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Simple Summary

Mastitis is a prevalent and severe disease that hinders the development of the dairy industry.
Improper use of antibiotics in dairy farms frequently promotes pathogen resistance, posing
significant risks to animal production and food safety. Consequently, the development of
natural, environmentally friendly antibacterial and anti-inflammatory alternatives is of
high practical importance. Rosmarinic acid (RA), a natural plant extract, exhibits potential
antibacterial and anti-inflammatory activities. This study evaluated the antibacterial and
anti-inflammatory effects of RA against Streptococcus agalactiae (S. agalactiae) using bacterial
assays and a mouse model of mastitis. Bacterial assays indicated that RA inhibited viru-
lence factor expression and biofilm formation in S. agalactiae. Mouse mastitis experiments
revealed that RA alleviated mammary inflammation by modulating the TLR2/NF-«B and
PI3K/AKT signaling pathways. In conclusion, RA suppresses the growth of S. agalactiae
and attenuates S. agalactine-induced mouse mastitis. These findings provide a theoretical
foundation for the development of novel green therapeutic strategies against mastitis and
offer insights for sustainable livestock production.

Abstract

Mastitis severely hinders dairy farming, with Streptococcus agalactiae (S. agalactine) serving
as a major causative pathogen. Prolonged antibiotic administration promotes the emer-
gence of multidrug-resistant strains, thereby compromising mastitis control. Consequently,
novel natural antibacterial agents are urgently needed. In this study, bacteriostatic as-
says identified the MIC of rosmarinic acid (RA) against S. agalactiae as 8 mg/mL. At the
MIC, RA reduced the adhesion capacity of S. agalactine by 16.6% and inhibited biofilm
formation by 25.09%. RA also disrupted bacterial membrane architecture and markedly
downregulated the expression of virulence factors. A mouse model of mastitis treated with
varying doses of RA (25, 50, and 100 mg/kg) indicated that RA attenuated pathological
damage to the mammary duct architecture and ameliorated inflammatory responses in
S. agalactige-infected mice. ELISA revealed that RA significantly reduced pro-inflammatory
mediators, including IL-1«, IL-13, IL-6, and TNF-«. RT-qPCR results indicated that mRNA
expression levels of TLR2, NF-«kB, AKT, and PI3K were substantially reduced following
RA treatment, whereas apoptosis-related genes p53, RUNX1, and Bim exhibited distinct
expression patterns. Western blotting analysis further indicated that RA modulated the
phosphorylation of Bim, RUNX1, and p53 in mastitis tissues, suppressed the TLR2 /NF-«xB
inflammatory signaling pathway, and regulated the PI3K/AKT cascade. By targeting
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multiple pathways, RA suppressed S. agalactiae proliferation and attenuated mammary
gland inflammation, highlighting its potential as a green therapeutic agent for sustainable
animal husbandry.

Keywords: RA; Streptococcus agalactiae; antibacterial; anti-inflammatory

1. Introduction

Mastitis is a prevalent disease in dairy cows that serves as a primary cause of reduced
milk yield [1]. The condition results in substantial economic losses worldwide, with annual
management costs in Europe and North America reaching billions of US dollars [1,2]. Masti-
tis manifests in either clinical or subclinical forms, with clinical cases frequently developing
from unmanaged subclinical infections. Subclinical mastitis is primarily characterized by
an elevated somatic cell count (SCC) in milk and often evades routine clinical detection,
requiring specialized diagnostic techniques [3,4]. Infectious pathogens driving bovine
mastitis include Staphylococcus aureus (S. aureus), Streptococcus agalactiae (S. agalactiae), and
Mycoplasma spp. [5]. These microorganisms are commonly transmitted among healthy
cows during milking via contaminated equipment, towels, or handlers. S. agalactiae repre-
sents a major pathogen in subclinical mastitis, contributing significantly to industry-wide
economic losses [6]. The virulence factors of S. agalactiae facilitate adhesion to and invasion
of host epithelial cells, promoting biofilm formation that impairs host immune functions
and accelerates pathology [7]. S. agalactiae encodes diverse proteins essential for colo-
nization, invasion, biofilm formation, and immune evasion. Key structural determinants,
including fibronectin-binding proteins, laminin-binding proteins, and pili, mediate critical
interactions with host cell receptors and the extracellular matrix during mammary tissue
invasion [8-11]. Beyond veterinary health, S. agalactiae poses a significant public health
threat by causing severe neonatal infections, septicemia, and high-mortality meningitis in
humans [12]. Gong et al. indicated that S. agalactiae virulence factors modulate RUNX1 and
p53 signaling in host mammary epithelial cells to exacerbate inflammatory responses [13].
Therefore, controlling S. agalactiae-induced mastitis is essential for protecting livestock
economics and safeguarding public health.

Antibiotics remain the primary intervention for bacterial mastitis in dairy cattle. An-
tibiotics remain the primary intervention for bacterial mastitis in dairy cattle. However,
improper and excessive antibiotic administration has accelerated antimicrobial resistance
(AMR), led to rumen dysbiosis, caused antibiotic tissue residues, and lowered milk quality.
The escalation of AMR has spurred interest in natural bioactive compounds as alterna-
tive therapeutic options [14]. Botanical extracts from rosemary, ginkgo, chamomile, and
garlic-containing compounds such as rosmarinic acid (RA), quercetin, and thymol enhance
animal immune responses and reduce disease susceptibility [15]. RA is a natural phenolic
ester of caffeic acid and 3,4-dihydroxyphenyllactic acid (DHPL) isolated from Rosmarinus
officinalis and various other plant species [16]. It exhibits broad-spectrum biological activi-
ties, including anti-inflammatory, antioxidant, antimicrobial, and antiviral properties [17].
Previous studies show that RA inhibits both Gram-positive and Gram-negative bacteria at
specific minimum inhibitory concentrations (MICs) [16,18]. Specifically, RA restricts S. au-
reus growth by inhibiting biofilm formation, disrupting Na* /K*-ATPase activity, increasing
cell membrane permeability, and suppressing DNA polymerase activity [18-21]. Further-
more, Jiang et al. demonstrated that RA attenuates lipopolysaccharide (LPS)-induced
mastitis by inhibiting the TLR4/MyD88/NEF-«B signaling pathway [22].
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Despite these findings, existing research on RA in mastitis models has largely focused
on LPS-induced damage or S. aureus infection. Information regarding the direct action of
RA against S. agalactiae remains limited. Specifically, whether RA influences S. agalactiae
virulence gene expression, cell adhesion, biofilm formation, or host—pathogen signaling
networks is poorly understood. Therefore, this study was designed to comprehensively
evaluate the antibacterial and anti-inflammatory properties of RA against S. agalactiae
using both bacterial assays and a mouse mastitis model. Our findings offer insights into
the mechanistic potential of RA as a green therapeutic alternative for mastitis prevention
and management.

2. Materials and Methods
2.1. Study Timeline

The study was conducted in two sequential stages. In Stage 1, the antibacterial activity
of RA against S. agalactiae was evaluated in vitro. First, the minimum inhibitory concentra-
tion (MIC) of RA against S. agalactine was determined in September 2024. Subsequently, the
effects of different concentrations of RA on bacterial adhesion to MAC-T mammary epithe-
lial cells and biofilm formation were evaluated in September 2024. S. agalactiae treated with
RA at the MIC was harvested for TEM observation (TECNAI G 20 TWIN (FEI Company,
Hillsboro, OR, USA)) of its biofilm in October 2024. S. agalactiae exposed to RA at the MIC
was then harvested for RT-qPCR analysis of virulence-associated genes, including genes
related to adhesion, invasion, immune evasion, capsular polysaccharide synthesis, and
pilus formation in October 2024.

In Stage 2, the anti-inflammatory and tissue-protective effects of RA were evaluated
in a postpartum/lactating mouse model of S. agalactiae-induced mastitis. Mastitis was
established by intramammary infection with S. agalactine and verified by qRT-PCR analysis
of inflammatory markers in March 2025. The mice were then allocated to a control group,
an infected model group, and three RA treatment groups receiving different doses of RA.
Following treatment, milk, peripheral blood, and mammary gland tissues were collected for
subsequent analyses in April 2025. Milk samples were used for somatic cell counting (in April
2025), peripheral blood was analyzed for immune-cell profiles (in April 2025), and mammary
gland tissues were subjected to histopathological examination using H&E staining in May
2025. Inflammatory cytokines were quantified by ELISA, while changes in gene and protein
expression were assessed by qRT-PCR and Western blotting (May 2025), respectively.

Together, the two-stage experimental design enabled the antibacterial effects of RA on
S. agalactige and its anti-inflammatory and tissue-protective effects in infected mammary
tissues to be evaluated in a complementary manner.

2.2. Animals and Cell Lines

Thirty female Kunming mice (12 weeks old; 30-35 g) were provided by Nanjing
Kangxuhe Biotechnology Co., Ltd. (Nanjing, China). All procedures were approved by the
Animal Ethics Committee of Nanchang Normal University (No. 2025002), and adhered
strictly to “Regulations for the Administration of Laboratory Animals in China”, as well as
the guidelines sanctioned by the Animal Management Committee of Nanchang Normal
University. Throughout the experiment, the animals were housed in plastic cages at a
temperature of 20-26 °C and a humidity of 50-60% under a 12 h/12 h light/dark cycle,
with unrestricted access to food and water. MAC-T cells were provided by the College of
Life Science and Technology, Gansu Agricultural University (Lanzhou, China). S. agalactiae
strain ATCC 27956 was preserved by our laboratory.
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2.3. Determination of the MIC of RA Against S. agalactine ATCC 27956

RA powder (1 g, Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 40 mL DMSO
(Solarbio Science & Technology Co., Ltd., Beijing, China), and then added to pre-sterilized
Todd-Hewitt broth (THB; Hope Bio-Technology, Qingdao, China) at the required concen-
tration. The stock solution was incorporated into pre-sterilized culture media to achieve
target concentrations. Medium without RA (0 mg/mL) served as the control. Bacterial
(S. agalactiae ATCC 27956) suspensions were adjusted to 1 x 10° CFU/mL via serial two-
fold dilution. Replicate wells of a 96-well plate (Baidi Biotech Co., Ltd., Hangzhou, China,
Cat. No. H803004) were loaded with 100 pL of bacterial suspension and 100 pL of THB
containing RA to yield final concentrations of 0.125, 0.25, 0.5, 1, 2, 3, 4, and 8 mg/mL (final
volume: 200 pL/well; n = 5 per concentration) [23]. Plates were incubated at 37 °C for 24 h.
The MIC was defined as the lowest drug concentration yielding an ODgq difference of
<0.05 compared to sterile negative controls [24].

2.4. Determination of Bacterial Adhesion Capacity

Bovine mammary epithelial cells (MAC-T), at passage 5, were cultured to form dense
monolayers in T25 cell culture flasks; harvest viable cells by centrifugation at 550 x ¢ for
5 min. Discard the supernatant and resuspend cells in complete culture medium. The cell
suspension was added into a 96-well cell plate at 200 uL per well (=1 x 10* cells/well).
The cells were incubated at 37 °C with 5% CO, until use.

Based on research conducted by Ekambaram et al., RA solutions were prepared at
serial concentrations (0, 2, 4, 6, 8, and 10 mg/mL) via gradient dilution [22]. For test
groups: One volume of RA solution was mixed with nine volumes of bacterial suspension
(1 x 108 CFU/mL S. agalactiae). For the control group: Combine 1 volume of culture
medium with 9 volumes of bacterial suspension. Co-culture all tubes at 37 °C with shaking
(180 rpm) for 18 h. Dilute co-cultured bacteria to 1 x 10° CFU/mL in antibiotic-free
complete medium. Store at 4 °C.

When MAC-T cells in the 96-well plate reach more than 90% confluence (about
3 x 10% cells), aspirate the cell culture medium, rinse twice with PBS, add 100 uL of diluted
bacterial solution (10° CFU/mL) to each well, and continue culturing under the original
culture conditions. Added 100 pL of sterile medium to control wells. All wells were pre-
pared in triplicate. Added 100 uL of THB containing RA to achieve final RA concentration
gradients of 0, 2, 4, 6, 8, and 10 mg/mL in a final 200 pL reaction volume per well of
the 96-well plate. Samples were collected 2.5 h after bacterial inoculation to determine
the adhesion ability of S. agalactiae to MAC-T cells. Weighed 3.7 g of brain heart infusion
medium (Qingdao Hope Bio-Technology Co., Ltd., Qingdao, China), dissolved it in 100 mL
of ultrapure water, then sterilized it by autoclaving at 121 °C for 20 min, and cooled it to
room temperature for later use. Collected MAC-T cells together with S. agalactine adhered
to the cells, added 1 mL of 1% Triton X-100 (v/v) (Solarbio Science & Technology Co., Ltd.,
Beijing, China) to each well, and let it stand at room temperature for 10 min; after the cells
lysed and the bacteria were released, pipetted to mix evenly, and diluted the suspension
with PBS (Solarbio Science & Technology Co., Ltd., Beijing, China) in a 1:1 ratio. Each
concentration was tested in three wells. Aspirated 100 pL of the above diluent, inoculated it
onto brain heart infusion solid medium, placed it in a 37 °C constant temperature incubator
for 48-72 h, took it out for colony counting, and calculated the total number of S. agalactiae
in each well.

2.5. Inhibitory Effects of RA on S. agalactiae Biofilm Formation

S. agalactiae was cultured in THB overnight (37 °C, 180 rpm), diluted to ODgg = 0.05,
and dispensed into 96-well plates (100 uL/well) with 100 puL of RA (0, 2, 4, 6, 8, and
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10 mg/mL; 6 wells per group). After 24 h incubation at 37 °C, wells were rinsed three
times with PBS, air-dried, stained with 0.1% crystal violet for 15 min, and washed. Dye
was solubilized in 200 puL of 95% ethanol, and absorbance was measured at ODsg.

S. agalactiae was cultured overnight in THB in the presence or absence of RA at its MIC,
serving as the experimental and control groups, respectively. Bacterial cells were harvested
by centrifugation at 500 x g for 5 min at 4 °C, yielding a pellet volume of 20-30 mm3. After
discarding the supernatant, the pellets were fixed in 2.5% glutaraldehyde solution. The
bacterial aggregates were gently resuspended using a sterile toothpick, fixed for at least
4 h, and stored at 4 °C. Subsequently, the samples were centrifuged at 500 x g for 5 min,
the supernatant was removed, and 0.1 M phosphate buffer (pH 7.4) was added. Following
gentle mixing and a 3 min rinse, the suspension was centrifuged; this washing cycle was
repeated three times. A 1% (w/v) agarose solution was prepared by heating until fully
dissolved and dispensed into microcentrifuge tubes after cooling slightly. Prior to agarose
gelation, the bacterial pellet was carefully isolated with forceps, suspended, and embedded
within the agarose matrix. The embedded specimens were rinsed three times with 0.1 M
phosphate buffer (pH 7.4) for 15 min per wash, followed by post-fixation with 1% osmium
tetroxide diluted in 0.1 M phosphate buffer (pH 7.4) for 2 h at room temperature. Finally,
the samples were washed three times with 0.1 M phosphate buffer (pH 7.4) for 15 min
each. Specimens were dehydrated through a graded ethanol series (30%, 50%, 70%, 80%,
85%, 90%, and 100% v/v) for 15-20 min per step, with the 100% ethanol step performed in
duplicate. For specimens requiring extended dehydration, incubation times were adjusted
accordingly. Subsequently, the samples were incubated twice in 100% acetone for 15 min
per cycle as a transitional solvent Resin infiltration was carried out sequentially using
mixtures of acetone and SPI-Pon™ 812 epoxy resin (Structure Probe, Inc., West Chester, PA,
USA) under the following conditions: acetone to SPI-Pon™ 812 at a 1:1 (v/v) ratio for 2-4 h
at 37 °C; acetone to SPI-Pon™ 812 at a 1:2 (v/v) ratio overnight at 37 °C; and pure SPI-Pon™
812 resin for 5-8 h at 37 °C. The specimens were then transferred into embedding molds
filled with fresh SPI-Pon™ 812 resin and pre-incubated at 37 °C overnight. Finally, the
molds were transferred to a 60 °C oven for polymerization over 48 h to yield solid resin
blocks. Ultrathin sections (60-80 nm thick) were cut using a Leica UC7 ultramicrotome
and mounted on 150-mesh Formvar-coated copper grids (Leica Microsystems IR GmbH,
Wetzlar, Germany). The sections were stained with 2% saturated ethanolic uranyl acetate
in the dark for 8 min, rinsed three times with 70% ethanol, and washed three times with
ultrapure water. Post-staining was performed using 2.6% lead citrate solution in a CO,-
free environment for 8 min, followed by three rinses with ultrapure water. Grids were
blotted gently with filter paper and dried overnight in a grid box at room temperature.
Ultrastructural examination and image acquisition were conducted using a transmission
electron microscope TECNAI G 20 TWIN (FEI Company, Hillsboro, OR, USA).

2.6. Establishment of a Postpartum/Lactating Mouse Model with S. agalactiae-Induced Mastitis

Female Kunming mice 8-10 days postpartum were divided into a sterile normal saline
group (n = 6, biological replicates), bacterial challenge group (n = 6, biological replicates),
bacterial challenge + 25 mg/kg drug injection group (n = 6, biological replicates), bacterial
challenge + 50 mg/kg drug injection group (n = 6, biological replicates), and bacterial
challenge + 100 mg/kg drug injection group (1 = 6, biological replicates). One hour before
the experiment, pups were separated from the dam to allow mammary gland engorgement.
In the control group, 50 uL of sterile normal saline was injected into the nipple duct of
the 4th pair of mammary glands; in the bacterial challenge group, 50 uL of S. agalactiae
suspension (5 x 10* CFU) was injected into the nipple duct of the 4th pair of mammary
glands for 24 h. In the bacterial challenge + drug injection groups, 50 uL of S. agalactiae
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suspension (5 x 10* CFU) was injected into the nipple duct of the 4th pair of mammary
glands. After bacterial challenge, the drug was dissolved in normal saline. Intraperitoneal
injections were performed at 6, 12, 18, and 24 h post-challenge. The single-injection doses
for each group was 6.25 mg/kg, 12.5 mg/kg, and 25 mg/kg, respectively, resulting in
cumulative 24 h doses of 25 mg/kg, 50 mg/kg, and 100 mg/kg after four administrations,
followed by collection of samples from the 4th pair of mammary glands, which is according
to the search of Jiang et al. [22]. After injecting 2 IU of oxytocin into each dam, approximately
20 pL of milk was collected from the 4th pair of mammary glands using a self-made oral
pipette for white blood cell counting. After a 4 h fasting period, mice were transferred to
clean containers and gradually exposed to carbon dioxide. The mice were anesthetized
via exposure to 40% CO, for 10 min to achieve painless euthanasia. If any mice exhibited
vital signs following this procedure, cervical dislocation was conducted as a supplementary
measure. Approximately 1 mL of blood was collected from each dam via orbital puncture
for routine blood detection and analysis.

2.7. Pathological Structures of Mice Mammary Gland Were Examined by Hematoxylin-Eosin
(HE) Staining

Tissue samples measuring (2 x 2 x 2 mm) were harvested and fixed in 4%
paraformaldehyde for 48 h. The fixed tissues were rinsed with running water to remove
fixative and impurities. Specimens were dehydrated through a graded ethanol series (50%,
70%, 85%, 95%, and 100% v/v) for 2 h per concentration. Clearing was performed by
immersing the samples in a 1:1 (v/v) mixture of ethanol and xylene for 2 h, followed by two
successive incubations in pure xylene for 2 h each. Subsequently, tissues were infiltrated
with a 1:1 (v/v) mixture of molten paraffin and xylene for 1-2 h, followed by two changes
in pure molten paraffin for approximately 3 h each. The infiltrated tissues were embedded
in molten paraffin within molds and oriented appropriately. Upon solidification, excess
paraffin was trimmed, and sections (4-5 um thick) were cut using a Leica microtome (Leica
Microsystems IR GmbH, Wetzlar, Germany).

Paraffin sections were deparaffinized in two changes of xylene for 20 min each, then
rehydrated through a graded ethanol series (100%, 100%, and 75% v/v for 5 min per step)
and rinsed in distilled water for 3 min. Sections were stained with hematoxylin for 3-5 min
and washed under running tap water to remove excess stain. Differentiation was performed
in 1% (v/v) hydrochloric acid aqueous solution for several seconds, followed by rinsing
under tap water. The sections were blued in a 0.6-0.7% (v/v) aqueous ammonia solution
and washed briefly under running tap water. Following partial dehydration through 85%
and 95% ethanol, sections were counterstained with eosin for 5 min. Subsequently, sections
were fully dehydrated in three changes of 100% ethanol (5 min each), cleared in n-butanol
for 5 min, followed by xylene for 5 min, and mounted with neutral balsam. Histological
examination and image acquisition were conducted using a Leica DM1000 microscope
equipped with the Leica Application Suite imaging system (Leica Microsystems IR GmbH,
Wetzlar, Germany).

2.8. The Levels of Pro-Inflammatory and Anti-Inflammatory Cytokines Were Determined Using ELISA

For mammary tissue samples, weigh 20 mg of dissected tissue, add 200 puL of 0.1 M
phosphate buffer (pH 7.4), and fully homogenize the sample manually or using a tissue
homogenizer. The homogenate was centrifuged at 500 x g for 20 min, and the supernatant
was carefully collected.

ELISA kits were purchased from MEINIAN Co., Ltd. (Yancheng, China) (Supplementary
Table S1). First, dilute the standard; then set up blank wells (no sample or enzyme-labeled
reagent is added to the blank control wells, while all other steps remain the same), standard
wells, and test sample wells, respectively. Accurately add 50 pL of the standard to the enzyme-
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labeled coated plate. For the test sample wells, first add 40 pL of sample dilution, then add
10 pL of the test sample (the final dilution of the sample is 5-fold). Sealed the plate with a
sealing film and incubated at 37 °C for 30 min. Discarded the liquid, added washing solution,
let it stand for 30 s, then discarded the liquid. Repeated this washing process 5 times and
finally patted dry. Added 50 uL of enzyme labeling solution to each well, except for the blank
wells. Incubated at 37 °C for 30 min. After repeating the washing process 5 times, add the
chromogenic agent, gently shake to mix well, and incubate at 37 °C in the dark for 10 min.
Add 50 pL of stop solution to terminate the reaction. Each sample was repeated in 3 wells.
Zero the instrument with the blank well, and measure the absorbance (OD value) of each
well in sequence at a wavelength of 450 nm. The measurement should be carried out within
15 min after adding the stop solution.

2.9. The Expression of Inflammatory Factors and Related Genes Was Quantified by RT-qPCR

S. agalactiae was cultured overnight in THB with/without RA at MIC (test/control
groups). Cultures were centrifuged at 8000x g for 2 min, washed 3 times with 0.1 M
phosphate buffer (pH 7.4), collected the bacteria, added lysozyme, incubated at 37 °C for
5 min, then centrifuged at 8000x g for 2 min to collect the precipitate for bacterial RNA
extraction; add liquid nitrogen to 1 mg of mouse mammary gland tissue, grind it, and
use it for total tissue RNA extraction. The A260/A280 ratio of RNA was in the range of
1.9-2.2. After determining the total RNA concentration, cDNA was synthesized accord-
ing to EasyScript® One-Step gDNA Removal and cDNA Synthesis SuperMix (TransGen
Biotech, Beijing, China). Specific primers were designed based on the sequences in NCBI,
and the primer sequence information is shown in Supplementary Table S2, which was
synthesized by Qingke Biotechnology Co., Ltd. (Beijing, China). The relative expression
level of target gene mRNA was detected by RT-qPCR (RocGene (Beijing, China) Technology
Co., Ltd., Beijing, China, Mod. No. Archimed-X4). The reaction volume was 20 pL: 10 puL
of TransStart® Tip Green qPCR SuperMix (TransGen Biotech, Beijing, China), 0.5 uL of each
primer, 1 uL of cDNA, and 8 pL of ddH,O. The reaction program was as follows: 95 °C
for 30's, 95 °C for 5's, 60 °C for 30 s, with a total of 40 cycles. Each sample was repeated in
3 wells. After the reaction, the amplification curve and melting curve were observed,
and the value of Ct was calculated. GAPDH and 16S genes were used as the internal
reference genes for the normalization of relative gene expression levels. For the experiment,
3 independent biological replicates were performed, with 3 technical replicates per biologi-

zfAACt

cal replicate. The method was used to calculate the relative expression level of the

target gene mRNA.

2.10. Protein Levels of Related Signaling Pathways Were Determined by Western Blotting

20. mg of mammary gland tissue was ground with liquid nitrogen, then 1 mL of RIPA
lysis buffer (Solarbio Science & Technology Co., Ltd., Beijing, China), protease inhibitor
(Solarbio Science & Technology Co., Ltd., Beijing, China), and protein phosphatase in-
hibitor (Solarbio Science & Technology Co., Ltd., Beijing, China) were added. The mixture
was lysed at 4 °C for 30 min, and then centrifuged at 8000x g/min at 4 °C for 30 min.
The supernatant was gently aspirated into a new tube and stored at —80 °C for later
use. The total protein concentration was determined using a BCA kit (Solarbio Science &
Technology Co., Ltd., Beijing, China). After quantification, the protein was mixed with
protein loading buffer, denatured in a metal bath at 95 °C for 5 min, and stored at —20 °C
for later use. Denatured protein samples (10 pg/lane) were resolved by SDS-PAGE (5%
stacking, 12% resolving) and transferred onto PVDF membranes (Millipore, Boston, MA,
USA). Membranes were blocked with 5% skimmed milk in 1 x TBST (Solarbio Science &
Technology Co., Ltd., Beijing, China) for 2.5 h at room temperature, incubated with primary
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antibodies (Supplementary Table S3) overnight at 4 °C, and probed with HRP-conjugated
secondary antibodies (1/5000) (Biosynthesis Bio. Ltd., Beijing, China) for 1.5 h at 37 °C.
Take equal volumes of Meilunbio® Femtochem Super-Sensitive ECL Luminescent Solution
A and B (Meilunbio, Dalian, China), mix well, apply the mixture onto the front side of the
membrane, and incubate for 5 min in the dark. Scanned and analyzed the results using a
chemiluminescence imaging system SCG-W3000 (Wuhan Servicebio Technology Co., Ltd.,
Wuhan, China). The grayscale values were analyzed using Image-J software (Version 1.7).

2.11. Statistical Analysis

SPSS 24.0 (IBM, Armonk, New York, USA) and GraphPad Prism (GraphPad Software
version 10.0, Boston, MA, USA) were used to analyze the data, which were expressed
as “mean =+ standard deviation”. The independent ¢-test was adopted for comparisons
between only two groups. One-way ANOVA was used for multiple-group comparisons,
followed by Tukey’s post hoc test for all pairwise comparisons. Normality was assessed by
the Shapiro-Wilk test, and Levene’s test was used to evaluate homogeneity of variance. n
corresponds to independent biological replicates. p < 0.05 indicated a significant difference,
and p < 0.01 indicated an extremely significant difference.

3. Results

3.1. The Effect of RA on S. agalactiae
3.1.1. Effects of RA on Functional and Structural Characteristics of S. agalactiae

S. agalactige was co-cultured with different concentrations of RA for 24 h to determine
the minimum inhibitory concentration (MIC). When the RA concentration was 0.125, 0.25,
0.5, or 1 mg/mL, it had little effect on the proliferation of S. agalactiae, with no significant
difference observed compared with the control group (0 mg/mL) (p > 0.05). At an RA
concentration of 2 mg/mL, the proliferative capacity of S. agalactiae decreased significantly
compared with that of the control group (p < 0.05). When the RA concentration reached 3, 4,
and 8 mg/mL, the proliferative capacity of S. agalactine decreased further, showing highly
significant differences compared with the control group (p < 0.01) (Figure 1A), indicating
that RA exhibited potential antibacterial activity.

Bacterial suspensions of S. agalactiae cultured with different concentrations of RA were
inoculated onto a monolayer of mammary epithelial cells to evaluate the adhesion of S.
agalactige to these cells. The results are shown in Figure 1B. Compared with the control
group (0 mg/mL), treatment with 2 mg/mL RA reduced the adhesion rate of S. agalactiae
to mammary epithelial cells to 73.04% (p < 0.05). At an RA concentration of 4 mg/mL, the
adhesion rate was significantly reduced (p < 0.05). When the RA concentration reached 6
mg/mL or higher, the adhesion rate of S. agalactiae to mammary epithelial cells was further
reduced, with highly significant differences compared with the control group (p < 0.01). At
the MIC concentration, the adhesion capacity of S. agalactiae decreased to 16.6%, which was
significantly lower than that of the control group (p < 0.01).

Compared with the control group (0 mg/mL), biofilm formation by S. agalactiae de-
creased to 90.09% following treatment with 2 mg/mL RA, with no significant difference
observed (p > 0.05). Results of crystal violet staining indicated that elevated concentrations
of RA suppressed biofilm formation by S. agalactiae (Figure 1C). When the RA concentra-
tions were 4, 6, and 8 mg/mL, biofilm formation by S. agalactine was further inhibited,
decreasing to 54.48%, 41.78%, and 25.09%, respectively, with highly significant differences
(p < 0.01) (Figure 1C,D). Compared with the control group, 10 mg/mL RA decreased S.
agalactiae biofilm formation to 8.13% (p < 0.01).
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Figure 1. The antibacterial effect of RA against S. agalactiae. (A) The MIC of RA against S. agalactiae;
For the experiment, 3 independent biological replicates were performed, with 3 technical replicates
per biological replicate; One-way ANOVA followed by Tukey’s HSD test. (B) The effect of RA on
the adhesion rate of S. agalactiae standard strain to mammary epithelial cells; For the experiment,
3 independent biological replicates were performed, with 3 technical replicates per biological replicate;
One-way ANOVA followed by Tukey’s HSD test. (C) The effect of RA on biofilm formation of the
S. agalactiae standard strain; (D) Inhibition rate of biofilm formation of S. agalactiae by RA. For the
experiment, 3 independent biological replicates were performed, with 3 technical replicates per
biological replicate; One-way ANOVA followed by Tukey’s HSD test. (E) S. agalactine under TEM;
(F) The effect of RA at MIC concentration on capsular production of S. agalactiae under TEM.

To further visualize the effect of RA on bacterial morphology, S. agalactiae was treated
with RA at the minimum inhibitory concentration (MIC, 8 mg/mL) and examined by
transmission electron microscopy (TEM) after overnight incubation. Changes in bacterial
ultrastructure following RA treatment were clearly observed. As shown in Figure 1E,
untreated bacteria exhibited intact cellular morphology with no obvious structural damage.
In contrast, RA-treated bacteria (Figure 1F) showed marked structural damage, with some
cells ruptured and exhibiting leakage of intracellular contents, whereas others appeared
deformed and wrinkled.

3.1.2. Effects of RA on Virulence Factors of S. agalactiae

RT-gPCR results revealed that after RA treatment, the expression levels of genes
associated with invasion and immune evasion, including ScpB, CpsA, CylE, HylB, and
CAMP, were significantly decreased compared to the control group (p < 0.01) (Figure 2).
Genes related to capsular polysaccharide synthesis, such as CpsE, were likewise significantly
downregulated (p < 0.01). Additionally, the expression levels of adhesion-related genes
(BIBA, PI-2a, Sip, FbsA, and FbsB) were significantly reduced in the RA-treated group
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Figure 2. The effect of RA at MIC (8 mg/mL) on the expression of virulence genes in S. agalactiae.
3 independent biological replicates were performed, with 3 technical replicates per biological replicate;
Independent t-test.

3.2. Anti-Inflammatory Effects of RA in S. agalactiae-Infected Postpartum/Lactating Mice
3.2.1. Somatic Cell Count in Milk of Postpartum/Lactating Mice

As shown in Table 1, the somatic cell count in the model group was significantly higher
than that in the control group and all treatment groups (p < 0.05). Notably, no significant
difference was observed between the 25 mg/kg and 50 mg/kg treatment groups (p > 0.05),
whereas the 100 mg/kg treatment group showed no statistically significant difference
compared with the control group (p > 0.05).

Table 1. The number of somatic cells in milk.

Control Model 25 mg/kg 50 mg/kg 100 mg/kg p-Value

3.67+049° 1733+1432 833+043P4 11540620 5674042 <0.001

Note: Different letters indicate p < 0.05. The unit of measurement is cells/10 uL. 6 independent
biological replicates were performed, with 3 technical replicates per biological replicate; One-way
ANOVA followed by Tukey’s HSD test.

3.2.2. Detection of Inflammatory Factor Expression by RT-qPCR

To preliminarily verify the establishment of a mouse mastitis model induced by
S. agalactiae, we detected the expression of IL-1«, IL-18, IL-6, and TNF-« using RT-qPCR.
According to the quantitative results (Figure 3), the levels of IL-1«, IL-1B, IL-6, and TNF-«
in the model group were significantly higher than those in the control group (p < 0.05). The
results revealed that inflammatory responses occurred in the mammary tissues of mice
following S. agalactize induction.
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Figure 3. Expression of inflammatory factors in a model of mastitis in postpartum/lactating mice
mammary gland infected with S. agalactiae. 6 independent biological replicates were performed, with
3 technical replicates per biological replicate; Independent ¢-test.

3.3. Histopathological Examination of Mammary Gland Tissue in Postpartum/Lactating Mice

Histopathological examination revealed that the model group exhibited thickened
ductal walls, extensive exfoliation of epithelial cells into the ductal lumina, and disrupted
ductal architecture (Figure 4A,F). In the control group, the mammary ducts exhibited
regular, smooth contours with well-organized epithelial cells and intact luminal structures
(Figure 4B,G). In the 25 mg/kg treatment group, the ductal walls remained thickened
and exfoliated epithelial cells were still present within the lumina; however, the luminal
epithelium was relatively more intact than that in the model group (Figure 4C,H). The
50 mg/kg treatment group exhibited intact ductal structures with persistent wall thickening
but markedly fewer exfoliated epithelial cells within the lumina (Figure 4D,I). In the
100 mg/kg treatment group, the ductal walls were noticeably thinner, the ductal architecture
was fully preserved, and only minimal epithelial cell exfoliation was observed (Figure 4E,]).

Figure 4. The effect of RA on inflammatory response in mammary glands of postpartum/lactating
mice; (A) Model group (100x); (B) Blank control group (100x); (C) 25 mg/kg treatment group
(100x); (D) 50 mg/kg treatment group (100x); (E) 100 mg/kg treatment group (100x); (F) Model
group (200x); (G) Blank control group (200x); (H) 25 mg/kg treatment group (200x); (I) 50 mg/kg
treatment group (200x); (J) 100 mg/kg treatment group (200 x ); The arrow points to shed mammary
endothelial cells. The asterisk marks abundant red blood cells within the mammary gland.

3.4. Hematological Parameters in RA-Treated Postpartum/Lactating Mice with S. agalactiae Mastitis

Hematological analysis revealed that all blood cell counts in the model group were sig-
nificantly higher than those in the blank control group (p < 0.05) (Table 2). In the 25 mg/kg
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treatment group, neutrophil counts showed no significant difference compared with the
blank control group, whereas lymphocyte, leukocyte, and intermediate cell counts were
significantly lower than those in the model group (p < 0.05). The 50 mg/kg treatment group
exhibited significantly reduced leukocyte, lymphocyte, intermediate cell, and neutrophil
counts compared with the model group (p < 0.05). In the 100 mg/kg treatment group, blood
cell counts approached those of the blank control group, with no statistically significant
differences observed compared with the blank control group.

Table 2. The number of somatic cells in the blood.

Cell Type Control Model 25 mg/kg 50 mg/kg 100 mg/kg p-Value
Neutrophils 0.02+0.01° 0.16+£0.122 0.15+0.11° 0.02 4 0.01° 0.03 4 0.03P 0.002
Lymphocytes 3.05+0779 102240432 581 +0.76° 479 £074°¢ 32840639  <0.001
Intermediate cells  0.06 £0.02¢ 0.27 £0.052 0.13 £ 0.06® 0.06 £0.02°¢ 0.06 £0.02¢ <0.001
Leukocytes 312+3129 1064 +0572 6.08 4+ 0.60° 487 +0.75¢ 3.334+0.624 <0.001

Note: Different letters in the same row indicate p < 0.05. The values are presented as the mean and
SD. The units of measurement are cells x 10°/L. 6 independent biological replicates were performed,
with 3 technical replicates per biological replicate; One-way ANOVA followed by Tukey’s HSD test.

3.5. Results of the ELISA Test for Inflammatory Factors

Compared with the control group, the levels of pro-inflammatory factors IL-1«x, IL-1§3,
IL-6 and TNF-« were significantly increased in the model group (p < 0.05) (Figure 5A-C,E).
Treatment with different doses of RA significantly reduced the expression levels of these
pro-inflammatory cytokines. In contrast, the expression level of the anti-inflammatory
cytokine IL-10 was significantly increased in the RA-treated groups compared with the
model group (p < 0.05) (Figure 5D).
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Figure 5. ELISA detection of inflammation-related factor levels in each group. (A) The protein level
of IL-1& in mammary glands; (B) The protein level of IL-1f3 in mammary glands; (C) The protein level
of IL-6 in mammary glands; (D) The protein level of IL-10 in mammary glands; (E) The protein level
of TNF-a in mammary glands. 3 independent biological replicates were performed, with 3 technical
replicates per biological replicate; One-way ANOVA followed by Tukey’s HSD test.
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3.6. Detection of the Expression Trends of Disease and Inflammation Pathway-Related Genes
Regulated by RA via RT-gPCR

As shown in Figure 6, compared with the control group, the expression level of p53 in
the mammary glands of postpartum/lactating mice infected with S. agalactiae was markedly
reduced, whereas the expression levels of the other 6 genes (RUNX1, Bim, TLR2, NF-xB,
PI3K and AKT) were all significantly upregulated. Following RA treatment of infected
postpartum/lactating mice at a dose of 25 mg/kg, the expression levels of RUNX1, Bim,
TLR2, and PI3K were significantly downregulated (Figure 6B-D,F) (p < 0.05). Notably,
the expression level of p53 was significantly upregulated beginning in the 50 mg/kg
treatment group (p < 0.05) (Figure 6A), whereas the expression levels of NF-xB and AKT
were markedly downregulated (p < 0.05) (Figure 6E,G).
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Figure 6. The effect of RA on the expression of genes related to the p53-TLR2/NF-«B pathway in
the mammary glands of postpartum/lactating mice. (A-G) The mRNA expression of p53, RUNX1,
Bim, TLR2, NF-xB, PI3K, and AKT was determined with RT-qPCR. 3 independent biological replicates
were performed, with 3 technical replicates per biological replicate; One-way ANOVA followed by
Tukey’s HSD test.

3.7. Detection of the Effect of RA on the Expression of Disease and Inflammation Pathway-Related
Proteins by Western Blotting

As shown in Figure 7, in postpartum/lactating mice infected with S. agalactiae, p53
protein expression was upregulated, whereas it was downregulated following RA treatment.
Significant differences were observed between the model group and the RA-treated groups
(p < 0.05) (Figure 7A,B). Compared with the control group, the phosphorylation level of p53
was decreased in the model group. Following RA treatment, p53 phosphorylation gradually
increased, with significant differences observed in the 50 mg/kg and 100 mg/kg treatment
groups (p < 0.05) (Figure 7A,C). Compared with the control group, Bim protein expression
was significantly downregulated in the model group. Following treatment with increasing
doses of RA, Bim protein expression gradually increased, although the differences were not
statistically significant (p > 0.05) (Figure 7A,D). In contrast, the phosphorylation level of Bim
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was significantly increased in the model group and was significantly reduced following
RA treatment (p < 0.05) (Figure 7A,E). The expression level of RUNX1 protein in the model
group was significantly lower than that in the control group and the 100 mg/kg treatment
group (p < 0.05) (Figure 7A,F). However, the phosphorylation level of RUNX1 showed the
opposite trend, reaching its highest level in the model group and gradually decreasing
following RA treatment. The 100 mg/kg treatment group differed significantly from the
model group (p < 0.05) (Figure 7A,G).
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Figure 7. The effect of RA on the p53 pathway in the mammary glands of postpartum/lactating mice.
(A) Immunoblotting analysis of the protein expression of p53, p-p53, Bim, p-Bim, RUNX1, p-RUNX1.
(B) The relative levels of p53 are shown as histograms representing density readings of the gel bands,
and the ratios were calculated relative to the GAPDH control; (C) The ratio of relative levels of
p-p53/p53; (D) The relative levels of Bim are shown as histograms representing density readings of
the gel bands, and the ratios were calculated relative to the GAPDH control; (E) The ratio of relative
levels of p-Bim/Bim; (F) The relative levels of RUNX1 are shown as histograms representing density
readings of the gel bands, and the ratios were calculated relative to the GAPDH control; (G) The ratio
of relative levels of p-Bim/Bim. 3 independent biological replicates were performed, with 3 technical
replicates per biological replicate; One-way ANOVA followed by Tukey’s HSD test.

As shown in Figure 8, compared with the control group, the expression levels of TLR2,
NF-«B, TNF-«, PI3K, and p-AKT proteins were significantly upregulated in the model
group (p < 0.05). Following RA treatment, TLR2 protein expression was progressively
downregulated in the treatment groups, with significant differences compared with the
model group (p < 0.05) (Figure 8A,B). Similarly, NF-«kB protein expression was significantly
downregulated in the 50 mg/kg and 100 mg/kg treatment groups compared with the model
group (p < 0.05) (Figure 8A,C). The expression levels of TNF-o and PI3K proteins were also
significantly downregulated in the 50 mg/kg and 100 mg/kg treatment groups compared
with the model group (p < 0.05) (Figure 8A,D,E). No significant difference in AKT protein
expression was observed between the control and model groups. However, AKT protein
expression was significantly lower in the 50 mg/kg and 100 mg/kg treatment groups than
in the model group (p < 0.05) (Figure 8A F). Likewise, p-AKT protein expression gradually
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Relative expression levels of TNF-a.

decreased with increasing doses of RA and was significantly lower in all RA-treated groups
than in the model group (p < 0.05) (Figure 8A,G).
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Figure 8. The effect of RA on the TLR2/NF-kB pathway in the mammary glands of postpar-
tum/lactating mice. (A) Immunoblotting analysis of the expression of TLR2, NF-kB, TNF-«, PI3K,
AKT, p-AKT; (B) The relative levels of TLR2 are shown as histograms representing density readings
of the gel bands, and the ratios were calculated relative to the GAPDH control; (C) The relative
levels of NF-kB are shown as histograms representing density readings of the gel bands, and the
ratios were calculated relative to the GAPDH control; (D) The relative levels of TNF-« are shown as
histograms representing density readings of the gel bands, and the ratios were calculated relative to
the GAPDH control; (E) The relative levels of PI3K are shown as histograms representing density
readings of the gel bands, and the ratios were calculated relative to the GAPDH control. (F) The
relative levels of AKT are shown as histograms representing density readings of the gel bands, and the
ratios were calculated relative to the GAPDH control; (G) The ratio of relative levels of p-AKT/AKT.
3 independent biological replicates were performed, with 3 technical replicates per biological replicate;
One-way ANOVA followed by Tukey’s HSD test.

4. Discussion

Mastitis is a common and costly disease in dairy cows that adversely affects dairy
production and causes substantial economic losses. Mastitis-related losses are estimated
at $15-45 billion annually in China, and approximately $35 billion globally [25,26], with
the monthly incidence of clinical mastitis reaching 3.3% on large-scale dairy farms [27].
Bacterial infection is a major cause of mastitis and can impair mammary gland function,
resulting in reduced milk yield and quality. Although antibiotics remain the primary
treatment for mastitis, their prolonged and inappropriate use may contribute to antimi-
crobial resistance and drug residues, raising concerns regarding food safety and public
health [20]. Thus, the identification of effective and safer alternatives to conventional antibi-
otic therapy is of considerable importance. Plant-derived bioactive compounds, particularly
polyphenols, have attracted increasing attention because of their potential antibacterial and
anti-inflammatory properties and relatively low toxicity [28]. Rosmarinic acid (RA), a major
polyphenolic compound found in rosemary, is widely used as a natural antioxidant in food
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and feed products and has also been reported to possess anti-inflammatory activity [29,30].
However, its potential antibacterial activity against S. agalactiae and its protective effects
against S. agalactine-induced mastitis remain poorly understood. Therefore, the present
study evaluated the antibacterial activity of RA against S. agalactise and investigated its
anti-inflammatory and protective effects in a mouse model of S. agalactiae-induced mastitis.

Previous studies have reported inhibition zones of 30 and 32 mm for 1 mg/mL RA
against S. aureus and Escherichia coli, respectively [31]. RA has also been reported to exhibit
antiviral activity by reducing mortality and viral load in mice infected with Japanese
encephalitis virus [32]. In the present study, the MIC assay identified 8 mg/mL as the MIC
of RA against S. agalactiae, further supporting its potential antibacterial activity against
this pathogen.

Adhesion of Streptococci to mammary epithelial cells is a critical step in the early
pathogenesis of mastitis [33]. S. agalactiae can invade mammary tissue through the lactif-
erous ducts and adhere to mammary epithelial cells during the initial stage of infection.
In the present study, 8 mg/mL RA reduced the adhesion rate of S. agalactiae to MAC-T
cells to 16.6% and was associated with disruption of bacterial cell membrane integrity.
Consistent with previous findings that RA affects biofilm formation in a concentration- and
time-dependent manner [34], our results further indicated that RA inhibited the adhesion
of S. agalactiae to MAC-T cells. This effect may be related to altered expression of virulence
genes involved in bacterial adhesion, including BIBA, PI-2a, Sip, FbsA, and FbsB, although
this possibility requires further experimental validation. This interpretation is supported
by the findings of Fessia et al., who reported that bacterial adhesion strength correlates
with the expression of these virulence genes [35]. Capsular polysaccharide (CPS) is an
important virulence factor of S. agalactise that contributes to bacterial invasion and immune
evasion [36]. The terminal sialic acid (Sia) residues of CPS can interfere with complement
activation, impair phagocytosis, and interact with inhibitory Siglec receptors, thereby
suppressing leukocyte function [37,38]. In the present study, 8 mg/mL RA significantly
reduced CPS production by S. agalactiae. Together with the observed disruption of bacterial
membrane integrity, these findings suggest that RA may compromise bacterial virulence
and host colonization. However, the precise relationship between RA-induced membrane
damage and reduced CPS production remains to be elucidated.

Biofilm formation by S. agalactiae on mammary epithelial cells can enhance bacterial
survival and reproduction by providing protection against host immune defenses and
environmental stresses. In the present study, RA inhibited biofilm formation by S. agalactiae
in a concentration-dependent manner. Treatment with 2 mg/mL RA reduced biofilm
formation to 90.09%, whereas treatment with 4, 6, and 8 mg/mL RA further reduced
biofilm formation to 54.48%, 41.78%, and 25.09%, respectively. Furthermore, increasing
the RA concentration to 10 mg/mL resulted in a further reduction in S. agalactiae biofilm
formation, suggesting that RA may interfere with bacterial surface-associated structures
and biofilm development. These findings are similar to previous studies demonstrating
that tea saponin inhibits S. agalactiae biofilm formation by downregulating the CpsA gene
and reducing the survival rate of S. agalactiae [39]. Collectively, it is proposed that RA may
influence S. agalactiae biofilm formation via the CpsA gene. However, further studies are
required to elucidate the molecular mechanisms underlying the inhibitory effects of RA on
S. agalactiae biofilm formation and bacterial persistence within biofilms.

To further investigate the anti-inflammatory effects of RA in S. agalactine-induced
mastitis, we established a mouse model of mastitis. Mice were selected as an experimental
model because their mammary gland can recapitulate key pathological and inflammatory
features of mastitis, and because mice are readily available and amenable to controlled
experimental manipulation [40]. Histopathological analysis revealed that RA treatment
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dose-dependently alleviated the pathological lesions in mammary tissues. The observed
pathological changes were consistent with those reported by Zeng et al. in a mouse mastitis
model, supporting the successful establishment of the experimental model [41]. Compared
with the untreated mastitis group, RA treatment partially restored the structural integrity of
the mammary epithelium. These findings suggest that RA may alleviate tissue damage and
facilitate the recovery of mammary tissue following S. agalactiae infection. Consistent with
the histopathological findings, the number of inflammatory cells decreased with increasing
RA doses, further supporting the anti-inflammatory effect of RA in the mastitis model.

In addition to its effects on inflammatory responses, the present study further showed
that RA attenuated the abnormal apoptosis of mammary epithelial cells induced by
S. agalactiae infection, suggesting a potential role for RA in maintaining mammary tis-
sue homeostasis [42-46]. IL-10 is an important anti-inflammatory cytokine that contributes
to the regulation of excessive inflammatory responses and maintenance of tissue homeosta-
sis [47]. In the present study, S. agalactiae infection significantly reduced IL-10 expression
in mouse mammary tissues, whereas RA treatment restored IL-10 levels. These findings
suggest that RA may enhance the endogenous anti-inflammatory response and alleviate
the inflammatory imbalance induced by S. agalactiae infection. TNF-«, which is produced
predominantly by activated immune cells, is a potent pro-inflammatory cytokine involved
in the activation of multiple inflammatory signaling pathways, including the NF-«B path-
way [48]. Previous studies have reported that RA can suppress NF-«B activation and TNF-
o expression in breast tumors [49]. Consistent with these previous findings, our results
showed that RA treatment reduced the expression of TNF-o and other pro-inflammatory
mediators and was accompanied by inhibition of NF-«B-related signaling in S. agalactiae-
induced mastitis. These findings suggest that the anti-inflammatory effects of RA may be
associated with modulation of the NF-«kB signaling pathway.

Previous studies have shown that the PI3K/AKT and TLR/NF-«B signaling pathways
interact to amplify inflammatory responses [50]. Infection with Gram-positive bacteria can
activate TLR2, which is involved in the regulation of downstream PI3K/AKT signaling
and cellular responses such as apoptosis [51]. TLR-mediated signaling pathways play
important roles in the immune response during mastitis, while NF-«B is a key regulator
of inflammation-associated cytokine production [52,53]. In the present study, S. agalactiae
infection increased the expression of TLR2, PI3K, and NF-«B and enhanced AKT phospho-
rylation in mammary tissues. RA treatment partially reversed these infection-associated
changes, as evidenced by reduced TLR2, PI3K, and NF-«B expression and decreased AKT
phosphorylation. AKT is an important signaling molecule involved in regulating inflam-
mation and can interact with NF-«B signaling [54,55]. The present findings suggest that
S. agalactiae infection activates the PI3K/AKT and NF-kB signaling pathways in mammary
tissues, whereas RA treatment attenuates this activation. This effect may contribute to
the reduction in inflammatory responses observed in the RA-treated groups. Consistent
with previous studies, RA has been reported to suppress LPS-induced AKT activation and
NF-kB nuclear translocation in human umbilical vein endothelial cells [56]. In addition,
RA derivatives have been reported to modulate the AKT /NF-«B pathway in tumor cells,
thereby attenuating inflammation and cellular damage [56,57]. Together with findings
from the mouse mastitis model, these results suggest that modulation of the PI3K/AKT
and NF-«B signaling pathways may contribute to the protective effects of RA against
S. agalactiae-induced mastitis.

In addition to its effects on inflammatory signaling, the present study showed that RA
attenuated abnormal apoptosis-related changes in mammary tissues following S. agalactiae
infection, suggesting a potential role in maintaining mammary tissue homeostasis. In our
previous study, transcriptomic analysis showed that S. agalactiae infection of mammary
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epithelial cells resulted in significant enrichment of differentially expressed genes in cancer-
related pathways, including the p53 signaling pathway, with Bim (BCL2L11) and RUNX1
identified as potential candidate genes [13]. Previous studies have also demonstrated that
Bim participates in the apoptosis of mammary epithelial cells during mammary gland
involution [58]. In the present study, the mRNA expression levels of RUNX1 and Bim
were significantly increased in the mammary glands of postpartum/lactating mice infected
with S. agalactiae, whereas their protein expression levels were decreased. In addition,
the phosphorylation level of Bim was significantly increased in the model group and was
reduced following RA treatment. These findings indicate that S. agalactiae infection alters
the transcriptional, translational, and post-translational regulation of apoptosis-related pro-
teins, whereas RA partially reverses these changes. Previous studies have reported that Bim
expression can be regulated by the PI3K/AKT signaling pathway [59]. Consistent with this
relationship, the present study showed that S. agalactiae infection was accompanied by acti-
vation of PI3K/AKT signaling and reduced Bim protein expression, whereas RA treatment
partially reversed these changes. Furthermore, the decrease in total p53 protein expression
and the increase in p53 phosphorylation observed following RA treatment suggest that
RA may modulate p53-related apoptotic signaling in mammary tissues. Taken together,
these findings suggest that the protective effects of RA against S. agalactiae-induced mastitis
may involve coordinated modulation of inflammatory and apoptosis-related signaling
pathways, including the TLR2/NF-«B, PI3K/AKT, and p53/Bim-associated pathways.

In addition, the present study primarily focused on the anti-inflammatory effects
of RA in S. agalactiae-induced mouse mastitis, whereas a comprehensive evaluation of
its systemic safety profile was not performed. Although RA treatment alleviated mam-
mary tissue injury and inflammatory responses under the experimental conditions, its
potential effects on other organs, particularly the liver and kidney, remain to be further
investigated. Given that different doses of RA were administered in the present study,
future studies should include systematic toxicity assessments, such as serum biochemical
analyses and histological evaluation of major organs, to further define the safety profile
and optimal application range of RA. Another limitation of the present study is the ab-
sence of pharmacokinetic and mammary-gland tissue-distribution data. Therefore, we
cannot definitively confirm whether intraperitoneally administered RA (25, 50, 100 mg/kg)
achieves local mammary-tissue concentrations equivalent to its in vitro MIC of 8 mg/mL
against S. agalactiae. The in vivo protective effect of RA may arise predominantly from
host-modulating anti-inflammatory and anti-virulence activities rather than direct local
bacterial-growth inhibition. Further LC-MS-based tissue-distribution studies are warranted
in future work. These investigations will provide important information for the future
development of RA as a potential plant-derived antimicrobial and anti-inflammatory agent
for mastitis management.

5. Conclusions

In conclusion, RA exhibited promising antibacterial and anti-inflammatory activities
against S. agalactine-induced mastitis. At the MIC, RA inhibited the growth of S. agalactiae
and impaired key bacterial virulence-associated phenotypes, including adhesion, capsular
polysaccharide production, and biofilm formation. In the mouse model of S. agalactiae-
induced mastitis, RA treatment alleviated mammary tissue damage, reduced inflammatory
cell infiltration and the production of pro-inflammatory cytokines, and restored IL-10
expression. These protective effects were accompanied by attenuation of TLR2 /NF-«B
and PI3K/AKT signaling and modulation of apoptosis-related factors, including Bim and
p53. Together, these findings suggest that RA may exert its protective effects against
S. agalactiae-induced mastitis through coordinated regulation of bacterial virulence and
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host inflammatory and apoptosis-related responses. Although further studies are required
to elucidate the direct molecular targets of RA and to validate its efficacy and safety in
relevant livestock models, the present findings provide a basis for further evaluating RA
as a potential plant-derived antimicrobial and anti-inflammatory agent for the prevention
and management of mastitis.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/anil16182917/s1, Table S1: Product Information of ELISA Kits;
Table S2: Primer information; Table S3: Product Specifications of Antibodies.

Author Contributions: Conceptualization, ].G. and Y.L.; methodology, J.G. and X.C.; Formal analysis,
X.Y. and X.X.; Investigation, X.C. and ].X.; writing—original draft preparation, J.G.; writing—review
and editing, Y.L. and Y.Y.; Resources, ].G. and Y.L.; visualization, H.X. and X.Y.; funding acquisition,
Y.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (32460851)
and the Postdoctoral Fund of the Gansu Provincial Department of Human Resources and Social Security
(03824006). Nanchang Normal University Science and Technology Innovation Team (NCNUCXTDO001).

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Review Board (or Ethics Committee) of the Animal Experiment Ethics Committee of Nanchang Normal
University (protocol code 2025002 and approved in March 2025) for studies involving animals.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are included in this
published article.

Acknowledgments: MAC-T cells were provided by Quanwei Zhang from the College of Life Science
and Technology, Gansu Agricultural University.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

Reyher, K K.; Haine, D.; Dohoo, I.R.; Revie, C.W. Examining the effect of intramammary infections with minor mastitis pathogens
on the acquisition of new intramammary infections with major mastitis pathogens—A systematic review and meta-analysis. J.
Dairy Sci. 2012, 95, 6483-6502. [CrossRef] [PubMed]

Hertl, J.A.; Schukken, Y.H.; Welcome, F.L.; Tauer, L.W.; Grohn, Y.T. Pathogen-specific effects on milk yield in repeated clinical
mastitis episodes in Holstein dairy cows. J. Dairy Sci. 2014, 97, 1465-1480. [CrossRef] [PubMed]

Antanaitis, R.; Juozaitiené, V,; Jonike, V.; Baumgartner, W.; Paulauskas, A. Subclinical Mastitis Detected during the Last Gestation
Period Can Increase the Risk of Stillbirth in Dairy Calves. Animals 2022, 12, 1394. [CrossRef] [PubMed]

Pakrashi, A.; Ryan, C.; Guéret, C.; Berry, D.P,; Corcoran, M.; Keane, M.T.; Mac Namee, B. Early detection of subclinical mastitis in
lactating dairy cows using cow-level features. J. Dairy Sci. 2023, 106, 4978-4990. [CrossRef] [PubMed]

Sharun, K.; Dhama, K.; Tiwari, R.; Gugjoo, M.B.; Igbal Yatoo, M.; Patel, S.K.; Pathak, M.; Karthik, K.; Khurana, S.K,; Singh, R.; et al.
Advances in therapeutic and managemental approaches of bovine mastitis: A comprehensive review. Vet. Q. 2021, 41, 107-136.
[CrossRef] [PubMed]

Keefe, G.P. Streptococcus agalactiae mastitis: A review. Can. Vet. |. LA Rev. Vet. Can. 1997, 38, 429-437.

Rosini, R.; Margarit, I. Biofilm formation by Streptococcus agalactiae: Influence of environmental conditions and implicated
virulence factors. Front. Cell. Infect. Microbiol. 2015, 5, 6. [CrossRef] [PubMed]

Buscetta, M.; Papasergi, S.; Firon, A.; Pietrocola, G.; Biondo, C.; Mancuso, G.; Midiri, A.; Romeo, L.; Teti, G.; Speziale, P; et al. FbsC,
a novel fibrinogen-binding protein, promotes Streptococcus agalactine-host cell interactions. J. Biol. Chem. 2014, 289, 21003-21015.
[CrossRef] [PubMed]

Lindahl, G.; Stalhammar-Carlemalm, M.; Areschoug, T. Surface proteins of Streptococcus agalactiae and related proteins in other
bacterial pathogens. Clin. Microbiol. Rev. 2005, 18, 102-127. [CrossRef] [PubMed]

Pietrocola, G.; Arciola, C.R.; Rindi, S.; Montanaro, L.; Speziale, P. Streptococcus agalactiae Non-Pilus, Cell Wall-Anchored Proteins:
Involvement in Colonization and Pathogenesis and Potential as Vaccine Candidates. Front. Immunol. 2018, 9, 602. [CrossRef]
[PubMed]

https://doi.org/10.3390/ani16182917


https://www.mdpi.com/article/10.3390/ani16182917/s1
https://www.mdpi.com/article/10.3390/ani16182917/s1
https://doi.org/10.3168/jds.2012-5594
https://www.ncbi.nlm.nih.gov/pubmed/22981582
https://doi.org/10.3168/jds.2013-7266
https://www.ncbi.nlm.nih.gov/pubmed/24418269
https://doi.org/10.3390/ani12111394
https://www.ncbi.nlm.nih.gov/pubmed/35681858
https://doi.org/10.3168/jds.2022-22803
https://www.ncbi.nlm.nih.gov/pubmed/37268591
https://doi.org/10.1080/01652176.2021.1882713
https://www.ncbi.nlm.nih.gov/pubmed/33509059
https://doi.org/10.3389/fcimb.2015.00006
https://www.ncbi.nlm.nih.gov/pubmed/25699242
https://doi.org/10.1074/jbc.M114.553073
https://www.ncbi.nlm.nih.gov/pubmed/24904056
https://doi.org/10.1128/cmr.18.1.102-127.2005
https://www.ncbi.nlm.nih.gov/pubmed/15653821
https://doi.org/10.3389/fimmu.2018.00602
https://www.ncbi.nlm.nih.gov/pubmed/29686667
https://doi.org/10.3390/ani16182917

Animals 2026, 16,2917 20 of 22

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Liu, Y; Liu, J. Group B Streptococcus: Virulence Factors and Pathogenic Mechanism. Microorganisms 2022, 10, 2483. [CrossRef]
[PubMed]

Raabe, V.N.; Shane, A.L. Group B Streptococcus (Streptococcus agalactiae). Microbiol. Spectr. 2019, 7, 1-13. [CrossRef] [PubMed]
Gong, J.; Li, T;; Li, Y.; Xiong, X.; Xu, J.; Chai, X.; Ma, Y. UID-Dual Transcriptome Sequencing Analysis of the Molecular Interactions
between Streptococcus agalactiae ATCC 27956 and Mammary Epithelial Cells. Animals 2024, 14, 2587. [CrossRef] [PubMed]
Huang, L.; Ahmed, S.; Gu, Y,; Huang, ].; An, B.; Wu, C.; Zhou, Y.; Cheng, G. The Effects of Natural Products and Environmental
Conditions on Antimicrobial Resistance. Molecules 2021, 26, 4277. [CrossRef] [PubMed]

Noor, S.; Mohammad, T.; Rub, M.A.; Raza, A.; Azum, N.; Yadav, D.K.; Hassan, M.1.; Asiri, A.M. Biomedical features and
therapeutic potential of rosmarinic acid. Arch. Pharmacal Res. 2022, 45, 205-228. [CrossRef] [PubMed]

Kernou, O.N.; Azzouz, Z.; Madani, K;; Rijo, P. Application of Rosmarinic Acid with Its Derivatives in the Treatment of Microbial
Pathogens. Molecules 2023, 28, 4243. [CrossRef] [PubMed]

Guan, M.; Guo, L.; Ma, H.; Wu, H,; Fan, X. Network Pharmacology and Molecular Docking Suggest the Mechanism for Biological
Activity of Rosmarinic Acid. Evid.-Based Complement. Altern. Med. eCAM 2021, 2021, 5190808. [CrossRef] [PubMed]

Zhang, J.; Cui, X.; Zhang, M.; Bai, B.; Yang, Y.; Fan, S. The antibacterial mechanism of perilla rosmarinic acid. Biotechnol. Appl.
Biochem. 2022, 69, 1757-1764. [CrossRef] [PubMed]

Wang, Y; Liang, Z.; Cao, Y.; Hung, C.H.; Du, R.; Leung, A.S.; So, PK.; Chan, PH.; Wong, W.L.; Leung, Y.C; et al. Discovery of a
novel class of rosmarinic acid derivatives as antibacterial agents: Synthesis, structure-activity relationship and mechanism of
action. Bioorg. Chem. 2024, 146, 107318. [CrossRef] [PubMed]

Raeisi, M.; Tabaraei, A.; Hashemi, M.; Behnampour, N. Effect of sodium alginate coating incorporated with nisin, Cinnamomum
zeylanicum, and rosemary essential oils on microbial quality of chicken meat and fate of Listeria monocytogenes during
refrigeration. Int. |. Food Microbiol. 2016, 238, 139-145. [CrossRef] [PubMed]

Tsukamoto, Y.; Ikeda, S.; Uwai, K; Taguchi, R.; Chayama, K.; Sakaguchi, T.; Narita, R.; Yao, W.L.; Takeuchi, F; Otakaki, Y.; et al.
Rosmarinic acid is a novel inhibitor for Hepatitis B virus replication targeting viral epsilon RNA-polymerase interaction. PLoS
ONE 2018, 13, e0197664. [CrossRef] [PubMed]

Jiang, K.; Ma, X.; Guo, S.; Zhang, T.; Zhao, G.; Wu, H.; Wang, X.; Deng, G. Anti-inflammatory Effects of Rosmarinic Acid in
Lipopolysaccharide-Induced Mastitis in Mice. Inflammation 2018, 41, 437-448. [CrossRef] [PubMed]

Ekambaram, S.P.; Perumal, S.S.; Balakrishnan, A.; Marappan, N.; Gajendran, S.S.; Viswanathan, V. Antibacterial synergy between
rosmarinic acid and antibiotics against methicillin-resistant Staphylococcus aureus. ]. Intercult. Ethnopharmacol. 2016, 5, 358-363.
[CrossRef] [PubMed]

Daly, S.M.; Sturge, C.R.; Greenberg, D.E. Inhibition of Bacterial Growth by Peptide-Conjugated Morpholino Oligomers. Methods
Mol. Biol. 2017, 1565, 115-122. [CrossRef] [PubMed]

Chen, S.; Zhang, H.; Zhai, J.; Wang, H.; Chen, X.; Qi, Y. Prevalence of clinical mastitis and its associated risk factors among dairy
cattle in mainland China during 1982-2022: A systematic review and meta-analysis. Front. Vet. Sci. 2023, 10, 1185995. [CrossRef]
[PubMed]

Castro-Valenzuela, B.E.; Franco Molina, M.A.; Rodriguez Padilla, C. Nanoparticles as an alternative treatment for bovine mastitis:
State-of-the-art review. Anim. Biosci. 2025, 38, 1291-1304. [CrossRef] [PubMed]

Gao, J.; Barkema, HW.; Zhang, L.; Liu, G.; Deng, Z.; Cai, L.; Shan, R.; Zhang, S.; Zou, J.; Kastelic, ].P; et al. Incidence of clinical
mastitis and distribution of pathogens on large Chinese dairy farms. J. Dairy Sci. 2017, 100, 4797-4806. [CrossRef] [PubMed]
Alvarez-Martinez, FJ.; Barrajon-Cataldn, E.; Herranz-Lépez, M.; Micol, V. Antibacterial plant compounds, extracts and essential
oils: An updated review on their effects and putative mechanisms of action. Phytomed. Int. J. Phytother. Phytopharm. 2021, 90,
153626. [CrossRef] [PubMed]

Kwon, Y.O.; Hong, ].T.; Oh, K.W. Rosmarinic acid potentiates pentobarbital-induced sleep behaviors and non-rapid eye movement
(NREM) sleep through the activation of GABA(A)-ergic systems. Biomol. Ther. 2017, 25, 105-111. [CrossRef] [PubMed]

Cao, W.; Hu, C.; Wu, L.; Xu, L.; Jiang, W. Rosmarinic acid inhibits inflammation and angiogenesis of hepatocellular carcinoma by
suppression of NF-«B signaling in H22 tumor-bearing mice. J. Pharmacol. Sci. 2016, 132, 131-137. [CrossRef] [PubMed]
Qun-Qun, G.; Gui-Cai, D.; Rong-Gui, L.; Da-Wei, T. Studies on antibacterial constituents of Perilla frutescens. Chem. J. Chin.
Univ.-Chin. 2006, 27, 1292-1294.

Swarup, V.; Ghosh, ].; Ghosh, S.; Saxena, A.; Basu, A. Antiviral and anti-inflammatory effects of rosmarinic acid in an experimental
murine model of Japanese encephalitis. Antimicrob. Agents Chemother. 2007, 51, 3367-3370. [CrossRef] [PubMed]

Shing, S.R.; Ramos, A.R; Patras, K.A.; Riestra, A.M.; McCabe, S.; Nizet, V.; Coady, A. The Fungal Pathogen Candida albicans
Promotes Bladder Colonization of Group B Streptococcus. Front. Cell. Infect. Microbiol. 2019, 9, 437. [CrossRef] [PubMed]
Slobodnikov4, L.; Fialova, S.; Hupkova, H.; Grancai, D. Rosmarinic acid interaction with planktonic and biofilm Staphylococcus
aureus. Nat. Prod. Commun. 2013, 8, 1747-1750. [CrossRef]

Fessia, A.S.; Dieser, S.A.; Renna, M.S.; Raspanti, C.G.; Odierno, L.M. Relative expression of genes associated with adhesion to
bovine mammary epithelial cells by Streptococcus uberis. Res. Vet. Sci. 2020, 132, 33—41. [CrossRef] [PubMed]

https://doi.org/10.3390/ani16182917


https://doi.org/10.3390/microorganisms10122483
https://www.ncbi.nlm.nih.gov/pubmed/36557736
https://doi.org/10.1128/microbiolspec.GPP3-0007-2018
https://www.ncbi.nlm.nih.gov/pubmed/30900541
https://doi.org/10.3390/ani14172587
https://www.ncbi.nlm.nih.gov/pubmed/39272372
https://doi.org/10.3390/molecules26144277
https://www.ncbi.nlm.nih.gov/pubmed/34299552
https://doi.org/10.1007/s12272-022-01378-2
https://www.ncbi.nlm.nih.gov/pubmed/35391712
https://doi.org/10.3390/molecules28104243
https://www.ncbi.nlm.nih.gov/pubmed/37241981
https://doi.org/10.1155/2021/5190808
https://www.ncbi.nlm.nih.gov/pubmed/33936238
https://doi.org/10.1002/bab.2248
https://www.ncbi.nlm.nih.gov/pubmed/34490944
https://doi.org/10.1016/j.bioorg.2024.107318
https://www.ncbi.nlm.nih.gov/pubmed/38579613
https://doi.org/10.1016/j.ijfoodmicro.2016.08.042
https://www.ncbi.nlm.nih.gov/pubmed/27620825
https://doi.org/10.1371/journal.pone.0197664
https://www.ncbi.nlm.nih.gov/pubmed/29782545
https://doi.org/10.1007/s10753-017-0700-8
https://www.ncbi.nlm.nih.gov/pubmed/29204872
https://doi.org/10.5455/jice.20160906035020
https://www.ncbi.nlm.nih.gov/pubmed/27757265
https://doi.org/10.1007/978-1-4939-6817-6_10
https://www.ncbi.nlm.nih.gov/pubmed/28364238
https://doi.org/10.3389/fvets.2023.1185995
https://www.ncbi.nlm.nih.gov/pubmed/37275611
https://doi.org/10.5713/ab.24.0590
https://www.ncbi.nlm.nih.gov/pubmed/40045629
https://doi.org/10.3168/jds.2016-12334
https://www.ncbi.nlm.nih.gov/pubmed/28434736
https://doi.org/10.1016/j.phymed.2021.153626
https://www.ncbi.nlm.nih.gov/pubmed/34301463
https://doi.org/10.4062/biomolther.2016.035
https://www.ncbi.nlm.nih.gov/pubmed/27469144
https://doi.org/10.1016/j.jphs.2016.09.003
https://www.ncbi.nlm.nih.gov/pubmed/27707649
https://doi.org/10.1128/aac.00041-07
https://www.ncbi.nlm.nih.gov/pubmed/17576830
https://doi.org/10.3389/fcimb.2019.00437
https://www.ncbi.nlm.nih.gov/pubmed/31998657
https://doi.org/10.1177/1934578x1300801223
https://doi.org/10.1016/j.rvsc.2020.05.016
https://www.ncbi.nlm.nih.gov/pubmed/32474263
https://doi.org/10.3390/ani16182917

Animals 2026, 16, 2917 21 0f22

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Wu, E-X,; Tong, ].-].; Jiang, L.-S.; Xiong, B.-H. Advances on virulence factors of Streptococcus agalactiae of dairy cows mastitis. Acta
Vet. Zootech. Sin. 2020, 51, 2954-2963.

Patras, K.A,; Derieux, J.; Al-Bassam, M.M.; Adiletta, N.; Vrbanac, A.; Lapek, ].D.; Zengler, K.; Gonzalez, D.].; Nizet, V. Group B
Streptococcus Biofilm Regulatory Protein A Contributes to Bacterial Physiology and Innate Immune Resistance. J. Infect. Dis. 2018,
218, 1641-1652. [CrossRef] [PubMed]

Uchiyama, S.; Sun, J.; Fukahori, K.; Ando, N.; Wu, M.; Schwarz, F; Siddiqui, S.S.; Varki, A.; Marth, ].D.; Nizet, V. Dual actions of
group B Streptococcus capsular sialic acid provide resistance to platelet-mediated antimicrobial killing. Proc. Natl. Acad. Sci. USA
2019, 116, 7465-7470. [CrossRef] [PubMed]

Shang, F.; Wang, H.; Xue, T. Anti-Biofilm Effect of Tea Saponin on a Streptococcus agalactiae Strain Isolated from Bovine Mastitis.
Animals 2020, 10, 1713. [CrossRef] [PubMed]

An, R;; Gao, M.; Meng, Y.; Tong, X.; Chen, J.; Wang, J. Infective mastitis due to bovine-associated Streptococcus dysgalactiae
contributes to clinical persistent presentation in a murine mastitis model. Vet. Med. Sci. 2021, 7, 1600-1610. [CrossRef] [PubMed]
Liu, X,; Shang, T.; Peng, S.; Lu, Q.; Zeng, Q.; Peng, J. Isolation of Streptococcus agalactiae from dairy cattle and construction of its
induced mastitis mouse model. Anim. Husb. Vet. Med. 2021, 53, 117-122.

Dinarello, C.A. Immunological and inflammatory functions of the interleukin-1 family. Annu. Rev. Immunol. 2009, 27, 519-550.
[CrossRef] [PubMed]

Garlanda, C.; Mantovani, A. Ligands and receptors of the interleukin-1 family in immunity and disease. Front. Immunol. 2013, 4,
396. [CrossRef] [PubMed]

Atkins, E. Fever: The old and the new. J. Infect. Dis. 1984, 149, 339-348. [CrossRef] [PubMed]

Fukuyama, K.; Islam, M. A ; Takagi, M.; Ikeda-Ohtsubo, W.; Kurata, S.; Aso, H.; Vignolo, G.; Villena, J.; Kitazawa, H. Evaluation of
the Immunomodulatory Ability of Lactic Acid Bacteria Isolated from Feedlot Cattle Against Mastitis Using a Bovine Mammary
Epithelial Cells In Vitro Assay. Pathogens 2020, 9, 410. Erratum in Pathogens 2020, 9, 574. https://doi.org/10.3390/pathogens907
0574. [CrossRef] [PubMed]

Ezzat Alnakip, M.; Quintela-Baluja, M.; Bohme, K.; Ferndndez-No, I.; Caamafo-Antelo, S.; Calo-Mata, P; Barros-Veldzquez, J. The
Immunology of Mammary Gland of Dairy Ruminants between Healthy and Inflammatory Conditions. J. Vet. Med. 2014, 2014,
659801. [CrossRef] [PubMed]

Ouyang, W.; Rutz, S.; Crellin, N.K.; Valdez, P.A.; Hymowitz, S.G. Regulation and functions of the IL-10 family of cytokines in
inflammation and disease. Annu. Rev. Immunol. 2011, 29, 71-109. [CrossRef] [PubMed]

Leghari, A.; Sabir, R.; Laghari, S.; Khand, EM.; Chandio, M.A.; Magsi, A.S.; Bhutto, K.U.R; Hassan, M.E; Lakho, S.A.; Lin, H,;
et al. Comparative analysis of Streptococcus agalactine serotypes Ia and II isolates from China and Pakistan in a murine model: A
focus on pathogenesis and immune response. Microb. Pathog. 2024, 191, 106675. [CrossRef] [PubMed]

Mahmoud, M.A.; Okda, TM.; Omran, G.A.; Abd-Alhaseeb, M.M. Rosmarinic acid suppresses inflammation, angiogenesis, and
improves paclitaxel induced apoptosis in a breast cancer model via NF3 kB-p53-caspase-3 pathways modulation. J. Appl. Biomed.
2021, 19, 202-209. [CrossRef] [PubMed]

Liu, G;; Yin, J.; Han, B.; Barkema, H.W.; Shahid, M.; De Buck, J.; Cobo, E.R.; Kastelic, J.P.; Gao, ]. Adherent/invasive capacities of
bovine-associated Aerococcus viridans contribute to pathogenesis of acute mastitis in a murine model. Vet. Microbiol. 2019, 230,
202-211. [CrossRef] [PubMed]

Bannerman, D.D.; Paape, M.].; Lee, ].W.; Zhao, X.; Hope, J.C.; Rainard, P. Escherichia coli and Staphylococcus aureus elicit differential
innate immune responses following intramammary infection. Clin. Diagn. Lab. Immunol. 2004, 11, 463-472. [CrossRef] [PubMed]
Coleman, M.; Orvis, A.; Brokaw, A.; Furuta, A.; Sharma, K.; Quach, P,; Bhullar, A.; Sanghavi, R.; Nguyen, S.; Sweeney, E.; et al.
GBS hyaluronidase mediates immune suppression in a TLR2/4- and IL-10-dependent manner during pregnancy-associated
infection. mBio 2023, 14, €0204923. [CrossRef] [PubMed]

Li, L.; Niu, H.; Zhan, J.; Tu, Y;; Jiang, L.; Zhao, Y. Matrine attenuates bovine mammary epithelial cells inflammatory responses
induced by Streptococcus agalactiae through inhibiting NF-«kB and MAPK signaling pathways. Int. Immunopharmacol. 2022, 112,
109206. [CrossRef] [PubMed]

Tang, B.; Tang, F; Wang, Z.; Qi, G.; Liang, X.; Li, B,; Yuan, S;; Liu, J.; Yu, S.; He, S. Upregulation of Akt/NF-«kB-regulated
inflammation and Akt/Bad-related apoptosis signaling pathway involved in hepatic carcinoma process: Suppression by carnosic
acid nanoparticle. Int. J. Nanomed. 2016, 11, 6401-6420. [CrossRef] [PubMed]

Bai, D.; Ueno, L.; Vogt, PK. Akt-mediated regulation of NFkappaB and the essentialness of NFkappaB for the oncogenicity of
PI3K and Akt. Int. J. Cancer 2009, 125, 2863-2870. [CrossRef] [PubMed]

Wang, W.].; Cheng, M.H.; Lin, ].H.; Weng, C.S. Effect of a rosmarinic acid supplemented hemodialysis fluid on inflammation of
human vascular endothelial cells. Braz. |. Med. Biol. Res. Rev. Bras. Pesqui. Medicas Biol. 2017, 50, e6145. [CrossRef] [PubMed]
Li, W,; Li, Q.; Wei, L.; Pan, X,; Huang, D.; Gan, J.; Tang, S. Rosmarinic Acid Analogue-11 Induces Apoptosis of Human Gastric
Cancer SGC-7901 Cells via the Epidermal Growth Factor Receptor (EGFR)/Akt/Nuclear Factor kappa B (NF-«B) Pathway. Med.
Sci. Monit. Basic Res. 2019, 25, 63-75. [CrossRef] [PubMed]

https://doi.org/10.3390/anil6182917


https://doi.org/10.1093/infdis/jiy341
https://www.ncbi.nlm.nih.gov/pubmed/29868829
https://doi.org/10.1073/pnas.1815572116
https://www.ncbi.nlm.nih.gov/pubmed/30910970
https://doi.org/10.3390/ani10091713
https://www.ncbi.nlm.nih.gov/pubmed/32971787
https://doi.org/10.1002/vms3.509
https://www.ncbi.nlm.nih.gov/pubmed/33932957
https://doi.org/10.1146/annurev.immunol.021908.132612
https://www.ncbi.nlm.nih.gov/pubmed/19302047
https://doi.org/10.3389/fimmu.2013.00396
https://www.ncbi.nlm.nih.gov/pubmed/24312101
https://doi.org/10.1093/infdis/149.3.339
https://www.ncbi.nlm.nih.gov/pubmed/6232325
https://doi.org/10.3390/pathogens9070574
https://doi.org/10.3390/pathogens9070574
https://doi.org/10.3390/pathogens9050410
https://www.ncbi.nlm.nih.gov/pubmed/32466097
https://doi.org/10.1155/2014/659801
https://www.ncbi.nlm.nih.gov/pubmed/26464939
https://doi.org/10.1146/annurev-immunol-031210-101312
https://www.ncbi.nlm.nih.gov/pubmed/21166540
https://doi.org/10.1016/j.micpath.2024.106675
https://www.ncbi.nlm.nih.gov/pubmed/38705216
https://doi.org/10.32725/jab.2021.024
https://www.ncbi.nlm.nih.gov/pubmed/34907739
https://doi.org/10.1016/j.vetmic.2019.02.016
https://www.ncbi.nlm.nih.gov/pubmed/30827389
https://doi.org/10.1128/cdli.11.3.463-472.2004
https://www.ncbi.nlm.nih.gov/pubmed/15138171
https://doi.org/10.1128/mbio.02049-23
https://www.ncbi.nlm.nih.gov/pubmed/37747229
https://doi.org/10.1016/j.intimp.2022.109206
https://www.ncbi.nlm.nih.gov/pubmed/36058035
https://doi.org/10.2147/ijn.s101285
https://www.ncbi.nlm.nih.gov/pubmed/27942213
https://doi.org/10.1002/ijc.24748
https://www.ncbi.nlm.nih.gov/pubmed/19609947
https://doi.org/10.1590/1414-431x20176145
https://www.ncbi.nlm.nih.gov/pubmed/29069222
https://doi.org/10.12659/msmbr.913331
https://www.ncbi.nlm.nih.gov/pubmed/30799435
https://doi.org/10.3390/ani16182917

Animals 2026, 16, 2917 22 0f 22

58. Schuler, E; Baumgartner, F.; Klepsch, V.; Chamson, M.; Miiller-Holzner, E.; Watson, C.J.; Oh, S.; Hennighausen, L.; Tymoszuk, P.;
Doppler, W.; et al. The BH3-only protein BIM contributes to late-stage involution in the mouse mammary gland. Cell Death Differ.
2016, 23, 41-51. [CrossRef] [PubMed]

59.  Weston, C.R.; Balmanno, K.; Chalmers, C.; Hadfield, K.; Molton, S.A.; Ley, R.; Wagner, E.E.; Cook, S.J. Activation of ERK1/2 by
deltaRaf-1:ER* represses Bim expression independently of the JNK or PI3K pathways. Oncogene 2003, 22, 1281-1293. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ani16182917


https://doi.org/10.1038/cdd.2015.61
https://www.ncbi.nlm.nih.gov/pubmed/26045049
https://doi.org/10.1038/sj.onc.1206261
https://www.ncbi.nlm.nih.gov/pubmed/12618753
https://doi.org/10.3390/ani16182917

	Introduction 
	Materials and Methods 
	Study Timeline 
	Animals and Cell Lines 
	Determination of the MIC of RA Against S. agalactiae ATCC 27956 
	Determination of Bacterial Adhesion Capacity 
	Inhibitory Effects of RA on S. agalactiae Biofilm Formation 
	Establishment of a Postpartum/Lactating Mouse Model with S. agalactiae-Induced Mastitis 
	Pathological Structures of Mice Mammary Gland Were Examined by Hematoxylin-Eosin (HE) Staining 
	The Levels of Pro-Inflammatory and Anti-Inflammatory Cytokines Were Determined Using ELISA 
	The Expression of Inflammatory Factors and Related Genes Was Quantified by RT-qPCR 
	Protein Levels of Related Signaling Pathways Were Determined by Western Blotting 
	Statistical Analysis 

	Results 
	The Effect of RA on S. agalactiae 
	Effects of RA on Functional and Structural Characteristics of S. agalactiae 
	Effects of RA on Virulence Factors of S. agalactiae 

	Anti-Inflammatory Effects of RA in S. agalactiae-Infected Postpartum/Lactating Mice 
	Somatic Cell Count in Milk of Postpartum/Lactating Mice 
	Detection of Inflammatory Factor Expression by RT-qPCR 

	Histopathological Examination of Mammary Gland Tissue in Postpartum/Lactating Mice 
	Hematological Parameters in RA-Treated Postpartum/Lactating Mice with S. agalactiae Mastitis 
	Results of the ELISA Test for Inflammatory Factors 
	Detection of the Expression Trends of Disease and Inflammation Pathway-Related Genes Regulated by RA via RT-qPCR 
	Detection of the Effect of RA on the Expression of Disease and Inflammation Pathway-Related Proteins by Western Blotting 

	Discussion 
	Conclusions 
	References

