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Abstract

Background: Inflammatory response and inflammation-induced vascular hyper-permeability were established leading to
the abnormalities of the pulmonary microenvironment in pre-metastasis stage of breast cancer. Ruyiping is a commonly
used compound drug for clinical treatment of breast cancer metastasis, and Platycodon grandiflorum is mainly used
to treat pulmonary inflammatory diseases. Therefore, this study used ruyiping combined with Platycodon grandiflorum
(abbreviated as RP) to investigate their inhibitory effect on pre-metastatic microenvironment of lung in 4T| tumor-
bearing mice. Study Design and Methods: The permeability of lung tissue was detected by Evans blue method. The
localization of SIO0A8/A9 in lung tissue was obtained by double-labeling immunofluorescence staining. The level of
fibrinogen in pre-metastatic microenvironment of lung as well as the levels of pro-inflammatory factors (interleukin
[IL]-1B and IL-6) and chemokines (CXCL2 and CXCL5) in bronchoalveolar lavage fluid was detected by ELISA (enzyme-
linked immunosorbent assay). Results: From the experimental results, RP could protect the integrity of microvascular,
inhibit the release of SIO0A8/A9, reduce the extravasation of fibrinogen, and decrease the expressions of IL-1f, IL-6,
CXCL2, and CXCL5. Conclusions: RP could inhibit the extravasation of fibrinogen by protecting pulmonary vascular
integrity and then interrupted its interaction with carcinoma in situ, thereby inhibiting the formation of inflammatory
pre-metastatic microenvironment.
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Introduction The pre-metastatic environment has several characteristics,
including angiogenesis, vascular permeability, extracellular
matrix remodeling, chronic inflammation, and immunosup-
pression, which together make the lung more conducive to tumor
cell colonization and promote metastasis.” Chronic inflamma-
tion was an important driver of tumor metastasis, which
recruited bone marrow—derived cells and circulating tumor
cells to the distal target organs.” Our previous experiments

Lung metastasis is the most common distal organ metas-
tasis of breast cancer, and it is also the leading cause of
death in patients.' Recent studies showed that the micro-
environment before metastasis played an important role
in the process of tumor metastasis to the lungs.>* A new
series of evidence on the “pretransfer microenvironment
theory” suggested that the interactions between tumor
cells and the target organ microenvironment had occurred
before the tumor cells reached the target organ, and that
primary tumors secreted a variety of cytokines and che-
mokines, which recruited hematopoietic progenitor cells, | ! ! » )
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confirmed that inflammatory response and inflammation-
induced vascular hyperpermeability was established leading to
abnormalities of the pulmonary microenvironment.® Therefore,
improving the microenvironment before metastasis by reliev-
ing inflammation may be a new way to inhibit the occurrence
of lung metastasis in breast cancer.

Platycodon grandiflorum (PG) is a common medicinal
and edible plant. Its roots are widely used in traditional
Chinese medicine, mainly for the treatment of lung diseases
such as phlegm elimination, cough relief, and inflammation
reduction. PG contains many active ingredients, such as ste-
roidal saponins, flavonoids, phenolic acids, and sterols, of
which saponins as the main active compounds have good
antioxidant, anti-inflammatory, and anti-apoptosis pharma-
cological effects.”"" In addition, our previous in vitro experi-
ments showed platycodin D, the main triterpene saponin of
PG, inhibited S100A8/A9-induced inflammatory response
in 4T1 cells by suppressing the expression of interleukin-6
(IL-6), IL-1B, and tumor necrosis factor-o. (TNF-o) via inhi-
bition of nuclear factor kB (NF-kB) signaling pathways.'
Ruyiping (RYP) is a commonly used compound traditional
Chinese drug for clinical treatment of breast cancer metasta-
sis in our hospital. RYP consists of 5 Chinese herbal medi-
cines, which are 12 g Iphigenia indica Kunth, 12 g Curcuma
zedoary, 12 g nidus vespae, 12 g semen coicis, and 9 g ake-
bia fruit. Therefore, this study used RYP combined with PG
(abbreviated as RP) to investigate their inhibitory effect on
mice before metastasis of breast cancer.

Materials and Methods
Cell Culture

Mouse breast cancer 4T1 cells were purchased from the
Cell Bank of Type Culture Collection of the Chinese
Academy of Sciences (Shanghai, China). The cells were
cultured in 10% fetal bovine serum (Gibco-Invitrogen, New
York, NY) containing 1640 medium (with 100 U/mL peni-
cillin and 100 pg/mL streptomycin added) at 37°C in a 5%
CO, humidified incubator.

Experimental Animals

Female BALB/c mice, aged 5 weeks, were purchased from
SLAC Laboratory Animal Co Ltd (Shanghai, China) and
raised throughout under standard conditions (24 + 2°C tem-
perature, 50 = 10% relative humidity, and a 12 hour-light/12
hour-dark cycle) in specific-pathogen—free level in the
Department of Experimental Animal Science, Fudan
University. The mice were allowed to acclimate for 1 week
before inoculation and were fed with clean water and food
until the day before sacrifice. All animal experiments were
conducted following the animal experimental guidelines set
by the National Institutes of Health Guide for the Care and
Use of Laboratory Animals.

Chinese Medicine Prescription and Dosage

RP consisted of 6 kinds of traditional Chinese medicines,
which were 12 g Iphigenia indica Kunth, 12 g Curcuma
zedoary, 12 g nidus vespae, 12 g semen coicis, 9 g akebia
fruit, and 6 g P grandiflorum. All of the above Chinese
medicines came from the Chinese Medicine Department of
Longhua Hospital (Shanghai, China).

Animal Grouping

The mice were divided into 4 groups, which were the blank
group, tumor group, low-dose group, and high-dose group,
with 5 mice in each group. According to the equivalent dose
of human and mouse, " the dosage in low-dose group was
5.67 g/kg/day, and that of high-dose group was 22.68 g/kg/
day. The blank group and tumor group were fed with clean
water of the same volume. The administration began on the
day after inoculation, and ended before the execution.

Pre-Metastatic Model of Breast Cancer

The 4T1 cells in logarithmic growth period were selected
and the cell suspension concentration was adjusted to 2 x
10° cell/mL. Then the cells were inoculated 0.1 mL per
mouse on the fat pad of the fourth nipple on the right side of
BALB/c mice in aseptic condition. Based on previous
results, it was determined that the time for pre-metastatic
model of breast cancer was 14 days.*"

Detection of Permeability of Mouse Lung Tissue
by Evans Blue (EB) Method

The mice in each group were injected with 20 pg/ul. EB
(Sigma-Aldrich, St Louis, MO) in the tail vein, and the injec-
tion volume was 200 pL. The eyes, ears, and limbs of the mice
immediately turned blue after the injection. After 4 hours, the
mice were intraperitoneally injected with pentobarbital
sodium. The right ventricle was injected with 10 mL of normal
saline to wash the lungs. The left lung was weighed and
immersed in the formamide solution at a ratio of 100 mg lung
weight/3 mL formamide. The tissue homogenate was extracted
in a water bath at 60°C for 16 hours, centrifuged at 12 000g for
10 minutes, and the absorbance value was measured at 620 nm
using a microplate reader (Synergy H1, BioTek).

Detection of Localization and Expression
of SI00A8/A9 in Mouse Lung Tissue by
Immunofluorescence

After 14 days of inoculation, mice were anesthetized with
5 mg/mL pentobarbital sodium intraperitoneally, and the
anesthetic dosage was 50 mg/kg. The left lung was infused
with 4% formaldehyde for 5 minutes. After perfusion, the
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lung tissue was fixed in 4% formaldehyde. The tissue was
embedded and cut into slices. The slices were roasted at
60°C for 1 hour, dewaxed with xylene for 30 minutes,
rinsed with gradient ethanol, and incubated with 3% HO,
for 10 minutes. After the slices were blocked by bovine
serum albumin, they were incubated overnight with
S100A8/A9 primary antibody (1:100, Abcam, Cambridge,
UK) overnight at 4°C. The slices were added to Alexa
Fluor 488 fluorescent secondary antibody (1:200, Yeasen,
Shanghai, China) and incubated for 60 minutes at 37°C.
Finally, the slides were stained with DAPI (Beyotime
Biotechnology, Jiangsu, China) and observed by the LSM
800 confocal laser scanning microscopy (Zeiss, Germany).

Detection of Fibrinogen Expression in Mouse
Lung Tissue by ELISA (Enzyme-Linked
Immunosorbent Assay)

Treatment of lung tissue and detection of fibrinogen were
performed according to the procedures of the instructions
(Abcam, Cambridge, UK). Briefly, 150-mg (wet weight)
lung tissue was added with 500 pL precooled 1* cell extrac-
tion buffer. The homogenate was incubated on ice for 20 min-
utes and centrifuged at 18000g for 20 minutes at 4°C. The
supernatant was collected and the protein concentration was
measured by the BCA method (Beyotime Biotechnology).
The supernatant was diluted to the appropriate concentration
with 1* cell extraction buffer PTR. Fifty microliters of stan-
dards and samples were added to each well. Fifty microliters
of antibody cocktail were added and incubated at room tem-
perature for 1 hour. Each well was washed 3 times with wash
buffer PT, 100 pL of TMB substrate was added, and incu-
bated for 10 minutes in the dark. Hundred microliters of stop
solution was added and the optical density was determined
using a microplate reader (Synergy H1) set to 450 nm.

Collection of Bronchoalveolar Lavage Fluid
(BALF)

The 18 G indwelling needle was inserted into the trachea
and lavaged with 400 uL of frozen saline for 3 times. The
obtained lavage fluid was centrifuged at 1000g for 10 min-
utes at 4°C. Finally, the supernatant is stored for protein
detection. Total protein in BALF was determined by BCA
Kit (Beyotime Biotechnology).

Detection of Chemokine (C-X-C motif) Ligand
2 (CXCL2) and CXCL5 Expression in BALF by
ELISA

Chemokines including CXCL2 and CXCLS in BALF were
determined using ELISA kits (R&D System, Minneapolis,
MN) according to the instructions. For mouse CXCL2, a
96-well microplate was coated with 100 pL per well of the

capture antibody. The plate was sealed and incubated over-
night at room temperature. The plate was blocked by adding
300 pL of reagent diluent and incubated for 1 hour. Hundred
microliters of samples or standards was added and incubated
for 2 hours. Hundred microliters of the detection antibody
was added and incubated for 2 hours. Hundred microliters of
streptavidin-horseradish peroxidase was added and incubated
for 20 minutes. Hundred microliters of substrate solution was
added and incubated for 20 minutes. Fifty microliters of stop
solution was added, and the optical density was determined
using a microplate reader (Synergy H1) set to 450 nm.

For mouse CXCLS5 immunoassay, 50 uL of assay diluent
RDI1W was added to each well. Fifty microliters of standards,
control, or samples were added and incubated at room tem-
perature for 2 hours. After being aspirated and washed, 100 pL
of mouse CXCLS5 conjugate was added and incubated for 2
hours. Hundred microliters of substrate solution was added
and incubated for 30 minutes. Hundred microliters of stop
solution was added and the optical density was determined
using a microplate reader (Synergy H1) set to 450 nm.

Detection of IL-1P and IL-6 Expression in BALF
by ELISA

The expression levels of IL-1 and IL-6 in BALF were mea-
sured using ELISA kits (Beyotime Biotechnology) according
to the instructions. Hundred microliters of standards and sam-
ples were added and incubated at 37°C for 2 hours. Hundred
microliters of labeled antibody working solution was added
and incubated at 37°C for 1 hour. Hundred microliters of strep-
tavidin-horseradish peroxidase was added and incubated for
30 minutes. Ninety microliters of TMB substrate solution was
added and incubated at 37°C for 20 minutes. Fifty microliters
of stop solution was added and the optical density was deter-
mined using a microplate reader (Synergy H1) set to 450 nm.

Statistics

The experiments were repeated 3 times or as indicated by
special instructions. The results were expressed as mean +
standard deviation. The data were processed by SPSS18.0
statistical software and the differences among and between
groups were analyzed with 1-way analysis of variance fol-
lowed by Dunnett’s post hoc test. P < .05 was considered
statistically significant.

Results

RP Protected the Integrity of Pulmonary

Vasculature in Pre-Metastatic Microenvironment

of Lung

The level of EB leakage represents the permeability of pul-

monary capillaries. The greater the amount of EB leakage,
the higher the vascular permeability, the worse the integrity
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Figure 1. RP reduced the level of EB leakage in pre-metastatic
microenvironment of lung. The mice were injected with 200
pL of 20 pg/uL EB solution 4 hours before the lung tissue was
removed. The lung homogenate was extracted with formamide
and the absorbance at a 620 nm was measured. The level of

EB leakage in the lung tissue was calculated from the standard
curve. Each bar represents mean = SD (n = 5), and P values
were obtained with |-way ANOVA followed by Dunnett’s post
hoc test. *P < .05.

of the blood vessels, and the more severe the vascular dam-
age. As can be seen from Figure 1, compared with the blank
group, the EB leakage of the tumor group increased signifi-
cantly, about 3.8 times that of the blank group, indicating
that the integrity of the pulmonary vasculature has been
impaired before breast cancer metastasis. The RP low-dose
group had no significant improvement on EB leakage (P >
.05), but the integrity of pulmonary capillaries was effec-
tively protected after treatment of RP high-dose (P < .05).

RP Reduced the Release of SI00A8/A9 in Pre-
Metastatic Microenvironment of Lung

In the current study, we attempted to investigate l00A8/A9
as it has been identified as a potential upstream participant
in the inflammatory process. From the experimental results,
we found that ST00A8/A9 was released into the extracellu-
lar space in the lung tissue of 4T1 tumor-bearing mice
(Figure 2). However, the extracellular SIO0A8/A9 in the
lung tissue of the blank mice was at a low level (Figure 2).
These findings indicated that S100A8/A9 was actually
actively increased and released into the extracellular space
during the pre-metastatic phase of breast cancer. Our previ-
ous studies have found that the inflammatory response
causes abnormal changes in the lung microenvironment
before the metastasis.” In the present study, the S100A8/A9
complex was released and exerted its proinflammatory
effect, which is consistent with our previous conclusions.
After intervention with RP, we found that the low-dose
group of RP did not reduce the release of SI00A8/A9 in
lung tissue (Figure 2). However, from the high-dose group,

the effect of the administered intervention began to appear.
The high-dose group demonstrated an obvious reduction
effect of SIO0A8/A9 release (Figure 2).

RP Reduced the Expression Level of Fibrinogen
in Pre-Metastatic Microenvironment of Lung

It can be seen from the experimental results (Figure 3) that
the expression level of fibrinogen in the lung tissue of the
mice inoculated with 4T1 was about 4 times that of the blank
control group, and there was a statistically significant differ-
ence (P <.05). As an important inflammatory marker, fibrin-
ogen indicated that the lung of the tumor-bearing mouse was
already in an inflammatory state before the lung metastasis,
which is very attractive for circulating tumor cells."*

After RP administration, the expression level of fibrino-
gen in lung tissue decreased (Figure 3). The low-dose group
showed a decreasing trend but no statistical difference (P >
.05). The expression level of fibrinogen in the high-dose
group of RP decreased significantly (P <.05).

RP Reduced the Expression Level of Total
Protein in BALF

The expression level of total protein in BALF can also
reflect the permeability of lung tissue. Compared with the
blank group, the protein expression of BALF in the tumor
group was increased by 2.5 times (Figure 4). After RP
administration, the total protein content in BALF
decreased, especially in the high-concentration group (P
< .05; Figure 4). This indicated that RP significantly
inhibited protein leakage in lung tissue before lung metas-
tasis in tumor-bearing mice, and reduced pulmonary vas-
cular permeability. This result was consistent with the
results of the EB leakage experiment.

RP Reduced the Expression Levels of IL-13 and
IL-6 in BALF

The inflammation-related factors IL-6 and IL-18 played an
important role in the formation of the pre-metastatic micro-
environment and tumor metastasis. IL-6 controlled the mor-
phological changes of tumor cells, participated in
epithelial-mesenchymal transition, and affected the migra-
tion and invasion of tumor cells.”” IL-1B was one of the
most important members of the IL-1 family. It mediated the
important process of inflammation and was also one of the
important components in the inflammatory microenviron-
ment.'® From the results of the ELISA experiment (Figure
5), we could see that compared with the blank group, the
IL-6 and IL-1P in BALF of the tumor-bearing mice were
significantly increased (P < .05). After the intervention of
RP administration, the expression levels of these 2 proteins
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Figure 2. RP reduced the release of SI00A8/A9 in pre-metastatic microenvironment of lung. The localization of SI00A8/A9 in lung
tissue was obtained by double-labeling immunofluorescence staining of paraffin sections of lung tissue. Imaging shown is representative
of 3 experiments with similar results. Green, SI00A8/A9; Blue, nucleus; Scale bar, 100 pm.

decreased (Figure 5). The change in the RP low-dose group
was still not obvious (P > .05), but the expression levels of
these 2 proteins in the RP high-dose group were markedly
decreased (P < .05).

RP Reduced the Expression Levels of CXCL2
and CXCL5 in BALF
Compared with the blank group, the expressions of CXCL2

and CXCLS in BALF of the tumor group were significantly
increased (P < .05; Figure 6). After RP administration, the

expression of CXCL2 and CXCLS5 in BALF in the low-dose
group was lower than that in the tumor group, but it was not
statistically significant (P > .05; Figure 6). The high dose of
RP had a much greater effect on CXCL2 and CXCL5 in
BALF, and the expressions of these 2 chemokines were sig-
nificantly reduced (P < .05; Figure 6).

Discussion

The development and metastasis of breast cancer is a com-
plex process in which the interaction between tumors and
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Figure 3. RP reduced the expression level of fibrinogen in
pre-metastatic microenvironment of lung. The expression level
of fibrinogen was detected by ELISA. Each bar represents mean
+ SD (n = 5), and P values were obtained with |-way ANOVA
followed by Dunnett’s post hoc test.*P < .05.

400+

w

[=3

o
1

Total protein in BALF
(ng/mL)
= N
[=] [=]
< <2

0-

¥ RN RS
S O .
& & ¥

Figure 4. RP reduced the expression level of total protein in
BALF. The whole lung of the mice was lavaged, the BALF was
collected, and the total protein concentration in the BALF was
measured by the BCA method. Each bar represents mean +
SD (n = 5), and P values were obtained with |-way ANOVA
followed by Dunnett’s post hoc test. *P < .05.

distant metastatic target organs is complicated. Many
researchers, including ourselves, have confirmed that the
microenvironment in the lungs has changed before the lung
metastasis of breast cancer.*'"'® This change was to allow
the circulating tumor cells to be retained, extravasate, and
grow in the lung tissue better and more efficiently.
S100A8/A9 is significantly elevated in a variety of
inflammatory processes and this protein complex has been
used as a biomarker of inflammation for many years.
Secreted SI00A8/S100A9 proteins have also been impli-
cated in cancer growth'*?" and in the establishment of a
favorable environment for metastasis by promoting the
migration of monocytes and tumor cells to metastatic

sites.>?' Once secreted into the extracellular space, S100A8/
A9 acts as a chemical attractant, recruiting more inflamma-
tory cells and producing an inflammatory microenviron-
ment that promotes tumor development.”? Hiratsuka et al
reported that the expression levels of SIO0AS and S100A9
were higher in the lungs than in other organs (such as the
liver and kidney) and that the higher levels were induced by
primary tumors.” Our previous studies found that the
inflammatory role of extracellular S100A8/A9 induced
abnormal microenvironment of lung tissue before metasta-
sis.'? Those findings together with our findings suggested
that ST00A8/A9 might act as a guiding protein for cancer
cells to metastasize to the lung.

In several chronic inflammatory disorders, SI00A8/A9
could amplify pro-inflammatory responses by promoting
leukocyte migration and inducing the release of cytokines
and chemokines.””* IL-1f and IL-6 were important inflam-
matory biomarkers, which were also closely related to the
development and metastasis of breast cancer. Our in vitro
study demonstrated that the recombinant protein SI00A8/
A9 significantly mobilized the expressions of pro-inflam-
matory cytokines including IL-1p, IL-6, and TNF-o in 4T1
cells."” A recent study provided evidence for a role of
S100A8 and S100A9 in the secretion of IL-6, TNF-a, and
IL-1B through the production of reactive oxygen species,
which activates the transcription factor NF-xB in peripheral
blood mononuclear cells.** Both CXCL2 and CXCLS5 are
members of the chemokine CXC family, which have strong
chemotactic capacities on neutrophils. This is because CXC
receptor 2 is present on the surface of neutrophils, which
has high affinity with CXCL2 and CXCL5.> CXCL2 and
CXCLS would be produced when cells are stimulated by
the inflammatory cytokine IL-1 or TNF-a.***” Therefore,
we believe that RP could inhibit the release of SIO0A8/A9,
thereby inhibiting the induction of chemokine factors
(CXCL2 and CXCLS5) for neutrophils, and ultimately
avoiding the continuous amplification of the inflammatory
response caused by the recruitment of immune cells to the
site of inflammation.

It is now evident that SI00A8/A9 was not only a bio-
marker for inflammatory conditions but also had a patho-
genic function. SI00A8/A9 could impair endothelial cell
integrity and trigger endothelial cell apoptosis.*® Endothelial
injury would cause increased vascular permeability and leu-
kocyte adhesion and migration to the vessel wall intima.
Indeed, we confirmed an increase in pulmonary vascular
permeability by detecting leakage of EB in the lungs and
total protein content in BALF.

In conditions of increased vascular permeability, leaky
vessels allowed the extravasation of fibrinogen and expo-
sure to lung tissues, where it was deposited as insoluble
fibrin.?’ Fibrinogen, a 340kDa glycoprotein that is mainly
synthesized in liver and is transformed into fibrin through
the effect of activated thrombin, plays an important role as
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Figure 5. RP reduced the expression levels of IL-1 and IL-6 in BALF. The expression levels of IL-1 and IL-6 was detected by ELISA.
Each bar represents mean + SD (n = 5), and P values were obtained with |-way ANOVA followed by Dunnett’s post hoc test. *P< .05.
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Figure 6. RP reduced the expression levels of CXCL2 and CXCL5 in BALF. The expression levels of CXCL2 and CXCL5 was
detected by ELISA. Each bar represents mean = SD (n = 5), and P values were obtained with |-way ANOVA followed by Dunnett’s

post hoc test. *P < .05.

a coagulation factor.® Although fibrinogen is mostly
secreted by hepatocytes, it is also secreted from the baso-
lateral surface of alveolar epithelial cells in response to the
induction of IL-6.*' Hyperfibrinogenemia is frequently
observed in various malignancies and has been shown to
play an important role in tumor progression, invasion, and
distant metastasis.*” In fact, one of the possible metastasis-
promoting mechanisms was due to a positive feedback
loop between cancer-induced inflammation and fibrino-
gen expression levels. The increase in systemic inflamma-
tory response caused by cancer progression greatly
increased the expression level of fibrinogen, which in turn
promoted the metastasis of cancer cells.”® Therefore, we
hypothesized that RP could inhibit the extravasation of
fibrinogen by protecting pulmonary vascular integrity and

then interrupted its interaction with carcinoma in situ,
thereby inhibiting the formation of the inflammatory pre-
metastatic microenvironment.

However, it should be noted that our study has a limita-
tion. Although we confirmed that traditional Chinese medi-
cine formula RP improved the lung microenvironment in
the pre-metastasis stage of breast cancer, we still lack the
data on the inhibitory effects of RP on lung metastasis of
breast cancer in animal models.

Conclusion

From the experimental results, we concluded that RP had a
protective effect on the microenvironment of lung before
breast cancer metastasis. It protected the integrity of the
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microvasculature, inhibited the release of S100A8/A9,
reduced the extravasation of fibrinogen, and decreased the
expression of pro-inflammatory factors (IL-1p and IL-6)
and chemokines (CXCL2 and CXCLS5), thereby inhibiting
the promotion of inflammatory response to lung metastasis
in breast cancer.
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