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Abstract

Fibroblasts constitute the majority of the stromal cells within bovine mammary gland, yet the
functional contributions of these cells to mastitis and fibrosis and the mechanism are poorly
understood. In this study, we demonstrate that inflammation-associated fibroblasts (INFs)
extracted from bovine mammary glands with clinical mastitis had different expression pattern
regarding to several extracellular matrix (ECM) proteins, chemokines and cytokines compared to
normal fibroblasts (NFs) from dairy cows during lactation. The INFs induced
epithelial-mesenchymal transition (EMT) and inflammatory responses of mammary epithelial cells
in a vitro co-culture model. These functional contributions of INFs to normal epithelial cells were
mediated through their ability to secrete stromal cell-derived factor 1 (SDF-1). SDF-1 was highly
secreted/expressed by INFs, lipopolysaccharide (LPS) -treated NFs, lipoteichoic acid (LTA)
-treated NFs, as well as mastitic tissue compared to their counterparts. Exogenous SDF-1
promoted EMT on epithelial cells through activating NF-KB pathway, induced inflammation
response and inhibited proliferation of epithelial cells. In addition, SDF-1 was able to induce
mastitis and slight fibrosis of mouse mammary gland, which was attenuated by a specific inhibitor of
the receptor of SDF-1. Our findings indicate that stromal fibroblasts within mammary glands with
mastitis contribute to EMT and inflammatory responses of epithelial cells through the secretion of
SDF-1, which could result in the inflammation spread and fibrosis within mammary gland.

Key words: Stromal cell-derived factor 1, epithelial-mesenchymal transition, fibroblasts, epithelial cells, bovine
mastitis.

Introduction

Bovine mastitis is the most important infectious
disease of dairy cattle, affecting both the quality and
quantity of milk produced in the world [1]. Bovine
mastitis can cause varying degrees of fibrosis process.
Current research suggests that the occurrence of
tissue fibrosis is caused by exaggerated production of
extracellular matrix (ECM) [2]. Activated fibroblasts
with abnormal proliferation ability replace the
damaged tissue and produce excessive ECM [3].
Epithelial-mesenchymal transition (EMT) is a process
that epithelial cells undergo transition to a

mesenchymal phenotype to produce fibroblasts and
myofibroblasts. EMT has been taken as the potential
sources of myofibroblasts in tissue fibrosis [2].

Bovine mammary fibroblasts are main stromal
cells of the mammary gland that regulate epithelial
cell behavior through direct and indirect cell-cell
interactions. Stromal fibroblasts also lead to persistent
inflammation of the mammary gland by secreting
cytokines, chemokines and growth factors [4].
Fibroblasts are important sentinel cells in the immune
system, and it is proposed that these cells play a
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critical role in the switch from acute inflammation to
adaptive immunity and tissue repair [5]. There is now
abundant evidence that fibroblasts taken from
diseased tissues display a fundamentally different
phenotype compared with fibroblasts taken from
normal tissues at the same anatomical site [6, 7]. As
fibroblasts are relatively long-lived cells, a tight
control mechanism must exist to prevent
overstimulation of the immune system, which would
lead to persistent inflammation [6-8]. The molecular
basis for the persistent, activated phenotype of
fibroblasts at sites of chronic inflammation remains
unclear [5].

Stromal cell-derived factor 1 (SDF-1), also known
as CXCL12, is a small cytokine belonging to the
chemokine family and originally described as a
chemoattractant for lymphocytes [9, 10]. In chronic
inflammation, tissue fibroblasts fail to switch-off
production of SDF-1, leading to the sustained and
inappropriate retention of lymphocytes as well as
dendritic cells within the inflamed tissue. In vitro
studies revealed that SDF-1 was secreted by cancer
associated fibroblasts or myofibroblasts and bound to
its receptors (CXCR4 and CXCR7) on cancer cell
surface to activate downstream intracellular signal
pathways that regulate the metastasis, angiogenesis,
and drug-resistant of cancer cells[11]. Kang et al
overexpressed SDF-1 in MDA-MB-231 cells to create
an autocrine loop of SDF-1/CXCR4 and found that
SDF-1 boosted the invasiveness and migration of
breast cancer cells [12]. SDF-1 activates a variety of
intracellular signal transduction pathways regulating
in cell migration, invasion, survival, proliferation, and
adhesion [1, 13, 14]. Although SDEF-1 is crucial for the
migration and invasion of cells, little is known about
the roles of SDF-1 in induction of EMT and
inflammatory response in bovine mammary epithelial
cells.

In the present study, we sought to elucidate the
properties of fibroblasts isolated from bovine
mammary tissue with mastitis that facilitate the
spread of inflammation and fibrosis within the
mammary gland.

Materials and Methods

Cell culture

Inflammation-associated  fibroblasts  (INFs)
extracted from bovine mammary glands with clinical
mastitis, normal fibroblasts (NFs) from slaughtered
dairy cows because of fractured legs during lactation,
and normal epithelial cells from normal bovine
mammary tissue used in this study were isolated by
our experiment team in previous research [15]. Cells
were recovered and cultured in DMEM/F12

containing 10% fetal bovine serum (FBS) and 100
IU/ml penicillin with 100 pg/ml streptomycin (Gibco
BRL, Grand island, NY), respectively, and cultured at
37°C in a humidified 5% CO;environment. Each type
of cells was used as cell pools by mixing equivalent
amounts of cells from all individuals in all
experiments. To retain the in vivo properties of
isolated fibroblasts, we used in vitro culture
fibroblasts within the fifth passage after they were
extracted from the mammary tissue.

Cell treatment

Inflammatory responses of NFs to Escherichia coli
and Staphylococcus aureus were induced by their cell
wall components lipopolysaccharide (LPS) and
lipoteichoic acid (LTA), respectively. Before
stimulation with LPS(Sigma-Aldrich, St Louis, MO)
and LTA (InvivoGen, San Diego, CA), confluent NFs
were cultured in minimum serum medium (MSM)
composed of DMEM/F12, 0.5% FBS and antibiotics
for 24 h at 37 °C. Then, the medium was replaced with
complete medium containing LPS or LTA at final
concentrations of 10 ng/pl for 3 h or 20 ng/pl for 12 h
according to recommended concentrations and
treatment periods in a previous publication[16] in
which an in vitro inflammatory cell model of mastitis
induced by LPS or LTA was established. After
stimulation, cell culture supernatants were discarded
and replaced with MSM. The culture was incubated
for another 24 h. Finally, cell culture supernatants
were collected for IL-8, CCL5 and CXCL2 secretion
measurement by ELISA, and cells were harvested for
protein extraction and western blot analysis of
a-SMA, collagen-1 and vimentin. NFs cultured in
MSM and without stimulation were used as controls.

Indirect co-culture in vitro

The effects of NFs and INFs on epithelial cells
were investigated through an indirect co-culture
model by using conditioned medium (CM). In brief,
NFs or INFs were rinsed with PBS. Then fresh
serum-free DMEM/F12 medium was added to the
culture dishes and cultured for another 24 h. Cell
culture supernatant was collected and used as CM by
mixture with complete medium at a 9:1 ratio. Finally,
cell culture supernatants were collected and epithelial
cells were harvested for subsequent analysis after
3-day culture in CM. Epithelial cells cultured in MSM
were taken as control.

To investigate whether inflammatory stromal
fibroblasts induced by LPS or LTA could promote
SDF-1-mediated inflammatory response in epithelial
cells, epithelial cells were cultured in CM from LPS- or
LTA-treated NFs. Firstly, CM was collected from NFs
that were pre-treated by LPS or LTA as
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aforementioned. And epithelial cells were pretreated
by AMD3100 (MedChem Express, Princeton, NJ), a
specific inhibitor of the receptor of SDF-1, for 24 h at
the  concentration of 25 pg/ml. Then,
AMD3100-pre-treated and untreated epithelial cells
were cultured in CM from LPS- or LTA-treated NFs.
Finally, cell culture supernatants were collected to
measure the secretion TNF-a at day 3 after culture
using an ELISA Kit. Epithelial cells cultured in MSM
were used as control.

ELISA

For detection of IL-8, CCL5, CXCL2 and SDF-1
secreted by NFs or INFs, cells were cultured and
grown to around 80% confluence. The medium was
replaced with MSM, and then cultured for another 48
h. The media were finally collected and centrifuged to
remove the cell debris. For detection of TNF-a
secreted by epithelial cells induced by SDF-1
treatment, the cells were treated with exogenous
SDEF-1 at final concentration of 0, 20, 40, and 60 ng/ml
for 24 h, and the medium was replaced with MSM and
continued to culture for 24 h. Cell -culture
supernatants were mixed to detect the secretion of
TNF-a. The amount of IL-8, CCL5, CXCL2, SDF-1 and
TNF-a in the medium was measured with
corresponding immunoassay kits (Huzhen Biological
Technology, Shanghai, China) in accordance with the
manufacturer’s instructions.

Western blot analysis

Cells were cultured and grown to around 80%
confluence. Cells in each sample were lysed with
PRO-PREP Protein Extraction Solution (iNtRON
Biotechnology, Inc. Gyeonggi-do, Korea). For NF-«xB
p65 detection, nuclear and cytoplasmic fraction

proteins were extracted using Nuclear and
Cytoplasmic Protein Extraction kit (Beyotime,
Shanghai, China) following the manufacturer's

instructions. All protein concentrations were detected
using a Bradford protein assay kit (TransGene,
Beijing, China). Then equal amount of protein for each

sample was loaded and separated using
SDS-polyacrylamide  gel  electrophoresis  and
electrotransferred onto polyvinylidene fluoride

membranes (Millipore, Bedford, MA). After being
blocked with 10% non-fat milk for 2 h, the membranes
were probed with primary antibodies against MMP-1,
collagen-1, vimentin (all 1:1000 diluted, Bioss, Beijing,
China), Cytokeratin (1:1000 diluted, Sangon,
Shanghai, China), p65 (1:500 diluted, Santa Cruz,
Dallas, TX), p-p65 (1:500 diluted, Bioss), GAPDH
(1:1000 diluted, TransGen) at 4°C overnight and
subsequently incubated with their corresponding
secondary antibodies (1:2000 diluted, Beyotime) for 2

h at 37°C.Unbound antibodies in each step were
washed three times with TBST, per time ten minutes.
The positive bands were visualized through enhanced
chemiluminescence solution (Beyotime). GAPDH
served as internal controls

RNA extraction and real-time quantitative
PCR (RT-qPCR) analysis

Tissue samples were repeatedly grinded to a fine
powder withliquid nitrogen using a mortar and
pestle, and then the sample was transferred to 1.5 ml
non-enzyme EP tube. All samples were respectively
resuspended in ice-cold TriZol solution (TransGene);
samples were passed through aribonuclease-free
20-gauge needle 10-20 times for disruption. Total
mRNA extraction was performed with the RNA Easy
Kit (TransGene) according to the manufacturer’s
instructions, and concentration was measured with a
spectrophotometer (BioTek, Winooski, VT), and 1000
ng of RNA was reverse-transcribed into cDNA with
the TransScript II First-Strand cDNA Synthesis Super
Mix (TransGene).

All PCR primers were synthesized by Sangon
Biotech (Shanghai, China). The primers are listed in
Supplementary Table S1. RT-qPCR was done on ABI
Step One Software System (ABI, Foster City, CA).
PCR conditions were as follows: 95 °C for 30 seconds,
then 40 cycles of denaturation at 95 °C for 5 seconds,
and finally at 60 °C for 30 seconds. Primer specificity
was estimated by melting curves. Standard curves
were generated with reference cDNA to determine the
starting quantity of mRNA in all samples.
Comparative Ct method was employed to quantify
normalized specific gene expression relative to the
calibrator. Data were expressed as relative gene
expression = 2 -22Ct and GAPDH served as an internal
control.

Cell proliferation

The proliferation of the cells was detected by
using a CCK-8 kit (Beyotime). Briefly, 100 pl of cell
suspension containing 1000 cells were dispensed in
quadruple in 96-well microplates and cultured for 24
h. Then, the cells were stimulated with SDF-1
(Peprotech, RockyHill, NJ) at a final concentration of
0, 20, 40 or 60 ng/ml. After incubation for indicated
time periods, the medium was replaced with 100 pl
fresh medium containing 10 pl of CCK-8 solution and
incubated for an additional 3 h at 37 °C in a
humidified incubator. The optical density of each well
of 96-well plates at 450 nm wavelength was measured
in a microplate reader (BioTek). Cell proliferation rate
was calculated by the formula [(An—Abmnk)—(Ao—
Abilank)]/ (Ao—Ablank) %100, where A, is the absorbance
value at the indicated time of 24 h, 48 h and 72 h after

http://www.ijbs.com



Int. J. Biol. Sci. 2017, Vol. 13

607

culture, Ayis the absorbance value at 0 h, and Apankis
the absorbance value of the wells without cells.

Inflammatory induction studies in mice

Female Kunming strain mice at 2-3 months old
were obtained from Laboratory Animal Center of
Fourth Military Medical University (Xi'an, Shaanxi,
China) and maintained in accordance with the
institutional guidelines of Northwest A&F University.
All animal studies were carried out according to
experimental protocols approved by the Animal Care
Commission of the college of Veterinary Medicine,
Northwest A&F University. All the animals obtained
human care, and the study was executed in
accordance with the institution’s guidelines.

The lactating mice, 5-7 days after birth of the
offspring, were randomly divided into three groups:
the blank control group, SDF-1 group and SDF-1 +
AMD3100 group. The mice were anesthetized by
pentobarbital sodium. A 1000-pl syringe with a
30-gauge blunt needle was used to inoculate both L4
(on the left) and R4 (on the right) abdominal
mammary glands. The anesthetized mice were placed
on their backs under a binocular microscope. The teats
and the surrounding area were disinfected with 70%
ethanol. Each udder canal was exposed by a small cut
at the near end of the teat and then challenged via teat
canal catheterization withSDF-1(50pl, 10 ug/ml).The
mice in the blank control group were given 50 pl of
normal saline. AMD3100 (50 pl, 0.5 mg/ml) was given
by intraperitoneal injection in advance for 24 h of
SDF-1 administration in accordance with previous
studies [17]. At 24 h after infusion, the mice were
killed wusing cervical dislocation and a part of
mammary tissues were collected and fixed in formalin
and embedded in paraffin and then stained with
hematoxylin and eosin for routine histopathological
analysis.

Statistical analysis

The results are expressed as means + standard
deviation (SD). All statistical analyses were
performed using ANOVA with the Bonferroni post
hoc test. (SPSS 11.5, IBM Corporation, Armonk, NY).
P <0.05 was considered statistically significant.

Results

INFs showed different expression pattern
compared to NFs regarding to several ECM
proteins, chemokines and cytokines

Numerous studies suggest that fibroblasts taken
from diseased tissues have a fundamentally different
phenotype compared with fibroblasts taken from
normal tissues at the same anatomical site. Fibroblasts
are ubiquitous cells that provide mechanical strength

to tissues by providing as supporting framework of
ECM [5]. To investigate whether NFs and INFs exist
the expression differences of ECM proteins. The
expression mRNA and protein levels of collagen-1,
vimentin, and MMP1 in NFs and INFs were analyzed
by RT-PCR and western blot, respectively. The results
showed that INFs expressed higher levels of vimentin
and collagen-1than NFs, but INFs expressed a lower
level of MMP-1 than NFs in both mRNA and protein
level (Figure 1A and B). In addition, fibroblasts also
react to persistent inflammation of the mammary
gland by secreting cytokines, chemokines and growth
factors [5]. To investigate the secretion of cytokines
and chemokines by INFs and NFs, we detected the
expression of IL-8, CXCL2, and SDF-1 in mRNA level
by RT-PCR and the secretion of IL-8, CXCL2 and
SDEF-1 in protein level by ELISA. We found that INFs
expressed higher mRNA and secreted higher protein
of IL-8, CXCL2 and SDF-1 compared with NFs (Figure
1C and D). This finding suggested that mammary
stromal fibroblasts within mammary glands after
infection may contribute to the fibrosis by increased
deposition of ECM protein in stromal, and have
profound effects on epithelial cells by accumulated
cytokines and chemokines

The inductive expression of cytokines,
chemokines and ECM proteins in fibroblasts by
LPS and LTA in vitro

A mastitis cell model has been established with
LPS- and LTA-treated epithelial cells in our previous
study [16]. To validate whether the cell wall
components LPS and LTA of Escherichia coli and
Staphylococcus aureus were able to cause the elevated
expression of these examined cytokines, chemokines
and ECM proteins in INFs, NFs were incubated with
LPS or LTA, and IL-8, CXCL2 and CCL5 secretion was
quantified by ELISA. The results showed a strongly
enhanced output of IL-8, CXCL2 and CCL5 by NFs
after LPS or LTA induction compared to NFs without
stimulation (Figure 2A). In addition, the expressions
of vimentin, collagen-1, and a-SMA were analyzed by
western blot, and the results showed that the protein
of collagen-1, vimintin and a-SMA had a significant
increase in LPS- or LTA-treated NFs compared to
untreated NFs (Figure 2B).

INFs promote EMT in mammary epithelial
cells

In order to study whether the fibroblasts isolated
from mammary glands with mastitis have biological
effects on epithelial cells, normal epithelial cells were
co-cultured with INFs and NFs in vitro in an indirect
co-culture model by using conditioned medium. We
found that the epithelial cells had morphological
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changes from cobblestone-like to spindle-like shape
after they were co-cultured with both NFs and INFs,
but this change was more significant in cells
co-cultured with INFs compared to NFs (Figure 3A).
We further detected the expressions of two
well-known EMT markers, cytokeratin and a-SMA, in
epithelial cells. INFs up-regulated a-SMA and
down-regulated cytokeratin expression in epithelial
cells in both mRNA and protein level (Figure 3B and
C) compared to NFs, indicating stromal fibroblasts
extracted from mammary gland with mastitis have an
induction effect of EMT to epithelial cells.
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SDF-1 is involved in INFs-induced EMT in
epithelial cells through NF-KB pathway

It was reported that SDF-1 could trigger EMT of
breast cancer cells through NF-xB pathway. We have
confirmed that INFs expressed higher level of SDF-1
than NFs (Figure 1C and D). The expression of SDF-1
in tissue of mammary glands with or without mastitis
was also analyzed, and the result of real time PCR
showed that mastitic tissue had a higher SDF-1
expression than normal tissue (Figure 4). In addition,
LPS or LTA treatment induced an increased
expression of SDF-1 mRNA (Figure 5A) and protein
level (Figure 5B) in stromal fibroblasts.
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Figure 1. INFs showed difference expression pattern compared to NFs regarding to several ECM proteins chemokines and cytokines. (A) Gene
expressions of collagen-1, vimentin, and MMP1 in NFs and INFs analyzed by RT-qPCR. GAPDH was used as an internal control.*P<0.01 vs NFs. (B)The representative
images of collagen-1, vimentin, and MMP1 expression in NFs and INFs analyzed by Western blot. The quantitative analysis of each protein was relative to GAPDH.
*P<0.01 vs NFs. (C) Gene expressions of IL-8, CXCL2, and SDF-1 in NFs and INFs were analyzed by RT-qPCR. GAPDH was used as an internal control. *P<0.01,
*#P<0.05 vs NFs. (D) Protein secretion of IL-8, CXCL2, and SDF-1 by NFs and INFs measured by ELISA. *P<0.01, **P<0.05 vs NFs. All results are given as mean +SD,

and the error bars represent the SD from three independent experiments.
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CXCL2 in the medium secreted by NFs treated or untreated with LPS or LTA was measured by ELISA. *P<0.01, **P<0.05 vs untreated NFs. (B) Representative blots
of a-SMA, collagen-1 and vimentin in NFs treated or untreated with LPS or LTA were analyzed by western blot. GAPDH was used as internal controls. *P<0.01,
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http://www.ijbs.com



Int. J. Biol. Sci. 2017, Vol. 13

610

In order to further validate the whether
increased SDF-1 in stromal fibroblast and mammary
tissue with mastitis could cause EMT of epithelial
cells, exogenous SDF-1 was used to treat mammary
epithelial cells, and morphological changes and
expression levels of EMT-related proteins in epithelial
cells were examined. At 24 h after treatment with
SDF-1, obvious morphological changes of epithelial
cells from cobblestone-like to spindle-like shape were
observed at the concentration of 40 and 60 ng/ml
(Figure 6A).We further detected the EMT protein
markers of a-SMA, vimentin and cytokeratin by
western blot, and the results showed that SDF-1
up-regulated the expressions of a-SMA and vimentin

down-regulated the expression of cytokeratin (Figure
6B). All this indicated that SDF-1 was able to trigger
EMT of epithelial cells.

To investigate the mechanism by which SDF-1
induced EMT in epithelial cells, western blot analysis
was applied to examine the expression levels of
crucial molecular proteins of NF-xB pathway. As
shown in (Figure 6C), the level of p65
phosphorylation was significantly increased in
epithelial cell after treatment with SDF-1 compared to
control. In addition, we also observed an obvious
decrease of cytoplasmic p65 level and a significant
increase of nuclear p65 level in epithelial cells treated
with SDF-1 compared with control (Figure 6D).
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Figure 6. SDF-1 is involved in INFs-induced EMT in epithelial cells through NF-kB pathway. (A) Morphological changes of epithelial cells stimulated by
SDF-1 at the concentration of 0 (control), 20, 40, and 60 ng/ml. (B) Representative blots of a-SMA, vimentin and cytokeratin and (C) p-p65 and pé5 in epithelial cells
stimulated by SDF-1 analyzed by western blot. The quantitative analysis of each protein was relative to internal control. (D) The expression of p65 in cytoplasm and
nucleus of epithelial with or without SDF-1 stimulation analyzed by western blot. GAPDH and Histone H3 served as internal controls for cytoplasm and nucleus,

respectively. ¥*P<0.01, **P<0.05 vs control.
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Both LPS-treated NFs (B) and LTA-treated NFs (C) enhanced the section of TNF-a by epithelial cells compared with control. Pretreatment of epithelial cells with
AMD3100 significantly attenuated the increase of TNF-a. *P<0.01, **P<0.05. (D) SDF-1 inhibited the proliferation of epithelial cells at the concentration of 40 and 60
ng/ml at indicated time points compared with control (0 ng/ml), ¥*P<0.01, **P<0.05 vs control.

SDF-1 induce inflammatory response in
epithelial cells

Fibroblast-secreted SDF-1 plays a key role in
maintaining chronic inflammation [18, 19], and TNF-a
is the earliest and primary endogenous mediator of
inflammatory response [20]. For this reason, we tested
whether SDF-1 could also directly stimulate
pro-inflammatory response through evaluation of the
secretion of TNF-a. Thus, we treated epithelial cells
with SDF-1 in culture. Indeed, SDF-1 at the
concentration of 20, 40, and 60 ng/ml promoted the
secretion of TNF-a compared with untreated
epithelial cells (Figure 7A).

Given the fact that LPS or LAT stimulated the
secretion of SDF-1 by stromal fibroblasts (Figure 5),
we further investigated whether inflammatory
stromal fibroblasts induced by LPS or LTA could
promote SDF-1-mediated inflammatory response in
epithelial cells, we found that both LPS- and
LTA-treated fibroblasts promoted TNF-a secretion by
epithelial cells in a co-culture model, and AMD3100, a
specific inhibitor of the receptor of SDF-1, alleviated
the increased secretion of TNF-a by epithelial cells
(Figure 7B and C).

SDF-1 inhibit the proliferation of epithelial
cells

The effect of SDF-1 on epithelial cell proliferation
was analyzed by using a CCK-8 kit. Results showed
that on 24 h, 48 h and 12 h, the proliferation rates of
epithelial cells treated with SDF-1 at the concentration
of 40 and 60 ng/ml was higher than untreated cells,
but SDF-1 treatment at 20 ng/ml did not affect the
proliferation ability of epithelial cells (Figure 7D).

SDF-1 induce mastitis in a mouse model

The initial finding that SDF-1 induced
inflammatory response in epithelial cells in vitro
suggested SDF-1 may function as a proinflammatory
factor. We therefore wished to determine whether this
ability of SDF-1 secreted by INFs could be attributed
to a spread of inflammation from the infected alveoli
to uninfected alveoli within the mammary gland. A
mouse model was developed by teat injection of
SDF-1. Compared with PBS-inoculated mice whose
mammary tissue exhibited large luminal area,
minimal cellular debris, and limited stromal area, and
alveoli were characterized by polarized secretory cells
with a large cytoplasmic: nuclear ratio (Figure 8A), we
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found that SDF-1 caused inflammation in the
mammary gland of mice after injection for 24 h, as
indicated by a massive infiltration of leukocytes in the
tissue of mice (Figure 8B and C). In addition, slight
interstitial fibrosis was observed in mice treated by
SDF-1 (Figure 8B). Pre-inoculation of AMD3100, a
specific inhibitor of the receptor of SDF-1, by
intraperitoneal injection inhibited SDEF-1-induced
mastitis in mice (Figure 8D).

Discussion

Considerable data exist describing the
pathogenesis of bovine mastitis, for instance, evidence
suggested that cellular components of neutrophils
[21], macrophages [22], and lymphocytes [23], as well
as epithelial cells in mammary gland [24] mediate the
immune response during mastitis, however, the
specific contributions of fibroblast, the predominant
components of mammary stromal cells, to bovine
mastitis have been unclear. Extending our previous
finding that stromal fibroblasts derived from
mammary gland of bovine with mastitis display
inflammation-specific changes [15], we here initially
showed that INFs extracted from bovine mammary
glands with clinical mastitis had different expression
pattern regarding to several ECM proteins,
chemokines and cytokines compared to NFs from
dairy cows during lactation. Organ fibrosis is usually
characterized by exaggerated production of ECM [2],

and an abnormal inflammatory response can lead to
over-production and deposition of ECM components,
leading to fibrosis. It can start during an inflammatory
response in the damaged mammary gland tissue of
bovine with mastitis [25]. Indeed, INFs exhibit
increased collagen-1 and MMP1 expression, as well as
increased SDF-1, IL-8, and CXCL2 secretion, both
indicative of involvement of stromal fibroblasts in the
process of inflammatory response and even
progressive fibrosis if it was caused by the
inflammation in bovine mammary gland. Many of
proinflammatory cytokines induce the expression of
growth factors, which directly stimulate the
proliferation of fibroblasts, their differentiation into
myofibroblasts, and the production of ECM [26]. We
further demonstrated that the gram negative and
gram-positive bacterial cell wall components LPS and
LTA could make normal stromal fibroblast acquire
these myofibroblastic phenotypes (Figure 2). Previous
reports suggested that inflammatory epithelial cells
induced by LPS and LTA also induced secretion of
inflammatory mediators, such as TNF-a, IL-6, IL-8,
CXCL2, and CCLS5, and expression of ECM protein in
bovine stromal fibroblasts [16]. Based on this, we
concluded that both inflammatory epithelial cells and
virulence factors of bacteria that invaded into stroma
may contribute to the acquisition of myofibroblastic
phenotypes for stromal fibroblasts within mammary
gland with mastitis.

Figure 8. Representative hematoxylin and eosin staining sections of mammary tissue in mice. (A) Mammary parenchymal tissue of mice in control
group exhibited large luminal area, minimal cellular debris, and limited stromal areas, and alveoli were characterized by polarized secretory cells with a large
cytoplasmic: nuclear ratio. (B and C) Alveoli in an area of the gland of mice treated with SDF-1 were characterized by a massive infiltration of leukocytes in the lumen.
The arrows indicated a slight interstitial fibrosis in tissue section of SDF-1-treated mice. (D) Pre-inoculation AMD3100 attenuated the infiltration of leukocytes in the

lumen induced by SDF-1.
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Epithelial cells that undergo EMT is regarded as
the potential sources of myofibroblasts in fibrosis of
organs, including the kidney, liver, lung and heart [2].
EMT of epithelial cells occurs at an early stage of
fibrosis of organs by the interaction with
myofibroblasts [27]. Hallmarks of EMT include a
decrease of cytokeratins, as well as a concomitant
increase in mesenchymal markers such as a-SMA [28].
We have demonstrated that INFs induced EMT of
epithelial cells in an indirect co-culture model.
Although not all epithelial cells underwent
morphological changes from cobblestone-like to
spindle-like  shape, upregulated a-SMA and
downregulated cytokeratin did indicate EMT
occurrence of epithelial cells induced by INFs.
Fibroblasts can synthesize chemokines to regulate
Inflammation as sentinel cells [29]. Fibroblasts play a
key role in maintaining chronic inflammation by
regulating the mobilization, recruitment, and
immigration of leukocytes into inflammatory tissues
through secretion of SDF-1 [18, 19]. SDF-1 could
influence the EMT process of pancreatic cancer cells
through non-canonical activation of Hedgehog
pathway [30]. We found here SDF-1 was highly
secreted/expressed by INFs (Figure 1), mastitic tissue
(Figure 4), as well as LPS- or LTA-treated NFs (Figure
5) compared to their counterparts. Our work takes
these other observations still further, by
demonstrating that the process of EMT of epithelial
cells was took place in the presence of exogenous
SDF-1, as indicated by upregulated a-SMA and
vimentin and downregulated cytokeratin expression.

Recent studies have identified that NF-xB was an
important regulator of EMT in the majority of cell
types [31-33]. NF-xB exists in an inactive form in the
cytoplasm, and the treatment of cells with various
inducers results in the degradation of IxB proteins via
their phosphorylation and subsequent translocation
of NF-xB p65 into the nucleus. In present study,
epithelial cells treat with SDF-1 showed increased
p-p65 and diverted p65 into the nucleus from
cytoplasm. Based on these and our findings, we thus
speculate that there is a cross-talk exists between
SDF-1 and activation of NF-xB pathway, which is the
critical for the INFs-induced EMT of epithelial cells.

The special binding of SDF-1 to a
G-protein-coupled  receptor, C-X-C chemokine
receptor type 4 (CXCR4) has been found to be
important for the process of cellular inflammatory,
immune response, and blood homeostasis [34, 35].
AMD3100, a CXCR4 antagonist, which can inhibit
binding of SDF-1 to CXCR4 and subsequent signal
transduction, has been proposed that AMD3100 may
also play an important role in treatment of many other
SDF-1/CXCR4-regulated pathological processes. We

found that SDF-1 induced significant inflammatory
response both in vitro and in vivo experiments, and
blocking CXCR4 by ADM3100 has a significant effect
in attenuating the increase of TNF-a secretion in
epithelial cells induced by LPS-NFs (Figure 7B) and
LTA-NFs (Figure 7C) and alleviating inflammation
reaction in alveoli of mouse mammary gland injected
with SDF-1, which suggested that SDF-1 has an ability
to induce inflammatory response of epithelial cells
both in vitro and in vivo. Although INFs with
increased SDF-1 secretion and exogenous SDF-1
stimulation induced the EMT occurrence of epithelial
cells, we did not observe obvious tissue fibrosis in the
mice injected with SDF-1, except for a slight fibrosis in
a limited area, due to EMT occurring at an early stage
of fibrosis [28].

In summary, we demonstrate that INFs extracted
from bovine mammary glands with clinical mastitis
had different expression pattern regarding to several
ECM proteins, chemokines and cytokines compared
to NFs from dairy cows during lactation. We conclude
that stromal fibroblasts within mammary glands with
mastitis contribute to EMT and inflammatory
responses of epithelial cells through the secretion of
SDEF-1, which could result in the inflammation spread
and fibrosis within mammary gland.
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INFs: Inflammation-associated fibroblasts
NFs: Normal fibroblasts

ECM: Extracellular matrix

EMT: Epithelial-mesenchymal transition
SDEF-1: Stromal cell-derived factor 1

LPS: Lipopolysaccharide

LTA: Lipoteichoic acid

MSM: Minimum serum medium
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CCK-8: Cell Counting Kit-8

NF-CM: NF-conditioned medium
INF-CM: INF-conditioned medium

CM: Conditioned medium
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