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Gut dysbiosis induces the development 
of mastitis through a reduction in host 
anti‑inflammatory enzyme activity 
by endotoxemia
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Abstract 

Background:  Mounting experimental evidence has shown that the gut microbiota plays a significant role in the 
pathogenesis of mastitis, and clinical investigations have found that the occurrence of mastitis is correlated with rumi-
nal dysbiosis. However, the underlying mechanism by which the ruminal microbiota participates in the development 
of mastitis remains unknown.

Results:  In the present study, we found that cows with clinical mastitis had marked systemic inflammation, which 
was associated with significant ruminal dysbiosis, especially enriched Proteobacteria in the rumen. Ruminal micro-
biota transplantation from mastitis cows (M-RMT) to mice induced mastitis symptoms in recipient mice along with 
increased mammary proinflammatory signature activation of the TLR4-cGAS-STING-NF-κB/NLRP3 pathways. M-RMT 
also induced mucosal inflammation and impaired intestinal barrier integrity, leading to increased endotoxemia and 
systemic inflammation. Moreover, we showed that M-RMT mirrored ruminal microbiota disruption in the gut of recipi-
ent mice, as evidenced by enriched Proteobacteria and similar bacterial functions, which were correlated with most 
proinflammatory parameters and serum lipopolysaccharide (LPS) levels in mice. Recurrent low-grade LPS treatment 
mirrored gut dysbiosis-induced endotoxemia and caused severe mastitis in mice. Furthermore, we found that gut 
dysbiosis-derived LPS reduced host alkaline phosphatase activity by activating neuraminidase (Neu), which facilitates 
low-grade LPS exposure and E. coli-induced mastitis in mice. Conversely, treatment with calf intestinal alkaline phos-
phatase or the Neu inhibitor zanamivir alleviated low-grade LPS exposure and E. coli-induced mastitis in mice.

Conclusions:  Our results suggest that ruminal dysbiosis-derived low-grade endotoxemia can cause mastitis and 
aggravate pathogen-induced mastitis by impairing host anti-inflammatory enzymes, which implies that regulat-
ing the ruminal or gut microbiota to prevent low-grade systemic inflammation is a potential strategy for mastitis 
intervention.
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Introduction
Mastitis is one of the most important diseases affecting 
the dairy industry, as it reduces milk yield and quality and 
thus causes great economic losses every year worldwide 
[1–3]. Pathogen invasions, especially those by bacteria, 
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have long been at the forefront of the causes of mastitis, 
as evidenced by pathogenic bacteria being isolated from 
cows with mastitis and induced mastitis symptoms in 
animal models [4]. However, in some mastitis cases, no 
pathogenic infections are detected [5, 6], and the antibi-
otics are not resolving the disease and mastitis becomes 
chronic [7]. In addition, mastitis is commonly detected 
in cows with gastrointestinal diseases, such as subacute 
ruminal acidosis (SARA) [8–10], and its occurrence is 
often correlated with increased intake of a high grain 
diet (HGD) [8–10]. Our previous study also found that 
consumption of a HGD to induce SARA can increase 
somatic cell counts (SCC) in milk and promote mam-
mary injury [8]. These phenomena indicate that other 
factors may contribute to the pathogenesis of mastitis.

Among the factors affecting host physiological func-
tion and disease outcome is the gut microbiota, a 
sophisticated ecosystem orchestrated by commensal 
microorganisms in the gut [11]. Mounting studies have 
revealed that the gut microbiota participates in multiple 
host functions, including food digestion, nutrient absorp-
tion, barrier integrity maintenance, and immune and 
metabolic regulation [11]. Likewise, environmental or 
host factors, such as dietary changes, contribute to the 
shaping of the gut microbiota [12]. Disturbance of the gut 
microbiota, a phenomenon referred to as gut dysbiosis 
[13], has been reported to be involved in the disease pro-
cesses in humans and animals, including inflammatory 
bowel disease [14], metabolic syndrome [15], cancer [16], 
autism spectrum disorder [17], and infections [18]. Our 
previous results demonstrated that gut dysbiosis caused 
by antibiotics contributed to the initiation and develop-
ment of mastitis, while fecal microbiota transplantation 
(FMT) from healthy mice improved mastitis outcomes 
in mice [19]. Moreover, supplementing mice with trypto-
phan ameliorated Escherichia coli (E. coli)-induced mas-
titis in a microbiota-dependent manner [20].

The composition and function of the ruminant intesti-
nal microbiota are spatially specific with intestinal exten-
sion [21]. Chen et  al. found that ruminal microbiota 
profiles in cows are similar to the colonic microbiota in 
mice by using ruminal microbiota transplantation (RMT) 
from cows to antibiotic-treated mice [22]. Ruminal 
inflammation caused by a HGD-induced SARA can also 
be detected in the colon in recipient mice by RMT [22]. 
These indicate that the ruminal microbiota located in the 
main fermentation organs of ruminants may best repre-
sent the characteristics of the gastrointestinal microbiota 
of dairy cows. However, whether and how the ruminal 
microbiota participates in the pathogenesis of mastitis 
remain unclear.

Although it is inconclusive how gut dysbiosis 
mediates disease outcomes in remote organs, gut 

dysbiosis-induced intestinal inflammation may serve as 
the first step in regulating disease development [23, 24]. 
Studies have indicated that increased intestinal inflam-
mation derived from gut dysbiosis can fuel microbiota 
disturbance in turn by growing facultative anaerobes in 
mice [25], particularly Enterobacteriaceae, by promot-
ing an increase in intestinal oxygen content [25, 26]. 
Enriched Enterobacteriaceae further facilitate intesti-
nal inflammation by increasing the release of bacterial 
toxins, such as lipopolysaccharide (LPS). These factors 
synergistically induce gut barrier disruption and allow 
harmful metabolite translocation into the blood, subse-
quently causing systemic inflammatory responses [23, 27, 
28]. Indeed, increased LPS levels were detected in many 
gut dysbiosis-associated extraintestinal diseases, such as 
Alzheimer’s disease [27, 28], obesity [29], and preeclamp-
sia [23]. However, whether increased LPS levels derived 
from ruminal dysbiosis are responsible for the develop-
ment of mastitis and how low-grade LPS causes mastitis 
have not been elucidated.

Hosts have developed complex mechanisms to degrade 
toxic substances, such as the alkaline phosphatase (ALP)-
mediated detoxification of LPS through dephosphoryla-
tion [30, 31]. Conversely, pathogen virulence factors, 
including LPS, inhibit host anti-inflammatory enzyme 
production by reshaping host signal transduction [30–
32]. Hence, we assume that ruminal dysbiosis-derived 
low-grade LPS facilitates the development of mastitis by 
reducing host anti-inflammatory enzyme activity. In this 
study, we found that mastitis cows had distinct rumi-
nal microbiota compositions and increased systemic 
inflammation, along with reduced host serum ALP lev-
els. Reduced serum ALP was correlated with increased 
LPS levels in cows. RMT from mastitis cows (M-RMT) 
to recipient mice transferred mastitis symptoms through 
the LPS-mediated TLR4-cGAS-STING-NF-κB/NLRP3 
pathways. Moreover, we showed that low-grade LPS 
exposure induced mastitis through reducing host ALP 
activity by the TLR4-neuraminidase (Neu)-ALP pathway, 
which further deteriorated E. coli-induced mastitis, as 
evidenced by supplementation with calf intestine alka-
line phosphatase (cIAP) or the Neu inhibitor zanamivir, 
thus alleviating mastitis caused by low-grade LPS or E. 
coli. Our results highlight the important role of rumi-
nal dysbiosis-derived low-grade endotoxemia in mastitis 
pathogenesis and act as a basis for the intervention of gut 
dysbiosis-associated extraintestinal diseases by restoring 
host anti-inflammatory enzyme levels.

Materials and methods
Experimental design
The experimental design has been shown in Fig.  1. We 
first investigated the ruminal microbiota profiles in 
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healthy and mastitis cows (Fig. 1A). To indicate the role 
of the ruminal microbiota in mastitis pathogenesis, RMT 
from healthy (H-RMT) and mastitis cows (M-RMT) to 
mice was performed (Fig.  1B). According to the differ-
ences identified between the healthy and mastitis groups 
in cows and RMT mice, we next investigated the role of 
ruminal dysbiosis-derived low-grade endotoxemia in 
the pathogenesis of mastitis in mice (Fig.  1C). Finally, 
we studied whether impaired host anti-inflammatory 
enzyme by ruminal dysbiosis aggravates pathogen-
induced mastitis in mice (Fig. 1D).

Collection of dairy cow samples
Mastitis was diagnosed according to macroscopical 
inflammatory changes (e.g., redness, edema, fever, and 
pain) and somatic cell counts (SCC, SCC > 5 × 105 cells/
mL) [33]. Healthy cows were defined as no mammary 

injury and SCC less than 2 × 105 cells/mL [34]. A total of 
16 cows (4–6 years) were employed for the dairy sample 
collection, including 8 healthy and 8 mastitis cows from 
Qingzhou city, Shandong province, China. All cows were 
fed a standard diet consisting of hay and grains to meet 
their energy requirements [8, 33]. All healthy and mas-
titis cows were not exposed to antibiotics for 6 months 
before sample collection. The serum, milk, and ruminal 
samples were harvested aseptically and stored at − 80 °C 
until determination of systemic inflammation, mastitis, 
and the ruminal microbiota, respectively.

Animals and RMT treatment
A total of 160 specific pathogen-free (SPF) grade BABL/c 
mice (22–24 g, 120 females and 40 males) were purchased 
from Liaoning Changsheng Biotechnology Co., Ltd. 
(Benxi, China). All mice were fed with sufficient standard 

Fig. 1  Experimental design. A The ruminal microbiota compositions and systemic inflammation in healthy (H) and mastitis cows were analyzed. B 
Ruminal microbiota transplantation (RMT) from cows to mice was performed to show the role of ruminal dysbiosis in the pathogenesis of mastitis. 
C Investigating whether and how low-grade endotoxemia contributes to the development of mastitis in mice. D Investigating whether impaired 
host anti-inflammatory enzyme by microbial dysbiosis deteriorates pathogen-induced mastitis in mice
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diet and water under SPF-grade feeding conditions with 
12 h of light daily. The mice were further mated at a ratio 
of three females to one male until pregnancy was con-
firmed, and then the male mice were separated. The RMT 
model was established according to previously described 
methods [22, 23]. In brief, ruminal samples from each 
group, including the healthy and mastitis groups, were 
mixed and homogenized with sterile PBS at a final con-
centration of 50 mg/mL. The prepared homogenate was 
centrifuged at 100×g and 4 °C for 2 min, and then the 
supernatant was collected and dispensed based on exper-
imental demand. Mice were transplanted 1 week after 
pregnancy. These mice were treated with antibiotic (200 
mg/kg of ampicillin (Sigma Aldrich, USA), metronidazole 
(Sigma Aldrich, USA), and neomycin (Sigma Aldrich, 
USA) and 100 mg/kg vancomycin (Sigma Aldrich, USA)) 
daily through oral gavage for 5 days to eliminate com-
mensal microbiota. Next, antibiotics were removed for 1 
day, and mice were incubated daily with 300 μL/mouse 
ruminal microbiota for three consecutive days and then 
twice a week for 3 weeks.

Low‑grade LPS, cIAP, and zanamivir treatment
To investigate the role of low-grade LPS on the develop-
ment of mastitis, mice were treated with LPS (2 μg/mouse 
or 20 μg/mouse daily, n = 5/group, E. coli 0111:B4, Sigma 
Aldrich, USA) intraperitoneally for 10 consecutive days 
from the first day of delivery according to previous stud-
ies [24, 32]. For treatment with cIAP and zanamivir, cIAP 
(20 U/mL, n = 6/group, Biolegend, CA, USA) or zan-
amivir (0.5 mg/mL, n = 6/group, Yuanyebio, Shanghai, 
China) was supplemented in the drinking water imme-
diately following the initial LPS treatment and continued 
for the duration of the study as indicated [30].

Pathogen‑induced mouse mastitis model
A mouse mastitis model was established by treatment 
with E. coli according to our previous description [20]. 
Briefly, E. coli were cultured in LB medium for 12 h to 
reach the mid-logarithmic phase. RMT-treated mice 
or conventional lactating mice 7 days after parturition 
were then separated from the offspring for three hours 
and injected with E. coli (107 CFU/mL) through the milk 
ducts using a 100-μL syringe with a 30-gauge blunt nee-
dle. To investigate the protective effects of host ALP on E. 
coli-induced mastitis in mice, lactating mice 7 days after 
parturition were pretreated with cIAP (75 U/kg, Biole-
gend, CA, USA) and zanamivir (500 μg/kg, Yuanyebio, 
Shanghai, China) for 2 h followed by E. coli infection. 
Twenty-four hours after the E. coli injection, the mam-
mary gland tissues were harvested and stored at − 80 °C 
until the detection of inflammatory parameters.

Histological analysis
All tissue samples used for histological analysis, includ-
ing the mammary glands, ileum, colon, and liver tissues 
from RMT mice and the mammary glands from LPS- 
and E. coli-treated mice, were fixed with 4% paraform-
aldehyde for more than 48 h. The fixed samples were 
then embedded in paraffin and sliced into 5-μm slices 
(five slices per mouse). The prepared sections were fur-
ther stained with hematoxylin and eosin (H&E) and 
assessed with an optical microscope (Olympus, Tokyo, 
Japan). The histological score was determined as previ-
ously described [20].

Mammary cytokine detection
The mammary gland tissues from RMT-, LPS-, and E. 
coli-treated mice were weighed and homogenized (0.1 
mg/mL) using PBS. The prepared homogenates were 
centrifuged at 12,000×g and 4 °C for 10 min, and the 
supernatants were collected for tumor necrosis fac-
tor (TNF)-α and interleukin (IL)-1β detection by using 
TNF-α and IL-1β ELISA kits (Biolegend, CA, USA).

Myeloperoxidase (MPO) activity determination
The mammary samples from RMT-, LPS-, and E. coli-
treated mice were prepared to generate a 10% homoge-
nate using the provided MPO buffer, and MPO activity 
was detected according to the manufacturer’s instruc-
tions (Nanjing Jiancheng Bioengineering Institute, 
China).

Quantification of bacteria in the mammary glands of mice
To investigate the effects of different treatments on E. 
coli-induced mastitis, the mammary E. coli load was 
detected as previously described [35]. In brief, mam-
mary samples were harvested aseptically and homoge-
nized at a final concentration of 0.1 mg/mL using sterile 
PBS. The prepared homogenates were subjected to ten-
fold serial dilutions until the desired concentrations 
were reached, and then the diluted homogenates were 
plated on MacConkey agar (Hopebio, Qindao, China). 
The number of E. coli was counted, and the absolute 
quantities were calculated based on the corresponding 
dilutions after 24 h of growth.

Serum LPS, ALP, and cytokine determination
Serum LPS levels from cows and RMT- and LPS-
treated mice were detected as previously described 
[23]. In brief, the sera were collected under pyrogen-
free conditions, and serum LPS levels were detected 
using a LPS ELISA kit according to the manufacturer’s 
instructions (Lanpaibio, Shanghai, China). Serum ALP 
levels from cows and RMT-treated mice were measured 
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with an ALP assay kit according to the manufactur-
er’s instructions (Nanjing Jiancheng Bioengineering 
Institute, China). Serum cytokines in cows and RMT-
treated mice were detected using bovine TNF-α and 
IL-1β ELISA kits (Lanpaibio, Shanghai, China) and 
mouse TNF-α and IL-1β ELISA kits (Biolegend, CA, 
USA).

Test to determine pathogens in milk
To test for major mastitis pathogens, including Staphy-
lococcus aureus (S. aureus), Streptococcus, and E. coli, in 
the milk of healthy and mastitis cows in this study, 50-μL 
milk samples were plated on tryptone soya broth agar 
(TSB, Hopebio, Qindao, China), blood agar (Hopebio, 
Qindao, China), and MacConkey agar (Hopebio, Qindao, 
China), respectively. After 24 h of incubation, the num-
bers of bacterial colony-forming units (CFUs) were 
counted.

Routine blood tests and serum biochemical tests
A routine blood test was performed to detect the changes 
in blood immune cells in RMT-treated mice. Blood sam-
ples from RMT mice were collected into vacuum tubes 
with an anticoagulant (ethylenediamine tetraacetic acid), 
and then blood immune cells were detected with an auto-
mated hemocyte analyzer according to the manufac-
turer’s instructions (HB-7510, Sinnowa, China). Serum 
biochemical tests for cows and RMT-treated mice were 
performed as previously described [36]. Briefly, blood 
samples from cows and RMT-treated mice were col-
lected into vacuum tubes with a coagulation activator 
(thrombin). Biochemical analysis was performed with an 
automatic analyzer (CS-T240, Dirui Industrial Co., Ltd., 
China) using the commercial veterinary kit (DiAvTest, 
Russia).

Lipocalin‑2 assay
Fecal samples from the RMT treatment groups were 
weighed and prepared as 10% homogenates using PBS 
and then centrifuged at 3000×g and 4 °C for 10 min. The 
supernatants were collected, and fecal lipocalin-2 levels 
were detected by ELISA according to the manufacturer’s 
instructions (Lanpaibio, Shanghai, China).

Alcian blue (AB) staining
Paraffin sections of the colon were prepared as men-
tioned above. The prepared paraffin sections were 
dewaxed with xylene and serial alcohol solutions as pre-
viously described [28]. The sections were further stained 
using an Alcian Blue Stain Kit according to the manufac-
turer’s instructions (Solarbio, Beijing, China).

Immunochemistry
All samples used for immunochemistry were prepared 
into 5-μm sections and dewaxed as mentioned above, 
and immunochemistry was performed according to 
our previous study [20, 37]. Briefly, the dewaxed colon 
sections were subjected to antigen retrieval using 
sodium citrate and washed with PBS. The prepared 
sections were further incubated with endogenous 
peroxidase blockers (SAP (Mouse/Rabbit) IHC Kit, 
Maixin Biotechnology, Fuzhou, China) for 30 min and 
normal nonimmune goat serum (SAP (Mouse/Rabbit) 
IHC Kit, Maixin Biotechnology, Fuzhou, China) for 30 
min at room temperature. The sections were further 
incubated with mucin-2 antibody (1:200, diluted with 
5% goat serum, Affinity Biosciences, USA) overnight at 
4 °C, and then the secondary antibody (goat-anti rab-
bit IgG) was added for 30 min of incubation at room 
temperature. Next, the sections were incubated with 
horseradish peroxidase (HRP) (SAP (Mouse/Rabbit) 
IHC Kit, Maixin Biotechnology, Fuzhou, China) for 20 
min at room temperature and washed with PBS. After 
treatment with DAB color-developing fluid (Maixin 
Biotechnology, Fuzhou, China), the sections were 
stained with hematoxylin for 3 min and then differen-
tiated with hydrochloric acid alcohol and ammonium 
hydroxide. After dehydration, the sections were sealed 
with neutral resin.

Total bacterial DNA extraction and Illumina NovaSeq 
sequencing
Ruminal samples from cows (n = 16, 8 cows from each 
group of the healthy and mastitis groups) and fecal sam-
ples from RMT-treated mice (n = 21, 7 mice from each 
of the control, H-RMT, and M-RMT groups) were used 
for bacterial DNA extraction and microbial analysis. 
Total genomic DNA from the ruminal and fecal samples 
was extracted using the CTAB method. DNA concentra-
tion and purity were monitored on 1% agarose gels. DNA 
was diluted to 1 ng/μL using sterile water. The 16S rRNA 
genes of the V4 region were amplified using a 515F-806R 
primer with the barcode. All PCRs were carried out with 
15 μL of Phusion® High-Fidelity PCR Master Mix (New 
England Biolabs), 2 μM forward and reverse primers, and 
approximately 10 ng template of DNA. Thermal cycling 
consisted of initial denaturation at 98 °C for 1 min, fol-
lowed by 30 cycles of denaturation at 98 °C for 10 s, 
annealing at 50 °C for 30 s, and elongation at 72 °C for 
30 s. Finally, the samples were incubated at 72 °C for 5 
min. The same volume of 1X loading buffer (contain-
ing SYB green) was mixed with the PCR products, and 
electrophoresis was performed on a 2% agarose gel for 
detection. Then, the PCR products were purified with a 
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Qiagen Gel Extraction Kit (Qiagen, Germany). Sequenc-
ing libraries were generated using the TruSeq® DNA 
PCR-Free Sample Preparation Kit (Illumina, USA) fol-
lowing the manufacturer’s recommendations, and index 
codes were added. Library quality was assessed on a 
Qubit@ 2.0 Fluorometer (Thermo Scientific) and Agi-
lent Bioanalyzer 2100 system. Finally, the library was 
sequenced on an Illumina NovaSeq platform, and 250-bp 
paired-end reads were generated.

Alpha diversity was performed to analyze the com-
plexity of taxa diversity, including observed species, 
Chao1, ace, and PD_whole tree index. Principal coor-
dinate analysis (PCoA) was performed to identify the 
microbial structures in the ruminal samples and fecal 
samples of the RMT mice. Linear discriminant analy-
sis effect size (LEfSe) was performed to identify bacte-
rial taxa that were differentially enriched in the different 
cows and RMT mice treatment groups [38]. Spearman 
correlation analysis was performed to analyze the rela-
tionship between different ruminal or gut microbial 
taxa and host parameters using Wekemo Bioincloud 
(https://​www.​bioin​cloud.​tech). Tax4Fun analysis was 
performed to identify bacterial functions that were 
enriched in cows and RMT mice [39].

Total RNA extraction and quantitative RT‑PCR
Total RNA was extracted from colonic tissues from 
RMT-treated mice (n = 7 per group) using TRIzol (Inv-
itrogen, Carlsbad, CA, USA), and quantitative RT-PCR 
was performed as described previously [20]. In brief, 
total RNA was extracted and prepared for cDNA. Fur-
thermore, quantitative RT-PCR was performed using 
TransStart Tip Green qPCR SuperMix (TransGen Bio-
tech, Beijing, China) and then FastStart Universal SYBR 
Green Master Mix (ROX) (Roche, Switzerland, Basel) 
in a Step One Plus apparatus (Applied Biosystems, Fos-
ter City, CA, USA). The 2−ΔΔCt method was utilized to 
determine the gene expression. GAPDH was used as an 
endogenous control, and all data were normalized to the 
control group. The primers used in this study are detailed 
in Additional file 1: Table S1.

Western blotting
Total protein extraction from mammary and colonic 
tissues and western blotting were performed accord-
ing to previous studies [19, 20]. In brief, mammary and 
colonic samples were weighed and homogenized using 
tissue protein extract (Thermo Fisher Scientific, USA). 
After centrifugation at 12,000×g and 4 °C for 10 min, 
the supernatants were harvested, and protein concentra-
tion determination was determined using a BCA Protein 
Assay Kit (Thermo Fisher Scientific, USA). SDS-PAGE 
(12% or 15%) was performed to separate the targeted 

proteins according to molecular size. The targeted pro-
teins were transferred to 0. 45-μm PVDF membranes 
and treated with 5% skim milk for 3 h at room tempera-
ture. Furthermore, specific primary antibodies, including 
p-p65, p-65, p-IκB, IκB, STING, p-TBK1, TBK1, p-IRF3, 
IRF3, occludin, ZO-1, and claudin-3 from Affinity Bio-
sciences (OH, USA); TLR4, cGAS, NLRP3, ASC, and 
IL-1β from Cell Signaling Technology (Boston, USA); 
and β-actin from Immnoway Biotechnology (USA), were 
added for incubation at 4 °C overnight. After incubating 
with secondary antibodies (goat anti-rabbit IgG or rabbit 
anti-mouse IgG, Immnoway Biotechnology, USA) for 2 h 
at room temperature, the proteins were detected using an 
ECL plus western blotting detection system.

Statistical analysis
GraphPad Prism 8 (San Diego, CA, USA) was used for 
statistical analysis, and the data are expressed as the 
mean ± SD or represented as a boxplot. Significant dif-
ferences between the two groups were evaluated by the 
Mann-Whitney U test (nonparametric) or two-tailed 
unpaired Student’s t test (parametric). For comparisons 
among more than two groups, a one-way analysis of 
variance (ANOVA) and a post hoc Tukey test were per-
formed. For all statistical tests, p < 0.05 indicates signifi-
cance. Other specific statistical analyses are mentioned in 
the figure legends.

Results
Cows with mastitis have changed ruminal microbiota 
profiles and increased systemic inflammatory responses
To study the relevance between ruminal dysbiosis and 
mastitis in cows, 8 healthy cows (H) and 8 cows with clin-
ical mastitis (M) were employed. Mastitis was diagnosed 
by increased milk SCC (Fig. 2A). Pathogen tests showed 
that mastitis cows had a higher load of E. coli in their 
mammary glands, but no significant differences in other 
pathogens were found (data not shown). We next per-
formed serum biochemical tests and found that mastitis 
cows had changed liver function parameters and reduced 
serum ALP levels (Fig. S1). Furthermore, we confirmed 
that the M group had increased systemic inflammatory 
responses, as evidenced by increased contents of the 
serum proinflammatory cytokines TNF-α and IL-1β and 
LPS levels (Fig. 2B–D). These results indicated that mas-
titis cows had increased systemic inflammation.

We further investigated whether these increased sys-
temic inflammation and mastitis parameters are related 
to the ruminal microbiota. Principal coordinate analy-
sis (PCoA) showed a separation in the ruminal micro-
biota structure between the H and M groups based on 
unweighted UniFrac distance (R2 = 0.11395, p = 0.002, 
Fig.  2E). The M group had an increase in the observed 

https://www.bioincloud.tech
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Fig. 2  Mastitis cows have distinct ruminal microbiota compositions. A Milk somatic cell count (SCC) in the H and M groups (n = 8). Serum 
TNF-α (B), IL-1β (C), and LPS levels (D) were determined in the H and M groups (n = 8). E PCoA score plots for the ruminal samples indicating the 
separation of the ruminal microbiota structure (R2 = 0.11395, P = 0.002) from the H and M groups based on the unweighted UniFrac distance 
(n = 8). F Observed species in ruminal microbiota of the H and M groups (n = 8). G The Chao1 index showed that the M group had increased 
alpha diversity compared with the H group (n = 8). H Bacterial composition at the phylum level from the indicated groups. I LEfSe analysis was 
performed to indicate the different bacterial taxa enriched in the H and M groups (log10LDA score > 3.5). J Spearman correlation between the 
ruminal microbiota and inflammatory parameters from the H and M groups. Red color denotes a positive correlation, while blue denotes a negative 
correlation. The intensity of the color is proportional to the strength of the Spearman correlation. Data are expressed using boxplots and the 
Mann-Whitney U test was performed (A–D, F, G). **p < 0.01, ***p < 0.001 indicate significance. H, heathy; M, mastitis
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species in the ruminal microbiota compared with the 
H group (Fig. 2F). Other alpha diversity indices, includ-
ing Chao1 (Fig. 2G), ace, and PD_whole tree index were 
markedly increased in the M group compared with the 
H group (Fig. S2A-B). At the phylum level, Proteobacte-
ria was enriched in the M group and Bacteroidetes was 
reduced (Fig. 2H). At the genus level, the ruminal micro-
biota composition between the H and M groups was 
significantly different (Fig. S2C). We further performed 
LEfSe analysis to identify the different bacterial taxa that 
were enriched in the H and M groups. The results showed 
that four bacterial genera, Moraxella, Saccharofermen-
tans, Eubacterium_nodatum_group, and Rikennellaceae_
RC9_gut_group, were enriched in the M group compared 
with the H group (Fig. 2I). Prevotella was the only genus 
depleted in the M group compared with the H group 
(Fig. 2I). Furthermore, we showed that the M group had 
different bacterial functions compared with the H group 
(Fig. S2D-E). Tax4Fun analysis showed a marked separa-
tion of the metabolism pathways between the H and M 
groups with 26 pathways enriched in the M group, and 
9 pathways were depleted (Fig. S2F). Several increases 
in potentially pathogenic bacterial pathways and aero-
bic respiration-associated pathways were detected in the 
M group, including nitrogen respiration, and plant and 
human pathogens (Fig. S2F). Additionally, the association 
between different key genera and systemic inflammatory 
parameters was determined by Spearman correlation 
analysis. The results showed that microbes enriched in 
the M group, including Moraxella, Saccharofermentans, 
Eubacterium_nodatum_group, and Rikennellaceae_RC9_
gut_group, were significantly positively correlated with 
most proinflammatory parameters and negatively corre-
lated with serum ALP levels (Fig. 2J). In contrast, the cor-
relation coefficient for Prevotella enriched in the H group 
was the opposite (Fig. 2J). These results suggest that cows 
with mastitis had distinct ruminal microbiota composi-
tions and functions, which are associated with systemic 
inflammation and mastitis.

RMT from cows with mastitis (M‑RMT) to mice induces 
mastitis in mice through the TLR4‑cGAS‑STING‑NF‑κB/
NLRP3 pathways
To investigate the causative relationship between rumi-
nal dysbiosis and mastitis, RMT from healthy (H-RMT) 
and mastitis cows (M-RMT) to recipient mice was per-
formed (Fig. 3A). After 26 days of colonization, we found 
that M-RMT mice had significant mammary damage 
compared with that of control or H-RMT mice (Fig. 3B, 
C). To confirm this observation, we next showed that 
M-RMT increased the production of the proinflamma-
tory cytokines TNF-α and IL-1β in the mammary gland 
compared with that of the control and H-RMT groups 

(Fig. 3D, E). In addition, increased MPO activity, a spe-
cific marker for neutrophils, was detected in M-RMT 
mice compared with control or H-FMT mice (Fig.  3F). 
Moreover, M-RMT impaired the blood-milk barrier by 
reducing the tight junction (TJ) proteins ZO-1, occludin, 
and claudin-3 compared with the control and H-RMT 
groups (Fig.  3G, H). Of note, no significant differ-
ences were observed between control and H-FMT mice 
(Fig. 3A–H), which indicates that ruminal dysbiosis can 
induce mastitis symptoms in mice.

An increase in inflammatory cytokine production 
occurred due to the activation of proinflammatory 
pathways, such as NF-κB and NLRP3, which have been 
reported to play central roles in the pathogenesis of mas-
titis [19, 20]. Indeed, we found that M-RMT mice had 
higher NLRP3 and NF-κB activation than control or 
H-RMT mice by increasing NLRP3, ASC, IL-1β, p-p65, 
and p-IκB protein levels (Fig.  4A–G). Mounting evi-
dence has recently shown that cyclic GMP-AMP syn-
thase (cGAS)-mediated stimulator of interferon genes 
(STING) activation is a key regulator for the activation 
of the NF-κB and NLRP3 pathways [40–42], in which 
cGAS recognizes cytoplasmic DNA, such as mitochon-
drial DNA (mtDNA) caused by cellular stress or patho-
gen invasion to activate STING, leading to increased 
phosphorylation of TANK-binding kinase 1 (TBK1) and 
interferon regulatory factor 3 (IRF3) [42]. We next stud-
ied the expression of the cGAS-STING signature and 
showed that M-RMT mice had increased protein levels 
of cGAS, STING, p-TBK1, and p-IRF3 compared with 
those of control and H-FMT mice (Fig. 4H, J–M). Expo-
sure to LPS has been reported to induce mtDNA syn-
thesis through Toll-like receptor (TLR)-4 [42], which is 
also involved in the activation of the NF-κB and NLRP3 
pathways and mastitis pathogenesis. As expected, we 
found that M-RMT increased the mammary TLR4 level 
compared with that of the control and H-FMT groups 
(Fig.  4H, I). These results suggest that the TLR4-cGAS-
STING-NF-κB/NLRP3 pathways participate in M-RMT-
induced mastitis in mice.

M‑RMT induces a systemic immune imbalance and gut 
barrier leakage
We next investigated the effects of RMT on systemic 
and mucosal inflammation. We first determined the sig-
nificant histological changes in the ileum, colon, and 
liver in the M-RMT group compared with the control 
and H-FMT groups (Fig.  5A, B). Consistently, M-FMT 
markedly increased the expression of the proinflamma-
tory gene, including TNF-α, IL-1β, IL-6, and CCL2, in 
the colon compared with the control and H-RMT groups 
(Fig.  5C). In addition, we found that M-RMT increased 
the lipocalin-2 level, a marker of mucosal inflammation 
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Fig. 3  RMT from mastitis cows to mice induces mastitis in mice. A. Experimental protocol of RMT. Mice were mated for 3 days. After confirming 
pregnancy, these mice were treated with an antibiotic cocktail for 5 days to deplete the commensal microbiota and performed RMT for 26 days. 
B. Histological analysis of mammary tissues using H&E-stained sections. Black arrows indicate leukocyte infiltration and red arrows show barrier 
damage (scale bar, 25 or 50 μm). C Histological scores of the mammary glands from the indicated groups based on H&E-stained sections (n = 7). 
Mammary TNF-α (D) and IL-1β (E) concentrations and MPO activity (F) were measured (n = 7). Representative protein levels of mammary ZO-1, 
occludin, and claudin-3 (G) and intensity analysis of ZO-1, occludin, and claudin-3 from different recipient mice (H) were assessed (n = 3). Data are 
expressed as the mean ± SD (C–F, H). One-way analysis of variance (ANOVA) was performed, followed by Tukey’s test (C–F, H). *p < 0.05, **p < 0.01, 
***p < 0.001 indicate significance
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[24], in the feces compared with those in control and 
H-RMT mice (Fig.  5D). We next showed that M-RMT, 
but not H-RMT, increased the monocyte and lympho-
cyte proportions in the blood (Fig. S3A), which was 

accompanied by distinct serum biochemical character-
istics (Fig. S3B). Moreover, we found that M-RMT mice 
had increased serum TNF-α and IL-1β levels compared 
with those in control and H-RMT mice (Fig.  5E, F). In 

Fig. 4  RMT from mastitis cows to recipient mice activates mammary TLR4-cGAS-STING-NF-κB/NLRP3 signatures. Mice were subjected to RMT from 
the indicated donors, and the mammary glands were collected for western blotting. Representative western blots of the NLRP3 (A), NF-κB (E), and 
TLR4-cGAS-STING (H) signatures from different recipient mice were determined. Relative intensity analysis of NLRP3 (B), ASC (C), IL-1β (D), p-p65 (F), 
p-IκB (G), TLR4 (I), cGAS (J), STING (K), p-TBK1 (L), and p-IRF3 (M) from different groups was performed (n = 3). Data are expressed as the mean ± SD 
(B–D, F, G, I–M), and ANOVA was performed, followed by Tukey’s test (B–D, F, G, I–M). *p < 0.05, **p < 0.01, ***p < 0.001 indicate significance
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addition to these observations, M-RMT also increased 
serum LPS levels compared with the control and H-RMT 
groups (Fig. 5G). These results indicated that RMT from 
mastitis cows induced mucosal and systemic inflamma-
tion in mice.

Increased mucosal inflammation is known to destroy 
the gut barrier [23, 28], which orchestrates the first line 
of defense to protect the host against commensal or 
pathogenic microorganisms. We showed that M-RMT 
reduced the number of colonic goblet cells, which are 
responsible for the production of mucin [43], compared 
with the control and H-RMT groups (Fig. 5H), Consist-
ently, M-RMT mice had decreased mucin-2 levels in the 
colon compared with control and H-RMT mice (Fig. 5H, 
I). Furthermore, we showed a significant decrease in the 
expression of genes related to TJs, such as Tip1, occludin, 
and claudin-3, in M-RMT mice compared with control 
and H-RMT mice (Fig.  5J). Likewise, M-RMT reduced 
ZO-1, occludin, and claudin-3 protein levels in the colon 
compared with the control and H-RMT groups (Fig. 5K, 
L). These data indicate that RMT from mastitis cows to 
recipient mice induced gut barrier disruption, resulting 
in endotoxemia and systemic immune balance.

M‑RMT induces gut dysbiosis in recipient mice
We next investigated the changes in the gut microbiota 
of recipient mice. PCoA identified a marked separation 
in the gut microbiota compositions between the H-RMT 
and M-RMT groups based on the unweighted UniFrac 
distance (R2 = 0.13452, p = 0.025, Fig. 6A). Similar to the 
donor cows, mice in the M-RMT group had an increase 
in the observed species in the gut microbiota com-
pared with those in the H-RMT group (Fig.  6B). Other 
alpha-diversity indices, including Chao1 (Fig.  6C), PD_
whole tree and ace index (Fig. S4A-B), were also mark-
edly increased in the M-RMT group compared with the 
H-RMT group. At the phylum level, M-RMT increased 
Proteobacteria abundance and reduced Bacteroidetes 
abundance (Fig.  6D), which was similar to the differ-
ences between the H and M groups (Fig. 2H). Addition-
ally, M-RMT reduced the abundance of Firmicutes in the 
gut microbiota of recipient mice (Fig. 6D). The difference 
in the microbiota composition between the H-RMT and 
M-RMT groups at the genus level was also significantly 

different (Fig. 6E). LEfSe showed that four bacterial gen-
era, Escherichia_Shigella, Neisseria, Agathobacter, and 
Atopostipes, were enriched in the M-RMT group com-
pared with the H-RMT group (Fig.  6F), while Rumino-
coccus_gnavus_group was depleted in the M-RMT group 
compared with the H-RMT group (Fig.  6F). Consistent 
with the donor, we found that the M-RMT group had 
distinct bacterial functions compared with the H-RMT 
group, as 23 pathways were enriched in the M-RMT 
group, and 12 were depleted (Fig. S4C-E). Of note, the 
M-RMT group was enriched in several potentially patho-
genic bacterial pathways and aerobic respiration-asso-
ciated pathways that were also detected in the M group 
(Fig. S2F). Moreover, Spearman correlation analysis 
showed that microbes enriched in the M-RMT group, 
including Escherichia_Shigella, Neisseria, Agathobac-
ter, and Atopostipes, were significantly correlated with 
most of the proinflammatory parameters in the mam-
mary gland, serum, and mucosa (Fig. 6G). These results 
indicate that M-RMT induced the differences in gut dys-
biosis in recipient mice, which may be responsible for the 
development of systemic inflammation and mastitis.

Recurrent exposure to low‑grade LPS‑induced mastitis 
in lactating mice
Considering the increase in serum LPS in the M group 
cows and M-RMT recipient mice, as well as the enriched 
gram-negative opportunistic pathogens, Moraxella, 
Escherichia_Shigella, Neisseria, and Agathobacter in 
the M or M-RMT group, we then investigated the role 
of gut dysbiosis-derived low-grade endotoxemia in the 
pathogenesis of mastitis. Lactating mice were recur-
rently exposed to different doses of LPS intraperito-
neally to mirror low-grade endotoxemia and serum LPS 
increased in a dose-dependent manner (Fig.  7A). His-
tological analysis showed that recurrent LPS exposure 
induced significant mammary injury compared with con-
trol mice (Fig. 7B, C). Consistently, recurrent LPS expo-
sure increased the inflammatory marker levels, including 
mammary TNF-α, IL-1β, and MPO activity (Fig. 7D–F). 
In addition, recurrent exposure to LPS decreased the 
levels of the mammary TJ proteins ZO-1, occludin, and 
claudin-3 (Fig.  7G–J), indicating impaired blood-milk 
barrier integrity. Moreover, recurrent LPS exposure 

Fig. 5  M-RMT causes systemic immune imbalance and impairs the intestinal barrier in mice. A Representative ileum, colon, and liver H&E-stained 
sections from control, H-RMT, and M-RMT mice (scale bar, 50 μm). B Histological scores of the ileum, colon, and liver from different treatment groups 
(n = 7). C Proinflammatory gene expression in the colon was determined using qPCR (n = 7). D Fecal lipocalin-2 levels from the indicated mice (n 
= 7). Levels of serum TNF-α (E), IL-1β (F), and LPS (G) showed systemic inflammatory responses caused by M-RMT (n = 7). The mucus layer of the 
colons from different recipient mice was examined by alcian blue (AB) staining (top, H), and immunohistochemistry was performed to assess the 
mucin-2 level in the colon using a mucin-2 antibody (bottom, H) (scale bar, 50 μm). The positive-stained cells are shown in brown (H, I). J Relative 
mRNA levels of colon tight junction proteins, including Tjp-1, occludin, and claudin-3, from the indicated mice as determined by qPCR (n = 7). K, L 
Protein levels of colon ZO-1, occludin, and claudin-3 were measured using western blotting (n = 3). Data are expressed as the mean ± SD (B, D–G, 
I, J, L), and one-way ANOVA was performed followed by Tukey’s test (B, D–G, I, J, L). *p < 0.05, **p < 0.01, ***p < 0.001 indicate significance

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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activated the TLR4-cGAS-STING-NF-κB/NLRP3 path-
ways, as evidenced by increased TLR4, cGAS, STING, 
p-TBK1, p-IRF3, p-p65, p-IκB, NLRP3, ASC, and IL-1β 
contents, in a dose-dependent manner in the mammary 

gland compared with the control group (Fig.  7G, K–T). 
These results suggest that gut dysbiosis-induced low-
grade endotoxemia can trigger the development of mas-
titis in mice.

Fig. 6  M-RMT induces gut dysbiosis in recipient mice. Mice were subjected to RMT as mentioned above, and the composition of the gut 
microbiota was determined using 16S rRNA sequencing. A PCoA score plots indicating the separation of the H-RMT and M-RMT gut microbiota 
structure (R2 = 0.13452, P = 0.025) based on the unweighted UniFrac distance (n = 7). B The M-RMT group had increased observed species 
compared with the H-RMT group (n = 7). C The Chao1 index showed that the M-RMT group had increased alpha diversity compared with the 
H-RMT group (n = 7). D, E Bacterial composition at the phylum (D) and genus (E) levels from the indicated groups. F LEfSe analysis was performed 
to determine the different bacterial taxa enriched in the H-RMT and M-RMT groups (log10LDA score > 3.5). J Spearman correlation between the 
intestinal microbiota and inflammatory parameters from the H-RMT and M-RMT groups. Red denotes a positive correlation, while blue color 
denotes a negative correlation. The intensity of the color is proportional to the strength of the Spearman correlation. Data are expressed using 
boxplots (B, C), and the Mann-Whitney U test was performed. **p < 0.01 indicates significance
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Low‑grade systemic endotoxemia facilitates mastitis 
through reducing ALP activity by the TLR4‑neuraminidase 
(Neu)‑ALP pathway
Single exposure to low-dose LPS was not enough to 
induce marked inflammatory responses, since the host 
had developed an orchestrated defense mechanism for 
LPS detoxification, such as ALP, which is widely dis-
tributed in the gut, liver, and mammary glands [30–32, 
44]. Given the reduction in ALP in mastitis cows and 
M-RMT-recipient mice (Figs. S1 and S3B), we next 
investigated whether gut dysbiosis-derived low-grade 
systemic endotoxemia facilitates the development of 
mastitis by degrading ALP. We first showed that serum 
LPS levels were negatively correlated with serum ALP 
levels in cows and recipient mice (Fig. 8A, B). To confirm 
the role of ALP in protecting the host against systemic 
endotoxemia-induced mastitis, cIAP was applied dur-
ing LPS treatment. Indeed, treatment with cIAP allevi-
ated systemic endotoxemia-induced mammary injury 
and proinflammatory parameters compared with those in 
the LPS group (Fig. 8C–G). Additionally, treatment with 
cIAP improved the LPS-induced decrease in TJ proteins 
(Fig.  8H–K) and inhibited the activation of the TLR4-
cGAS-STING-NF-κB/NLRP3 pathways caused by recur-
rent LPS exposure (Fig. 8H, L–R). These results suggest 
that host ALP reduction facilitates low-grade systemic 
endotoxemia-triggered mastitis in mice.

We next studied how gut dysbiosis-derived LPS 
reduces host ALP. TLR4-mediated sialylation through 
neuraminidase (Neu) has been shown to degrade ALP 
[30–32]. We therefore detected the gene expression of 
mammary Neu1-4 in RMT recipient mice and found that 
M-RMT mice had increased Neu3 levels in the mammary 
gland compared with control and H-RMT mice (Fig. 9A). 
Consistently, LPS treatment also increased Neu3 level in 
the mammary gland compared with the control group 
(Fig.  9B). We therefore investigated the role of Neu3 in 
the development of mastitis by administering zanami-
vir, a specific Neu inhibitor [30, 32], to mice. The results 
showed that zanamivir treatment ameliorated systemic 
endotoxemia-induced mastitis (Fig.  9C–G). Addition-
ally, zanamivir treatment restored the expression of TJ 
proteins and reduced the activation of the TLR4-cGAS-
STING-NF-κB/NLRP3 pathways caused by recurrent 

LPS exposure (Fig. 9H–R). These data indicate that low-
grade systemic endotoxemia derived from gut dysbiosis 
can induce mastitis through the depletion of host anti-
inflammatory ALP by the LPS-TLR4-Neu signature.

Gut dysbiosis aggravates E. coli‑induced mastitis in mice 
through ALP reduction by Neu activation
Considering the increased E. coli burden detected in 
mastitis cows in this study, we next studied whether this 
increase was attributed to gut dysbiosis. As expected, we 
found that E. coli-treated M-RMT mice developed more 
severe mastitis than E. coli-treated control and H-RMT 
mice (Fig.  10A, B). Similarly, E. coli-treated M-RMT 
mice had a higher E. coli burden in the mammary glands 
than E. coli-treated control and H-RMT mice (Fig. 10C). 
Given the protective role of ALP in recurrent LPS expo-
sure-induced mastitis, we then studied whether a reduc-
tion in host ALP caused by increased Neu aggravates E. 
coli-induced mastitis. Indeed, treatment with ALP and 
zanamivir ameliorated E. coli-induced mastitis, as shown 
by improved mammary injury and reduced E. coli load 
in the mammary glands compared with the E. coli treat-
ment group (Fig. 10D–F). Moreover, ALP and zanamivir 
reduced mammary proinflammatory markers caused by 
E. coli (Fig. 10G–I). These results suggest that gut dysbio-
sis aggravates E. coli-induced mastitis by reducing ALP 
via increasing Neu in mice.

Discussion
Mastitis has been thought to be the most important fac-
tor influencing milk yield and quality, which not only 
causes great economic losses but also impairs animal 
health [45]. There is still a lack of an effective strategy 
for controlling mastitis based on interventions of local 
mammary inflammation and pathogen invasions, lead-
ing to other factors that participate in the development 
of mastitis. In the current study, we found that masti-
tis cows had higher systemic inflammatory parameters 
than healthy cows. Interestingly, cows with mastitis had 
reduced serum ALP levels that were negatively correlated 
with serum LPS concentrations. Using the RMT model, 
we further demonstrated that ruminal dysbiosis-derived 
low-grade endotoxemia contributes to mastitis by impair-
ing host ALP activity and subsequently aggravates E. 

Fig. 7  Recurrent low-grade LPS exposure causes severe mastitis in lactating mice. Lactating mice were treated with LPS (2 or 20 μg/mouse) 
intraperitoneally for 10 consecutive days after delivery, and then mammary tissues were harvested for determination. A Serum LPS levels from 
the indicated mice (n = 5). B Representative mammary H&E-stained sections from differently treated mice (scale bar, 50 μm). C Histological scores 
of the mammary glands from the indicated mice (n = 5). D, E Mammary TNF-α (D), IL-1β (E), and MPO activities (F) in the different groups were 
determined (n = 5). G Representative western blot images of tight junction and TLR4-cGAS-STING-NF-κB/NLRP3 pathway proteins in the mammary 
tissues from the indicated groups. The relative intensities of ZO-1, occludin, claudin-3, TLR4, cGAS, STING, p-TBK1, p-IRF3, p-p65, p-IκB, NLRP3, ASC, 
and IL-1β in the mammary glands (H–T) were determined (n = 3). Data are expressed as the mean ± SD (A, C–F, H–T), and one-way ANOVA was 
performed followed by Tukey’s test (A, C–F, H–T). *p < 0.05, **p < 0.01, ***p < 0.001 indicate significance

(See figure on next page.)



Page 15 of 22Zhao et al. Microbiome          (2022) 10:205 	

Fig. 7  (See legend on previous page.)
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Fig. 8  Gut dysbiosis-derived reduction in alkaline phosphatase (ALP) facilitates low-grade LPS exposure-induced mastitis in mice. A, B Correlation 
analysis showing that the serum LPS concentration is negatively correlated with serum the ALP level in cows (A) and mice (B). C–G Calf intestinal 
alkaline phosphatase (cIAP) alleviates recurrent LPS exposure-induced mastitis (n = 6). Mice were treated with or without cIAP (20 U/mL) for 10 
days during LPS treatment (20 μg/mouse), and then the mammary glands were harvested. C Representative mammary H&E-stained sections 
from differently treated mice (scale bar, 50 μm). D Histological scores of the mammary gland from the indicated mice. E–G Mammary TNF-α 
(E), IL-1β (F), and MPO activities (G) in the different groups were assessed (n = 6). H Representative western blot images of tight junction and 
TLR4-cGAS-STING-NF-κB/NLRP3 pathway proteins in the mammary tissues from differently treated mice. I–R The relative intensities of ZO-1, 
occludin, claudin-3, TLR4, cGAS, STING, p-p65, NLRP3, ASC, and IL-1β in the mammary gland were determined (n = 3). Data are expressed as the 
mean ± SD (D–G, I–R), and one-way ANOVA was performed followed by Tukey’s test (D–G, I–R). *p < 0.05, **p < 0.01 indicate significance



Page 17 of 22Zhao et al. Microbiome          (2022) 10:205 	

Fig. 9  Gut dysbiosis-derived LPS reduces ALP by increasing neuraminidase (Neu)3 in the mammary gland. A, B The relative gene expression 
of Neu1-4 in RMT- (A) and LPS-treated mice (B) was detected using qPCR (n = 6). C–G Neu inhibitor zanamivir improves recurrent LPS 
exposure-induced mastitis in mice. Mice were treated with or without zanamivir (0.5 mg/mL) for 10 days during LPS treatment (20 μg/mouse). C 
Representative mammary H&E-stained sections from differently treated mice (scale bar, 50 μm). D Histological scores of the mammary glands from 
the indicated mice (n = 6). E–G Mammary TNF-α (E), IL-1β (F), and MPO activities (G) from different groups were assessed (n = 6). H Representative 
western blot images of tight junction and TLR4-cGAS-STING-NF-κB/NLRP3 pathway proteins in the mammary tissues from differently treated mice. 
I–R The relative intensities of ZO-1, occludin, claudin-3, TLR4, cGAS, STING, p-p65, NLRP3, ASC, and IL-1β in the mammary glands were determined 
(n = 3). Data are expressed as the mean ± SD (D–G, I–R), and one-way ANOVA was performed followed by Tukey’s test (D–G, I–R). *p < 0.05, **p < 
0.01 indicate significance
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coli-induced mastitis in mice. LPS has been used in many 
studies to establish mastitis models in mice and cows 
[46, 47]. Our results may thus extend the possibility that 
mammary LPS is derived from systemic circulation and 

affected by other factors. Among the factors potentially 
involved in the pathogenesis is the ruminal microbiota, as 
evidenced by the increased occurrence of mastitis associ-
ated with ruminal dysbiosis [9, 10], such as SARA [8].

Fig. 10  Gut dysbiosis aggravates E. coli-induced mastitis by reducing ALP. A–C M-RMT aggravates E.coli-induced mastitis in mice. Mice underwent 
RMT as mentioned above, and E.coli was administered to construct the mastitis model. A, B Representative H&E-stained mammary sections (A) 
(scale bar, 50 μm) and histological scores (B) (n = 6). C Mammary E. coli detection showed that E. coli-treated M-RMT had a higher E. coli burden in 
the mammary gland (n = 6). D–I Treatment with cIAP and zanamivir ameliorates E. coli-induced mastitis in mice. D, E Representative H&E-stained 
mammary sections (D) (scale bar, 50 μm) and histological scores (E) from differently treated mice (n = 6). F Mammary E. coli loads in differently 
treated mice (n = 6). Mammary TNF-α (G), IL-1β (H), and MPO (I) levels in the indicated groups were determined (n = 6). Data are expressed as 
the mean ± SD (B, C, E–I) and one-way ANOVA was performed followed by Tukey’s test (B, C, E–I). *p < 0.05, **p < 0.01, ***p < 0.001 indicate 
significance. ns, no significance
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To investigate the association between mastitis and 
ruminal microbiota, healthy and clinical mastitis cows 
were employed for ruminal microbiota determination. 
As expected, mastitis individuals had distinct ruminal 
microbiota profiles, with especially enriched Proteobac-
teria and depleted Bacteroidota. Interestingly, Morax-
ella, Saccharofermentans, Eubacterium_nodatum_group, 
and Rikenellaceae_RC9_gut_group were abundant, and 
Prevotella was reduced in the mastitis group compared 
with the healthy cows. Moraxella is known as a gram-
negative pathobiont that causes inflammation, such as 
airway inflammation [48, 49]. We further showed that 
Moraxella was correlated with mastitis parameters, 
which agrees with a previous study showing that rumi-
nal Moraxella abundance was changed in cows with 
mastitis [9]. Saccharofermentans has been reported to 
be enriched in HGD-induced ruminal dysbiosis and is 
related to increased serum amyloid A, C-reactive pro-
tein, haptoglobin, and lipopolysaccharide-binding pro-
tein [50]. Conversely, Prevotella has been thought to 
be a potential probiotic due to its capacity to produce 
propionate and was found to be depleted in the rumen 
of mastitis cows [9]. Likewise, these changed microbes 
were correlated with mastitis and systemic inflammatory 
markers. These results indicate that ruminal dysbiosis is 
associated with the development of mastitis and might be 
related to increased consumption of a HGD [8].

Transferring donor phenotypes to recipients is nec-
essary to indicate the causation between microbiota 
changes and disease outcomes by using FMT and RMT 
[22, 33]. Although there are distinct differences in the 
physiological profiles and digestion systems between 
ruminants and non-ruminants, a previous study reported 
that the ruminal microbiota in cows is similar to the 
gut microbiota in the colon of mice by using RMT [22]. 
Notably, RMT from SARA cows with ruminal inflam-
mation can induce colonic inflammation and endow 
similar microbial profiles in mice [22]. Likewise, FMT 
from mastitis cows to mice also induced mastitis in mice 
[33]. These findings indicate that mice are a good model 
to study mastitis in ruminants and that RMT may be a 
potential strategy that could be used to reveal the role 
of the ruminal microbiota in cow physiological func-
tions and disease development. Indeed, we found that 
M-RMT, but not H-RMT, induced mastitis in recipient 
mice. Similar results were reported by a previous study 
in which FMT from cows with mastitis to mice induced 
mastitis [33], which supports the significant role of the 
microbiota in the gastrointestinal tract in the pathogen-
esis of mastitis. M-RMT damages the blood-milk bar-
rier by reducing TJ expression, which is responsible for 
the exchange of substances between blood and milk 
and is often impaired during mastitis [19, 20]. Similar to 

many gut dysbiosis-associated diseases [23, 24, 27, 51], 
M-RMT mice had increased mucosal inflammation and 
damaged intestinal barrier integrity, leading to increased 
serum LPS levels and systemic inflammation. Consist-
ent with the donor cows, M-RMT mice had increased 
Proteobacteria and reduced Bacteroidota. At the genus 
level, Escherichia_Shigella, Neisseria, Agathobacter, and 
Atopostipes were enriched in M-RMT mice. Escheri-
chia_Shigella and Neisseria are well-known gram-nega-
tive pathobionts correlated with intestinal inflammation 
[52–54] and mastitis [9, 20], which might account for the 
increase in serum LPS levels. Notably, increased LPS may 
probably facilitate ruminal and gut dysbiosis in turn [55].

Increased inflammatory cytokines are processed 
by host signaling transduction, such as NLRP3 and 
NF-κB, which have been widely proven to be involved 
in the pathogenesis of mastitis [20, 56]. As expected, 
M-RMT activated the NLRP3 and NF-κB pathways. 
Interestingly, the cGAS-STING signature has recently 
been reported to be the upstream regulator of NLRP3 
and NF-κB [40–42, 57]. Our results were consistent 
with these findings, as evidenced by increased cGAS-
STING and downstream p-TBK1 and p-IRF3 levels in 
mice in the M-RMT group. Moreover, M-RMT mice 
had increased TLR4 activation, which is consistent with 
increased serum LPS levels in the M-RMT group. Previ-
ous studies indicated that LPS can activate the cGAS-
STING pathway through TLR4 [41, 42]. These results 
suggest the involvement of LPS-mediated TLR4-cGAS-
STING-NF-κB/NLRP3 in the pathogenesis of ruminal 
microbiota-associated mastitis. Notably, our results did 
not allow us to rule out other receptor-mediated NLRP3 
and NF-κB activation. Likewise, the increased cGAS-
STING pathway may also be activated by microbial 
DNA derived from ruminal dysbiosis [58, 59].

The toxic form of LPS contains two phosphate groups 
coupled to glucosamines, and its recognition by TLR4 
requires a full complement of typically six acyl chains 
in the lipid portion [60, 61]. The host has developed 
complex protective programs for LPS detoxification to 
avoid excessive immune activation. For example, host-
produced acyloxyacyl hydrolase can remove secondary 
(acyloxyacyl-linked) fatty acids from LPS, rendering it 
immunologically inert [62, 63]. In addition, a single phos-
phate group removal by ALP is sufficient to generate a 
monophosphoryl lipid A, which is 100-fold less toxic 
than fully phosphorylated LPS [32, 64]. Detoxification 
of LPS may thus serve as an effective strategy to improve 
gram-negative bacteria-associated inflammation [30, 
32]. Indeed, supplementation mice with cIAP alleviated 
recurrent LPS exposure-induced mastitis and inhibited 
the activation of inflammatory pathways. cIAP has also 
been reported to ameliorate recurrent Salmonella- or 
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E. coli-induced inflammation [30, 32]. In contrast to the 
ALP detoxification of LPS, consecutive LPS administra-
tion can in turn reduce ALP production by sialylation of 
ALP [30–32]. We found that both M-RMT and LPS expo-
sure increased mammary Neu3 levels, which have been 
reported to prompt ALP degradation and are regulated 
by TLR4 [30–32]. Supplementing mice with the Neu 
inhibitor zanamivir alleviated recurrent LPS exposure-
induced mastitis, which supports that diminished TLR4-
mediated inflammation could be attributed to blocking 
host Neu [30–32]. These results suggest that ruminal dys-
biosis or intestinal inflammation-derived low-grade LPS 
facilitates the development of mastitis by reducing host 
anti-inflammatory enzymes.

Apart from intestinal or systemic ALP production, 
ALP was also highly expressed in the mammary glands 
under homeostasis [44, 65], which indicates that reduced 
mammary ALP may facilitate gram-negative pathogen-
induced mastitis. Indeed, M-RMT aggravated E. coli-
induced mastitis compared with the control and H-RMT 
groups. In contrast, treatment with ALP or zanamivir 
alleviated E. coli-induced mastitis, which may explain 
why increased E. coli load was detected in mastitis cows 
in the current study. However, we did not exclude the role 
of other ruminal dysbiosis-derived factors in the increase 
in susceptibility to E. coli in the mammary gland. For 
example, ruminal dysbiosis-derived systemic inflamma-
tion endows damaged integrity of the blood-milk barrier 
and reduced abundance of commensal microbes induces 
host immune imbalance [8, 19, 20], which may lead to an 
increased possibility for pathogen invasion. In addition, 
studies have shown similar microbial profiles between 
the rumen or gut and the mammary gland during mam-
mary diseases [8, 66, 67], which implies a potential patho-
gen transplantation across the gut-mammary axis. Future 
studies on these hypotheses will help to understand the 
pathogenesis of mastitis and seek new prevention and 
treatment strategies for mastitis.

Conclusion
In summary, this study reveals that mastitis cows had 
marked ruminal microbiota disruption and increased 
systemic inflammation. Using the mouse RMT model, 
we showed that ruminal microbial dysbiosis contributes 
to the development of mastitis by inducing systemic 
inflammation and low-grade endotoxemia in mice. Low-
grade endotoxemia impaired host ALP by activating Neu, 
causing persistent injury and mastitis by activating the 
TLR4-cGAS-STING-NF-κB/NLRP3 signatures. In addi-
tion, gut dysbiosis-derived ALP reduction aggravates E. 
coli-induced mastitis in mice. Our study for the first time 
demonstrates the effect of ruminal dysbiosis-derived 
low-grade endotoxemia in the development of mastitis, 

which highlights the important role of the gut microbiota 
in the pathogenesis of mastitis and provides a potential 
strategy for the prevention of mastitis and other diseases 
by regulating the gut microbiota and host anti-inflamma-
tory enzymes.
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