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Exposure to Ambient Particulate 
Matter Induced COPD in a Rat 
Model and a Description of the 
Underlying Mechanism
Fang He1,2,*, Baoling Liao1,*, Jinding Pu1, Chenglong Li1, Mengning Zheng1, Lingmei Huang1, 
Yumin Zhou1, Dongxing Zhao1, Bing Li3 & Pixin Ran1

While the health effects of air pollution have been an international public health concern since at least 
the 1950s, recent research has focused on two broad sources of air pollution, namely, biomass fuel 
(BMF) and motor vehicle exhaust (MVE). Many studies have shown associations between air pollution 
PM and exacerbations of pre-existing COPD, but the role of air pollution PM in the development and 
progression of COPD is still uncertain. The current study indicates that rats can develop pronounced 
COPD following chronic exposure to air pollution PM (BMF and MVE), as characterized by lung function 
reduction, mucus metaplasia, lung and systemic inflammation, emphysema, and small airway 
remodeling. Comparative analyses demonstrate that both BMF and MVE activate similar pathogenesis 
that are linked to the development of COPD. These findings also show that some differences are found 
in the lungs of rats exposed to BMF or MVE, which might result in different phenotypes of COPD.

Chronic Obstructive Pulmonary Disease (COPD) is an inflammatory lung disease characterized by progressive 
and largely irreversible airflow obstruction that involves structural changes in the lung, including emphysema 
and small airway remodeling1,2. Although tobacco smoking is the primary cause of COPD, many other environ-
mental and occupational exposures contribute to its pathology. While the health effects of air pollution have been 
an international public health concern since at least the 1950s, recent research has focused on two broad sources 
of air pollution, namely, biomass fuel (BMF) and motor vehicle exhaust (MVE)3. BMF smoke is now recognized 
as a major cause of COPD, particularly among women exposed to extremely high concentrations of household 
air pollution due to the burning of BMFs on inefficient cooking stoves. MVE has acute negative effects on res-
piratory health4–6. A 35-year prospective study of over 57,000 Danes seemed to confirm the previous findings of 
cross-sectional studies that traffic-related air pollution is a likely cause of COPD7.

Inhalable particulate matter (PM), a major component in air pollution, particularly in the fine and ultrafine 
ranges (diameter <​2.5 μ​m, i.e., PM2.5) has been implicated as having a detrimental role in the pathogenesis of 
COPD. It has been demonstrated that PM has an incremental capacity to penetrate the most distal airway units 
and potentially into the systemic circulation, as the size of the PM decreases8.

Despite its prevalence, the impact of ambient PM on the health of exposed individuals remains poorly under-
stood. Even less is known about the specific processes responsible for the development of pathological and func-
tional changes in the lungs. Through the development of a rat model of air pollution PM exposure, this study 
sought to better understand the biological consequences that occur during the onset of COPD and the patho-
genesis of the disease. To accomplish this, we assessed airway pathologies, pulmonary inflammation, airspace 
enlargement and pulmonary function in rats exposed to BMF or MVE for up to 7 months, and comparative 
analyses were conducted between BMF- and MVE-exposed rats to determine what pathogenic mechanisms are 
linked to the development of COPD9.
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Results
Determination of Particle Size Distributions in Suspension and Gas Concentrations in the 
Exposure Rooms During Air Pollution PM Exposure.  PM mass concentrations and particle size dis-
tributions were measured during air pollution PM exposure. The mean ±​ SEM value of PM2.5, PM10 and PM1 
was 20.406 ±​ 0.307 mg/m3, 24.166 ±​ 0.526 mg/m3, and 18.41 ±​ 0.311 mg/m3 in the BMF exposure room, respec-
tively. In the MVE exposure room, the mean ±​ SEM value of PM2.5, PM10 and PM1 was 1.46 ±​ 0.034 mg/m3, 
1.47 ±​ 0.034 mg/m3, and 1.45 ±​ 0.035 mg/m3, respectively. The variations from each exposure in both the BMF 
exposure room and the MVE exposure room are depicted in Fig. 1 and Table 1. The concentrations of PM2.5, 
PM10 and PM1 were significantly different in the BMF group, and the concentration of PM10 was the highest. In 
contrast, the concentrations of PM2.5, PM10 and PM1 were nearly the same in the MVE group.

We also measured gas concentrations inside the chambers because gaseous co-pollutants are generated by 
combustion. The O2, CO, NOX and SO2 levels in the exposure rooms during BMF and MVE exposure are shown 
in Table 2 and Supplementary Fig. S1. The CO and NOX levels were higher in the BMF group than in the MVE 
group, whereas the O2 levels were not significantly different between the two groups, and the SO2 levels were low 
in both groups10.

Air Pollution PM Induces Pulmonary Inflammation.  The rats exposed to BMF or MVE showed 
increased total leukocyte counts in the BALF samples compared to the controls as early as 1 month into the 
exposure period, and these remained elevated after 7 months of BMF and MVE exposure (Fig. 2A). The increases 
in BALF leukocyte counts were due mainly to increases in macrophage counts. Significant increases in BALF 
macrophage counts and PMN counts were detected after 7 months of BMF or MVE exposure (Fig. 2B,C). As 
with the rats exposed to BMF, the MVE-exposed rats showed increased PMN counts in the BALF, whereas the 
macrophage counts in the BMF-exposed rats were significantly higher than those in the MVE-exposed rats. We 
also observed the presence of particle-containing macrophages in the BALF from the exposure groups (Fig. 2D).

Examination of H&E-stained lung sections from the exposure groups revealed infiltration of inflamma-
tory cells into the airway walls, the lumen and the distal lung parenchyma (Fig. 2E). Lung inflammation in the 
MVE-exposed rats was observed earlier and was more severe than that in the BMF-exposed rats. Mild foci of 
macrophage accumulation occurred in the alveolar areas of the rats as early as 3 months after PM exposure 
(Fig. 2F).

Rats exposed to BMF or MVE for 3 months developed increased numbers of lymphoid aggregates in lung 
parenchyma and around pulmonary vessels and airways (Fig. 2G,H). These results are consistent with observa-
tions in human patients who develop COPD, in which an adaptive immune response characterized by the forma-
tion of lymphoid follicles and aggregates around the airways and in the lung parenchyma is common.

Air Pollution PM Induces Emphysematous Changes and Airway Remodeling.  Long-term PM 
exposure for 3, 5, and 7 months damaged the lung parenchyma, which caused modifications in the distal air-
spaces, resulting in alveolar enlargement. Histological analysis revealed the presence of emphysematous lesions at 
7 months, and the mean linear intercept difference was significant between the controls and the exposure groups 
(Fig. 3A). Carlos Ramos reported that increases in MMP9 and MMP2 activity and expression were responsible 
for the induction of emphysematous lesions following wood smoke exposure in guinea pigs11. Western blotting 
revealed that the expression levels of MMP9 and MMP2 in the BMF group and the MVE group were markedly 
increased in comparison with the controls (Fig. 3B). Walter A and colleagues found diesel (DIE)-exposed animals 
showed higher levels of apoptosis in lung sections evaluated using TUNEL staining12. The present study revealed 
that significant increases in apoptosis were detected in lung tissues after 3 and 5 months of BMF or MVE exposure 
and that the apoptosis of alveolar septal cells was more severe in the rats exposed to BMF (Supplementary Fig. S3).

At 7 months into the exposure period, the thicknesses of the small airway walls (Pbm of airways less 
than 2000 μ​m) in the exposure groups were markedly increased in comparison with the controls (Fig. 3C). 
Additionally, the average small airway wall thickness in the MVE-exposed rats was significantly increased com-
pared to that in the BMF-exposed rats.

After 7 months of air pollution PM exposure, significant differences were observed in bronchiolar epithelium 
thickness in the exposure groups compared to the control group. Microscopic examination of the lungs (7 rats 
among 8 rats) revealed epithelial cell proliferation in the lungs of the BMF-exposed rats, which was more obvious 
than that found in the lungs of the MVE-exposed rats (4 rats among 8 rats) (Fig. 3D).

Airway smooth muscle thickness was quantified based on the area of a-SMA IHC staining. Both BMF and 
MVE exposure induced significant increases in small airway smooth muscle thickness after 7 months of expo-
sure (p <​ 0.05) (Fig. 3E). Masson’s trichrome staining of lung sections revealed increased deposition of collagen 
around the small airways in the lungs of the BMF group and the MVE group at 3, 5, and 7 months (Fig. 3F). The 
deposition of collagen around airways was more severe in the rats exposed to MVE.

Air Pollution PM Exposure Induces Mucus Metaplasia in the Large and Small Airways of 
Rats.  H&E-stained lung sections (Fig. 4A) revealed clear increases in goblet cell populations after 3 months of 
exposure. Lung sections stained with AB-PAS stain (Fig. 4B) or immunostained for MUC5AC (Fig. 4C) revealed 
that the rats in the control group had few airway mucin-expressing cells, whereas mucus cell metaplasia was 
readily evident in the airway epithelia of the rats in the exposure groups at 3 months and increased further after 
5 months of PM exposure. Mucus cell metaplasia was worse in the rats exposed to MVE than in those exposed to 
BMF in the epithelia of both large and small airways (Fig. 4B,C). In contrast to humans, rats do not have prom-
inent bronchial submucosal glands. We could not identify bronchial submucosal glands in the control group, 
whereas the rats in the BMF group and the MVE group exposed to air pollution PM for 5 months showed submu-
cosal gland hyperplasia and hypertrophy in their large airways (Fig. 4D).
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Figure 1.  The air pollution PM (BMF and MVE) exposure system. (A) The size of the animal exposure room 
was 3.3 m/L ×​ 2.2 m/W ×​ 2.2 m/H, and the walls were covered with Teflon. Exhaust was directed towards the 
animal exposure room through a metal tube. Fresh air was sent into the exposure room through an air pump 
(2.5 L/min) located above the ceiling of the room. A small fan was installed and operated inside the room to 
improve particle distribution. An exhaust fan connected to a ventilating duct was also installed in the exposure 
room, enabling rapid discharge of BMF or MVE. (B) The pressure inside the animal exposure room was 
approximately −​5 Pa relative to the pressure in the wood-burning/motorcycle room next door. (C,D) The wood-
burning room included a stove (450 w) and a piston pump. (E) A Wuyang model WY48QT-2, 1.6 Kw, 125 cc, 
one-cylinder, four-cycle, gasoline-powered motorcycle was used as a source of MVE. (F) PM mass concentration 
and particle size distribution were measured using a DustTrak (TSI 8533, USA). The NO, NOx, SO2, CO and 
O2 concentrations were measured using an electrochemical gas analyzer (Testo 340, Germany). (G) Schematic 
illustration of the air pollution PM (BMF and MVE) exposure system. (H) The concentrations of PM2.5, PM10 
and PM1 were significantly different in the BMF exposure room, with the concentration of PM10 being the 
highest. (I) The concentrations of PM2.5, PM10 and PM1 were almost the same in the MVE exposure room.
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Air pollution PM Exposure Induces Epithelial-mesenchymal Transition in Airway Epithelial 
Cells, Leading to Airway Remodeling.  Epithelial-mesenchymal transition (EMT) is a process in which 
epithelial cells undergo a transition to a motile mesenchymal phenotype13. It can be considered a marker of 
profound epithelial plasticity14. The airway epithelia in the rats exposed to BMF or MVE showed decreases in 
E-cadherin immunostaining compared with those in the controls (Fig. 5A). Additionally, positive staining for 
mesenchymal markers (FSP1 and vimentin) was significantly increased in the exposure groups compared to that 
in the control group and could be observed in small airway epithelia at 3, 5 and 7 months (Fig. 5B,C). Positive 
staining for mesenchymal markers in the airway was higher in the rats exposed to MVE than in those exposed to 
BMF. Furthermore, Fig. 5D and E show the small number of cells that were double immunostained for E-cadherin 
and vimentin or FSP1 in the airway subepithelia of the rats in the exposure groups at 7 months. The number of 
double-stained cells was higher in the MVE group than in the BMF group. Recently, it was demonstrated that 
TGF-β​1 could induce EMT in alveolar epithelial cells in vitro and in vivo15, as well as in human bronchial epithe-
lial cells16. At the end of the experiment, after 7 months of exposure, both the BMF- and MVE-exposed rats had 
significant increases in serum concentrations of TGF-β​1 compared to the controls. Furthermore, the average con-
centration of TGF-β​1 in the MVE group was markedly increased compared to that in the BMF group (Fig. 5F). 
These data demonstrate that MVE has a stronger effect on airway epithelia EMT than BMF.

Effects of Air Pollution PM on Rat PFT Results.  Exposure of rats to BMF or MVE caused statistically 
significant effects on pulmonary function test (PFT) results during the 7-month study period. Both BMF and 
MVE exposure affected functional residual capacity (FRC), dynamic pulmonary compliance (Cdyn), peak expira-
tory flow (PEF), and forced expiratory volume at 20 ms/forced vital capacity (FEV(20)/FVC) (Fig. 6A,B,C and D). 
After 7 months of exposure, the FEV(20)/FVC in the exposure groups showed a significant decreasing trend 
compared to that in the control group (p <​ 0.05). Additionally, the rats exposed to BMF or MVE for 7 months had 
increases in FRC and decreases in Cdyn and PEF. These data show that exposure to BMF or MVE reduced lung 
function in rats.

Air Pollution PM Triggered Inflammatory Cytokine Expression and Induced Systemic 
Inflammatory Responses.  Airway epithelial cells serve as a barrier to noxious stimuli and produce medi-
ators and enzymes to maintain normal airway homeostasis. These cells can also serve as effectors to initiate and 
orchestrate immune and inflammatory responses by releasing chemokines and cytokines, which regulate mono-
cyte/macrophage and neutrophil accumulation and subsequent lung pathology17. Because we observed signifi-
cant accumulation of inflammatory cells in the lungs of the experimental rats, we characterized the inflammatory 
milieu by measuring key cytokines and chemokines in BALF and serum using a bead-based multiplex assay.

Elevated cytokine levels were found in the sera and BALF of the BMF- or MVE-exposed rats after 1, 3, 5, and 
7 months (Fig. 7A,B). In total, 8 cytokines out of the 24 tested in serum and 9 out of the 24 tested in BALF exhib-
ited significant increases in expression (p <​ 0.05 vs. control) after 1 month of exposure to MVE. The following 
cytokines showed concentration changes in serum: EPO, IL-17, MCP-1, IL-6, G-CSF, IL-1α​, IFN-γ​, and TNF-α​.  
The following cytokines showed changes in BALF: IL-17, MIP-3α​, RANTES, IL-1α​, IL-1β​, IFN-γ​, IL-6, IL-4, 
and TNF-α​. After 7 months of exposure to MVE, 8 cytokines out of the 24 tested in serum and 9 out of the 24 
tested in BALF exhibited significant increases in expression (p <​ 0.05 vs. control). The changes in cytokine levels 
in serum that were found after 7 months of exposure to MVE were all lower than those found after 1 month of 
exposure to MVE. Conversely, in BALF, 5 out of the 9 cytokines measured, including IL-1α​, IL-1β​, IL-17, MIP-3α​ 

CON BMF MVE

PM1 mass concentration (mg/m3) 0.056 ±​ 0.006 18.41 ±​ 0.311 1.45 ±​ 0.035

PM2.5 mass concentration (mg/m3) 0.056 ±​ 0.006 20.40 ±​ 0.307 1.46 ±​ 0.034

PM10 mass concentration (mg/m3) 0.057 ±​ 0.007 24.16 ±​ 0.526 1.47 ±​ 0.034

Table 1.   The Concentrations of PM (mg/m3) inside the Exposure Room (Mean ± SEM). CON: the clean air 
control group; BMF: the biomass fuels exposure group; MVE: the motor vehicle exhaust exposure group.

CON BMF MVE

O2(%) 20.98 ±​ 0.009 20.94 ±​ 0.005 20.95 ±​ 0.006

CO (ppm) — 90.15 ±​ 3.221 67.524 ±​ 3.565

NO1 (ppm) — 2.96 ±​ 0.291 0.50 ±​ 0.211

NOX(ppm) — 2.96 ±​ 0.291 0.50 ±​ 0.211

SO2(ppm) — 0.087 ±​ 0.043 0.35 ±​ 0.181

Temperture(°C) 20.68 ±​ 0.130 20.86 ±​ 0.289 20.60 ±​ 1.006

Humidity(%) 60.808 ±​ 1.830 65.13 ±​ 2.058 54.80 ±​ 2.129

Table 2.   CO, SO2, NOX, O2 Levels and Exposure Details during BMF and MVE Exposure (Mean ± SEM). 
CON: the clean air control group; BMF: the biomass fuels exposure group; MVE: the motor vehicle exhaust 
exposure group.



www.nature.com/scientificreports/

5Scientific REPOrts | 7:45666 | DOI: 10.1038/srep45666

Figure 2.  Air pollution PM induces pulmonary inflammation. Air pollution PM exposure increases 
bronchoalveolar lavage (BAL) leukocyte counts in rats. Rats were exposed to BMF, MVE or clean air (n =​ 4–6) 
for 1, 3, 5, and 7 months, and BAL was performed at each time point. Total and differential leukocytes were 
counted in the BALF samples. (A) BALF total leukocyte counts. (B) BALF macrophage counts. (C) BALF 
polymorphonuclear neutrophil (PMN) counts. As with the rats exposed to BMF, the MVE-exposed rats showed 
increased PMN counts, but the macrophage counts in the BALF samples from the BMF-exposed rats were 
significantly increased compared to those in the MVE-exposed rats. (D) Cells in BALF were stained with H&E. 
Significant increases in BAL PMN counts were detected in the BMF- and the MVE-exposed groups compared 
to the controls, and the presence of particle-containing macrophages in BALF was observed in the BMF group 
and the MVE group compared to the controls at 7 months into the exposure period (n =​ 6). The white arrow 
indicates a particle-containing macrophage. (E) Lung sections stained for H&E from rats exposed to BMF, MVE 
or clean air (n =​ 4) for 3 months. The white arrow indicates inflammatory cell infiltrate in the bronchial lumen 
and the airway walls. (F) Small foci of macrophage accumulation occurred in the alveolar areas of the rats as 
early as 3 months into the exposure period (n =​ 4). (G,H) Rats exposed to BMF or MVE for 3 months developed 
increased numbers of lymphoid aggregates in their lung parenchyma and around their pulmonary vessels and 
airways (n =​ 4). Data are expressed as the means ±​ SEM (A–C) *P <​ 0.05, **P <​ 0.01. Original magnification, 
x400 (D), x200 (E–H).
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Figure 3.  Air pollution PM induces emphysematous changes and airway remodeling. (A) Lung sections stained 
for H&E. Rats developed significant airspace enlargement after 7 months of air pollution PM exposure (BMF and 
MVE) (n =​ 8). (B) Western blots of lung sections showed that the expression levels of MMP9 and MMP2 (GAPDH 
was used as a loading control) in the BMF group and the MVE group were markedly increased in comparison with 
the controls (n =​ 8). (C) Lung sections stained for H&E showed that the thickness of the small airway wall increased 
significantly in the rats after 7 months of air pollution PM exposure (BMF and MVE) (n =​ 8). (D) Photomicrographs 
showing significant differences in small airway immunostaining for E-cadherin as well as in the thickness of the 
bronchiolar epithelium in the BMF group and the MVE group compared to the controls (n =​ 8). (E) Lung sections 
were immunostained with airway smooth muscle marker (a-SMA). The stained area of smooth muscle around the 
small airway wall was significantly increased after 7 months of air pollution PM exposure (BMF and MVE) (n =​ 8). 
(F) Masson’s trichrome staining for type I collagen showed significantly increased collagen deposition in the small 
airway wall after 7 months of BMF or MVE exposure compared to the controls (n =​ 8); the deposition of collagen 
around airways was more severe in the lungs of the rats exposed to MVE than those exposed to BMF. Data are shown 
as the mean ±​ SEM *P <​ 0.05, **P <​ 0.01. Original magnification, x200 (C,E,F) and x100 (A,D).
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and MIP-1α​, were significantly up-regulated after 7 months of MVE exposure compared to 1 month of exposure. 
Furthermore, TNF-α​ and IFN-γ​ were down-regulated (Fig. 7C,D).

After 1 month of BMF exposure, a total of 4 cytokines out of the 24 tested in serum and 9 out of the 24 tested 
in BALF exhibited significant increases in expression (p <​ 0.05 vs. control). The following cytokines showed con-
centration changes in serum: MCP-1, IL-6, IFN-γ​, and TNF-α​. The following cytokines showed concentration 
changes in BALF: IL-13, IL-17, MCP-1, IL-1α​, IL-1β​, RANTES, IL-6, IFN-γ​, and TNF-α​. After 7 months of BMF 
exposure, a total of 8 cytokines out of the 24 tested in serum and 8 out of the 24 tested in BALF exhibited signifi-
cant increases compared to those of the controls (p <​ 0.05 vs. control). The following cytokines showed concen-
tration changes in serum: EPO, IL-17, MCP-1, IL-6, G-CSF, IL-1α​, IFN-γ​, and TNF-α​. The following cytokines 
showed concentration changes in BALF: IL-17, MIP-3α​, IL-1α​, IL-1β​, RANTES, IL-6, IFN-γ​, and TNF-α​. The 
increases in serum cytokine levels following 7 months of exposure to BMF were higher than those observed after 

Figure 4.  Air pollution PM exposure induces mucus metaplasia in the large and small airways of rats.  
(A) Lung sections stained for H&E showed obvious increases in goblet cell number after 3 months of air 
pollution PM exposure (BMF and MVE) (n =​ 4). (B) Air pollution PM exposure induced mucus metaplasia 
in large and small airways. Lung sections from rats exposed to BMF, MVE or clean air for 3 months were 
stained with AB-PAS (n =​ 4). (C) Lung sections were immunostained with MUC5AC. The expression levels 
of MUC5AC were markedly increased in the BMF group and the MVE group compared to the controls at 
3 months into the exposure period (n =​ 4). (D) Representative images of airway submucosal glands in air 
pollution PM-exposed rats. Lung sections stained for H&E showed that bronchial submucosal glands could 
not be visualized in the control group, but hyperplasia of submucosal glands was easily identifiable in the BMF 
group and the MVE group at 5 months into the exposure period (n =​ 4). Original magnification, x400 (A–D).
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Figure 5.  Air pollution PM exposure induces airway epithelia epithelial-mesenchymal transition (EMT). 
(A) Photomicrographs showing small airways immunostained for E-cadherin. The airway epithelia in the 
rats exposed to air pollution PM showed a decrease in E-cadherin immunostaining (BMF and MVE group) 
compared to the controls after 7 months of exposure (n =​ 8). (B,C) Immunofluorescent staining showed positive 
staining of mesenchymal markers (vimentin and FSP1) was significantly increased in the small airway and 
could be observed in small airway epithelia of the rats exposed to BMF or MVE for 7 months (n =​ 8). (D,E) 
Photomicrographs showing the small number of cells that were double-immunostained for E-cadherin and 
Vimentin or FSP1 in the airway epithelia of the rats exposed to BMF or MVE for 7 months (n =​ 8). The white 
arrows show positively immunostained cells. (F) ELISA results showed a significant increase in the concentration 
of TGF-β​1 in serum from the BMF- and MVE-exposed rats after 7 months of exposure (n =​ 8). The concentration 
of TGF-β​1 in the MVE-exposed rats was significantly higher than that in the BMF-exposed rats. Data are shown 
as the mean ±​ SEM (B, C, F) *P <​ 0.05, **P <​ 0.01. Original magnification, x400 (A,D,E) and x200 (B,C).
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1 month of exposure. In BALF, 4 out of the 8 cytokines measured, including IL-1α​, IL-1β​, MIP-3α​ and MIP-1α​
, were significantly up-regulated after 7 months of exposure compared to after 1 month of exposure, whereas 
TNF-α​, IFN-γ​ and IL-6 were down-regulated (Fig. 7C,D).

Overall, higher cytokine levels were found in both serum and BALF following exposure to MVE than in 
those after exposure to BMF (Fig. 7C,D). Among three groups and four time points, almost all cytokines tested 
in serum were at their highest levels after 1 month of exposure to MVE, and this was consistent with when the 
highest degree of pulmonary inflammation was observed in the MVE-exposed rats. After 5 months of exposure to 
BMF, almost all cytokines tested in serum were at their highest levels among the three groups. This was consistent 
with the systemic inflammatory responses observed in the BMF-exposed rats, which showed the greatest reduc-
tion in body weight (Supplementary Fig. S2) and the most severe hair loss at this time point. Together, these data 
demonstrate that air pollution PM acts as a noxious stimulus to airway cells and that rats exposed to such PM are 
capable of generating a complex inflammatory cytokine environment that recapitulates the phenotype of COPD.

Discussion
Many studies have shown associations between air pollution and exacerbations of pre-existing COPD, but the 
role of air pollution in the development and progression of COPD is still uncertain18,19. It is possible that par-
ticle retention in lung tissue and long exposure periods have a more significant impact on lung mechanics or 
remodeling20.

We performed an in vivo experiment to determine whether exposing rats to BMF or MVE for up to 7 months 
results in pronounced COPD. To accomplish this, physical examinations, PFTs, and analyses of BALF and blood 
serum were performed after 1, 3, 5 and 7 months of exposure to BMF or MVE. The PM mass concentrations of 
BMF or MVE are according to the upper bound of the indoor air pollution data measured in the kitchen during 
cooking in rural areas of Southern China21–23, and the heaviest haze pollution data measured in Northern China 
(https://www.aqistudy.cn/). Because of the “real world exposure” approach employed in this study, we can include 
the possibility that gases and some other ambient factors such as temperature and humidity could have influenced 
our results. The rats in our study were exposed to BMF or MVE for 1, 3, 5 and 7 months, a strategy that may be 
useful for serial sampling for COPD biomarker studies. Our study showed, for the first time, that a rat model of 
air pollution PM-induced COPD, especially MVE-induced COPD, can be successfully established and that air 
pollution PM-exposed rats develop changes in their airways that are consistent with those occurring in human 

Figure 6.  Effects of air pollution PM on Rat PFT results. After 7 months of exposure, PEF, FEV(20)/FVC and 
Cdyn (C,D, and B) were significantly lower in the BMF-exposed rats (n =​ 6) and the MVE-exposed rats (n =​ 6) 
versus the control rats (n =​ 6), while FRC (A) was significantly higher. Data are expressed as the mean ±​ SEM 
(A–D) *P <​ 0.05, **P <​ 0.01.

https://www.aqistudy.cn/
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Figure 7.  Air pollution PM induces expression of inflammatory cytokines. BALF and serum samples from rats 
were assayed for cytokine expression as described in the METHODS section. Raw data were analyzed using a Bio-
Plex system (Bio-Rad, CA, USA). (A) (serum), (B) (BALF): The means of the raw data for each group were z-score-
transformed and presented as a heatmap using DataPro software. The transformation was performed for each 
analyte individually. Data representative of three experiments. N =​ 4–6 rats per group. (C) (serum), (D) (BALF): 
The expression of inflammatory cytokines significantly changed in the serum and BALF after 1, 3, 5 and 7 months 
of air pollution PM exposure compared to clean air exposure. G-CSF =​ granulocyte colony-stimulating factor; 
GM-CSF =​ granulocyte-macrophage colony-stimulating factor; M-CSF =​ macrophage colony-stimulating factor; 
MCP =​ monocyte chemoattractant protein; MIP =​ macrophage inflammatory protein; RANTES =​ regulated 
upon activation, normal T-cell expressed and secreted; TNF =​ tumor necrosis factor; EPO =​ erythropoietin, Gro/
KC =​ chemokine (C-X-C motif) ligand 1 (CXCL1), VEGF =​ vascular endothelial growth factor.
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COPD patients. These changes included the following: lung inflammation, emphysema, small airway remodeling, 
airway mucus hypersecretion, lung function reduction and systemic inflammatory response.

The pulmonary airways form the first line of defense against airborne irritants, pollutants, and other infectious 
agents. In addition to providing a mechanical barrier, airway epithelia also produce chemokines and cytokines 
that recruit and activate phagocytic cells to clear inhaled particles/agents and damaged cells. An increase in 
phagocytic inflammatory cell number and elevated protein levels in BALF upon exposure to air pollution PM was 
previously reported24–26. Similar observations were made in our current study, in which air pollution PM induced 
the accumulation of PMNs/leukocytes, followed by an influx of AMs (Fig. 2B,C). This is also in agreement with 
previous studies reporting increased numbers of macrophages and enhanced presence of particle-containing 
AMs in lungs following chronic inhalation exposure to BMF or MVE (Fig. 2D,F). These data demonstrate that 
inhaled PM is characterized by impaired clearance or prolonged retention, which can further lead to respiratory 
injury.

In our study, the rats in both the BMF group and the MVE group showed characteristic pathological changes 
consistent with those that occur in human COPD patients, which supported the hypothesis that MVE exposure 
induced COPD. We also compared the histopathological changes that were produced in the lungs of the rats 
exposed to BMF or MVE and found some differences (Figs 2,3 and 4). We found that MVE exposure causes 
obvious neutrophilic airway inflammation, while BMF exposure causes a prominent increase in the presence of 
phagocytic inflammatory cells, primarily macrophages. The rats exposed to MVE had earlier and more severe 
lung inflammation, greater numbers of goblet epithelial cells and thicker small airway walls with collagen depo-
sition, whereas the rats exposed to BMF had a higher incidence of emphysema, more severe apoptosis of alveolar 
septal cells (Supplementary Fig. S3), greater epithelial cell hyperplasia and enhanced squamous metaplasia. These 
results conclusively show that both BMF and MVE exposure could activate similar pathogenesis linked to the 
development of COPD. Different sources of PM, such as MVE or BMF, might induce some different pathological 
changes and result in different phenotypes of COPD. Mauderly JL reported that engine exhaust arguably elicits 
a greater response than wood smoke, which is partially consistent with the present finding that the rats exposed 
to MVE had earlier and more severe lung inflammation; however, in contrast to our findings of inducing pro-
nounced COPD in rats, Mauderly JL found no exposure (engine exhaust or wood smoke) caused overt illness 
and histopathology of major organs visible by light microscopy27. The rats in our study were exposed to BMF or 
MVE for higher PM concentrations and longer exposure periods, which may explain the differences between the 
findings of the two studies.

A novel explanation for the mechanism underlying the remodeling that occurs in inflammatory respiratory 
disease, which may be applicable to COPD, involves the differentiation of airway epithelial cells to a mesenchy-
mal phenotype, with subsequent migration through the reticular basement membrane (Rbm) to the subepithe-
lial lamina propria, a process known as EMT28. We also found that exposure to air pollution PM was involved 
in increased EMT, as shown by increases in mesenchymal markers, cell contractility, and TGF-β​ activation. In 
rats exposed to BMF or MVE for 7 months, positive staining of mesenchymal markers (FSP1 and vimentin) 
increased and could be observed in the airway epithelium. Additionally, immunofluorescent staining showed that 
the expression of E-cadherin had decreased. Furthermore, cells that were double immunostained for E-cadherin 
and vimentin or FSP1 were observed in the airway subepithelium (Fig. 5). The concentration of TGF-β​1 in serum 
significantly increased after 7 months of exposure to BMF or MVE. Our findings showed that MVE exposure has 
a stronger effect on airway epithelial cell EMT than BMF exposure. Bronchial epithelial cell EMT plays a signifi-
cant role in airway tissue remodeling and peri-bronchial fibrosis in the pathogenesis of lung disease29.

Airway obstruction is thought to mainly occur in the small airways, but the pathology affects the whole bron-
chial tree30. Airway remodeling in COPD is mostly related to reduced airflow due to small airway fibrosis and, 
ultimately, obliteration. We evaluated lung function in rats after 7 months of exposure to BMF or MVE (Fig. 6). 
In both experimental groups, significant reductions in lung function were observed, manifested by increased 
resistance and FRC and decreased Cdyn, PEF and FEV(20)/FVC.

As key events in COPD, pulmonary inflammation and systemic inflammation are highly associated with 
the incidence and progression of the disease31. The injurious effects of ambient PM are both local (in the lung) 
and systemic. PM contributes to the systemic inflammatory response and the functional alteration of multiple 
organs32, mainly through activation of inflammatory cells and related inflammatory mediators that infiltrate into 
systemic circulation through lung tissue.

Cytokines play a key role in orchestrating chronic inflammation and structural changes in the respiratory tract 
in COPD by recruiting, activating, and promoting the survival of multiple inflammatory cells33,34. To the best of 
our knowledge, this study reports a much broader assessment of inflammatory mediators in serial rat BALF and 
serum samples after air pollution PM (BMF and MVE) exposure (Fig. 7). The majority of inflammatory media-
tors tested, including IL-13, IL-17, MIP-3α​, MIP-1α​, MCP-1, IL-1α​, IL-1β​, RANTES, IL-6, TNF-α​ and IFN-γ​,  
were up-regulated in BALF and serum upon MVE or BMF exposure, which is consistent with the recruitment of 
phagocytic cells, such as neutrophils and macrophages, that was observed (Fig. 2). The accumulation of proin-
flammatory cytokines, such as TNF-α​, IL-1α​, and IL-6, was found upon stimulation of epithelial cells with air 
pollution PM. Furthermore, an incremental change in the release of chemokines, notably RANTES, MCP-1 and 
MIP-1α​, was produced by activated macrophages and epithelial cells. In particular, the prolonged accumulation 
of IL-1α​, IL-1β​, MCP-1 and MIP-1α​ further supported the persistent presence of macrophages in the BALF and 
pigment-laden macrophages in the lungs of the BMF and MVE groups (Fig. 2). As a multifunctional growth fac-
tor, the concentrations of TGF-β​1 in serum were significantly increased in the BMF- or MVE-exposed rats after 7 
months of exposure. These changes resulting from air pollution PM exposure are capable of triggering long-term 
adverse effects in the lung.

The results of our study are in agreement with the proposed roles of these cytokines in the pathogenesis 
of COPD. Inhaled air pollution PM activates epithelial cells and macrophages to release multiple cytokines, 
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including the growth factor TGF-β​1, which stimulates EMT and fibroblast proliferation, resulting in small air-
way remodeling. These cells also secrete several chemokines, such as MCP-1, MIP-1α​, MIP-3α​ and RANTES, 
which attract circulating cells into the lungs in addition to proinflammatory cytokines, such as TNF-α​, IL-1β​, and 
IL-6, which amplify inflammation and can lead to elastin degradation and alveolar destruction35. These events 
eventually increase disease severity and cause functional changes in the lungs, especially lung function reduction 
(Fig. 8).

Conclusions
Our current study indicates that both BMF and MVE exposure cause airway cells to release multiple cytokines 
capable of inducing pronounced COPD in rats. Comparative analyses demonstrated that some differences are 
found in the lungs of rats exposed to BMF or MVE, which might result in different phenotypes of COPD.

Methods
Animals.  96 female Sprague-Dawley rats (body weight 180–200 g, 6–8 weeks old) were socially housed (up 
to four rats per cage) in the laboratory animal center of Guangzhou Medical University. The rats were randomly 
divided into a BMF group, a MVE group and a clean air control group. The care and use of the animals was in 

Figure 8.  A schematic depicting how exposure to air pollution PM (BMF and MVE) induced COPD in a 
rat model. Air pollution PM can activate airway epithelial cells and macrophages to release multiple cytokines, 
including the growth factor TGF-β​1, which stimulates EMT and fibroblast proliferation, resulting in small 
airway remodeling. These cells also secrete several chemokines, such as MCP-1, MIP-1α​, MIP-3α​ and RANTES, 
which attract circulating cells into the lungs in addition to proinflammatory cytokines, such as TNF-α​, IL-1β​
, and IL-6, which amplify inflammation and can lead to elastin degradation and alveolar destruction. These 
events eventually cause functional changes in the lungs, especially lung function reduction. Air pollution PM 
exposure causes airway cells to release multiple cytokines capable of inducing pronounced COPD in rats.
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compliance with regulations designated by the Chinese Association for Laboratory Animal Science Policy. All of 
the experimental protocols were approved by the Institutional Animal Care and Use Committee of Guangzhou 
Medical University. All animals studied were female because other studies have found that women who smoke 
have a higher risk of developing COPD than men regardless of smoking level or intensity36,37.

The animal facility maintained a 12-hour light/dark cycle. The rats were exposed to 100% freshly filtered air 
with 10 to 15 air changes per hour in the control and exposure groups before initiating the exposures. Rooms were 
maintained at 20 ±​ 2 °C with 45–65% relative humidity according to the Guide for the Care and Use of Laboratory 
Animals of Guangzhou Medical University.

The rats in the BMF group were exposed to PM for four 1-h periods (from 8:00 a.m. to 9:00 a.m., from 10:00 
a.m. to 11:00 a.m., from 14:00 p.m. to 15:00 p.m., and from 16:00 p.m. to 17:00 p.m.), 5 days per week, for 1, 3, 5, 
and 7 months. The control group was composed of 32 rats that were exposed to clean air every day for 7 months. 
The rats in the MVE group were exposed to PM for two 2-h exposure periods (from 9:00 a.m. to 11:00 a.m. and 
from 15:00 p.m. to 17:00 p.m.), 5 days per week, for 1, 3, 5, and 7 months. After each period of exposure, the ani-
mal exposure room was set to cycle with freshly filtered air for 30 minutes (during which room air was delivered 
to return the room to its initial conditions). The rats were observed for any sign of illness a minimum of twice 
daily. The rats were fed twice daily, and water was available at all times. All rats were weighed weekly on an analyt-
ical scale. For standardization purposes, all rats were weighed on the same day of the week and at the same time 
of day.

Exposure System.  Exposure to BMF.  Rats were exposed to smoke produced by smoldering China fir saw-
dust (40 g/per time) for four 1-h periods, 5 days per week, for 1, 3, 5, and 7 months. The BMF exposure system 
primarily consisted of a wood-burning room and a rat exposure room (Fig. 1A,C,G). The size of the animal expo-
sure room was 3.3 m/L ×​ 2.2 m/W ×​ 2.2 m/H, and the walls were covered with Teflon. The BMF generated by the 
burning stove (450 w) and was sent into the animal exposure room through a piston pump (5 L/min) (Fig. 1C,D). 
Fresh air was sent into the animal exposure room through an air pump (2.5 L/min) located above the ceiling of 
the room. During the exposure periods, the entrance of the room was sealed to ensure the air tightness of the 
room, and a small fan was installed and operated inside the room to improve the distribution of the particles (i.e., 
mixing). An exhaust fan connected to a ventilating duct was also installed in the exposure room, which enabled 
the rapid discharge of BMF. In addition to inlet and outlet ports for BMF, there were 2 sampling ports available 
to monitor various characteristics of the exposure PM and gas. During the exposure periods, the pressure inside 
the exposure room was maintained at approximately −​5 Pa relative to the pressure in the wood-burning room 
(Fig. 1B).

Exposure to MVE.  A Wuyang model WY48QT-2, 1.6 Kw, 125 cc, one-cylinder, four-cycle, gasoline-powered 
motorcycle was used as a source of MVE. The rats exposed to MVE for two 2-h periods, 5 days per week, for 1, 
3, 5, and 7 months. The motorcycle was located next door to the rat exposure room, and the MVE was directed 
towards the exposure room through a metal tube (Fig. 1A,E,G). Fresh air was sent into the exposure room 
through an air pump (2.5 L/min) located above the ceiling of the room. The motorcycle was operated using pre-
mium low-sulfur gasoline (<​150 ppm; Petro Inc.) and 5 W-50 motor oil (Mobil SN).

The size of the rat exposure room was 3.3 m/L ×​ 2.2 m/W ×​ 2.2 m/H, and the walls were covered with Teflon. 
Before each animal exposure session, the motorcycle engine was operated in an idle state for 2 minutes and then 
stopped for 10 minutes to achieve a stable mass concentration. During the exposure periods, the entrance of the 
room was sealed to ensure the air tightness of the room. A small fan was installed and operated inside the room 
to improve particle distribution (i.e., mixing). An exhaust fan connected to a ventilating duct was also installed 
in the exposure room, enabling the rapid discharge of MVE. In addition to inlet and outlet ports for the MVE, 
there were 2 sampling ports available to monitor various characteristics of the exposure PM and gas. During the 
exposure periods, the pressure inside the exposure room was approximately −​5 Pa relative to the pressure in the 
room that housed the motorcycle (Fig. 1B).

Time Points for Serial Sampling.  Two different air pollution PM exposure studies were performed. Rats 
were exposed to either BMF (n =​ 32) or clean air (n =​ 32) for 1 h, 4 times per day, 5 days per week, for 1, 3, 5, and 
7 months. Rats were exposed to either MVE (n =​ 32) or clean air (n =​ 32) for 2 h, 2 times per day, 5 days per week, 
for 1, 3, 5, and 7 months. To determine whether airway or airspace pathologies developed in the rats, physical 
examination and bronchoalveolar lavage fluid (BALF) and blood serum analyses were performed after BMF or 
MVE exposure for 1, 3, 5, and 7 months. Additionally, lung tissue was obtained at necropsy, and PFTs were per-
formed after air pollution PM exposure for 7 months.

Lung Function Tests.  Rat lung function was tested using a Forced Pulmonary Maneuver System (Buxco 
Research Systems, Wilmington, NC, USA) following the manufacturer’s protocols38. Briefly, rats were anes-
thetized by intraperitoneal injection of 3% pentobarbital (1 ml/Kg), tracheotomized and intubated, and placed 
supine in the body chamber of the system. The anesthesia was maintained at a light surgical plane for the duration 
of testing. The endotracheal tube was attached to an airway port, and the distal end of the catheter was passed 
through a small opening located near the airway port. The catheter was then connected to the system. The average 
breathing frequency was set to 70 breaths/min. To measure the FRC, Cdyn, PEF, and FEV(20)/FVC, a quasi-static 
pressure volume maneuver was performed, which inflates the lungs to a standard pressure of +​30 cm H2O and 
then slowly exhales until a negative pressure of −​30 cm H2O is reached. The quasi-static compliance was defined 
as the volume/pressure ratio at 50% of the expiration. With the fast flow volume maneuver, the lungs were first 
inflated to +​30 cm H2O and immediately afterwards connected to a highly negative pressure to enforce expiration 
until reaching a residual volume at −​30 cm H2O. FEV at 20 ms were recorded during this maneuver. For each 
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test of every rat, at least three acceptable maneuvers were conducted to obtain a reliable mean for all numeric 
parameters.

Statistical Analysis.  All data are presented as the mean values ±​ SEM from at least three independent exper-
iments. Differences between two groups were analyzed using Student’s t-test, and differences between multiple 
groups were analyzed with ANOVA. All statistical analyses were performed using SPSS 18.0 software (SPSS Inc., 
Chicago, USA). p <​ 0.05 was considered statistically significant.

Detailed methods are provided in the online supplement.
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