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Abstract. Inflammation is a potent promoter of tumor 
metastasis. The aim of the present study was to explore the 
function of systemic inflammation in the formation of lung 
metastasis of breast cancer cells in a mouse model. BALB/c 
mice were injected intraperitoneally with lipopolysaccharide 
(LPS) in order to establish an inflammatory animal model and 
4T1 murine breast cancer cells were injected through the tail 
vein to induce lung metastasis. The levels of proinflammatory 
cytokines were evaluated by ELISA. Metastases on the surface 
of the lungs were counted and histologically analyzed by 
hematoxylin and eosin staining. Angiogenesis in the lungs was 
examined by CD31 immunofluorescence. Mouse pulmonary 
endothelial cells (MPVECs) were isolated and used to assay 
endothelial tube formation and determine the protein expres-
sion levels of vascular endothelial growth factor (VEGF) 
in vitro. Serum levels of VEGF and prostaglandin E2 (PGE2), 
the number and size of metastatic lesions, and the expression 
levels of cyclooxygenase‑2 were significantly greater in the 
lungs of LPS‑treated mice, as compared with those in control 
mice threated with phosphate‑buffered saline. Blood vessel 
density was also markedly increased in the LPS‑treated mice. 
These increases were reversed by treatment with celecoxib. 
In vitro, the protein expression levels of VEGF produced by the 
PGE2‑treated cells were significantly increased in a concentra-
tion‑dependent manner. In addition, the production of VEGF 

was increased in response to treatment with the PGE2 receptor 
(EP2) agonist ONO‑AE1‑259‑01; however, this increase 
was abrogated by treatment with AH6809, an EP2 receptor 
antagonist. Treatment with PGE2 or VEGF alone promoted 
the tube formation of MPVECs and this effect was reversed 
by treatment with celecoxib. These results demonstrated that 
PGE2 may regulate the release of VEGF by MPVECs through 
the EP2 receptor pathway and thereby promoted pulmonary 
angiogenesis and breast cancer metastasis in a mouse model.

Introduction

Breast cancer is the most common malignancy in females and 
a critical cause of cancer‑associated mortality, second only to 
lung carcinoma (1). Metastasis, predominantly in the lung, is 
a leading cause of breast cancer mortality (2,3). Breast cancer 
metastasis is regulated not only by intrinsic genetic changes in 
malignant cells, but also by the tumor microenvironment, and 
emerging data have suggested a role for systemic inflamma-
tion in cancer metastasis (3).

Lipopolysaccharide (LPS) is a major structural component 
of the outer membrane of Gram‑negative bacteria and is a 
potent inducer of inflammation through the production of 
various cytokines, growth factors and inflammatory media-
tors (4‑7). Previous studies have shown that LPS may induce 
systemic inflammation and increase hepatic recruitment of 
cancer cells in mice (5,8,9). In addition, LPS‑induced inflam-
mation has been shown to increase the growth of experimental 
metastases in a murine tumor model and increase angiogen-
esis in vivo and in vitro (9). These findings were associated 
with increased vascular endothelial growth factor (VEGF) 
expression, vascular permeability and tumor cell inva-
sion/migration (6,10,11). Numerous studies have indicated that 
activation of Toll‑like receptor 4 signaling and the nuclear 
factor‑κB pathway are involved in increases of LPS‑induced 
metastasis in each process, including tumor cell adhesion and 
invasion (12,13). LPS was previously reported to upregulate 
the expression of metadherin, which has been shown to induce 
lung metastasis of 4T1 mammary tumor cells, and has been 
associated with tumor angiogenesis, including the expression 
of VEGF and increased microvessel density (14,15). These 
studies suggested that LPS may promote angiogenesis and 
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metastasis. However, the underlying mechanisms remain 
elusive. The present study used breast cancer cells to generate 
a metastasis model in LPS‑induced mice in order to investigate 
the underlying mechanisms by which LPS promotes metas-
tasis. Prostaglandin E2 (PGE2) is a metabolite of arachidonic 
acid derived via the cyclooxygenase pathway. In previous 
studies, PGE2 was found to play a major role in promoting 
tumor cell growth and correlate with malignant cell invasion 
(16). The present study therefore also evaluated the role of 
PGE2 in breast cancer metastasis.

Materials and methods

Reagents. Dulbecco's modified Eagle's medium (DMEM), 
penicillin‑streptomycin and 0.25% trypsin‑0.02% EDTA 
were obtained from HyClone Laboratories, Inc. (Logan, UT, 
USA); fetal bovine serum (FBS) was purchased from Gibco 
Life Technologies (Carlsbad, CA, USA); Matrigel™ was 
from BD Biosciences (San Jose, CA, USA); VEGF was from 
PeproTech, Inc. (Rocky Hill, NJ, USA); and prostaglandin E2 
(PGE2), LPS and celecoxib were all purchased from 
Sigma‑Aldrich (St. Louis, MO, USA). AH6809 was obtained 
from Cayman Chemical Company (Ann Arbor, MI, USA); 
and the prostaglandin E receptor (EP) agonists (EP1 receptor 
agonist ONO‑DI‑004, EP2 receptor agonist ONO‑AE1‑259‑01, 
EP3 receptor agonist ONO‑AE‑248 and EP4 receptor agonist 
ONO‑AE1‑329) were obtained from Ono Pharmaceutical 
Co, Ltd. (Osaka, Japan). Monoclonal anti‑cyclooxygenase‑2 
(COX‑2; 1:100) and monoclonal β‑actin (1:100) antibodies 
were purchased from Biosynthesis Biotechnology Co., Ltd. 
(Beijing, China) and monoclonal anti‑VEGF antibody (100 ng/
ml; 1:100; R&D Systems Inc., Minneapolis, MN, USA); and 
rat anti‑mouse CD31 (1:100) antibody was from Santa Cruz 
Biotechnology (Dallas, TX, USA).

Animals. A total of 50 female BALB/c mice, aged 6‑8 weeks 
(20‑22 g), were obtained from the Animal Center of Shandong 
University (Jinan, China) and equally assigned to five 
groups: Phosphate‑buffered saline (PBS) group, LPS group, 
PBS+4T1 group (PT group), LPS+4T1 group (LT group) and 
LPS+4T1+celecoxib group (LTC group). The mice were housed 
in five cages with a 12/12 h light‑dark cycle at 21‑22˚C. Food 
and water were available ad libitum. Mice were anesthetized 
with an injection of a 1:1 mixture of Hypnorm (fentanyl citrate, 
fuanisone; VetaPharma Ltd, Leeds, UK) and Midazolam 
(dormicum; Roche Diagnostics, Basel, Switzerland) prior to 
all procedures and sacrificed by a lethal dose of CO2, followed 
by cervical dislocation. Following sacrification, serum was 
collected from the mice and stored at ‑20˚C until further use. 
The lungs were harvested and stored at ‑80˚C or fixed with 4% 
formalin. All of the animal experiments were approved by the 
Institutional Animal Care and Use Committee at the animal 
facility of Shandong University (Jinan, China).

LPS treatment. The mice in the LPS, LT and LTC groups 
received intraperitoneal injection of 5 mg/kg LPS for three 
consecutive days. This concentration of LPS was sufficiently 
low to ensure survival of the mice. All of the mice were 
sacrificed four weeks after the final injection of LPS. The 
lungs were harvested and systemic inflammation was detected 

using hematoxylin and eosin (H&E) staining (Biosynthesis 
Biotechnology Co., Ltd). Lungs from the various groups of 
mice were dissected, fixed in 4% paraformaldehyde (Beijing 
Biosynthesis Biotechnology Co., Ltd., Beijing, China) for 48h, 
embedded in paraffin, cut into 3‑4‑µm sections and stained 
with H&E.

CD31 immunofluorescence analysis. Mouse lung tissues were 
cut into 5‑µm slices using a YD‑355 tissue slicing machine 
(Jihua Yidi Medical Appliance Co., Ltd, Jinhua, China) and 
fixed in 3% paraformaldehyde overnight, followed by treat-
ment with proteinase K (20 µg/ml). Rat anti‑mouse CD31 
antibodies were used as primary antibodies (1:50) and goat 
anti‑rat Alex‑555 Red (Invitrogen Life Technologies) anti-
bodies were used as the secondary antibodies (1:100). Slides 
were examined under a confocal microscope (LSM510; Carl 
Zeiss AG, Oberkochen, Germany). By scanning 10 sections 
(4‑5 µm distances) of each sample, three dimensional images 
of each tissue sample were assembled.

Experimental lung metastasis model. 4T1 murine breast 
cancer cells, purchased from the China Cell Culture Centre 
(Shanghai, China), were resuspended in FBS‑free DMEM 
(1x106 cells/ml), and 100  µl 4T1 cells were intravenously 
injected into each mouse of the PT, LT and LTC groups 
through the tail vein. Following injection, the mice in the LTC 
group received treatment with celecoxib (5 mg/kg/d by intra-
peritoneal injection, once per day) and the other two groups 
were treated with PBS for 4 weeks until sacrification. Lung 
metastatic tumors were counted and a pathological examina-
tion was performed.

Isolation of endothelial cells. Murine pulmonary endothelial 
cells (MPVECs) were isolated from the lungs of normal 
3‑4 week old female BALB/c mice. Once harvested, the lungs 
were rinsed in PBS and the visceral pleura were stripped. 
The lungs were minced into 1.0x1.0x1.0 mm3 tissue blocks 
and cultured in FBS for 30  min. The tissue blocks were 
then carefully placed in gelatin‑coated flasks (Biosynthesis 
Biotechnology Co., Ltd.) and cultured at 37˚C in an atmosphere 
containing 5% CO2 for 1 h. The flasks were kept inverted to 
ensure that the tissue blocks were well adhered to the bottom 
of the culture flasks. Subsequently, the flasks were reverted 
and DMEM containing 10% FBS was added. The lung tissue 
blocks were carefully removed after 60 h and the culture 
medium was replaced every other day. Cellular morphology 
was fusiform or a monolayered 'cobblestone' appearance, 
which is considered typical for endothelial cells (14).

Endothelial cell culture. MPVECs were grown in 0.1% 
gelatin‑coated culture flasks with DMEM supplemented with 
10% FBS and 100 U/ml penicillin‑streptomycin at 37˚C in a 
humidified atmosphere containing 5% CO2. The cells were 
passaged at a 1:3 ratio using 0.25% trypsin‑EDTA once 
grown to 90% confluence. Experiments were performed using 
subcultured cells between the third and sixth in vitro passages. 
MPVECs were serum‑deprived for 2 h in FBS‑free DMEM 
prior to treatment with various doses of PGE2 (0, 10, 100 and 
200 nM), AH6809 (10 µM) and EP receptor agonists (10 µM) 
for 24 h. The culture supernatants were collected following 
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centrifugation at 447.6 x g for 15 min and stored at ‑20˚C until 
further use.

Cell proliferation assay. The proliferation rate of 4T1 cells was 
determined using an MTT assay. The 4T1 cells were seeded in 
96‑well plates at a density of 1x105 cells/ml and treated with 
LPS once grown to 90% confluence. Following incubation 
with various concentrations of LPS (0, 10, 100 µg/ml) for 24 h 
or with 100 µg/ml LPS for various durations (0, 24, 48, 96 and 
120 h), 20 µl MTT (5 mg/ml; HyClone, Logan, UT, USA) was 
added to the wells and the plates were incubated at 37˚C for an 
additional 4 h. The reaction was terminated by lysing the cells 
with 200 µl dimethyl sulfoxide (HyClone) for 20 min, with 
agitation. The optical density (OD) of the cells was measured 
at 590 nm (ELx800; BioTek Instruments, Inc., Winooski, VT, 
USA) and the proliferation rate of the 4T1 cells was calculated. 
All experiments were repeated three times.

Measurement of cytokines by ELISA. VEGF and PGE2 levels 
in the animal serum samples, and supernatants of the treated 
monolayer MPVECs were quantified using VEGF and PGE2 
ELISA kits (R&D Systems, Inc.). All experiments were 
performed in accordance with the manufacturer's instructions. 
Standards and samples, in duplicate, were added to 96‑well 
plates pre‑coated with monoclonal antibody and incubated at 
room temperature for 2 h. The plates were then washed three 
times, 100 ng/ml biotinylated antibody was added and the 
plates were incubated for another 2 h at room temperature, 
followed by incubation with streptavidin‑horseradish peroxi-
dase for 20 min. Bound horseradish peroxidase was detected 
using tetramethylbenzidine, following the final wash with PBS. 
The reaction was terminated with stop solution and the OD 
was measured using a Dynatech MR5000 microplate reader at 
450 nm in order to quantify cytokine production.

Western blot analysis. Western blotting was performed to 
examine the protein expression levels of COX‑2 and VEGF 
in treated MPVECs, as well as in the lungs of treated mice. 
The cells were treated with various concentrations of PGE2 
in six‑well plates, washed with PBS and lysed on ice with 
80 µl/well lysis buffer (HyClone) for 30 min. The lysates were 
clarified by centrifugation at 15,000 x g for 30 min at 4˚C. The 
mouse lungs were lysed with radioimmunoprecipitation assay 
buffer (HyClone) and the protein samples from each group 
were collected and quantified using a Bicinchoninic Acid 
Quantification kit (HyClone), according to the manufacturer's 
instructions. Equal amounts of protein (40 µg) were added to 
the loading buffer (HyClone), boiled and separated by 10% 
SDS‑PAGE (BD  Biosciences), prior to being electropho-
retically transferred to polyvinylidene fluoride membranes. 
Following blocking with 5% skimmed milk, the membranes 
were incubated with anti‑COX‑2 antibody (1:1,000 dilution) or 
anti‑VEGF antibody (1:300 dilution) overnight at 4˚C, followed 
by incubation with anti‑rabbit secondary antibody for 1 h at 
room temperature. The blots were then exposed to enhanced 
chemiluminescence (ECL) film. The ECL kit, reagents and 
apparatus were purchased from Biosynthesis Biotechnology 
Co., Ltd. Chemiluminescence was detected using EpiChemi3 
Darkroom imaging system and LabWorks densitometry soft-
ware, version 4.6 (both from UVP Bioimaging, Upland, CA, 

USA). Data were corrected for background signal and normal-
ized to positive controls using RayBio Analysis Tool software 
(UVP Bioimaging).

MPVEC endothelial tube formation assay. A tube formation 
assay was used to determine the effects of celecoxib, PGE2 
and VEGF on angiogenesis of MPVECs. Matrigel™ (80 µl) 
was used to coat 24‑well plates, which were then incubated at 
37˚C for 30 min, for gelatinization. Serum‑deprived MPVECs 
were resuspended in FBS‑free DMEM (1x106 cells/ml) and 
600 µl cell suspension was seeded into each well. Following 
1  h incubation, the MPVECs were treated with VEGF 
(100 nM) and PGE2 (100 nM), alone or subsequently with 
celecoxib (10 µM). Culture plates were then incubated for 8 h 
and images of the tubules and branch points were captured. 
The number of tubular structures was counted at 10x magnifi-
cation in five randomly selected fields using a Zeiss Confocal 
LSM510 microscope (Carl Zeiss AG). The experiments were 
repeated three times.

Statistical analysis. Values are expressed as the mean ± stan-
dard deviation. One way analysis of variance was followed by 
the Bonferroni test for post hoc analysis to evaluate statistical 
significance. Data were analyzed using JMP version 6 (SAS 
Institute, Cary, NC, USA). P<0.05 was considered to indicate a 
statistically significant difference.

Results

LPS promotes lung metastasis of 4T1 cells. To investigate the 
effects of LPS on lung metastasis, 4T1 cells were intravenously 
injected into LPS‑treated and PBS‑treated mice through the 
tail vein. The mice were sacrificed after 14 days and a signifi-
cant increase in the incidence of lung metastasis was observed 
in the mice of the LT group (9/11), as compared with those in 
the PT group (5/11). Lung metastatic lesions were visualized 
by H&E staining. The number and size of metastatic lesions in 
LPS‑treated mice was significantly greater as compared with 
that in PBS‑treated mice (Fig. 1A‑D). 

LPS induces the production of VEGF and angiogenesis in 
lungs. The lungs of the LPS‑treated mice were edematous 
and enlarged as compared with the lungs of those treated 
with PBS (Fig. 1E and F). The blood vessels in the lungs of 
LPS‑treated mice appeared as primitive and dilated sinusoidal 
vascular structures, which consisted of disorganized, tortuous 
and interconnected vascular plexuses (Fig. 1G and H), as deter-
mined by CD31 immunofluorescence. Quantification analysis 
indicated that the total vessel density in the lungs was markedly 
increased in the LPS‑treated mice, as compared with that in 
the lungs of PBS‑treated mice (data not shown). The concen-
tration of VEGF in the serum of the mice was measured by 
ELISA and was significantly higher in the LPS‑treated group 
compared with that in the PBS‑treated group (214.3 pg/ml vs. 
64.1 pg/ml). Differences between the LPS and PBS groups 
were statistically significant (P<0.05; Fig. 1I‑K).

LPS does not influence the proliferation of 4T1 cells. 4T1 
cells were treated with LPS and the proliferation rate was 
determined using an MTT assay. There was no significant 

https://www.spandidos-publications.com/10.3892/mmr.2015.3258


LI et al:  INFLAMMATION FACILITATES LUNG METASTASIS IN BREAST CANCER 4457

Figure 2. Proliferation of 4T1 murine breast cancer cells, as determined by MTT assay. (A) 4T1 cells treated with various concentrations of LPS (0, 10 and 
100 µg/ml); (B) 4T1 cells treated with 100 µg/ml LPS for various durations (0, 24, 48, 96 and 120 h). PBS, phosphate‑buffered saline; LPS, lipopolysaccharide.

Figure 1. LPS promotes lung metastasis and induces angiogenesis in the lungs of a mouse model. (A) Metastases on the surface of the lungs in the PT group 
(treated with PBS and 4T1 murine breast cancer cells); (B) metastasis on the surface of the lungs in the LT group (treated with LPS and 4T1); (C) metastatic lesions 
in the lungs of the PT group (HE; magnification, x40); (D) metastatic lesions in the lungs of the LT group (HE; magnification, x40); (E) lungs of PBS‑treated 
mice; (F) lungs of LPS‑treated mice; (G) angiogenesis in the lungs of PBS‑treated mice (CD31 immunofluorescence; magnification, x40); (H) angiogenesis in 
the lungs of LPS‑treated mice; (I) incidence of lung metastasis (P<0.05); (J) number of metastatic lesions in the lungs (P<0.05); (K) VEGF levels (pg/ml) in the 
serum of PBS‑treated and LPS‑treated mice (P<0.05). PT group, treated with PBS+4T1 cells; LT group, treated with LPS+4T1 cells. LPS, lipopolysaccharide; 
PBS, phosphate‑buffered saline; HE, hematoxylin and eosin; VEGF, vascular endothelial growth factor.
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difference between the proliferative rate of 4T1 cells treated 
with various concentrations of LPS (10 and 100 µg/ml) and that 
of the PBS‑treated cells (Fig. 2A). In addition, the proliferative 
rate of the 4T1 cells treated with 100 µg/ml of LPS for various 
durations (0, 24, 48, 96 and 120 h) was not significantly altered 
(Fig. 2B).

Celecoxib reduces metastasis and angiogenesis in LPS‑treated 
mice. Anti‑COX‑2 treatment of the mice in the LT group was 
performed by intraperitoneal injection of celecoxib (5 mg/kg/d, 
once per day), from the final injection of LPS until the mice were 
sacrificed. Celecoxib significantly reduced lung metastasis 
in the tumor‑bearing mice (Fig. 3). Laser scanning confocal 
microscopy detected reduced numbers of CD31‑positive cells 
(red fluorescence) in the lungs of celecoxib‑treated LTC mice 
as compared with those in the mice in the LT group (Fig. 3E 
and F).

Celecoxib reduces LPS‑induced production of VEGF. To 
verify the effects of PGE2 in systemic inflammation‑induced 
metastasis, the circulating levels of PGE2 and VEGF in the 
LPS‑ and celecoxib‑treated mice were examined by ELISA. 
The concentration of PGE2 in the serum of LPS‑treated mice 
was significantly decreased in response to treatment with 
celecoxib, a selective COX‑2 inhibitor. These results were 
concordant with the levels of VEGF in the serum of LPS‑ 
and celecoxib‑treated mice (Fig. 4A). The release of VEGF 
by MPVECs into monolayer culture medium was evaluated 
by ELISA in order to determine whether PGE2 affected the 
production of VEGF in vitro. Following incubation of the cells 
with various concentrations of PGE2 (0, 10, 100, 200 nM) for 
24 h, the production of VEGF was significantly increased in a 
concentration‑dependent manner (Fig. 4C). Furthermore, the 
production of VEGF was increased almost linearly from the 
first (4 h) to the last time‑point assessed (48 h) in response 

to culturing with PGE2 (100 nM)  (Fig. 4D). Western blot 
analysis showed that protein expression levels of VEGF in the 
PGE2‑treated cells were increased in a concentration‑depen-
dent manner in PGE2‑treated MPVECs as compared with 
those in the control cells (Fig. 4E).

Treatment with celecoxib inhibits VEGF‑induced angiogen‑
esis in vitro. Treatment with PGE2 or VEGF alone promoted 
tube formation by MPVECs on MatrigelTM, whereas treatment 
with celecoxib reduced the number of branch points and the 
total tube length. Treatment with PGE2 also attenuated the 
celecoxib‑induced inhibition of tube formation. However, 
simultaneous treatment with celecoxib reduced tube formation 
in the VEGF‑treated MPVECs, as compared with that in the 
control group (Fig. 5).

LPS induces the production of VEGF via the PGE2‑EP2 
pathway. Four specific EP receptor agonists were used to 
stimulate MPVECs and the resulting release of VEGF into 
the monolayer culture medium was quantified by ELISA. 
Following incubation for 24  h, the EP2 receptor agonist 
ONO‑AE1‑259‑01 (10 µM) significantly increased the produc-
tion of VEGF, which was significantly alleviated to levels 
similar to those in the control group in response to treatment 
with the EP2 receptor antagonist AH6809 (10 µM). However, 
EP1 receptor agonist ONO‑DI‑004, EP3 receptor agonist 
ONO‑AE‑248 and EP4 receptor agonist ONO‑AE1‑329 had no 
significant effect on the production of VEGF (P>0.05; Fig. 6).

Discussion

The results of the present study demonstrated that the inci-
dence of lung metastasis and the number of metastatic lesions 
was significantly increased in the lungs of LPS‑treated mice as 
compared with those in PBS‑treated mice. It may therefore be 

Figure 3. Celecoxib treatment reduces metastasis and angiogenesis in LPS‑treated mice. (A) Lung of LT mouse; (B) lung of LTC mouse; (C) metastatic 
lesions in the lung of LT mice (HE; magnification, x40); (D) metastatic lesions in the lung of LTC mice (HE; magnification, x40); (E) angiogenesis in LT 
group (CD31 immunofluorescence; magnification, x40); (F) angiogenesis in LTC group; (G) number of metastatic lesions in the lungs of LPS‑treated mice 
and anti‑cyclooxygenase‑2 Cele‑treated mice (*P<0.05). LT group, treated with LPS+4T1 cells; LTC group, treated with LPS, 4T1 cells and celecoxib. LPS, 
lipopolysaccharide; HE, hematoxylin and eosin; Cele, celecoxib.
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suggested that inflammation induced by LPS increases metas-
tasis. Compared with the PBS‑treated mice, the vessel density 
in the lungs of the LPS‑treated mice was markedly increased, 
thus suggesting that an inflammatory milieu alongside angio-
genesis may be responsible for attracting the 4T1 metastatic 
cells to the lung microenvironment. Inflammation may 
instigate cancer initiation and progression through increasing 
levels of pro‑inflammatory mediators, including cytokines, 
chemokines and transcription factors that mediate tumor cell 
proliferation, metastasis, invasion and angiogenesis (17‑19). To 
investigate the possible mechanisms by which LPS enhances 
lung metastasis, the proliferative activity of 4T1 cells was 
determined, with or without LPS treatment. No significant 
difference was observed in the rate of cellular proliferation 
following treatment with LPS at various concentrations and 
time‑points. This excluded the possibility of LPS inducing 
metastasis through altering the proliferation of cancer cells.

The present study showed that the concentration of VEGF 
in the serum was markedly increased in LPS‑treated mice as 

compared with that in PBS‑treated mice. This suggested that 
LPS‑induced angiogenesis and metastasis in the lungs may 
be associated with a high expression of VEGF in the inflam-
matory mouse model. VEGF was initially identified as a 
vascular permeability factor in the supernatant of a tumor cell 
line (20,21) and was subsequently reported as a growth factor 
with mitogenic effects on vascular endothelial cells (22,23). 
VEGF and its receptors are involved in tumor formation 
and distant metastasis (24). VEGF promotes endothelial cell 
survival and regulates migration, permeability and prolif-
eration of blood vessels (25,26), which is critical in tumor 
angiogenesis and metastasis (27).

PGE2 is a metabolite of arachidonic acid derived from the 
COX pathway (28,29). Sakurai et al (30) previously reported 
that activation of COX‑2 stimulated angiogenesis in the ovarian 
corpusluteum, and the effect of PGE2 was shown to overcome 
the inhibition of angiogenesis by COX‑2 inhibitors (16,31). 
Furthermore, VEGF has been shown to enhance the production 
of PGE2 by stimulating COX‑2 and membrane‑associated PGE 

Figure 4. (A) PGE2 and VEGF concentration (pg/ml) in the serum of lipopolysaccharide (LPS)‑treated tumor‑bearing mice and celecoxib‑treated mice 
(*P<0.05); (B) COX‑2 protein expression levels in the lungs, quantified by western blotting; (C) VEGF production in the supernatant of MPVECs treated with 
various concentrations of PGE2 (0, 10, 100 and 200 nM) for 24 h (*P<0.05); (D) VEGF production in the supernatant of MPVECs treated with PGE2 (100 nM) 
for various durations (0, 4, 8, 12, 24 and 48 h); (E) VEGF protein expression levels in MPVECs treated with PGE2, as determined by western blotting. PBS, 
phosphate‑buffered saline; PGE2, prostaglandin E2; COX‑2, cyclooxygenase‑2; MPVECs, murine pulmonary endothelial cells; VEGF, vascular endothelial 
growth factor.
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synthase‑1 expression, and PGE2 concurrently induced VEGF 
expression in rat ovarian luteal cells (32). Nakanishi et al (27) 
reported that PGE2 stimulated the release of VEGF from 
human lung fibroblasts. It was therefore hypothesized that 
PGE2 may exert a similar effect and serve as a mediator in 
the release of VEGF by pulmonary endothelial cells. The 
present study showed that the differences in the serous levels 
of VEGF between the PBS, LPS and celecoxib‑treated groups 

were concordant with PGE2 levels and COX‑2 expression. 
In vitro, PGE2 treatment increased the production of VEGF 
in MPVECs in a concentration‑dependent manner. Therefore, 
the results of the present study verified that PGE2 promotes 
the expression of VEGF in lung endothelial cells.

Angiogenesis is a process whereby new blood vessels grow 
from existing vessels (33,34), which is an important function 
of endothelial cells. PGE2 has previously been reported to 

Figure 6. VEGF concentration in monolayer culture medium following treatment of murine pulmonary endothelial cells with four EP receptor agonists and 
EP2 receptor antagonist AH6809 (*P<0.05). VEGF, vascular endothelial growth factor; EP, prostaglandin E receptor.

Figure 5. Tube formation assay on BD MatrigelTM. MPVECs were treated VEGF or PGE2 alone or subsequently with celecoxib for 8 h. (A) DMEM; (B) PGE2; 
(C) VEGF; (D) celecoxib; (E) celecoxib+PGE2; (F) PGE2+celecoxib; (G) VEGF+celecoxib; (H) VEGF+celecoxib+PGE2; (A‑H) magnification, x200. 
(I) Total number of the tubular structures in photographed fields. D, DMEM; P, PGE2; V, VEGF; C, celecoxib. DMEM, Dulbecco's modified Eagle's medium; 
PGE2, prostaglandin E2; MPVECs, murine pulmonary endothelial cells; VEGF, vascular endothelial growth factor.

https://www.spandidos-publications.com/10.3892/mmr.2015.3258


LI et al:  INFLAMMATION FACILITATES LUNG METASTASIS IN BREAST CANCER 4461

mediate tumor angiogenesis through numerous mechanisms, 
including increasing the production of VEGF  (35,36). In 
the present study, a tube formation assay was conducted 
with MPVECs in order to demonstrate the role of PGE2 in 
tumor angiogenesis. Treatment with PGE2 or VEGF alone 
promoted tube formation, and these effects were decreased 
by celecoxib treatment. Furthermore, PGE2 counteracted 
the celecoxib‑induced inhibition of VEGF‑stimulated tube 
formation. These results suggested that VEGF promotes 
angiogenesis by MPVECs via the PGE2 pathway.

PGE2 exerts its functions through four G protein‑coupled 
receptors with distinct signaling properties  (37). EP1 is 
associated with Gq protein, and upon stimulation, causes an 
increase in intracellular Ca2+ and subsequent protein kinase C 
activation (38,39). The EP2 and EP4 receptors couple to Gs 
and protein kinase A/adenyl cyclase and mediate elevations 
in intracellular cyclic adenosine monophosphate, whereas 
the EP3 receptor couples to Gi and decreases concentrations 
of cyclic adenosine monophosphate (40‑42). To identify the 
specific EP receptor involved in the release of VEGF, the 
present study treated MPVECs with four EP receptor agonists. 
Only ONO‑AE1‑259‑01, a specific EP2 receptor agonist, 
showed an effect similar to that of PGE2, and the specific EP2 
receptor antagonist AH6809 counteracted this effect. This 
indicated that the EP2 receptor participates in regulating the 
release of VEGF by the PGE2 pathway.

In conclusion, LPS promoted lung metastasis of breast 
cancer by inducing elevated VEGF production, increased 
vessel density and angiogenesis of MPVECs via the PGE2 
pathway. Therefore, treatment with a PGE2 inhibitor or 
prostaglandin‑EP2 receptor antagonist may provide a novel 
approach for the prevention and treatment of tumor metastasis.
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