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Effect of PM2.5 environmental pollution on rat lung
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Abstract
Particulate matter smaller than 2.5 μm (PM2.5) is a continuing challenge to pulmonary health. Here, we investigated the
mechanisms involved in PM2.5 exposure-induced acute lung injury in rats.We analyzed biochemical andmorphological changes
following a 2-week Breal-world^ exposure. And then we found that PM2.5 exposure increased the concentrations of total protein,
malondialdehyde, hydrogen peroxide, nitric oxide, and soluble elastin in bronchoalveolar lavage fluid, levels of cytokines in
blood, and expression of MMP-9 in airways. Further, alveolar macrophage and neutrophil counts increased following PM2.5
exposure, and edema and lung lesions were observed. Our results suggest that PM2.5 exposure can induce oxidative stress and
acute inflammatory responses, which can damage the micro-environment and decrease the repair ability of the lung, resulting in
tissue damage.
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Introduction

Airborne particulate matter (PM) smaller than 2.5 μm
(PM2.5) is generated by various sources and is therefore a
heterogeneous mixture of various substances. PM2.5 is a con-
tinuing challenge to public health, and epidemiological studies
have linked PM2.5 to adverse health effects, such as pulmo-
nary and cardiovascular diseases (Beelen et al. 2015; Pope
et al. 2009; Shah et al. 2013; Líbalová et al. 2014). The com-
plex mechanisms underlying PM2.5-induced health effects
require further study.

Multiple experimental studies have been conducted to elu-
cidate the effects of PM2.5 on human health and the mecha-
nism of its toxicity (Xu et al. 2016; Kim et al. 2017; Riva et al.
2011; Wang et al. 2017). Because the constituents of PM2.5
are known to vary substantially between regions and sources,
affecting toxicity, many studies have analyzed PM2.5 compo-
sition in different regions, and investigated the function of
signaling pathways involved in redox homeostasis and in-
flammation (Li et al. 2015; Wang et al. 2013; Kumar et al.
2015). However, our knowledge of the molecular and cellular
mechanisms underlying PM2.5-associated systemic diseases
remains incomplete.

We used a Breal-world^ PM2.5 system to perform a mouth-
nose exposure of rats to environmentally relevant PM2.5 or
neutral saline (NS). To elucidate the molecular basis of ambi-
ent PM2.5-associated cytotoxicity, we investigated biochemi-
cal markers following exposure. We hypothesized that the
PM2.5-induced stress response relies on the production of
reactive oxygen species (ROS) and regulates the morpholog-
ical remodeling. The findings on PM2.5-induced pathological
changes such as cytotoxicity, leukocyte infiltration, pro-
inflammatory cytokines, oxidative stress, damage to the alve-
olar epithelium-capillary barrier, and vascular permeability
will not only contribute to a better understanding of molecular
and cellular mechanisms by which PM2.5 elicits its effects,
but will also inform the prevention and treatment of air
pollution-induced systemic diseases.
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Materials and methods

Animals

Wistar rats that were obtained from Vital River, CP (Beijing,
China), were used at 6~8 weeks of age (180~220 g), and they
were randomly divided into PM2.5-exposed group and a con-
trol group. All studies were performed according to protocols
reviewed and approved by the Ethics Committee of Animal
Care and Experimentation of the National Institute for
Environmental Studies, China. Wistar rats received the same
food and water and were kept at the same ambient conditions
of temperature, humidity, and noise. After 2 weeks acclima-
tion, all rats were executed according to study design (Fig. 1).

PM2.5 sampling

PM2.5 samples were prepared as described in our previous
studies, and the analysis of PM2.5 composition was per-
formed (Ma et al. 2015). Briefly, using a high-volume sampler
particle collector equipped with a Hi-Vol PM2.5 inlet (Tisch
Environmental, USA) at a constant flow rate of 1.13m3/min,
PM2.5 samples were collected on nitrocellulose filters
(Waterman, USA) in the center of the downtown area of
ShenYang, China. We confirmed that heavy metals and poly-
cyclic aromatic hydrocarbons are the compositions of PM2.5.

PM2.5 administration

Using the Mouth-nose Exposed system (Beijing Huironghe
Technology Co., Led, China), the experimental group animals
were exposed to concentrated PM2.5 at nominal 10 ambient
concentrations of 750 μg/m3 for 4 h per day, 5 days per week
for a total of 2 weeks, and the control group animals were
treated with similar condition. Twenty-four hours following
the last exposure, animals were euthanized and BAL fluid and
tissue samples were collected for further analysis.

Lung harvesting, tissue processing, and H&E staining

The lungs were inflated and fixed with 10% neutral formalin
overnight at room temperature. Lung tissue was dehydrated
with increasing ethanol (EtOH) concentrations and then em-
bedded in paraffin. Five-micrometer-thick paraffin sections
were stained with hematoxylin and eosin (H&E). Five-
micron sections were placed on slides and stained with H&E
in order to observe cell morphology.

Transmission electron microscopy insection

We performed the transmission electron microscopy insection
as previous described (Wang et al. 2013). Two apexes of the
left lungs were selected and immersed in 2.5% glutaraldehyde

at 4 °C. After washing with phosphate buffer solution suffi-
ciently, they were fixed with 1% osmium tetroxide,
dehydrated in a graded series of ethanol, embedded in araldite
and polymerized for 24 h at 37 °C. Ultrathin sections (50–
60 nm) were cut with ultramicrotome (LKB-I, Sweden).
Thin sections were mounted directly on copper grids, stained
with lead citrate, and observed with H-7650 electron micros-
copy (HITACHI, Japan).

Bronchoalveolar lavage fluid collection and cell count

Following removal of the lung’s lower right lobe, bronchoal-
veolar lavage (BAL) fluid was collected by flushing 5 × 5 ml
of phosphate buffered saline (PBS) containing 0.1 mM EDTA
into the lung via a tracheal cannula. The pooled BAL fluid was
centrifuged at 500×g at 4 °C for 5 min. Pelleted cells were then
resuspended in 2 ml of PBS. Total cell number was counted by
hemocytometer and a differential cell count was performed by
cytospin staining with Diff-Quik (Siemens, Newark, China).

BAL fluid protein

Increase in BAL fluid protein concentration was taken as a
measure of increased permeability of alveolar-capillary bar-
riers. Total protein concentration in the supernatant following
BAL fluid centrifugation was determined using the BCA
Protein Assay kit (Thermo Fisher Scientific, MA, USA).

Fig. 1 Study design
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Elastolytic activity assay

Extracellular elastin degradation study was performed using
soluble elastin by ELISA kit (Elastin Products Company, Inc.,
Owensville, MO). To determine extracellular elastolytic con-
centration, BAL fluid was performed according to the manu-
facturer’s instructions. After incubation, soluble elastin was
determined using absorbance fold at 490 nm.

Measurement of oxidant stress

Oxidant stress production, including hydrogen peroxide
(H2O2), malondialdehyde (MDA), and total nitric oxide, in
lung tissue was determined using the Hydrogen Peroxide
Assay kit, Lipid Peroxidation MDA Assay kit, and Total
Nitric Oxide Assay kit (Beyotime, JiangSu, China) according
to the manufacturer’s instructions.

Cell proliferation assay

Cell viability was assessed with CellTiter 96 AQueous One
Solution Reagent (Promega, USA) according to the manufac-
turer’s recommendations. The cells that were collected from
the BAL fluid were seeded at a density of 1.0 × 104 per well in
triplicate in 96-well plates, and cultured in a CO2 incubator for
12 h. Alternatively, absorbance was taken on an infinite M200
Pro Reader (TECAN, Switzerland) at a wavelength of 490 nm
in PM2.5 exposure group and NS exposure group.

Cell apoptosis analysis

Cell apoptosis assay was performed by the previous described
(Chuturgoon et al. 2015). The cells were collected from the
bronchoalveolar lavage fluid (BALF). Cells were fixed in
70% ethanol for 24 h and centrifuged once. Then DNA-
binding dye propidium iodide (DAPI) (10 μg/ml) was added
to the cell suspensions for staining, and the mixed solution was
incubated at room temperature for 5 min in the dark. Then the
samples were observed using the fluorescence microscope.
Additionally, the transfected cells after 48 h were washed for
three times by cold PBS and fixed in 70% ethanol. Then, the
cell suspensions were stained in 500 μl precooled 1× binding
buffer containing 5 μl annexin V/propidium iodide medium
and 2.5 μl propidium iodide. Cell apoptosis was analyzed with
FACScan flow cytometer (Becton-Dickinson, Sunny-vale, CA,
USA). Incubated for another 30 min, the cells were diluted by
buffer and then analyzed with a flow cytometry.

Measurement of plasma cytokine levels

Twenty-four hours following the last exposure, wistar rats were
euthanized and blood serum was collected for further analysis.
The production of cytokine in PM2.5 the exposure group and

NS exposure group was measured by rat cytokine antibody
array kit (Abcam, Cambridge, UK). The experimental proce-
dures were carried out strictly according to the manufacturer’s
instructions, and chemiluminescence detection was performed
with MF chemi BIS 2020 (DNR imaging systems, Inc., Neve
Yamin, Israel).

Lung wet:dry weight ratio

As an index of lung edema, the level of extra-vascular lung
water was calculated. The lower lobe of the right lung was
excised and the wet weight was recorded (Hu et al. 2016). To
obtain the dry weight, the lungwas then placed in an incubator
at 60 °C for 24 h. The wet:dry ratio was calculated by dividing
the wet weight by the dry weight.

Assessment of capillary leakage

To further assess lung permeability, 50 mg/kg of Evans blue
dye (EBD; Sigma-Aldrich, St. Louis, MO) dissolved in 200 μl
of PBS was injected into the tail veins of mice following ALI
induction. The EBD concentration that was expressed as mi-
crograms per gram of lung was calculated as described previ-
ously (Reddy et al. 2012).

Immunofluorescent detection

Fluorescence imaging was performed according to a previously
established protocol (Liu et al. 2017). Tissue sections were
processed for antigen retrieval with permeabilizing solution.
Then, the slides were blocked with 1% BSA and incubated
overnight with relevant primary antibodies. Followed by wash-
ing with PBS-T, the sections were incubated with either Alexa
Fluor 488 (for DAPI) or Alexa Fluor 562 conjugated anti–
mouse antibodies (for MMP-9). The slides were then examined
under a laser scanning confocal microscope (Leica TCS SPE).

Fig. 2 Average of body weight for both experimental group. Data
representative results derived from a minimum of three independent
experiments. P < 0.05 compared with the NS exposure group
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Statistical analysis

ExperimentaldatawereanalyzedbyusingthesoftwareGraphPad
Prism5.0(GraphPadSoftware,LaJolla,CA).Dataarepresented

asmean±SD.Differencesbetweengroupswereanalyzedusing
ANOVA.Statistical comparisonsweremade using anunpaired
two-tailedStudent’s t test for twogroups.Differenceswerecon-
sideredsignificantifP < 0.05.

Fig. 3 PM2.5 exposure induced
lung injury. a PM2.5 exposure
group (H&E stain). Line indicates
200 μm; b Neutral saline
exposure group (H&E stain). Line
indicates 200 μm. c–f
Transmission electron
microscopy inspection. c PM2.5
exposure group, alveolar cell and
macrophage. d Neutral saline
exposure group, alveolar cell and
macrophage. e PM2.5 exposure
group, the epithelials of the
respiratory tract. f Neutral saline
exposure group, the epithelials of
the respiratory tract

Table 1 Total cell, macrophages,
and neutrophil number in BAL
fluid

Groups Total cell counts
(105 ml)

Macrophage counts
(105 ml)

Neutrophil counts
(105 ml)

PM2.5 exposure
group

11.50 ± 0.4041*** 6.86 ± 0.3528 * 4.43 ± 0.2906***

NS exposure group 6.73 ± 0.3283 4.73 ± 0.3480 1.23 ± 0.1764

*P < 0.05 PM2.5 exposure compared to NS exposure
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Results

Body weight change

Body weight changes in rats during the whole exposure
period were showed by Fig. 2. Body weights of the PM2.5
exposure group showed a normal increase trend during the
2 weeks, and the results did show significant difference
compared to the NS exposure group.

Morphological evaluation of lung lesions

To test the lung lesions followed the PM2.5 exposure, we
assessed the histological changes of lung tissues by the H&E
staining and the transmission electron microscopy inspection.
We can see that pathological changes were significant by H&E
staining as shown in Fig. 3a, b. Comparing with the NS exposure
group, it was apparent that the lung parenchyma were subjected
to edema. These pathological characters were enhanced along
with lung lesions. The ultrastructure of rat lung was shown in
Fig. 3c, d, e, f, parts of alveolar epithelial cell were injury. On the
other hand, the cells in stratum mucosum were injured or died,
such as the ciliated cell and the brush cell.

Total cell counting

The total cell number and the numbers of macrophages and
neutrophils in BALF were shown in Table 1. We observed the
numbers of total cell, macrophages, and neutrophils in BALF
under the PM2.5 exposure group were significantly higher
than the NS exposure group. And the differential staining
indicated that neutrophils accounted for most of the increase.

Detection on cell apoptosis

To evaluate the role of PM2.5 in stimulating cell apoptosis in
BALF, we performed the flow cytometry assay. As shown in
Fig. 4, the rates of cell apoptosis in the PM2.5 exposure group
and NS exposure group were 5.140 ± 0.1973 and 5.490 ±
0.2397, respectively, with no significant difference.

PM2.5 induce the cell proliferation in BALF

To investigate differences in the proliferation of cell in BALF
induced by PM2.5-exposed and NS-exposed groups, we per-
formed cell proliferation assays. Compared with the NS expo-
sure group, the PM2.5 exposure group showed higher viability
and proliferation (Fig. 5). Our results suggested that PM2.5
exposure induced the cells that had larger populations in BALF.

Fig. 4 The apoptosis of BAL
cells stimulated by PM2.5
detected by flow cytometry. a NS
exposure group; b PM2.5
exposure group; c Histogram
results of the apoptotic BAL cells
of different groups compared to
the NS exposure group. Data
representative results derived
from a minimum of three
independent experiments.
P < 0.05 compared with the NS
exposure group

Fig. 5 Effects of PM2.5-exposed-induced cell proliferation in BALF. The
cell numbers were detected in 490 nm by cell proliferation assay. Data
representative results derived from a minimum of three independent
experiments. P < 0.05 compared with the NS exposure group
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Measurement on vessel permeability in lung tissue

To investigate the effects of PM2.5 exposure on pulmonary
edema, we compared the wet:dry weight ratio and capillary
permeability between the PM2.5-exposed and NS-exposed

groups (Fig. 6). According to the results, we found that the
increased vascular permeability following the PM2.5 expo-
sure allowed the plasma proteins and EBD to extravasate from
the vasculature into the lung parenchyma. The extravasation
of EBD was significantly induced by PM2.5 exposure. The

Fig. 7 Biochemical markers in
BALF. a The total protein
concentration in BAL fluid. b The
levels of MDA in BAL fluid. c
The levels of H2O2 in BAL fluid.
d The levels of total nitric oxide in
BAL fluid. e The levels of soluble
elastin in BAL fluid. Data
representative results derived
from a minimum of three
independent experiments.
P < 0.05 compared with the NS
exposure group

Fig. 6 Measurement on vessel
permeability in lung tissue. a
Ration of lung wet:dry weight. b
The Evans blue dye was
quantitated by spectrophotometry.
Data representative results
derived from a minimum of three
independent experiments
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lung edema that results from capillary permeability is reflected
in the wet:dry weight ratio, and PM2.5 exposure increases in
this parameter. PM2.5 exposure markedly increased lung wet/
dry weight ratio (P < 0.05).

Biochemical assessments in BALF

To confirm the change of local micro-environment follow-
ed the PM2.5 exposure, we collected the BALF and per-
formed the biochemical assessment with concentration of
the total protein, MDA, H2O2, the total nitric oxide, and
soluble elastin. As shown in Fig. 7, these biomarkers were
significantly different between the NS and PM2.5 expo-
sure group, and suggested that PM2.5 exposure directly
injures lung tissues.

The expression level of cytokine in blood

To further investigate if PM2.5 exposure impacted inflam-
matory progression in the side of cytokine, we performed
the simultaneous detection of 36 rat cytokines concentra-
tions after PM2.5 exposure and NS exposure in same
conditions and procedures. Following the chemilumines-
cence detection and Image J software analysis, we con-
firmed that eight cytokines concentration significantly in-
creased after PM2.5 exposure on wistar rats (Fig. 8 and
Table S1), including CNTF (cholinergic neurotrophic fac-
tor), IL-6 (interleukin-6), IL-10 (interleukin-10), MCP-1
(monocyte chemotactic protein 1), MMP-8 (metallopro-
teinases-8), RAGE (receptor for advanced glycation
endproducts), and Thymus Chemokine-1 and TIMP-1 (tis-
sue inhibitor of metalloproteinase-1).

Fig. 8 Plasma cytokine levels. a
NS group; b PM2.5 group; c
Graphs show the expression of
eight cytokines in blood. Data
representative results derived
from a minimum of three
independent experiments
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Evaluation on the remodeling in rat lungs

In the analysis of associated changes in the pulmonary ex-
pression of the MMP-9, we performed the confocal assay
following the PM2.5 exposure. As shown in Fig. 9, we
found that overexpression of MMP-9 in the PM2.5 exposed
group, the primary lung metalloproteinase involved in pro-
tein degradation, and the levels of MMP-9 were lighter in
the NS exposure group.

Discussion

PM2.5 is a heterogeneous mixture of substances, and its larger
surface area allows a more significant conveyance of metals
and other adsorbed components, increasing its pulmonary tox-
icity. Acute lung injury (ALI) is a major cause of acute respi-
ratory failure. ALI key events include extensive neutrophil
infiltration, release of inflammatory mediators, capillary per-
meability, and edema (Zhang et al. 2010). In this study, we

Fig. 9 Representative
immunostained lung section
profiles of the above treatment
groups depicting the levels of
MMP-9 in the airway (red), as
analyzed by (confocal) assay.
Nuclei were stained with DAPI
(blue). a–f Neutral saline
exposure group. g–l PM2.5
exposure group
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investigated the mechanisms on PM2.5-induced ALI. Our key
finding was that PM2.5 elicited lung inflammation and injury.

Inflammation is a process of tissue reaction to harmful stim-
uli, and is an important feature of lung diseases such as asthma
and chronic obstructive pulmonary disease. Air pollution can be
considered an important trigger of lung inflammation.We found
that the inflammatory stimulus of PM2.5 exposure caused an
increase in total protein expression in BAL fluid. Airflow ob-
struction exerts a greater burden of mucus in the small airway,
and an increase in mucus may impair clearance functions.
Following PM2.5 exposure, the respiratory systemmay bemore
susceptible to the effects of deposited PM2.5, thereby exacerbat-
ing the pathogenesis of airflow obstruction diseases (Grommes
and Soehnlein 2011; Goodman et al. 2003; Tasaka et al. 2008;
Hodge et al. 2003). We also found that PM2.5 exposure upreg-
ulated the production of inflammatory and pro-inflammatory
factors in blood, such as CNTF, IL-6, IL-10, MCP-1, RAGE,
MMP-8, TIMP-1, and thymus chemokine 1. These factors could
lead directly to inflammatory responses in lung tissues, resulting
in alveolar epithelial damage (Murakami and Ohigashi 2007).
These biomarkers may correlate with exacerbation of lung dis-
ease following PM2.5 exposure.

Our results suggested that PM2.5 exposure in the lung elicits
macrophage activation and leakage of inflammatory cells, espe-
cially neutrophils. Alveolar macrophages (AMs) isolated from
BAL lavage fluid are the classic inflammatory cell type (Barnes,
2004; Butt et al. 2016), and contribute to lung inflammation and
injury. In this study, macrophages generated increased ROS,
whichmaymediate inflammatory effects and contribute to tissue
injury (Valyi-Nagy et al. 2000). Phagocytes may consume oxy-
gen while engulfing PM2.5, triggering the release of inflamma-
tory factors followed by extracellular production of free radicals.
Damaged phagocytes may release oxygen free radicals, prote-
ase, and inflammatory factors and activate the inflammatory
response, further promoting the release of inflammatory factors
(Rücker and Allen 2014). Following macrophage activation,
neutrophils accumulate in the lung, and may contribute to
oxidant-mediated epithelial injury (Jeyaseelan et al. 2004;
Mokra and Kosutova 2015).

We also confirmed that PM2.5 exposure was correlated with
the severity of ALI. We found that inflammation and oxidative
stress are related, and both are involved in the pathological
process of ALI (Su et al. 2014). Increasing evidence has shown
that oxidative stress affects the severity of ALI (Tasaka et al.
2008; Shannahan et al. 2012; Ray et al. 2012). In the present
study, we confirmed that levels of MDA, H2O2, and NO were
higher in the PM2.5 exposure group. While MDA and H2O2

are upregulated in the respiratory system following PM2.5 ex-
posure, leading to redox imbalance and oxidative stress, NO
formation induces inflammation development (Lubos et al.
2008). Increased ROS generation has been associated with en-
hanced levels of oxidative stress and lipid peroxidation (Porter
et al. 2006; Fubini and Hubbard 2003).

During inflammation, pathological remodeling occurs as
MMPs and neutrophil elastase degrade collagen and elastin
(Bihlet et al. 2017). In the present study, we confirmed that
MMP-9 expression levels increased substantially following
PM2.5 stimulation, in line with findings reported by Gupta
et al. (2016). Moreover, MMP-9 has been reported to promote
the migration of inflammatory cells into the airways through
extracellular matrix (ECM) destruction (Okada et al. 1997).
Elastin is a structural protein abundant in lung tissue, and is
degraded during lung inflammation and destruction (Saetta
et al. 2001; Kristensen et al. 2015; Sand et al. 2015). We
confirmed that following PM2.5 exposure, the expression of
elastase, which degrades elastin, was upregulated. In ALI,
neutrophils produce the serine protease elastase, which de-
grades the majority of ECM proteins, including the otherwise
stable elastin fibers (Kawabata et al. 2002; He et al. 2010).

Accumulating evidence has shown that an increase in cap-
illary permeability and edema is also involved in the patho-
genesis of ALI (Zhang et al. 2010). Furthermore, airway mi-
crovascular leak, an important feature of airway inflammatory
diseases, promotes the associated inflammatory factors from
post-capillary influx into the surrounding tissue (Jones et al.
2016). As shown in our findings, elevation of lung W/D ratio
and EBD level could account for an increased pulmonary
permeability and lung edema following PM2.5 exposure.
Importantly, PM2.5-induced inflammation may promote lung
vascular permeability and lung injury.

Conclusions

In summary, our findings are likely to be relevant to under-
standing the mechanisms underlying the relationship between
PM2.5 exposure and induction of ALI, as well as exacerbation
of existing asthma. Inhalation of particles led to decreased
lung function and an inflammatory response characterized
by inflammatory cell influx and cytokine release. Further in-
vestigation of the molecular mechanisms of ALI is underway
in our laboratory, as is the study of the relationship between
chronic respiratory disease and development of lung cancer.
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