD45+CD11c+SlglecF+ cells were gated for 
analysis of p-MTOR and p-rpS6. (A and B) Representative flow cytometric histograms of p-MTOR and p-rpS6 expression on alveolar macrophages from CS-exposed C57BL/ 
mice. (C and D) Quantified mean fluorescence intensity (MFI) of p-MTOR and p-rpS6. (E and F) Expression of p-MTOR in BALF cells of mice exposed to CS for 12 weeks. 
(G) Time dependent expression of p-MTOR, MTOR and p-rpS6 in BMDMs stimulated with CSE. MFI data are presented as mean ± SEM of five independent mice. Western 
blot data are representative of three independent experiments, and ACTB serves as loading control. *P<0.05, **P<0.01, ***P<0.001.
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effects were even more pronounced in the Mtorfl/fl-LysMCre mice (Figure 3A). Moreover, Mmp12 mRNA level in BALF 
cells (Figure 3B) and MMP12 protein level (Figure 3C) and activity (Figure 3D) in BALF were notably increased in 
Mtorfl/fl-LysMCre mice in response to CS exposure relative to Mtorfl/fl-unimpaired controls. Similarly, mean fluorescence 
intensity of MMP12 in alveolar macrophages was higher in the Mtorfl/fl-LysMCre mice after 12 weeks CS exposure 
(Figure 3E). Moreover, the emphysema-like enlargement of airspaces, as indicated by the mean linear intercept (MLI), 
was significantly increased in CS-exposed Mtorfl/fl-LysMCre mice (Figure 3F and G).

MTOR Suppresses MMP12 Expression and Airway Inflammation in Mouse COPD 
Model Induced by CS and Elastin
Next, we used an autoimmune-driven mouse COPD model,21 hereafter referred as CS-elastin model, in which mice were 
exposed to CS for 2 weeks, following a two-week period of rest, and were challenged intratracheally with elastin for 3 
days. As expected, instillation of elastin for consecutive 3 days increased the number of total inflammatory cells and 
neutrophils in BALF, both of which were further exacerbated in the Mtorfl/fl-LysMCre mice (Figure 4A). Cxcl2 showed 
the same tendency, with a marked induction by CS-elastin treatment in wild-type mice, and a significant increase in 
Mtorfl/fl-LysMCre mice (Figure 4D). Similar to CS induced COPD mouse model, although the expression of mmp12 and 
cxcl1 was not significantly increased in the CS-elastin treatment in wild-type mice, their expression markedly elevated 
when MTOR expression is specifically knocked out in myeloid cells (Figure 4B and C). These findings further confirm 
the critical role of MTOR in macrophages in suppressing the inflammation associated with COPD.

MTOR Regulates CSE-Induced MMP12 Production Through NF-kB Signaling
NF-kB signaling has been shown to regulate MMP12 in macrophages.30 We next raised the question whether MTOR 
regulates CSE-induced MMP12 expression through NF-kB signaling. We observed that in macrophages, the levels of 
p-RELA were markedly induced by CSE in a time-dependent manner, which were exacerbated in MTOR-deficient 
macrophages (Figure 5A). Furthermore, the application of BAY-11-7082, a specific inhibitor of NF-kB activity, markedly 

Figure 2 Pharmacological inhibition of MTOR in macrophages deteriorates CSE-induced MMP12 expression. Cells were cotreated with CSE and the indicated MTOR 
inhibitor or DMSO for 8h. (A–C) Cells were harvested for analyzing the mRNA expression in BMDMs, peritoneal macrophages and alveolar macrophages. Peritoneal 
macrophages were generated from Mtorfl/fl-LysMCre mice and their Mtorfl/fl littermates, and were treated with CSE for 8h. (D–F) Cells were then harvested for analyzing the 
mRNA, protein and secreted protein expression levels. Data are presented as mean ± SEM of three independent experiments. *P<0.05, **P<0.01, ***P<0.001.
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Figure 3 Mtorfl/fl-LysMCre mice display increased airway inflammation and MMP12 expression in response to CS exposure. (A) Mtorfl/fl-LysMCre mice and their Mtorfl/fl 

littermates (n=5–8 for each group) were exposed to CS for 12 weeks, and after 24h, the total inflammatory cells and the number of inflammatory cells in the BALF were 
measured. (B) Expression of the mRNA levels of Mmp12 in BALF cells was analyzed by quantitative PCR. (C and D) Protein levels and activity of MMP12 in the BALF were 
measured by ELISA and enzyme activities kit. (E) Quantified mean fluorescence intensity of MMP12. (F and G) Representative alveolar morphology of H&E staining or MLI 
scoring of mouse lungs exposed to air or CS for 24 weeks (n=10–12 for each group). Scale bar, 100mm. Data are presented as mean ± SEM of three independent 
experiments. *P<0.05, **P<0.01.
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reduced MMP12 mRNA expression induced by CSE (Figure 5B), and similarly decreased protein expression 
(Figure 5C). Crucially, the inhibition of NF-kB activity was also proved to eliminate the regulatory effect of MTOR 
on MMP12 expression (Figure 5D).

Discussion
The main discoveries of this study can be outlined as follows: 1) CSE increases the expression and activity of MTOR in 
macrophages; 2) MTOR activation acts as an adaptive signal, leading to the suppression of CSE-induced MMP12 
expression; 3) Mice with targeted MTOR knockdown in myeloid cells display noticeably exacerbated airway inflamma-
tion and MMP12 production; 4) The likely mechanism of MTOR in reducing CSE-induced MMP12 levels involves the 
inhibition of the NF-kB pathway.

Our previous research discovered a decrease in MTOR expression in lung tissue of COPD patients, and knocking out 
MTOR in bronchial epithelial cells or alveolar type 2 cells contributed to the development of emphysema.9 However, 
other studies have indicated the activation of MTOR in lung tissue.31 We hypothesized that there may be differences in 
MTOR expression among different cell types. A study measuring the corticosteroid sensitivity of peripheral blood 
mononuclear cells from COPD patients, smokers, and non-smoking control subjects found increased MTOR activity in 
peripheral blood mononuclear cells of COPD patients.10 These findings align with our results.

Figure 4 Mtorfl/fl-LysMCre mice show aggravated airway inflammation and MMP12 expression in CS-elastin model. Mtorfl/fl-LysMCre mice and Mtorfl/fl littermates (n=5–8 for 
each group) were instilled intracheally with elastin for 3 days, and after 24h, (A) the total inflammatory cells in the BALF were measured. (B–D) Expression of the mRNA 
levels of Mmp12, Cxcl1 and Cxcl2. Data are presented as mean ± SEM of three independent experiments. *P<0.05, **P<0.01, ***P<0.001.
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Previous reports have indicated that MMP12, secreted by macrophages, plays a crucial role in the pathogenesis of 
COPD by degrading elastin.32 TGF-β has been shown to inhibit the production of MMP12.17 Our data provides the 
evidence that MTOR can also suppress the secretion of MMP12 from macrophages, both in vivo and in vitro. Another 
study revealed that a complete knock-out of the a disintegrin and metalloproteinase domain-15 (ADAM15) gene could 
counteract macrophage apoptosis and MMP12 secretion triggered by CS in mice, meanwhile, the activation of MTOR.33 

In this study, the authors suggest that enhanced MTOR activity may help macrophages resist apoptosis, thereby 
increasing the secretion of MMP-12. However, direct evidence of a correlation between MTOR and MMP-12 is lacking. 
Our research serves as a complementary addition to this article, demonstrating that the increase in MMP12 secretion due 
to the lack of ADAM15 is not a result of enhanced MTOR activity, but rather through other mechanisms. The MTOR 
complex is divided into MTORC1 and MTORC2. Studies have confirmed that inhibiting the activity of MTORC2 can 
alleviate lung remodeling in rats with COPD.34 Therefore, it may be MTORC1, but not MTORC2, that exhibits benefits 
in COPD by inhibiting the production of MMP12. However, specific evidence requires further experimental validation. 
Besides, some studies showed that inhibition of MTOR could ameliorate steroid resistance in COPD,10 whereas others 
suggested that activation of MTOR could induce pulmonary cell senescence and mimic change in the development of 
COPD, with rapid progress of emphysema.31 These studies suggest that MTOR may play a different role in distinct cells. 
Consequently, it is advised to use MTOR related drugs according to disease traits.

Our study revealed that MTOR deficiency mice showed a significant increase in inflammation and total BALF cells 
compared with wild-type mice after CS exposure. This is in line with our previous study that MTOR suppresses CS - 
induced airway inflammation in bronchial epithelial and alveolar type 2 cells.9 This suggests that pulmonary epithelium 
cells and macrophages exist similar mechanism in regulation of inflammation. MMP12 could facilitate the infiltration of 
inflammatory cells, release of inflammatory cytokines and activation of gelatinase.35 So it can be surmised that the 
MTOR may participate in the development of inflammation of COPD by regulating the expression of MMP12. Whether 
MMP12 could contribute to lung inflammation needs the verification of double knockout of MMP12 and MTOR in 
macrophages.

Figure 5 MTOR suppresses CSE-induced MMP12 production through NF-kB signaling. Peritoneal macrophages were generated from Mtorfl/fl-LysMCre mice and Mtorfl/fl 

littermates. (A) Cells were treated with CSE for the indicated time, and the expression of RELA and p-RELA were measured by Western blot. (B and C) wild-type 
peritoneal macrophages were treated with or without CSE and DMSO and BAY-11-7082 as indicated, (D) the expression of MMP12 was measured by quantitative real-time 
PCR. Data are presented as mean ± SEM of three independent experiments. *P<0.05, **P<0.01.
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Mice lacking MMP12 have been previously reported to protect from the development of COPD.16 In our study, 
dysregulation of MTOR in macrophages results in considerably increased levels of MMP12 and an exacerbated 
emphysematous phenotype in mouse models after CS exposure. The nuclear factor-κB family is a key player in 
controlling both innate and adaptive immunity.36 NF-kB has been showed to be involved in the production of 
MMP12.30 In our study, we found that MTOR decreased the expression of MMP12 by inhibiting NF-kB signaling.

In our CS-induced mouse model of COPD, the neutrophil inflammation in mice is not very apparent, and emphysema is also 
not obvious. Yet, in mice engineered with myeloid-specific MTOR knockout, CS exposure markedly increases neutrophil 
accumulation in the airways and precipitates the onset of emphysema. This contrast leads us to a compelling hypothesis: the 
pronounced activation of MTOR in the alveolar macrophages of these mice might play a pivotal role in mitigating airway 
inflammation and in the delayed development of emphysema, even under continuous exposure to CS. Hence, inhibiting MTOR 
activity in the alveolar macrophages of mice may enhance the efficacy of developing a successful COPD mouse model. Drawing 
inspiration from the established atherosclerosis mouse modeling techniques, specifically the complete knockout of apolipopro-
tein (ApoE) paired with a high-fat diet, a potentially effective method to refine the development of a COPD mouse model might 
be the inhibition of MTOR activity in alveolar macrophages, followed by concurrent exposure to CS.

Although we have drawn some conclusions, our study still has significant limitations. First, since the CS-induced 
COPD mouse model we constructed did not show a pronounced phenotype related to COPD, the specific role of MTOR 
in the development and progression of COPD remains to be further experimentally validated. Second, the MTOR 
complex mainly consists of two types, MTORC1 and MTORC2, which play different roles. However, our study did not 
clarify which of these complexes is responsible for the effects observed. Third, although we have demonstrated that 
MTOR can regulate the expression and secretion of MMP12, whether MTOR influences the progression of COPD 
through MMP12 needs to be further proven, for instance, through experiments using double knockout mice.

In conclusion, we show here that MMP12 can be regulated by MTOR in macrophages. We further demonstrated that 
MTOR can downregulate the expression of MMP12 by inhibiting the expression of NF-κB, thereby suppressing lung 
inflammation and the destruction of lung tissue structure. Activating MTOR in macrophages could be an effective 
therapeutic approach for airway inflammation and emphysema induced by CS exposure.
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