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Abstract. The importance of ambient particulate matter 
(PM2.5) in lung cancer progression is well established; 
however, the precise mechanisms by which PM2.5 modulates 
lung cancer development have not yet been determined. The 
present study demonstrated increased mRNA and protein 
expression levels of vascular endothelial growth factor in 
PM2.5‑induced macrophages. However, no significant changes 
to the expression levels of angiogenic cytokines (vascular 
endothelial growth factor A, matric metallopeptidase 9, basic 
fibroblast growth factor and platelet‑derived growth factor) 
were observed in the Lewis lung carcinoma (LLC) cell line 
in response to acute PM2.5 exposure. PM2.5‑induced acti-
vated macrophages were revealed to upregulate angiogenic 
cytokine expression following the acute exposure of LLC 
cells to PM2.5‑induced macrophage supernatant. In vivo, the 
pro‑angiogenic and macrophage accumulation functions of 
PM2.5 were supported by the establishment of a polyvinyl 
alcohol sponge implantation mouse model. Furthermore, 
PM2.5 was demonstrated to increase angiogenesis and macro-
phage recruitment in mice that were subcutaneously injected 
with LLCs. These results indicated that PM2.5 increases 
angiogenesis, and macrophages are crucial mediators of 
PM2.5‑induced angiogenesis in lung cancer. These findings 
may provide novel insights for the development of lung cancer 
treatment strategies.

Introduction

A number of previous studies have identified lung malignancy 
as one of the most common causes of cancer‑associated 
mortality (1‑3). A previous study has characterized the signifi-
cant role of particulate matter (PM2.5) in increasing the 
occurrence of lung cancer (4). PM2.5 is a variety of airborne 
particulate matter that is derived from automobile exhausts, 
coal combustion and biomass burning (5). Previous studies 
have revealed that PM2.5 can induce carcinogenesis and 
metastasis of lung cancer via the inhibition of microRNA 
expression and the deregulation of tumor‑associated DNA 
methylation (6,7). However, to the best of our knowledge, the 
role of PM2.5 in lung cancer inflammation and angiogenesis 
has not been determined.

Macrophages enhance lung cancer invasion and infiltration 
by secreting angiogenic cytokines, including vascular endo-
thelial growth factor A (VEGF), platelet‑derived growth factor 
(PDGF) and basic fibroblast growth factors (bFGFs) (8). VEGF 
has been demonstrated to be a key regulator in angiogenesis, 
and is mainly produced by macrophages, tumor cells and 
fibroblasts (9,10). Studies have demonstrated that VEGF can 
promote the proliferation and migration of endothelial cells by 
stimulating the release of angiogenic factors, binding to VEGF 
receptor and initiating downstream signaling pathways (11,12). 
Additionally, PM2.5 has been indicated to activate a number 
of signaling pathways that promote inflammatory responses 
and oxidative stress in macrophages (13). Macrophage polar-
ization has been reported to be affected by PM2.5, which 
can lead to the induction of the immune response and air 
pollutant‑associated diseases (14).

As a member of the immunoglobulin superfamily, integrin 
associated protein, which is also known as CD47, is highly 
expressed in lung cancer (15,16). CD47 binds to signal regu-
latory protein α (Sirp‑α), which is located on the surface of 
macrophages (17). This induces the release of a signal that 
prevents phagocytosis of these cells by macrophages (18,19). 
Additionally, the CD47/Sirp‑α signaling pathway has 
been demonstrated to increase dendritic cell proliferation 
and T cell activation, which results in the infiltration of 
inflammatory cells into the tumor microenvironment  (18). 
Furthermore, a previous study has revealed that CD47/Sirp‑α 
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is associated with the inflammatory response in the tumor 
microenvironment (20). Therefore, activation of macrophages 
and the tumor‑associated CD47/Sirp‑α signaling pathway are 
important in modulating lung cancer.

In the present study, it was hypothesized that macrophages 
may be crucial in the PM2.5‑induced angiogenesis of lung 
cancer. To validate this hypothesis, angiogenic cytokines were 
measured in Lewis lung carcinoma (LLC) cells following 
exposure to PM2.5 or PM2.5‑induced macrophage supernatant 
(RAW264.7). It was hypothesized that the possible mechanisms 
may include macrophage‑induced VEGF release and activation 
of the CD47/Sirp‑α signaling pathway. Therefore, VEGF and 
CD47/Sirp‑α expression was determined in RAW264.7 cells 
following PM2.5 exposure. Subsequently, a mouse polyvinyl 
alcohol (PVA) sponge implantation model was established 
to investigate PM2.5‑induced angiogenesis and macrophage 
accumulation in an inflammatory model. Macrophage recruit-
ment and angiogenesis were also determined in mice that 
were subcutaneously injected with LLC following exposure to 
PM2.5 or PM2.5‑induced RAW264.7 supernatant. The current 
study provided novel insights into the potential mechanisms of 
PM2.5‑induced lung cancer angiogenesis.

Materials and methods

Animals. C57BL/6 mice (n=90; 6‑8 weeks old; male; 23‑25 g) 
were purchased from Silaike Laboratory Animal Co., Ltd. All 
mice were housed in a temperature controlled room (20‑24˚C) 
on a 12 h light‑dark cycle with unrestricted access to food and 
water. For all procedures performed on live mice, animals 
were anesthetized using sodium pentobarbital (80 mg/kg). All 
mice were sacrificed by cervical dislocation.

Preparation of PM2.5. PM2.5 was collected using a PM2.5 
sampler (TishTE‑6070D; Tisch Environmental, Inc.) at 
Zhengzhou University (Zhengzhou, China) between April 
2016 and December 2016. PM2.5 samples were suspended in a 
mixture of methanol, methylene chloride and deionized water 
at a ratio of 8:4:1. PM2.5 was then placed into an ultrasonic bath 
for 30 min. Finally, PM2.5 was obtained using ultrafiltration, 
and stored at ‑20˚C until subsequent use.

Cell culture. RAW264.7, LLC (ATCC® CRL‑1642TM), and 
human non‑small lung cancer H1299 and A549 cell lines were 
purchased from the Shanghai Institutes for Biological Sciences 
(http://www.cellbank.org.cn/). RAW264.7 cells were cultured 
in 10% FBS and RPMI‑1640 medium (both Thermo Fisher 
Scientific, Inc.). LLC, H1299 and A549 cells were cultured in 
10% FBS and DMEM (both Thermo Fisher Scientific, Inc.). All 
cell lines were supplemented with 1% penicillin‑streptomycin 
(Thermo Fisher Scientific, Inc.) and cultured in a humidified 
incubator with 5% CO2 at 37˚C.

MTT assays. Cell viability was evaluated using MTT assays. 
LLC, RAW264.7, H1299 and A549 cells were seeded in 
96‑well plates (5x103‑1x104 cells/well). Cells were subsequently 
exposed to different concentrations of PM2.5 (100, 200, 400, 
600, 800 and 1,200 µg/ml) at 37˚C for 48 h. The same volume 
of PBS, as the volume of PM2.5 extract, were used in the 
control group. A total of 20 µl MTT (5 g/l) was added to each 

well for 4 h, followed by the replacement of the medium with 
150 µl DMSO. Optical density (OD) values were determined 
using a microplate reader at an absorbance of 570 nm (BioTek 
Instruments, Inc.). Cell viability was calculated based on the 
OD values.

Reverse transcription‑quantitative PCR (RT‑qPCR). LLC 
and RAW264.7 cells were treated with different concentra-
tions of PM2.5 (50, 500, 2,000, 4,000, 6,000, 8,000 µg/ml) or 
500 µg/ml PM2.5‑induced RAW264.7 supernatant for 3 h at 
37˚C. Total RNA was isolated from cells using TRIzol® reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.), and cDNA was 
synthesized using a Takara reverse transcriptase kit (for 15 min 
at 37˚C and 5 min at 85˚C; Takara Biotechnology Co., Ltd.) 
and a LabCycler PCR instrument (SensoQuest GmbH). The 
resulting cDNA template was subjected to qPCR using Real 
Time PCR Easy™ (SYBR Green I; Takara Biotechnology Co., 
Ltd.) on a LightCycler® 96 instrument (Roche Diagnostics), 
using the following conditions: Initial denaturation for 30 sec 
at 98˚C, followed by 17  cycles of denaturation (10  sec at 
98˚C), annealing (15 sec at 72˚C; decreasing by 1˚C/cycle), 
and extension (30 sec at 72˚C). This step was followed by 
18 cycles of denaturation (10 sec at 98˚C), annealing (15 sec at 
54˚C), initial extension (30 sec at 98˚C), and a final extension 
(1 min at 72˚C). The primer sequences used were as follows: 
VEGF‑A forward, 5'‑GGA​GAT​CCT​TCG​AGG​AGCA​CTT‑3' 
and reverse, 5'‑GGC​GAT​TTA​GCA​GCA​GAT​ATA​AGA​A‑3'; 
β‑actin forward, 5'‑GTG​GGC​CGC​TCT​AGG​CAC​CAA‑3' 
and reverse, 5'‑TGG​CTT​TAG​GGT​TCA​GGG​GG‑3'; bFGF 
forward 5'‑AGC​GGC​TCT​ACT​GCA​AGA​AC‑3' and reverse, 
5'‑GCC​GTC​CAT​CTT​CCT​TCA​TA‑3'; PDGF forward, 
5'‑CAA​GAC​CAG​GAC​GGT​CAT​TT‑3' and reverse, 5'‑ACT​
TTG​GCC​ACC​TTG​ACA​CT‑3'; CD47 forward, 5'‑TGG​TAT​
CCA​GCA​AGC​CTT​AG‑3' and reverse, 5'‑AAG​ACA​CCA​GTG​
CCA​TCA​AT‑3'; Sirp‑α forward, 5'‑ACC​ACC​GTG​AAC​CCT​
AGT​GGA​A‑3' and reverse, 5'‑GGT​GGG​TGA​AAC​TCG​GAT​
GAA​G‑3'. Alterations in cytokine expression were determined 
by normalizing levels to those of β‑actin. RT‑qPCR were 
analyzed and fold changes were determined using the 2‑ΔΔCq 
method (21).

ELISA. VEGF protein levels of RAW264.7 were measured in 
supernatant following treatment with 500 µg/ml PM2.5 for 
12 h at 37˚C. VEGF protein levels were determined using a 
VEGF ELISA kit (eBioscience; Thermo Fisher Scientific, 
Inc.), which was performed according to the manufacturer's 
protocol. OD values were obtained at 450 nm in triplicate 
using a microplate reader (Molecular Devices, LLC).

Immunofluorescence. Sponge tissues and tumor tissues were 
fixed using 4% paraformaldehyde (PFA) for 24 h (4˚C) and 
embedded in paraffin (5 µm sections). For immunofluores-
cence staining of VEGF, F4/80+, FITC‑labeled lectin CD31 
and α‑smooth muscle actin (α‑SMA), sponge slides and tumor 
tissue slides were permeabilized with 0.3% Triton X‑100 in PBS 
for 20 min at room temperature and blocked with 5% bovine 
serum albumin (Sigma‑Aldrich; Merck KGaA) for 30 min, then 
the slides were incubated with the primary antibodies at 4˚C 
for 24 h. Primary antibodies are as follows: VEGF (1:300 dilu-
tion; cat. no. sc‑7269; Santa Cruz Biotechnology, Inc.), F4/80+ 
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(1:350 dilution; cat. no. 14‑4801‑82; eBioscience; Thermo 
Fisher Scientific, Inc.), FITC‑labeled lectin (1:350 dilution; 
cat. no. L9381; Sigma‑Aldrich; Merck KGaA), CD31 (1:300 
dilution; cat. no. ab9498; Abcam) and α‑SMA (1:300 dilution; 
cat. no. ab5694Abcam). Subsequently, slides were washed with 
PBS and then incubated with the appropriate secondary anti-
body at 37˚C for 3 h. The secondary antibodies were anti‑mouse 
IgG (1:450 dilution; cat. no. 4410) and anti‑rabbit IgG (1:450 
dilution; cat. no. 4412; both Cell Signaling Technology, Inc.). 
The slides were stained with DAPI (Invitrogen; Thermo Fisher 
Scientific, Inc.) to visualize the nuclei. Finally, a fluorescence 
microscope with x20 or x40 objective lens (Leica microsystem 
GmbH) was used to view the immunolabeled slides, under 
5 fields of view. Immunofluorescence quantification was 
performed using ImageJ v5.0 software (National Institutes of 
Health).

PVA sponge implantation model. The PVA sponge implanta-
tion model was generated as described previously (22). PM2.5 
was mixed with quantitative L‑polylactic acid powder (PLLA; 
Jinan Daigang Biomaterial Co., Ltd.), to create a slow release 
gel, and implanted into the back of mice using a sponge. A 
negative control gel was created using the same amount of 
PLLA. Sponges were harvested after 2 weeks of implanta-
tion with either collagenase digestion for RT‑qPCR, or 4% 
PFA fixation and paraffin embedding for FITC‑labeled lectin, 
VEGF, and F4/80+ immunofluorescence assays. In vivo experi-
ments the control groups used the same volume of normal 
saline as the volume of PM2.5 extract.

Syngeneic growth of LLC cells in mice. Animals (n=4 mice 
in each group) were injected subcutaneously in the right flank 
with 0.2 ml PBS containing cell suspension (4x106 LLC cells). 
Tumor volumes were measured every other day, beginning 
7 days after LLC cell inoculation, and calculated according 
to the following formula: Volume=Length x Width2 x0.5. 
Alveolar macrophages of mice lungs were depleted by intratra-
cheal application of clodronate liposomes. The liposomes were 
purchased from Yeasen Biotechnology Co., Ltd. Liposomally 
encapsulated clodronate (5 mg/ml; Yeasen Biotechnology Co., 
Ltd) was stored at ‑80˚C and thawed immediately prior to use. 
Clodronate liposomes (50 µl) were prepared for intratracheal 
application as previously described (23). The efficiency of 
clodronate liposomes was evaluated using F4/80+ immuno-
fluorescence. Intratracheal administration of saline containing 
PM2.5 (320 mg/ml) began at 7 days of tumor cell inocula-
tion, and administration was carried out every 3 days. Mice 
were sacrificed, and tumors were harvested on the fifteenth 
day following LLC cell inoculation. Subsequently, tumors 
were either extracted for RT‑qPCR or fixed with 4% PFA and 
paraffin embedded for VEGF, F4/80+, CD31, and α‑SMA 
immunofluorescence assays. In another tumor‑bearing mouse 
model, LLC cells were exposed to 500 µg/ml PM2.5‑induced 
RAW264.7 supernatant for 3 h (37˚C). Subsequently the LLC 
cells were injected subcutaneously in the right flank of the 
mice (n=4). Tumor extraction and the following detection 
assays were as aforementioned.

Statistical analysis. All data are presented as the mean ± SD 
unless otherwise specified. A total of 3 independent repeat 

experiments were performed. Significance was determined by 
one‑way ANOVA followed by Tukey's post hoc test for multiple 
group comparisons and t‑test for comparisons between two 
groups using SPSS v16.0 software (SPSS, Inc.). P≤0.05 was 
considered to indicate a statistically significant difference.

Results

Cytotoxic effect of PM2.5 on a variety of lung cancer cell lines. 
Cell viability is an important parameter for evaluating the impact 
of toxicants on cell growth. The cell viability of macrophage 
RAW264.7 and lung cancer H1299, LLC and A549 cell lines, 
following long‑term exposure to different doses (100, 200, 400, 
600, 800 and 1,200 µg/ml) of PM2.5, was determined using 
MTT assays. The results indicated that PM2.5 exhibited an 
inhibitory effect on viability in RAW264.7, LLC, H1299 and 
A549 cell lines, in a dose‑dependent manner (Fig. 1A).

Macrophages are crucial for acute PM2.5 exposure‑induced 
VEGF‑A expression in LLC cells. The expression levels of 
VEGF‑A, matrix metallopeptidase‑9 (MMP‑9), PDGF and 
bFGF cytokines in LLC cells were measured in response 
to direct exposure to 500 µg/ml PM2.5 for 3 h. No signifi-
cant differences were observed in the expression levels of 
these cytokines in the PM2.5 exposure group compared 
with the control LLC cells (Fig. 1B). After 3 h of treatment 
with 500 µg/ml PM2.5‑induced RAW264.7 supernatant, the 
results indicated enhanced mRNA expression of angiogenic 
cytokines VEGF‑A, MMP‑9, PDGF and bFGF in LLC cells 
compared with cells without PM2.5‑induced RAW264.7 
supernatant exposure (Fig.  1C). To explore the specific 
mechanisms of this, RAW264.7 cells were exposed to PM2.5 
and the results revealed elevated mRNA expression levels of 
VEGF‑A in RAW264.7 cells and increased VEGF protein 
expression in RAW264.7 supernatant following exposure to 
500 µg/ml PM2.5 for 12 h (Fig. 1D and E). CD47 mRNA 
expression was significantly higher in LLC cells following 
acute exposure to 500  µg/ml PM2.5‑induced RAW264.7 
supernatant compared with LLC cells treated with normal 
RAW264.7 supernatant (Fig.  1F). Sirp‑α expression was 
higher in RAW264.7 cells following exposure to 500 µg/ml 
PM2.5 (Fig. 1G). To determine the concentration of PM2.5 
to be used in the in vitro experiments, RAW264.7 cells were 
exposed to different concentrations of PM2.5 (50, 500, 2,000, 
4,000, 6,000, 8,000 µg/ml) for 3 h (37˚C). The results revealed 
that VEGF‑A mRNA expression only increased at 500 µg/ml, 
which indicated that this concentration was the most suitable 
for further experiments (Fig. S1).

Validation of the angiogenic and macrophage accumulation 
effects of PM2.5 in a PVA sponge implantation mouse model. 
Little is known regarding PM2.5‑regulated angiogenesis and 
macrophage accumulation in vivo. Therefore, a PVA sponge 
implantation mouse model, which exhibits features of mono-
cyte/macrophage localization and microvessel formation (22), 
was implemented. At 14 days following subcutaneous implan-
tation, sponges were excised and evaluated for macrophage 
localization, VEGF‑A mRNA expression and microvessel 
formation. Immunofluorescence staining for VEGF, F4/80+ 
and lectin in sponges revealed an increase in VEGF protein 
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release (indicated by VEGF; Fig. 2A), macrophage recruitment 
(indicated by F4/80+; Fig. 2A) and microvessel density (indi-
cated by Lectin; Fig. 2A) following exposure to 10 mg PM2.5 
(Fig. 2B). High VEGF‑A mRNA expression was indicated in 
sponges of the PM2.5 exposure group (Fig. 2C).

Pro‑angiogenesis and macrophage recruitment effects of 
PM2.5 in mice bearing LLC cells. A model of C57BL/6 mice 
bearing LLC cells was established to determine whether PM2.5 
directly promoted tumor growth in mice. Furthermore, clodro-
nate liposomes were used to decrease alveolar macrophages 

Figure 1. Role of macrophages in PM2.5‑induced angiogenesis in LLC cells. (A) Cytotoxicity of PM2.5 in RAW264.7 cell, H1299 cells, LLC and A549 cells 
treated with different concentrations of PM2.5 for 48 h was measured using MTT assays (n=4). (B) No significantly elevated expression of several angiogenic 
cytokines (VEGF‑A, MMP‑9, PDGF and bFGF) was identified in LLC cells following direct exposure to 500 µg/ml PM2.5 for 3 h. LLC cells treated without 
PM2.5 were used as a control. (C) Increased mRNA expression levels of angiogenic cytokines, including VEGF‑A, MMP‑9, PDGF and bFGF, in LLC cells 
was observed following exposure to 500 µg/ml PM2.5‑induced RAW264.7 supernatant for 3 h, using reverse transcription‑quantitative PCR assays. LLC cells 
treated without PM2.5‑induced RAW264.7 supernatant were used as a control. Data are presented as the mean ± SD of three independent experiments and 
were analyzed using ANOVA. **P<0.01 vs. control; ***P<0.001 vs. control. (D) Following exposure to 500 µg/ml PM2.5 for 3 h, increased VEGF‑A mRNA 
expression was observed in RAW264.7 cells. RAW264.7 cells treated without PM2.5 were used as a control. **P<0.01 vs. control. (E) Increased VEGF protein 
expression was detected in RAW264.7 supernatant following exposure to 500 µg/ml PM2.5 for 12 h. The OD value of VEGF was determined using ELISA. 
RAW264.7 cells treated without PM2.5 were used as a control. **P<0.01 vs. control. (F) CD47 mRNA expression was increased in LLC cells following expo-
sure to 500 µg/ml PM2.5‑induced RAW264.7 supernatant. LLC cells treated without PM2.5‑induced RAW264.7 supernatant were used as a control. ***P<0.001 
vs. RAW264.7 supernatant. (G) High expression levels of SIRP‑α were detected in PM2.5‑induced RAW264.7 cells. RAW264.7 cells treated without PM2.5 
were used as a control. Data are presented as the mean ± SD of three independent experiments and were analyzed using a t‑test. *P<0.05 vs. PM2.5 0 µg/ml. 
PM, particle matter; LLC, Lewis lung carcinoma; VEGF‑A, vascular endothelial growth factor A; MMP‑9, matric metallopeptidase 9; PDGF, platelet‑derived 
growth factor; bFGF, basic fibroblast growth factor; OD, optical density; SIRP‑α, signal regulatory protein α.
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in the model. This was confirmed using measurements of 
F4/80+ immunofluorescence (Fig.  3E  and  G). Tumor size 
(Fig. 3A and B) and weight (Fig. 3C) were demonstrated to 
be significantly higher in the 38.4 mg PM2.5 exposure group 
compared with in the control group. Tumor size and weight 
(Fig. 3A‑C) were also decreased in the clodronate group, in 
which macrophage were depleted compared with that in the 
38.4 mg PM2.5 exposure group. Immunofluorescence assays 
of tumor tissues demonstrated increased VEGF release 
(Fig.  3H), macrophage recruitment (indicated by F4/80+; 

Fig. 3H) and microvessel formation (indicated by CD31+ and 
α‑SMA; Fig. 3H) in the PM2.5‑exposed group compared with 
in the control group (Fig. 3I). Furthermore, once macrophages 
were depleted from using clodronate, the PM2.5‑induced 
pro‑angiogenic and macrophage recruitment effects were 
attenuated (Fig. 3H‑I). Additionally, hematoxylin and eosin 
staining of tumor tissues indicated increased vessel formation 
in the PM2.5 exposure group, and vessel formation decreased 
in the clodronate group compared with that in the 38.4 mg 

PM2.5 exposure group (Fig. 3F). Additionally, the results 
demonstrated that CD47 mRNA expression was increased 
in tumor tissues of the PM2.5 exposure group and decreased 
following the exposure of clodronate (Fig. 3D).

Macrophages are important in PM2.5‑induced LLC tumor 
progression in mice. To test whether macrophages serve a 
role in PM2.5‑induced lung cancer growth in vivo, a model 
of C57BL/6 mice bearing LLC cells was created. LLC 
cells were pre‑treated with PM2.5‑induced RAW264.7 
supernatant for 3  h prior to inoculation. Tumor volume 
(Fig. 4A and B) and weight (Fig. 4C) were revealed to be 
significantly higher in the tumor tissues of mice bearing 
LLC cells that were treated with 500 µg/ml PM2.5‑induced 
macrophage supernatant. Microvessel formation (indicated 
by CD31+; Fig. 4E), vascular smooth muscle cell accumula-
tion (indicated by α‑SMA; Fig. 4E), angiogenic‑associated 
protein release (indicated by VEGF; Fig. 4E) and macro-
phage recruitment (indicated by F4/80+; Fig. 4E) were also 

Figure 2. Pro‑angiogenic and macrophage recruitment effects of PM2.5 in a mouse sponge implantation model. (A) After sponges containing PM2.5 were 
implanted into C57BL/6 mice for 2 weeks, they were extracted and paraffin‑embedded for immunofluorescence analysis. Double staining for VEGF and 
F4/80+ was conducted to detect VEGF protein release and macrophage localization in sponge tissues. Lectin staining was conducted to detect microvessel 
density in sponges. Sponges without PM2.5 exposure were used as a control. Increases in macrophage recruitment, VEGF protein release and microvessel 
density were indicated in the PM2.5 exposure group. Scale bar, 50 µm. (B) Immunofluorescence staining for VEGF, F4/80+ and lectin was determined using 
ImageJ v5.0. Increased immunofluorescence for VEGF, F4/80+ and lectin was observed in the 10 mg PM2.5 exposure group compared with in. the control 
group. Data are presented as the mean ± SD and were analyzed by t‑test (n=4 mice in each group). (C) Increased VEGF‑A expression was indicated in the 
PM2.5 exposure group compared with the control group according to reverse transcription‑quantitative PCR. **P<0.01; ***P<0.001. PM, particle matter; 
VEGF, vascular endothelial growth factor.
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Figure 3. Pro‑angiogenic and macrophage accumulation effects of PM2.5 in a tumor‑bearing model. (A) LLC cells were inoculated into C57BL/6 mice for 
15 days, and intratracheal instillation normal saline or 38.4 mg PM2.5 was administered on days 7, 10 and 13. Tumor length and width were measured every 
other day beginning 7 days after LLC cell inoculation. Tumor volume was calculated using the following formula: Volume=Length x Width2 x0.5. Mice 
treated without PM2.5 were used as a control. *P<0.01 vs. control; #P<0.05 vs. 38.4 mg exposure group. (B) Tumor images were obtained after mice were 
euthanized on the fifteenth day of cell inoculation (n=4). (C) Tumor weight was highest in the 38.4 mg PM2.5 exposure group compared with the control and 
macrophage depletion groups. (D) Tumor tissue CD47 mRNA expression was measured using reverse transcription‑quantitative PCR. ***P<0.01 vs. control; 
##P<0.01 vs. 38.4 mg exposure group. (E) Clodronate liposomes or normal saline were intratracheally instilled to mice. F4/80+ immunofluorescence was used 
to test the efficiency of macrophage depletion. Scale bar, 100 µm. (F) Hematoxylin and eosin staining was used to observe angiogenesis in tumor tissues. 
Scale bar, 50 µm. Arrows indicated vessel. (G) Immunofluorescence quantification for F4/80+ cells was performed using ImageJ v5.0 software. The clodronate 
group exhibited decreased macrophage accumulation in lung tissues compared with the control group. Data are presented as the mean ± SD and were analyzed 
using a t‑test. (H) Increased macrophage recruitment, VEGF protein release and microvessel formation were detected in response to PM2.5 exposure. VEGF 
and F4/80+ staining indicated macrophage recruitment and angiogenic protein secretion. Microvessel formation in tumor tissues was examined using CD31 
and α‑SMA staining, which mark endothelial cells and vascular smooth muscle cells, respectively. Scale bar, 50 µm. (I) Immunofluorescence quantification 
for VEGF, F4/80+, CD31 and α‑SMA was performed using ImageJ v5.0 software. VEGF, F4/80+, CD31 and α‑SMA immunofluorescence were significantly 
increased in the PM2.5 exposure group compared with in the control group. Data are presented as the mean ± SD and were analyzed by one‑way ANOVA. 
**P<0.01 vs. control; ***P<0.001 vs. control; #P<0.05 vs. 38.4 mg exposure group; ##P<0.01 vs. 38.4 mg exposure group; ###P<0.001 vs. 38.4 mg exposure group. 
PM, particle matter; LLC, Lewis lung carcinoma; VEGF, vascular endothelial growth factor; α‑SMA, α smooth muscle actin; clodro, clodronate.
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indicated in the PM2.5‑induced supernatant group (Fig. 4F). 
Hematoxylin and eosin staining of tumor tissues indicated 
angiogenesis in the PM2.5‑induced supernatant group 
(Fig. 4G). Furthermore, the results indicated an increase 
in angiogenesis in the normal macrophage supernatant 
group, in which LLC cells were pre‑treated with normal 
RAW264.7 supernatant prior to inoculation, compared with 

that in the control group. However, this was lower than that 
in the PM2.5‑induced supernatant group. Increased CD47 
mRNA expression was demonstrated in the tumor tissues 
of PM2.5‑induced and normal macrophage supernatant 
groups, and the former exhibited higher CD47 expression 
compared with the normal macrophage supernatant group 
(Fig. 4D).

Figure 4. Macrophages mediated PM2.5‑induced lung cancer angiogenesis in a tumor‑bearing model. (A) LLC cells were exposed to RAW264.7 supernatant 
with or without PM2.5 for 3 h and xenografted into C57BL/6 mice for 15 days. Tumor volume was increased in the 500 µg/ml PM2.5‑induced RAW264.7 
supernatant group. ###P<0.001 vs. control; *P<0.05 vs. RAW264.7 supernatant group. (B) Tumor tissue images were obtained after mice were euthanized 
on day 15 of cell inoculation (n=4). (C) Tumor weight was significantly higher in the 500 µg/ml PM2.5‑induced RAW264.7 supernatant group compared 
with the control and RAW264.7 groups. ###P<0.001 vs. control; **P<0.01 vs. RAW264.7 supernatant group. (D) Increased mRNA expression levels of CD47 
were observed in the 500 µg/ml PM2.5‑induced RAW264.7 supernatant group compared with in the control group. *P<0.05 vs. control. (E) Staining for 
VEGF, F4/80+, CD31 and α‑SMA indicated the promotion of angiogenesis and macrophage accumulation in mice bearing LLC cells following exposure to 
500 µg/ml PM2.5‑induced RAW264.7 supernatant. Scale bar, 50 µm. (F) Immunofluorescence quantification was performed using ImageJ v5.0 software. 
Immunofluorescence for VEGF, F4/80+, CD31 and α‑SMA was significantly higher in the 500 µg/ml PM2.5‑induced RAW264.7 supernatant group compared 
with the control and RAW264.7 groups. Data are presented as the mean ± SD and were analyzed by one‑way ANOVA (n=4 mice in each group). ###P<0.001 vs. 
control; **P<0.01 vs. RAW264.7 supernatant group; ***P<0.001 vs. RAW264.7 supernatant group. (G) Hematoxylin and eosin staining revealed angiogenesis in 
tumor tissues. Scale bar, 50 µm. Arrows indicate vessel. PM, particle matter; LLC, Lewis lung carcinoma; VEGF, vascular endothelial growth factor; α‑SMA, 
α smooth muscle actin.



LI et al:  PM2.5 ACTS ON LUNG CANCER ANGIOGENESIS732

Discussion

Macrophages secrete a variety of inflammatory cytokines that 
are released into the tumor stroma and promote inflammation 
and angiogenesis in lung cancer (8,24). A recent study has 
demonstrated that PM2.5 mediates macrophage autophagy 
via activation of PI3K/AKT/mTOR signaling (25). Another 
study demonstrated that crosstalk between macrophages and 
lung cancer cells promotes the progression of lung cancer via 
C‑C motif chemokine receptor 2 and C‑X3‑C motif chemo-
kine receptor 1 (26). However, to the best of our knowledge, 
the mechanisms associated with macrophage regulation of 
PM2.5‑induced lung cancer promotion have not yet been 
determined. To assess the pro‑angiogenic concentration of 
PM2.5 in vitro, VEGF‑A mRNA expression was examined 
in RAW264.7 cells following short‑term exposure to a variety 
of PM2.5 concentrations. The results revealed that VEGF‑A 
expression was increased in RAW264.7 cells at a PM2.5 
concentration of 500 µg/ml (Fig. S1). Only the effects of PM2.5 
under acute exposure conditions were examined. Therefore, 
the results may change following chronic PM2.5 exposure. 
In the present study, no significant differences were observed 
between angiogenic cytokines in PM2.5‑induced LLC 
cells. Therefore, LLC cells were exposed to PM2.5‑induced 
RAW264.7 supernatant for 3 h and high expression of angio-
genic cytokines was measured. These findings suggested that 
macrophages are important in PM2.5‑mediated angiogenesis 
in lung cancer.

To test if this theory could be applied to in vivo models, 
a mouse sponge implantation model and an LLC cell xeno-
graft mouse model were created. After implanting sponges 
containing PM2.5 for 2 weeks to create a model in normal 
mice, macrophage accumulation, microvessel formation and 
mRNA expression levels of VEGF were revealed to increase 
in PM2.5‑induced sponges. Following tumor establishment in 
mice bearing LLC cells, it was observed that PM2.5‑induced 
lung cancer angiogenesis and growth were closely associated 
with macrophage activation, since mice bearing LLC cells 
exposed to PM2.5 or PM2.5‑induced RAW264.7 supernatant 
exhibited increased VEGF release, macrophage recruitment 

and angiogenesis in tumors. Interestingly, the present study 
also demonstrated that LLC cells treated with normal macro-
phage supernatant promoted tumor progression, and this 
may be associated with the production of pro‑angiogenic and 
pro‑inflammatory cytokines by macrophages in normal media. 
These results revealed that PM2.5 promoted angiogenesis in 
normal and lung cancer tissues, and macrophages were demon-
strated to serve an important role in this process. In the present 
study, the control group in the in vitro experiments received 
the same volume of PBS as the volume of PM2.5 extract. The 
same volume of normal saline as the volume of PM2.5 extract 
was used as the control in the in vivo experiments.

Furthermore, the present study examined macro-
phage‑mediated mechanisms, and the results revealed that the 
mRNA and protein expression levels of macrophage‑secreted 
VEGF were increased following PM2.5 exposure. The 
present study only demonstrated that CD47/Sirp‑α expression 
increased in in vivo and in vitro models. The specific role of the 
CD47/Sirp‑α signaling pathway in PM2.5‑induced lung cancer 
invasion requires further exploration, such as a CD47 knockout 
mice model. Therefore, the present study may provide a basis 
for studying the association between lung cancer progression 
and the CD47/Sirp‑α signaling pathway. Clodronate liposomes 
were used to deplete macrophages in mice bearing LLC cells, 
which may further indicate the mediation of macrophages. 
Therefore, the results demonstrated that macrophages may 
regulate PM2.5‑induced lung cancer progression by releasing 
VEGF and triggering the CD47/Sirp‑α signaling pathway.

Previous studies have demonstrated that macrophages 
function as significant regulators in the disease‑associated 
microenvironment and particularly in cancer  (27,28). The 
present study connected PM2.5 exposure to macrophage‑medi-
ated tumor progression, and the results demonstrated that 
PM2.5 may promote lung cancer in a macrophage‑dependent 
manner.

In summary, the present study demonstrated that PM2.5 
promoted lung cancer progression in vivo and in vitro, and 
macrophages were crucial in this process. As shown in previous 
studies, VEGF can induce cancer growth by promoting angio-
genesis, whereas the CD47/SIRP‑α signaling pathway is able 

Figure 5. Activated macrophages are significant in PM2.5‑induced lung cancer promotion. Angiogenic‑associated cytokine release and CD47/SIRP‑α signaling 
pathway activation may be involved in this process. PM, particle matter; VEGF, vascular endothelial growth factor; SIRP‑α, signal regulatory protein α.
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to increase tumor progression by affecting the phagocytosis of 
macrophages and inflammatory response in the tumor micro-
environment (10,18). The possible mechanisms by which this 
occurs may include macrophage‑associated cytokine release 
and CD47/Sirp‑α signaling pathway activation, but further 
evidence is required to support this hypothesis (Fig. 5). The 
specific association between VEGF release and CD47/SIRP‑α 
signaling pathway activation also requires further exploration. 
The present study may provide novel insights into the mecha-
nisms of PM2.5‑induced lung cancer progression and provides 
potentially novel targets for lung cancer treatment.
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