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Abstract

Mastitis is one of the most prevalent diseases in dairy farming worldwide. The gut microbiota plays an important role in the
regulation of systemic and local inflammatory diseases, such as mastitis. However, the regulatory mechanism of the gut
microbiota on mastitis is still unclear. Thus, the aim of this study was to investigate the function and regulatory mechanisms
of the gut microbiota in host defense against mastitis caused by Staphylococcus aureus (S. aureus) infection. Increased
blood-milk barrier permeability, and S. aureus-induced mastitis severity were observed gut microbiota-dysbiosis mice
compared with those in control mice. Moreover, feces microbiota transplantation (FMT) to microbbiota-dysbiosis mice
reversed these effects. Furthermore, established disruption of commensal homeostasis results in significantly increased
abundance of pathogenic Enterobacter bacteria, while the relative abundance of short-chain fatty acid (SCFAs)-producing
bacterial phyla (Firmicutes and Bacteroidetes) was significantly reduced. However, FMT to gut microbiota-dysbiosis mice
reversed these changes. In addition, dysbiosis reduced the levels of SCFAs, and administration of sodium propionate,
sodium butyrate, and probiotics (butyrate-producing bacteria) reversed the changes in the blood-milk barrier and reduced the
severity of mastitis induced by S. aureus. In conclusion, this new finding demonstrated that the gut microbiota acts as a
protective factor in host defense against mastitis and that targeting the gut-mammary gland axis represents a promising
therapeutic approach for mastitis treatment.

Introduction

Mastitis is one of the most important diseases in dairy
farming. Mastitis decreases milk quality and quantity,
which results in considerable economic losses worldwide
[1, 2]. Staphylococcus aureus (S. aureus) is frequently
isolated from subclinical mastitis and is one of the most
commonly diagnosed bacteria in animals suffering from this
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disease [3, 4]. In the past decade, antibiotics represent the
major method of mastitis treatment. However, this treatment
often leads to the presence of antibiotics residue and the
development of bacterial drug resistance [5, 6]. Therefore, it
is urgent to seek novel targets and drugs to treat mastitis.
In recent years, gut microbiota have attracted increasing
attention. Gut microbiota play an important role in the
regulation of health and disease [7]. Previous studies
demonstrated that gut microbiota have been associated with
the development of numbers diseases, such as diabetes,
fatty liver, atherosclerosis, and cancer [8—13]. Recently, gut
microbiota have been reported to be involved in infectious
diseases, including mastitis [14]. A previous study demon-
strated that the feces microbial community changes in
mastitis cows were similar to those in milk, characterized by
a general increase in Enterococcus, Streptococcus, and
Staphylococcus abundances but deprivation of Lactoba-
cillus [14]. Furthermore, some mammary gland bacteria
derived from the gut by an endogenous entero-mammary
pathway have been reported [15]. In addition, recent evi-
dence suggests that feces microbiota transplantation (FMT)
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from mastitis cows but not from healthy cows to germ-free
mice leads to mastitis symptoms in the mammary gland
[16]. However, whether a relationship exists between the
gut microbiota and S. aureus-induced mastitis and the
relevant mechanism remain unclear.

Neutrophils (PMNs) are recognized as the major diag-
nostic indictor of bovine mastitis. Upon stimulation by
invading pathogens, PMNs migrate from the blood
through the basement membrane and mammary epithelium
into the milk [17]. The blood-milk barrier plays an
important role in the transfer of PMNs from blood to milk.
Increased permeability of the blood-milk barrier leads to a
large number of PMNs in the mammary gland [18]. The
gut microbiota plays a crucial role in maintaining blood-
tissue barriers, including the blood-brain barrier (BBB)
and blood-testis barrier (BTB). BBB and BTB perme-
ability were increased in germ-free mice [19, 20]. In this
study, we hypothesized that alterations of the gut micro-
biota alter blood-milk barrier permeability and alter the
threshold of PMNs crossing the blood-milk barrier. Thus,
numbers of PMNs enter in the mammary gland and
aggravate mastitis.

Materials and methods
Animals

BALB/c mice (336 female and 168 male), at 8—12 weeks
old were purchased from the Center of Experimental Ani-
mals of Baigiuen Medical College of Jilin University. One
male and two females were housed together in one micro-
isolator cage. SPF grade mice breeding fodder and water
were supplied ad libitum. When pregnancy was confirmed,
each female was housed individually and subjected to
subsequent experiments.

Materials

Staphylococcus aureus SA113 (ATCC35556) was obtained
from Mikrobielle Genetik, University of Tubingen, Ger-
many. Clostridium tyrobutyricum (C. tyroburyricum,
ATCC25755) was purchased from ATCC. Sodium butyrate,
sodium propionate, sodium acetate, and FITC-albumin were
purchased from Sigma (St. Louis, MO, USA). Occludin,
Claudin-3, and ZO-1 antibodies were purchased from Cell
Signaling Technology, Inc. (Beverly, MA). Alexa Fluor 488
anti-mouse Ly-6G/Ly-6C (GR-1), FITC Rat Anti-mouse
F4/80, PE Rat Anti-CD11b, PerCP-Cy™S5.5 Hamster Anti-
Mouse CD3, PE Rat Anti-Mouse CD8a, FITC Rat Anti-
Mouse CD4, PE Rat Anti-Mouse CD49b, FITC Anti-mouse
CD3 were purchased from Biolegend (USA). All other
chemicals were of reagent grade.
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Abx (cocktail of antibiotics) treatment

The mice were treated with broad spectrum antibiotics
(ampicillin 1 g/L, Sigma: neomycin sulfate 1 g/L, Sigma:
metronidazole 1 g/, Sigma: and vancomycin 0.5 g/L, Sci-
entific Research Ievei) in drinking water for 3 weeks.
Antibiotics were removed from drinking water for 2 days,
and then the mice were infected with S. aureus.

Feces microbiota transplantation

The process of feces microbiota transplantation was per-
formed as previously described [21, 22]. Fresh feces were
collected from untreated donor mice. Fecesl pellets from
different healthy mice were mixed with sterile normal PBS (1
feces pellet/1 mL of PBS) and homogenized immediately.
The homogenate was centrifuged (100 x g, 5 min, 4 °C), and
the supernatant was collected for transplantation. A total of
200 pL of the supernatant was administered to Abx treatment
mice by oral gavage for 7 consecutive days. The mice of the
control group were administered an equal volume of PBS.

Establishment of mouse mastitis model

The mouse mastitis model was induced by S. aureus as pre-
viously described [23]. Briefly, the offspring were removed
3 h before administration. Mice were anesthetized and placed
on their back under a binocular. The teats and surrounding
areas were disinfected with 70% ethanol. The udder canals of
the fourth pair of mammary glands were held lightly with fine
forceps and exposed. S. aureus dissolved in 50 uL. PBS was
injected through the mammary gland ducts using a 100-uL
syringe with a 30-gauge blunt needle. Twenty-four hours later,
the mice were sacrificed, and mammary glands were collected
and stored at —80 °C until use.

Treatment

In the study of protective effect of SCFAs on mastitis
infected by S. aureus, sodium butyrate, sodium propionic or
sodium acetate (diluted in PBS, 100 mg/kg) intraper-
itoneally was administered 1h before S. aureus infection
(1x 107 CFU/ 50 uL PBS).

In the study of protective effects of clostridium tyr-
obutyricum (C. tyrobutyricum) on mastitis caused by S.
aureus infection, C. tyrobutyricum (1 X 10%, 1x 107, or 1 x
108 CFU/200 uL. PBS) were administered to mice by oral
gavage for 7 consecutive days (once a day) before S. aureus
(1 x 10’ CFU/50 uL PBS) infection.

In the study of the molecular mechanism of C. tyrobutyr-
icum on mastitis, C. tyrobutyricum were cultured in supple-
mented medium for 8 h, and the culture broth was centrifuged
at 5000 x g for 10 min. The C. tyrobutyricum were suspended
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in sterile PBS, heat-inactivated (120°C for 30 min) and
resuspended with sterile PBS at a final concentration of 1 x
108 CFU/200uL to obtain inactive C. tyrobutyricum. In
addition, spent culture supernatant of C. tyrobutyricum was
collected and sterilized with a 0.22 um filter. Untreated mice
were orally gavaged with PBS, heat-inactivated C. ftyr-
obutyricum (1 x 10 CFU/200 uL. PBS), or C. tyrobutyricum
supernatant (200 uL of bacterial suspensions with 1 x 10° C.
tyrobutyricum) for 7 consecutive days (once a day) before S.
aureus (1 x 10" CFU/50 uL PBS) infection.

Histopathologic assay and scoring of mammary
gland tissue

The mammary gland tissues were collected and immedi-
ately fixed in 10% formalin. The tissues were embedded in
paraffin wax and subsequently dehydrated in a series of
graded alcohols for hematoxylin and eosin staining. The
scoring of histopathologic changes was performed as pre-
viously described [24], and was showed in Table S1.

Immunohistochemical assay

Mammary gland tissues were embedded in paraffin wax and
sectioned. After dehydration in a graded series of alcohol
solutions, the sections were incubated with a peroxidase-
blocking solution for 30 min. The sections were incubated
with goat serum for 30 min and then incubated with an anti-
mouse myeloperoxidase primary antibody at 4 °C over-
night. The sections were incubated with a secondary anti-
body for 10 min and were incubated with a streptavidin
anti-biotin peroxidase solution. Ten minutes later, the sec-
tions were incubated with a diaminobenzidine solution for
10 min. After staining with hematoxylin, the sections were
observed under a light microscope.

Flow cytometry

The mammary glands from each group of mice were har-
vested, weighed, cut into pieces and digested with col-
lagenase D (Sigma) for 1hour at 37 °C. The homogenate
was filtered with a 70 pm filter, and cells were collected
after centrifugation. Neutrophils, macrophages, T cells, and
NK cells were identified using the following antibodies:
anti-mouse GR-1, F4/80, and CD11b, CD3, CD4, CD8a,
and CD49b. The data were analyzed with FlowJo (Treestar
software, Ashland, OR, USA).

Myeloperoxidase (MPO) activity assay
MPO activity in the mammary gland tissues was tested

using MPO kits according to the manufacturer’s instructions
(Jiancheng Bioengineering Institute of Nanjing, Nanjing,

China). The enzymatic activity was read based on absor-
bance at 460 nm.

Pro-inflammatory cytokine assay

Tumor necrosis factor-a (TNF-a), interleukin-1p (IL-1p),
and IL-6 levels in the mammary gland tissues were assessed
using enzyme-linked immune sorbent assay (ELISA) kits
per the manufacturer’s instructions (eBioscience, San Diego
CA 92121 USA).

FITC-albumin assay

Blood-milk barrier permeability was assessed based on the
expression of FITC-albumin as previously described
[25, 26]. In brief, mammary gland tissues were fixed in 10%
formalin and then embedded in paraffin wax. The samples
were sliced into 4 pum-thick sections, and the sections were
dehydrated in a graded alcohols series. The sections were
blocked with 5% goat serum for 1h at 4 °C, followed by
incubation with FITC-albumin at 4 °C overnight. The sec-
tions were incubated with PBS containing 1% DAPI, and
mounted with fluoromount.

Western blot assay

Total protein from mammary gland tissues was extracted
using a tissue protein extraction reagent (Thermo). The
protein concentration was detected using a BCA protein
assay kit. The samples (40 ug) were fractionated by 12%
SDS-polyacrylamide gel and transferred to PVDF mem-
branes. Membranes were blocked for 2h with 3% BSA
(dilution with TBS-T) at room temperature. Membranes
were incubated with appropriate primary antibodies (dilu-
tion with TBS-T) at 4 °C overnight and then washed with
TBS-T three times. The secondary antibody was incubated
at room temperature for 1 h and then washed with TBS-T
three times. The membranes were detected using the ECL
Plus western blotting detection system. In addition, pB-actin
protein levels served as an internal control.

Microbiota assay

Fresh feces were collected under sterile conditions. Feces
were immediately frozen in liquid nitrogen and then stored
at —80°C. Total genome DNA samples were extracted
using the CTAB/SDS method. 16 S rRNA genes of distinct
regions were amplified used specific primers (16S
V4:515F-806R) with barcodes. All PCR reactions were
performed using Phusion® High-Fidelity PCR Master Mix
(New England Biolabs). PCR products were purified using
the Qiagen Gel Extraction Kit (Qiagen, Germany).
Sequencing libraries were generated using the TruSeq®
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DNA PCR-Free Sample Preparation Kit (IIlumina, USA)
following the manufacturers recommendations and index
codes were added. Library quality was assessed on the
Qubit@ 2.0 Fluorometer (Thermo Scientific) and Agilent
Bioanalyzer 2100 system. Finally, the library was
sequenced on an IMuminaHiSeq2500 platform, and 250 bp
paired-end reads were generated.

SCFAs concentrations assay

Fresh feces, blood, and mammary gland tissues were col-
lected and immediately frozen and stored at —80 °C. SCFAs
concentrations in samples were assessed by gas
chromatograph-mass spectrometer (Agilent 7890 A/5975 C,
USA).

Effect of sodium butyrate and sodium propionate
on S. aureus growth

To test the effect of sodium butyrate and sodium propionate
on S. aureus growth, 1 x 107 CFU/ml S. aures was cultured
at 37°C in LB broth with different concentrations of
butyrate and propionate (1-5mM) and growth was mea-
sured by the optical density at 600 nm for 24 h.

Determination of bacterial growth

Blood was gained from the eyeballs of mice and plated onto
MH agar plates. Following 18 h of incubation at 37 °C
CFUs were counted.

Statistical analysis

All values are expressed as the means = SEM. Difference
between mean values of normally distributed data were
analyzed using one-way ANOVA (Dunnett’s t-test) and
two-tailed Student’s z-test. The results are considered sta-
tistically significant at p <0.05 or p <0.01.

Results

The protective effect of the gut microbiota on S.
aureus-induced mastitis

To detect the involvement of the gut microbiota in mastitis,
the mice were exposed to S. aureus (1 x 10%, 1 x 106, and
1x 10" CFU) by infusion into the mammary gland. The
results showed that gut microbiota-dysbiosis mice exhibited
mammary gland histomorpholigic changes and increased
infiltration of neutrophils (Fig. la and Supplementary
Fig. S1); increased populations of neutrophils, macro-
phages, T cells, NK cells and reduced ratio of CD4+-/CD8+
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cells (see Supplementary Fig. S2A-D); increased TNF-a,
IL-1p, IL-6 (Fig. 1b—d), and MPO levels (Fig. le); blood-
milk barrier permeability (as confirmed by reduced levels of
Occludin, Claudin-3, and ZO-1 in mammary glands (Fig.
1f) and increases distribution of FITC-albumin in the
mammary gland alveolar lumen (see Supplementary
Fig. S3A)); and intestinal barrier disruption (as confirmed
by reduced levels of Occludin, Claudin-3, and ZO-1 in
intestinal tissues, see Supplementary Fig. S3B) compared
with those of untreated mice. FMT to gut microbiota-
dysbiosis mice reversed these changes (Fig. l1a—f and Sup-
plementary Figs. S1-S3). Furthermore, after infection with
a concentration gradient of S. aureus, the gut microbiota-
dysbiosis mice exhibited more severe pathologic changes
(Fig. 1a and Supplementary Fig. S1); increased populations
of neutrophils, macrophages, T cells, and NK cells and
reduced ratios of CD4+/CD8+ cells (see Supplementary
Fig. S2); increased TNF-a, IL-1f, and IL-6 levels (Fig.
1b—d); and elevated MPO activity (Fig. le) compared with
those of the untreated mice infected with S. aureus. How-
ever, after infection with a concentration gradient of S.
aureus in mice subjected to FMT mice, these changes were
significantly alleviated (Fig. la—e and Supplementary
Figs. S1 and S2). Finally, we investigated whether
increasing blood-milk barrier permeability could help keep
the bacteria from leaving the mammary tissues and entering
systemic circulation. Our results showed gut microbiota-
dysbiosis mice had increased bacterial loads in their blood
24 h after S. aureus exposure compared with those in the
blood of untreated mice. However, FMT to gut microbiota-
dysbiosis mice resulted in lower bacterial loads than those
in gut microbiota-dysbiosis mice (see Supplementary
Fig. S3C).

Characterization of the gut microbiota in mice after
Abx (cocktail of antibiotics) treatment and FMT

To evaluate the species richness and diversity of the gut
bacterial community, we analyzed the observed species and,
Shannon index from each sample. The results showed that
the bacterial richness and diversity of the gut microbiota in
the Abx group were significantly lower than those in any
other group (see Supplementary Fig. S4A, B). In addition,
Nonmetric multidimensional scaling (NMDS) ordination
performed on the Bray-Curtis dissimilarity showed that the
bacterial community profiles of feces from Abx-treated mice
were separated from those of samples in the untreated group,
while the bacterial community in the FMT groups was close
to that in the untreated groups (see supplementary Fig. S4C).
These results suggested that Abx treatment results in gut
microbiota dysbiosis and that FMT reversed the bacterial
community construction induced by Abx. Furthermore,
detection of the bacterial phyla showed that the relative
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Fig. 1 The protective effect of gut microbiota on S. aureus-induced
mastitis. Mammary gland tissues were harvested from untreated mice,
gut microbiota-dysbiosis mice and FMT to gut microbiota-dysbiosis
mice 24 h after infection with S. aureus (1x 10°, 1x 10°, and 1x 107
CFU). a Mammary gland tissue sections were stained with H & E
(100x). The black arrow was the normal tissues. The red arrow was the
infiltration of inflammatory cells. The blue arrow was the hyperplastic

abundance of Proteobacteria was significantly increased,
while the relative abundances of Firmicutes and Bacter-
oidetes were markedly reduced in the feces microbiota from
Abx-treated mice compared with those in the feces micro-
biota of the untreated mice (Fig. 2a, b). At the genus level,
the four dominant bacterial genera in the fecal microbiota

of alveolar wall. Levels of pro-inflammatory cytokines, including
TNF-a (b), IL-1P (¢), and IL-6 (d), and MPO activity (e) in mammary
glands. f Levels of the tight junction proteins Occludin, Claudin-3, and
ZO-1 in mammary glands. The results are presented as the mean +
SEM of three independent experiments (n=6-8); *p <0.05 is sig-
nificantly different from each group.

showed that the relative abundance of Enterobacter was
significantly increased, while that of Lactobacillus and
Bacteroides was decreased, and Prevotellaceac_UCG-003
abundance was not significantly different in the Abx treat-
ment group compared with that in control group. However,
this effect was markedly reversed by FMT (Fig. 2c, d).

SPRINGER NATURE
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Fig. 2 Characterization of the gut microbiota in mice after Abx
treatment and FMT. The feces microbiota from untreated, Abx-
treated, and FMT to Abx-treated mice were detected by using the V4
region of the bacterial 16 S ribosomal RNA (rRNA) gene amplified
PCR. a Relative abundance of the top 10 phyla in the feces. b Relative

abundance of the four major phyla in the feces. ¢ Relative abundance
of the top 15 genera in the feces. d Relative abundance of the four
major genera in the feces. The results are presented as the mean + SEM
of three independent experiments (n = 5-7); *p <0.05 is significantly
different from each group.

Table 1 The concentrations of

Abx (ug/g) FMT (ug/g) p value

Unt vs Abx Abx vs FMT

short-chain fatty acid in fecal. SCFAs Unt (ng/e)
Acetate 1280.74 £363.72
Propionate 992.75 +194.20
Isobutyrate ~ 25.46+3.99
Butyrate 880.86 + 10.94
Isovalerate 9.28+£0.51
Valerate 65.51 +5.90

167.93£25.12  1195.66+184.95  *¥* HHE
9.77+2.51 900.77 £ 94.29 kK HHE
NA 18.55+9.50 K HHE
NA 418.53 £45.07 K HAE
NA 2.29+0.45 wHE HAE
NA 43.74£3.39 ok A

NA indicated undetectable.
*p value <0.05.

Short-chain fatty acids contents are reduced in gut
microbiota-dysbiosis mice
To determine whether the protective effect of the gut micro-

biota on mastitis was associated with SCFAs, we assessed

SPRINGER NATURE

SCFAs expression in mice. As shown in Table I, acetate,
propionate, and butyrate contents were significantly reduced
in gut microbiota-dysbiosis mice compared with those in
untreated mice. FMT to gut microbiota-dysbiosis mice
restored the concentration of acetate, propionate, and butyrate.
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Fig. 3 Sodium propionate (SP) protects against S. aureus-induced
mastitis by regulating blood-milk barrier permeability. Mice were
administered an intraperitoneal injection of sodium propionate (SP,
100 mg/kg) 1 h before infection with S. aureus (1 x 107 CFU). Twenty-
four hours later, mammary gland tissues were collected and used for
testing. a Expression of tight junction proteins, including Occludin,
Claudin-3, and ZO-1, was tested 24 h after infection in untreated and
gut microbiota-dysbiosis mice. b Mammary gland tissue sections of
untreated and gut microbiota-dysbiosis mice were stained with H & E

Effects of SCFAs on S. aureus-induced mastitis

The effects of SCFAs (acetate, propionate, and butyrate)
on S. aureus-induced mastitis were detected. Our results
showed that pretreatment with sodium propionate (SP) or
sodium butyrate (SB) could reduce blood-milk barrier
permeability (Fig. 3a and Supplementary Fig. S5A, or
Fig. 4a and Supplementary S6A), mammary gland damage
and inflammatory cells infiltration (Fig. 3b and Supple-
mentary Fig. S5B or Fig. 4b and Supplementary S6B),
production of pro-inflammatory cytokines (Fig. 3c—e or
Fig. 4c—e), and MPO activity (Fig. 3f or 4f) in the mam-
mary gland in both untreated and gut microbiota-dysbiosis

Untreated Microbiota dysbiosis

(100x). The black arrow was the normal tissues. The red arrow was the
infiltration of inflammatory cells. The blue arrow was the hyperplastic
of alveolar wall. Levels of pro-inflammatory cytokines, including
TNF-a (c), IL-1p (d), and IL-6 (e), as well as MPO activity (f) in
mammary glands was assessed 24 h after infection in untreated and gut
microbiota-dysbiosis mice. The results are presented as the mean +
SEM of three independent experiments (n = 6-8); *p<0.05 is sig-
nificantly different from each group.

mice after infection with S. aureus. Meanwhile, we found
that the levels of propionate and butyrate were increased in
both blood and mammary gland tissues after treatment
with SP or SB (see supplementary Table S2). In addition,
we also found that SP and SB did not affect S. aureus
growth (see Supplementary Fig. S5C and Supplementary
Fig. S6C). These data suggested that SP and SB could
protect against S. aureus-induced mastitis through redu-
cing the inflammatory response and regulating blood-milk
barrier permeability. Furthermore, we found that treatment
with sodium acetate (SA) had no protective effect on
mastitis induced by S. aureus (Fig. 5a—e and Supple-
mentary Fig. S7).
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Fig. 4 Sodium butyrate (SB) protects against S. aureus-induced
mastitis by regulating blood-milk barrier permeability. Mice
were administered an intraperitoneal injection of sodium butyrate (SB,
100 mg/kg) 1 h before infection with S. aureus (1 x 10’ CFU). Twenty-
four hours later, the mammary gland tissues were collected and
assessed. a Levels of the tight junction proteins Occludin, Claudin-3,
and Occludin in mammary glands were assessed 24 h after infection in
untreated mice and gut microbiota-dysbiosis mice. b Mammary gland
tissue sections of untreated mice and gut microbiota-dysbiosis mice

C. tyrobutyricum protects against S. aureus-induced
mastitis through the production of butyrate

The effects of C. tyrobutyricum, a bacterium that can pro-
duce butyrate, on S. aureus-induced mastitis were detected
in this study. Our results showed that C. tyrobutyricum
significantly reduced S. aureus-induced blood-milk barrier
permeability (Fig. 6a and Supplementary Fig. S8A), mam-
mary gland pathologic damage (Fig. 6b and Supplementary
Fig. S8B), pro-inflammatory cytokine (TNF-a, IL-1p, and
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were stained with H & E (100x). The black arrow was the normal
tissues. The red arrow was the infiltration of inflammatory cells. The
blue arrow was the hyperplastic of alveolar wall. Levels of pro-
inflammatory cytokines, including TNF-a (c), IL-1f (d), and IL-6
(e), as well as MPO activity (f) in mammary glands were assessed in
mammary glands 24 h after infection in untreated mice and gut
microbiota-dysbiosis mice. The results are presented as the mean +
SEM of three independent experiments (n = 6-8); *p <0.05 is sig-
nificantly different from each group.

IL-6) production (Fig. 6¢c—e), and MPO activity (Fig. 6f).
The above results suggested that C. tyrobutyricum protected
against S. aureus-induced mastitis through reducing the
inflammatory response and regulating blood-milk barrier
permeability. Subsequently, to detect the protective effects
of C. tyrobutyricum on S. aureus-induced mastitis through
the potential components of bacteria or the production of
butyrate, we assessed the effects of heat-inactivated C.
tyrobutyricum and C. tyrobutyricum supernatant on S.
aureus-induced mastitis. The results showed that C.
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Fig. 5 Sodium acetate (SA) has no protective effect on mastitis
induced by S. aureus. Mice were administered an intraperitoneal
injection of sodium acetate (SA, 100 mg/kg) 1 h before infection with
S. aureus (1 x 10" CFU). Twenty-four hours later, mammary gland
tissues were collected and used for testing. a Mammary gland tissue
sections of untreated and gut microbiota-dysbiosis mice were stained
with H & E (100x). The black arrow was the normal tissues. The red

tyrobutyricum supernatant but not heat-inactivated C. tyr-
obutyricum alleviated mammary gland pathological damage
and inflammatory cells infiltration (Fig. 7a and Supple-
mentary Fig. S9) and the production of the pro-
inflammatory cytokines TNF-a, IL-1p, and IL-6 induced
by S. aureus (Fig. 7b—d). Furthermore, we measured the
levels of butyrate in C. tyrobutyricum supernatant and the
levels of propionate and butyrate in the blood and mammary
glands of C. tyrobutyricum group mice. The levels of
butyrate in C. tyrobutyricum supernatant was showed in
Table S2 and supplementation of C. tyrobutyricum visibly
increased the levels of butyrate and propionate in the blood
and the levels of butyrate in the mammary gland tissues
(Table S3). These results suggested that the protective
effects of C. tyrobutyricum on S. aureus-induced mastitis
may be due to butyrate production.

arrow was the infiltration of inflammatory cells. The blue arrow was
the hyperplastic of alveolar wall. Levels of pro-inflammatory cyto-
kines, including TNF-a (b), IL-1p (c), and IL-6 (d), as well as MPO
activity (e) in mammary gland tissues was tested 24 h after infection in
untreated and gut microbiota-dysbiosis mice. The results are presented
as the mean + SEM of three independent experiments (n = 6-8); *p <
0.05 is significantly different from each group.

Discussion

The results of this study demonstrated that gut microbiota
dysbiosis is an important factor in the host that contributes
to the severity of mastitis. The data support the idea that gut
microbiota dysbiosis results in changes in mammary gland
histomorphology and increases the inflammation score, as
well as the levels of immune cells. In addition, mammary
gland involution is a highly complex multistep process and
is a highly dynamic and time-dependent process that results
in defferences in immune cell recruitment. Studies have
suggested that the number of neutrophils in the mammary
gland is slightly increased 48 h after weaning, followed by
an accumulation of macrophages [27, 28]. These results
suggested that the disorder of the gut microbiota induced by
Abx seems to impact the timeline of mammary gland
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Fig. 6 C. tyrobutyricum protects against S. aureus-induced mas-
titis by regulating blood-milk barrier. Mice were administered an
oral gavage of C. tyrobutyricum (1 x 10°, 1x 107, and 1 x 10%/200 uL
PBS) for 7 consecutive days and then were infected with S. aureus
(1x107 CFU). Twenty-four hours later, mammary gland tissues
were collected and used for testing. a Expression of tight junction
proteins, including Occludin, Claudin-3, and ZO-1 in mammary
glands. b Mammary gland tissue sections of mice were stained with

involution. This finding also showed that our experimental
model has certain limitations that could impact this con-
clusion. Furthermore, after infection with S. aureus,
inflammatory injury was significantly increased in gut
microbiota-dysbiosis mice compared with that in untreated
mice. However, FMT to gut microbiota-dysbiosis mice
significantly reversed these changes.

The blood-milk barrier is a specific structure that plays
an important role in protecting mammary gland function in
mammals. Increased permeability of the blood-milk barrier
leads to a massive recruitment of somatic cells, in particular
PMNs. Increased PMNs in the mammary gland could
exacerbate mammary gland inflammation [25, 29-31].
Some evidence has suggested that the gut microbiota plays
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different from each group.

an important role in the development of the blood-brain
barrier (BBB) [20, 32, 33]. Therefore, we hypothesized that
the gut microbiota may affect the development of the blood-
milk barrier. Pre-established dysbiosis using Abx sig-
nificantly reduced the tight junction protein content,
including that of Occludin, Claudin-3, and ZO-1, of the
blood-milk barrier. However, FMT to gut microbiota-
dysbiotic mice increased Occludin, Claudin-3 and ZO-1
levels. FITC-albumin is another important factor used to
evaluate blood-milk barrier permeability [25]. Our results
demonstrated that FITC-albumin was distributed in the
alveolar lumen in gut microbiota-dysbiosis mice. However,
fluorescent reactions were not present in the alveolar lumen
of untreated mice. FMT to gut microbiota-dysbiotic mice
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Fig. 7 C. tyrobutyricum protects against S. aureus-induced mastitis
through the production of butyrate. Mice were administered an oral
gavage of heat-inacitvated C. tyrobutyricum (1 x 104200 uL PBS) or
C. tyrobutyricum supernatant for 7 consecutive days and then were
infected with S. aureus (1x 107 CFU). Twenty-four hours later,
mammary gland tissues were collected and used for testing. (A)
Mammary gland tissue sections of mice were stained with H & E

decreased the distribution of FITC-albumin in the alveolar
lumen. Thus, the protective effect of the gut microbiota
against S. aureus-induced mastitis may occur through reg-
ulating blood-milk barrier permeability.

To understand the bacteria that successfully colonized
the gut after Abx administration and to establish which
possible gut microbiomes are driving the mammary gland
rescue phenotype, we detected the structure of the gut
microbiota in mice in the untreated, Abx, and FMT to Abx
treatment groups. The bacterial community structure in
Abx-treated mice was separated from that of the bacterial
community in the untreated mice, the species richness and
diversity of the microbiota communities were both reduced
after treatment with Abx, and FMT to Abx-treated mice
reversed these changes. Further analysis showed that the
abundance of Enterobacter, belonging to Proteobacteria
phylum was dramatically increased, while that of Lactoba-
cillus, belonging to the Firmicutes phylum, and Bacteroides,
belonging to the Bacteroidetes phylum, was significantly
reduced in the Abx group mice compared with those in the
untreated mice. These changes were also reversed after
FMT to the Abx group mice. Consistent with our results,
other research also demonstrated that treatment with Abx
increased the relative abundance of Enterobacter and
reduced the relative abundance of the Firmicutes phylum,
Bacteroides phylum, Bacteroidia genus, and Lactobacillus
genus [34, 35]. Enterobacter is an important pathogen that
contributes to the development of many diseases, including

0
0 T T

PBS

T T T T
Inactive C.t C.t supernatant Inactive C.t C.t supernatant
+ + +

S. aureus S. aureus

S. aureus S. aureus S. aureus S. aureus

(100x). The black arrow was the normal tissues. The red arrow was the
infiltration of inflammatory cells. The blue arrow was the hyperplastic
of alveolar wall. Levels of pro-inflammatory cytokines, including
TNF-a (B), IL-1p (C), and IL-6 (D), in mammary glands. The results
are presented as the mean+ SEM of three independent experiments
(n =6-8); *p<0.05 is significantly different from each group.

pneumonia, colorectal cancer, sepsis [35-37], and mastitis
[38, 39]. Thus, the increased abundance of Enterobacter in
the gut microbiota of Abx-treated mice maybe associated
with the inflammatory response of the mammary gland.

In addition, the Firmicutes phylum and Bacteroides are
bacterial that produce SCFAs. Increasing evidence suggests
that the gut microbiota represents a vital factor to host
health, at least in part through the release of SCFAs, which
are produced by the gut microbiota after the fermentation of
partially and non-digestible polysaccharides [9, 40]. The
evidence suggested that propionate plays an important role
in host susceptibility to bacterial and fungal infections [41].
Recently, it has been demonstrated that propionate protects
against LPS-induced mastitis through regulating the blood-
milk barrier [42]. The evidence also demonstrated that
SCFAs, especially butyrate, play a central role in mod-
ulating the inflammatory response [43, 44]. On the other
hand, butyrate regulates intestinal cell growth and differ-
entiation and induces angiogenesis in the small intestine
[45]. Above all, butyrate is an most important nutrient that
induces the expression of tight junction proteins [46]. These
findings suggest that SCFAs participate in the development
of the blood-milk barrier. Our data indicate that acetate,
propionate, and butyrate levels were significantly decreased
and that SCFAs expression was restored after FMT to gut
microbiota-dysbiosis mice. Furthermore, pretreated mice
with sodium propionate (SP), sodium butyrate (SB), rather
than sodium acetate (SA) in the context of S. aureus-
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induced mastitis alleviated inflammatory biomarkers
through enhancing blood-milk barrier function both in
untreated mice and gut microbiota-dysbiosis mice. To fur-
ther research the mechanisms by which SP and SB inhibit
pathology, we assessed the levels of propionate and butyrate
in the blood and mammary glands and the effect of SP and
SB on S. aureus growth. Our data demonstrated that both
propionate and butyrate levels were increased in the blood
and mammary glands after SP or SB treatment. In addition,
neither SP nor SB affected S. aureus growth. These data
suggest that the protective effect of SP and SB against S.
aureus-induced mastitis occurs via inhibition of the pro-
inflammatory immune response maintenance of blood-milk
barrier permeability.

Finally, we treated animals with butyrate-producing
bacteria (C. tyrobutyricum) and observed a protective role
against S. aureus-induced mastitis. C. tyrobutyricum resides
in the gut and has a protective role in defending against
pathogenic bacteria by regulating of gut microbiota meta-
bolites, such as butyrate [47, 48]. Recent evidence indicates
that colonization of germ-free mice with C. tyrobutyricum
restores the function of TJs in the BBB or BTB [19, 20]. In
our study, we also found that C. tyrobutyricum reduced
blood-milk barrier permeability and alleviated inflammation
of the mammary gland induced by S. aureus. It is suggested
that metabolites from the gut microbiota are important for
controlling inflammation in distant organs. Additional
supporting evidence showed that treatment with C. tyr-
obutyricum improved kidney function by modulating the
inflammatory process during ischemia-reperfusion-induced
acute kidney injury [49]. To clarify the protective
mechanism of C. tyrobutyricum on mastitis, we orally
administered of heat-inactivated C. tyrobutyricum and C.
tyrobutyricum supernatants and then induced mastitis by
infecting S. aureus. Interestingly, C. tyrobutyricum super-
natant bot not heat-inactivated C. tyrobutyricum inhibited S.
aureus-induced mastitis. In addition, the levels of butyrate
in both the blood and mammary gland were also sig-
nificantly increased in mice that received live C. tyr-
obutyricum. Furthermore, the results showed SP
administration not only elevated the concentration of pro-
pionate but also increased the concentration of butyrate in
the mammary gland. This result may be associated with the
addition of propionate promoting the synthesis of butyrate.
To support our hypothesis, the research proved the exis-
tence of propionate fermentation, and butyrate is synthe-
sized by an elongation of the carbon chain of propionate
[50]. Furthermore, the concentrations of butyrate and pro-
pionate were higher in mammary gland tissues than in cir-
culating plasma after administration of SB and SP, which
may be due to a large amount of butyrate and propionate
entering the mammary gland along with the blood and
accumulating in the mammary gland during lactation. It is

SPRINGER NATURE

suggested that the protective effects of C. tyrobutyricum
against mastitis are partly due to the anti-inflammatory
property of its metabolite butyrate and the idea that
butyrate-producing bacteria potentially act as a tool for the
management or prevention of inflammatory processes.

In conclusion, our findings demonstrate that the gut
microbiota improves organ function after damage via reg-
ulation of the inflammatory process and modulation of
blood-milk barrier permeability in a model of the mastitis
induced by S. aureus. These effects may be partly attributed
to the regulation of Enterobacter and SCFAs production.
Probiotics or drugs that regulate the gut-mammary gland
axis through regulating gut microbiota balance may repre-
sent a new promising direction for mastitis treatment
(Fig. S10).
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